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Abstract 

Inhibitory glutamate receptors (IGluRs) are a family of ion channel proteins closely related to 
ionotropic glycine and ~,-aminobutyric acid (GABA) receptors; They are gated directly by 
glutamate; the open channel is permeable to chloride and sometimes potassium. Physiologically 
and pharmacologically, IGluRs most closely resemble GABA receptors; they are picrotoxin-sen- 
sitive and sometimes crossdesensitized by GABA. However, the amino acid sequences of cloned 
IGluRs are most similar to those of glycine receptors. Ibotenic acid, a conformationally restricted 
glutamate analog closely related to muscimol, activates all IGluRs. Quisqualate is not an IGluR 
agonist except among pulmonate molluscs and for a unique multiagonist receptor in the crayfish 
Austropotamobius torrentium. Other excitatory amino acid agonists are generally ineffective. 
Avermectins have several effects on IGluRs, depending on concentration: potentiation, direct gat- 
ing, and blockade, both reversible and irreversible. Since IGluRs have only been clearly described 
in protostomes and pseudocoelomates, these effects may mediate the powerful antihelminthic 
and insecticidal action of avermectins, while explaining their low toxicity to mammals. 

IGluRs mediate synaptic inhibition in neurons and are expressed extrajunctionally in striated 
muscles. The presence of IGluRs in a neuron or muscle is independent of the presence or absence 
of excitatory glutamate receptors or GABA receptors in the cell. Generally, extrajunctional IGluRs 
in muscle have a higher sensitivity to glutamate than do neuronal synaptic receptors. Some 
extrajunctional receptors are sensitive in the range of circulating plasma glutamate levels, sug- 
gesting a role for IGluRs in regulating muscle excitability. 

The divergence of the IGlu/GABA/Gly/ACh receptor superfamily in protostomes could become 
a powerful model system for adaptive molecular evolution. Physiologically and pharmacologi- 
cally, protostome receptors are considerably more diverse than their vertebrate counterparts. 
Antagonist profiles are only loosely correlated with agonist profiles (e.g., curare-sensitive GABA 
receptors, bicuculline-sensitive AChRs), and pharmacologically identical receptors may be either 
excitatory or inhibitory, and permeable to different ions. The assumption that agonist sensitivity 
reliably connotes discrete, homologous receptor families is contraindicated. Protostome ionotropic 
receptors are highly diverse and straightforward to assay; they provide an excellent system in which 
to study and integrate fundamental questions in molecular evolution and adaptation. 

Index Entries: Avermectin; molecular evolution; GABA; glycine; ibotenate; quisqualate; 
chloride channel; potassium channel; subunit; protostome; adaptation; homology. 
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Introduction 

Inhibitory electrophysiological responses to 
glutamate have been demonstrated in neural 
and muscular tissues across many phyla. The 
known receptors underlying these responses 
can be grouped into three general categories: 
ionotropic receptors, metabotropic receptors, 
and a newly described family of electrogenic 
membrane proteins exhibiting properties of 
both channels and transporters. This article will 
deal primarily with the ionotropic and puta- 
tively ionotropic inhibitory glutamate receptors, 
with brief attention paid to other glutamatergic 
inhibitory responses mediated by slow metabo- 
tropic glutamate receptors and by glutamate 
transporters that resemble chloride currents. 

Most ionotropic and putatively ionotropic 
responses to glutamate are mediated by an 
increase in membrane chloride permeability. 
These chloride-permeable glutamate receptors 
include extrajunctional muscle receptors, such 
as the "H-receptors" of locust muscle (Cull- 
Candy, 1976; Gration et al., 1979), and postsynap- 
tic neuronal receptors, such as those mediating 
reciprocal and recurrent  cyclic inhibition 
within the central pattern generator circuits of 
the crustacean stomatogastric ganglion (Marder 
and Paupardin-Tritsch, 1978; Bidaut, 1980; 
Marder and Eisen, 1984). These responses are 
blocked by the ionotropic GABA receptor 
antagonist  picrotoxin. Glutamate can also 
evoke fast increases in potassium permeability; 
glutamatergic potassium currents can mediate 
fast inhibitory postsynaptic potentials (IPSPs), 
which are also picrotoxin-sensitive (Marder and 
Paupardin-Tritsch, 1978). Some such potassium 
conductances are inseparable from fast chlo- 
ride conductances in the same cell, to the ex- 
tent of comedia t ing  the same fast IPSPs 
(Bidaut, 1980; Eisen and Marder, 1982; Marder 
and Eisen, 1984; Elson and Selverston, 1995). 
Several slower glutamate-activated potassium 
currents have also been demonstrated, but are 
generally metabotropic and therefore largely 
outside the scope of this article. 

The inhibitory glutamate receptors (IGluRs) 
are functionally defined as a family based on 

broad physiological and pharmacological crite- 
ria (described below). The evolutionary accuracy 
of this grouping is discussed below; ultimately, 
the determinat ion will rely on molecular  
sequence analyses. To date, two IGluR subunits, 
GluCla and GluC16, have been cloned from the 
nematode Caenorhabditis elegans (Cully et al., 
1994). Sequence analyses of these two subunits 
have demonstrated that they are not members 
of the excitatory glutamate  receptor gene 
superfamily (Darlison et al., 1993; Hollmann 
and Heinemann, 1994; Wo and Oswald, 1995). 
Rather, they are most similar in sequence to 
ionotropic glycine and GABA receptors (Cully 
et al., 1994). Assuming that the IGluRs constitute 
a family of orthologous receptors, the C. elegans 
data indicate that the IGluRs belong in the 
ionotropic GABA/glycine/ACh/5HT receptor 
superfamily (Schofield et al., 1987; Grenningloh 
et al., 1987; Barnard et al., 1987; Maricq et al., 
1991; Darlison et al., 1993). 

Although excitatory and metabotropic glu- 
tamate receptors appear to be present through- 
out the metazoa, the ionotropic IGluRs have only 
been convincingly described in protostomes and 
pseudocoelomates (the latter represented by 
the nematodes). In particular, there is no evi- 
dence clearly indicating their expression in ver- 
tebrates. The paucity of data from invertebrate 
deuterostomes, platyhelminths, and radiates 
prevents a thorough outgroup analysis indicat- 
ing when or how many times IGluRs may have 
evolved, or precisely how they are related to 
other ionotropic receptors in their superfamily. 
Nevertheless, a phylogenetic description of 
IGluR distribution and physiological diversity 
provides considerable insight into the relation- 
ship among these receptor channels and suggests 
fruitful areas for further research. The relation- 
ship among IGluRs and related members of the 
ligand-gated receptor superfamily, particularly 
among protostomes, holds considerable prom- 
ise for molecular evolutionary research. 

IGluR Whole-Cell Physiology 

Inhibitory responses to glutamate have been 
observed in both neurons and muscle cells. 
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Fig. 1. In lhe stomatogaslric ganglion of the spiny lobster, Panulirus interruplus, IGluRs mediate unitary 
IPSPs. The glutamatergic neuron LP evokes both graded inhibition and spike-mediated unitary IPSPs in the PD 
neuron (Graubard el al., 1983). (A) Fast glutamalergic inhibitory synapses conlribute to rhythmogenesis. With 
normal modulatory inputs to the stomatogastric ganglion intact, glutamatergic IPSPs from LP helped to shape 
the oscillations of PD and establish the alternate-bursting pattern. (B) After blocking modulatory inputs, LP and 
PD became quiescent. Depolarization of LP evoked a barrage of spike-mediated glutamatergic IPSPs in PD. 
I he membrane potential of PD was approx -50 mV. Figures were provided by Robert Elson. 

Application of L-glutamate to the extracellular 
surface of a cell expressing IGluRs rapidly 
increases membrane permeability to chloride 
and/or  potassium ions. This response is gen- 
erally inhibitory, since decreased cellular input 
resistance can prevent action potential genera- 
tion (Walker et al., 1971; Quinlan and Murphy, 
1991; Cleland and Selverston, 1995), or block 
endplate potentials and muscular contractions 
(Carlyle, 1974; Fritz et al., 1979). Furthermore, 
although many invertebrate neurons exhibit a 
high resting permeability to chloride, such that 
the chloride reversal potential (Ecl) remains 
close to the resting potential (Usherwood and 
Grundfest, 1965; Lea and Usherwood, 1973a; 
Marder and Paupardin-Tritsch, 1978), IPSPs 
were still visible in several preparations (Fig. 1 ). 
Across diverse protostome phyla, IGluRs show 
considerable physiological and pharmacologi- 
cal similarities, uniting them as a putative 
receptor family; however, they exhibit distinct 
differences in physiological characters, such as 

agonist profile and desensitization characteris- 
tics. When directly compared, IGluRs in isolated 
neurons exhibited similar properties to IGluRs 
studied in situ (King and Carpenter, 1987). Spe- 
cies-specific similarities and differences in 
receptor properties are depicted in Table 1. 

Patterns of Expression 

In striated muscle tissues expressing glu- 
tamate-gated inhibitory currents, IGluRs are 
extrajunctional and do not appear to be concen- 
trated at the neuromuscular junction (Lea and 
Usherwood, 1973a,b; Cull-Candy, 1976, Lingle 
and Marder, 1981 ). In contrast, the depolarizing, 
cation-permeable glutamate receptors, which 
are responsible for the initiation of muscular 
contraction in glutamatergic muscles, exhibit 
substantial clustering at the postjunctional 
membrane (Takeuchi and Takeuchi, 1964; Cull- 
Candy, 1978); note that this clustering disap- 
pears following denervation in some muscle 
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Table 1 
Pha rmaco logy  of IGluRs Expressed in Various Taxa 

Agonist sensitivity ~ 

L,D-ct-amino L,D-ct-amino L-a-amino Homo- 
Genus/species L,D-Asp adipate pimelate suberate D-Glu Cysteate cysteate L-Glutamine 

Radiata 
Actinia No No Yes No Yes No Yes 0.05x 

(lx) (15x) 

Pseudocoelomata 
Caenorhabditis No No 

(0.1x) 

Mollusca 
Pulmonata 

Onchidium 
Helix b 

Helisoma 
Planorbarius 

Opisthobranchia 
Aplysia californica 
Aptysia kurodai 

Annelida 
Hirudo 

Arthropoda 
Chelicerata 

Limulus 

Yes Yes No No Yes Yes Yes No 
(0.66x) (0.66x) (0.1x) (0.5x) (1.0x) b 

Weak 

Yes c,d 

No No 

No Weak No No 
(0.09x) (0.07x) 

Insecta 
Periplaneta Yes 
Locusta Yes 
Schistocerca Yes 

Crustacea 
Cancer 
Panulirus 
Homarus c 
A ustropotamobius 
Astacus 
Procambarus 

No No 
No 

No No 

No No No No No 

Agonist sensitivity a 

Genus/species NMDA NMD-glutamate Glutarate Glycine ~-alanine GABA [ 3 - G P  Taurine 

Radiata 
Actinia 

Pseudocoelomata 
Caenorhabditis No 

Mollusca 
Pulmonata 

Onchidium 
Helix b No 

Helisoma No 
Planorbarius No 

Opisthobranchia 
Aplysia californica No 
Aplysia kurodai No 

No No No 

No No 

N o  
No No No No No No 

(0.001x) 
No No No 

Y e $  e 

Y e s  e 
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Table 1 (continued) 

Agonist sensitivity a 

Genus/species NMDA NMD-glutamate Glutarate Glycine ~-alanine GABA [3-GP Taurine 

Annelida 
Hirudo 

Arthropoda 
Chelicerata 

Limulus No 
Insecta 
Periplaneta No 
Locusta 
Schistocerca No 

Crustacea 
Cancer 
Panulirus No 
Homarus No 
A ustropotamobius 
Astacus 
Procambarus 

Maybe d 

No Nog No Nog 
No No No 

No 

No No 
No No 

No No 
Weak Yes Weak 

Yes Yes 

Agonist sensitivity a 

Acetyl- 
choline QA Ibotenate IVM 

Antagonist sensitivity 

Bicuc- Strych- 
PTX culine nine 

Niflumate 
and 

flufenamate 

Radiata 
Actinia 

Pseudocoelomata 
Caenorhabditis 

Mollusca 
Pulmonata 

Onchidium 
Helix ~ 

Hetisoma 
Planorbarius 

Opisthobranchia 
Aplysia californica 
Aplysia kurodai 

Annelida 
Hirudo 

Arthropoda 
Chelicerata 

Limulus 

Insecta 
Periplaneta 
Locusta 
Schistocerca 

Crustacea 
Cancer 
Panulirus 
Homarus 
Austropotamobius 
Astacus 
Procambarus 

No 
No 

Yes 

No Yes Yes 
(4x) 

No 

Yes 
(1.0x) 

Yes 

Yes 

No Yes 
(lx) 

No 

No 

No 
No 
Yes 

Yes 

Yes 

Yes 

Yes 

Yes No No Yes 

No 

Yes 

Yes 

Yes 

Yes 
Yes 
Yes 
Yes 

No 
No 

No No 
Yes 
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Table 1 (continued) 

Antagonist sensitivity 

Furosemide GDEE Curare Refs 

Radiata 
Actinia 

Pseudocoelomata 
Caenorhabditis 

Mollusca 
Pulmonata 

Onchidium 
Helix" 

Helisoma 
Planorbarius 

Opisthobranchia 
Aplysia catifornica 

Aplysia kurodai 
Annelida 
Hirudo 

Arthropoda 
Chelicerata 

Limulus 
Insecta 

Periplaneta 

Locusta 
Schistocerca 

Crustacea 
Cancer 
Panutirus 
Homarus 
Austropotamobius 
Astacus 

Procambarus 

Yes 

No 

Yes 

No 

No No 

(Carlyle, 1970a, 1974) 

(Arena et al., 1991, 1992; Cully et al., 1994) 

(Oomura et al., 1974) 
(Walker et al., 1971; Parmentier and Case, 1972; 
Szczepaniak and Cottrell, 1973; Piggott et al., 1975; 
Walker, 1976; Bokisch and Walker, 1986) 

(Quinlan and Murphy, 1991) 
(Bolshakov et al., 1991) 

(Carpenter et al., 1977; McCreery and Carpenter, 1984; 
King and Carpenter, 1989; Katz and Levitan, 1993) 

(Sawada et al., 1984a; Ikemoto and Akaike, 1988) 

(Mat Jais et al., 1983) 

(Roberts and Walker, 1982) 

(Hue et al., 1979; Giles and Usherwood, 1985b; 
Wafford and Sattelle, 1986, 1989) 

(Dubas, 1991) 
Lea and Usherwood, 1973a,b; Cull-Candy, 1976; 

Gration et al., 1979; Scott and Duce, 1985, 1987; Duce 
and Scott, 1985; Dudel et al., 1989; Fraser et al., 1990) 

(Marder and Paupardin-Tritsch, 1978; Sharp, 1994) 
(Albert et al., 1986; Cleland and Selverston, 1995) 
(Lingle and Marder, 1981; Albert et at., 1986) 
(Franke et al., 1986; Zufall et al., 1988, 1989) 
(Murdock, 1971; Florey and Murdock, 1974; 
Adelsberger et al., 1994) 

(Shinozaki and Ishida, 1980; Pearlstein et al., 1994) 

aparenthetical multipliers indicate relative potency of the agonist with respect to L-glutamate, if known. The endog- 
enous neurotransmitter molecules GABA, aspartate, and glycine are listed as IGluR agonists only when clearly shown 
to crossdesensitize IGlu currents; responses to these agonists (in cells expressing IGluRs) that have not been demon- 
strated to crossdesensitize with IGlu responses are not listed. Other molecules are listed as agonists if in the opinion of 
the original authors the agonist-evoked response is owing to activation of IGluRs. Rare or very weak responses are 
listed as no response. Any clearly positive crossdesensitization data are listed as "yes"; such data may not apply to 
other tissues within the same species. Since receptor characteristics can be quite tissue-dependent even within a single 
species or genus (see the Aptysia literature in particular), these listings should not be overinterpreted. 

bData are primarily derived from Helix aspersa. Neurons from H. pomatia did not respond to homocysteate 
(Szczepaniak and Cottrell, 1973). 

cAspartate potentiates and prolongs the glutamate-evoked current; this could be owing to modulation or inhibition 
of glutamate uptake. 

dDistinct, glutamate-insensitive aspartate receptors have also been described. 
eSee text for details. 
~This IGluR and GABA-R are both crossdesensitized by aspartate, but have not been directly tested for 

crossdesensitization. 
gResponse is probably owing to activation of distinct GABA receptors. 
aThe nicotinic agonist carbachol (10-5M) had no effect. 
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preparations (Usherwood, 1969), but not in 
others (Frank, 1974). IGluRs are not restricted 
to glutamatergic muscles; in the American lob- 
ster Homarus americanus, IGluRs are also pres- 
ent on the cholinergic gin1 muscles of the 
foregut, which exhibit no depolarizing gluta- 
matergic current (Lingle and Marder, 1981). 
Notably, although IGluRs are also present on 
the gml muscles of the crab Cancer magister, 
they are not found in the gin1 muscles of Can- 
cer borealis or the spiny lobster Panulirus inter- 
ruptus (Lingle and Marder, 1981), despite the 
presence of IGluRs in the stomatogastric neu- 
rons of both species (Sharp, 1994; Cleland and 
Selverston, 1995). 

In contrast, IGluRs in neurons can directly 
mediate fast synaptic IPSPs, as shown in Fig. 1 
(Bidaut, 1980; Eisen and Marder, 1982; Elson 
and Selverston, 1995). Some neurons express- 
ing IGluRs also express excitatory glutamate 
receptors (Yarowsky and Carpenter, 1976; 
Carpenter et al., 1977; Roberts and Walker, 
1982; Dubas, 1991; Pearlstein et al., 1994), 
resulting in biphasic responses to glutamate 
application. It is possible that excitatory and 
inhibitory glutamate receptors may be sepa- 
rately clustered at different postsynaptic sites, 
such that the same neuron may receive distinct 
glutamatergic excitatory PSPs (EPSPs) and 
glutamatergic IPSPs. Discrete clustering of dis- 
tinct postsynaptic receptor populations has 
been demonstrated for glutamatergic excita- 
tory receptors and GABAergic inhibitory recep- 
tors in crayfish muscle (Takeuchi and Takeuchi, 
1964, 1965), but not for two discrete classes of 
receptor activated by a single neurotransmitter. 

No ionotropic glutamate-gated inhibitory 
currents have been described in nonneuronal, 
nonmuscular tissues. 

The IGluR Is an Ionotropic Receptor 
The IGluR has long been presumed to be an 

ionotropic receptor channel, largely based on 
the relatively fast onset of its response to 
glutamate application and the visible IPSPs, 
which it mediates in postsynaptic neurons 
(Fig. 1; Bidaut, 1980; Eisen and Marder, 1982). 
This has been supported in several prepara- 

tions by the persistence of the current after 
intracellular dialysis (Ikemoto and Akaike, 
1988; Oyama et al., 1990; but see Kehoe, 1994), 
the isolation of single channels in outside-out 
or inside-out membrane patches (Franke et al., 
1986; Zufall et al., 1988), and by the recent clon- 
ing and expression in Xenopus oocytes of two 
subunits for a glutamate-gated chloride channel 
from the nematode C. elegans, which share 
sequence similarities with ionotropic GABA 
and glycine receptor subunits (Cully et al., 1994). 

The IGluR Is Typically Gated 
by Two Molecules 

The Hill coefficient of a receptor represents 
the minimum number of agonist molecules 
that must bind to the receptor for it to be acti- 
vated (Hill, 1909). Hill coefficients for IGluRs 
vary, but approximate two in most neurons (1.7 
and 2.2 [Arena et al., 1992]; 1.6 [King and Car- 
penter, 1989]; 2.1 [Sawada et al., 1984a]; 2.5 
[Wafford and Sattelle, 1989]; 1.8 [Ikemoto et al., 
1988]), indicating that the simultaneous bind- 
ing of at least two molecules of glutamate is 
required for the channel to open. Intriguingly, 
Hill coefficients of near 2 have also been 
reported for a variety of ionotropic GABA 
receptors in inver tebra tes  (Takeuchi and 
Takeuchi, 1967; Smart and Constanti, 1986; 
King and Carpenter, 1989) and vertebrates 
(Sakmann et al., 1983; Bormann and Clapham, 
1985; Akaike et al., 1986; Kaneko and Tachibana, 
1986; Randle and Renaud, 1987; Smart et al., 1987). 
However, Hill coefficients of both 0.75 and 4.8 
have been reported for the extrajunctional 
"H-receptor" IGluR from locust muscle (Cull- 
Candy, 1976; Dudel et al., 1989; Sansom and 
Usherwood, 1990). This discrepancy may be 
attributable to differences in experimental 
technique. Receptor desensitization will cause 
Hill coefficients to be underestimated; the 
larger Hill slope (4.8) was measured using 
the liquid filament switch technique (Franke et 
al., 1987), which minimizes desensitization. 

Potentiation of the IGlu current by low con- 
centrations of avermectin can also reduce the 
Hill coefficient to 1.0 (Arena, 1994). 
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Chloride and Potassium Permeability 

Many fast, inhibitory responses to glutamate 
are solely dependent  on chloride (Lea and 
Usherwood, 1973a; Roberts and Walker, 1982; 
Sawada et al., 1984a; Yarowsky and Carpenter, 
1976; King and Carpenter, 1987; Wafford and 
Sattelle, 1989; Bolshakov et al., 1991). However, 
some fast inhibitory currents also exhibit 
potassium dependencies that have not been 
distinguished from the chloride responses tem- 
porally, pharmacologically, or by virtue of the 
distinct equilibrium potential of potassium 
(Kerkut  et al., 1969; Walker et al., 1971; 
Szczepaniak and Cottrell, 1973; Bidaut, 1980; 
Eisen and Marder, 1982; Mat Jais et al., 1983; 
Marder and Eisen, 1984; Tazaki and Chiba, 
1994; Elson and Selverston, 1995; Cleland and 
Selverston, 1995). Three hypotheses  may 
account for this observation. First, in some 
preparations, such potassium dependencies 
may simply reflect some permeability of the 
chloride channel to potassium, as has been 
reported for GABA A receptors (Newberry and 
Nicoll, 1984), invertebrate GABA receptors 
(Tazaki and Chiba, 1994; Wafford and Sattelle, 
1986), and background chloride channels in 
cultured rat h ippocampal  pyramidal  cells 
(Franciolini and Nonner, 1987, 1994a,b). Smaller 
partial dependencies on potassium have also 
been observed in GABA and glycine receptor 
channels in cultured mouse spinal neurons 
(Bormann et al., 1987). However, no studies to 
date have observed a significant potassium 
permeability through single IGluR channels 
(Franke et al., 1986; Zufall et al., 1988; Dudel et 
al., 1989; Cully et al., 1994). 

Second, such potassium components may 
represent separate populations of channels 
that happen to exhibit kinetics, pharmacology, 
and distribution similar to GluC1 channels in 
the same cells. It is notable that in spiny lobster 
(Panulirus interruptus) stomatogastric neurons, 
glutamatergic IPSPs are dependent on "insepa- 
rable" chloride and potassium permeabilities 
(Bidaut, 1980; Eisen and Marder, 1982; Elson 
and Selverston, 1995), whereas in crab stoma- 
togastric neurons (Cancer pagurus), populations 

of chloride-permeable and potassium-perme- 
able glutamate receptors, both picrotoxin- 
sensitive, are distributed differently on the 
neuronal membrane and are thus clearly sepa- 
rate populat ions (Marder and Paupard in-  
Tritsch, 1978). Furthermore, the ratio between 
macroscopic potassium and chloride perme- 
abilities through fast, picrotoxin-sensitive 
glutamate-gated conductances in different 
preparations ranged from zero (Lingle and 
Marder, 1981; Roberts and Walker, 1982) to 
about 50% (Kerkut et al., 1969) to completely 
potassium-based (e.g., the somatic current of 
C. pagurus neurons [Marder and Paupardin- 
Tritsch, 1978]). Resolution of this question will 
require single-channel patch recordings. Even 
to the extent that the potassium- and chloride- 
dependent components are found to reflect dis- 
tinct receptor populations, the similarity in the 
physiology and pharmacology of these cur- 
rents raises the possibility that the two recep- 
tors may be closely related. It is interesting to 
consider that altering the relative perme- 
abilities of potassium and chloride at postsyn- 
aptic receptor sites could regulate the strength 
of inhibitory synapses, owing to the different 
driving forces on the two ions. 

A third possibility is that observed changes 
in reversal potential after altering the external 
potass ium concentrat ion were caused by 
Donnan equilibrium effects. However,  the 
observation of distinct chloride and potassium 
conductances, both picrotoxin-sensitive, in C. 
pagurus argues against this possibility (Marder 
and Paupardin-Tritsch, 1978), as does the 
observation that changes in the glutamate 
reversal potential after altering [K+]o can sig- 
nificantly exceed changes in the resting poten- 
tial (Elson and Selverston, 1995). 

Slow Glutamate-Gated Potassium Currents 
Some preparations exhibit slowly activating 

potassium-dependent currents in response to 
glutamate application ("GluK" currents) that 
are clearly separate from fast IGlu responses in 
the same cell. These slow potassium currents 
can coexist in cells that also exhibit a potassium 
component integral to the fast IGlu response 
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(Walker et al., 1971; Szczepaniak and Cottrell, 
1973; Tazaki and Chiba, 1994; Elson and 
Selverston, 1995) as well as those without such 
a fast potassium component (Yarowsky and 
Carpenter, 1976; Bolshakov et al., 1991; Katz 
and Levitan, 1993; Kehoe, 1994). Slow GluK 
responses are also present in some cells exhib- 
iting no IGluR-like current at all (Watanabe 
and Onozuka,  1994; Rainnie et al., 1994; 
Premkumar and Chung, 1995). These are dis- 
tinct from the faster currents in that they are 
generally nondesensitizing and reverse near 
EK, in addition to being slower in onset and 
slower to decay once the agonist is removed. 
In contrast to IGluRs, the glutamate receptors 
mediating these slow responses are also gen- 
erally ibotenate-insensitive and quisqualate- 
sensitive (Yarowsky and Carpenter, 1976; 
Kehoe, 1978; Ascher et al., 1986; Miwa and 
Kawai, 1990; Bolshakov et al., 1991; Katz and 
Levitan, 1993; Kehoe, 1994). 

Slow, ligand-gated potassium currents are 
generally thought to be mediated by second 
messenger-coupled receptors. Slow gluta- 
matergic potass ium conductances in pro- 
tostomes have been attributed to inhibition of 
calcium / calmodulin-dependent protein kinase 
II in the Japanese land snail Euhadra peliomphala 
(Watanabe and Onozuka, 1994), and to activa- 
tion of G protein-coupled receptors in the Ped-9 
neurons of Planorbarius corneus (Bolshakov et 
al., 1991, 1992, 1993) and in spiny lobster neu- 
romuscular synapse (Miwa and Kawai, 1990). 
However, the G protein-coupled response in 
Planorbarius is not attributable to any known 
second messenger pathway (Bolshakov et al., 
1992, 1993), and the slow GluK response in 
Aplysia californica buccal neurons B1 and B2 
appears to be independent of G proteins and 
other soluble factors (Kehoe, 1994). This is 
particularly unusual in that the slow GluK 
response in the Aplysia neurons is activated by 
(1S,3R)-aminocyclopentane-l,3-dicarboxylic 
acid (ACPD) (Katz and Levitan, 1993). ACPD is 
considered a specific agonist for quisqualate-sen- 
sitive metabotropic glutamate receptors, the 
effects of which are typically mediated by soluble 
factors (Palmer et al., 1989; Schoepp et al., 1990). 

The Planorbarius GluK response is clearly 
different from that in Aplysia cal~ornica. First, 
in Planorbarius, dopamine and the muscarinic 
agonist F-2268 activated the same potassium 
current as glutamate; in Aptysia, the slow 
glutamate and carbachol responses do not 
crossreact (Kehoe, 1994). Second, the G protein- 
coupled receptor mediating the GluK response 
in Planorbarius is activated by kainate as well 
as quisqualate and is blocked by 50 ~tM tetra- 
ethylammonium (TEA), whereas the Aplysia 
GluK receptor is insensitive to both kainate and 
TEA (Katz and Levitan, 1993). The slow GluK 
response in the gastric network of the crusta- 
cean stomatogastric ganglion is also TEA-resis- 
tant (Elson and Selverston, 1995). 

In summary, metabotropic GluK receptors 
constitute a heterogeneous population about 
which we have insufficient data to progress 
beyond the descriptive stage outside of the ver- 
tebrate subphylum. When coexpressed with 
faster chloride- and potassium-mediated syn- 
aptic inhibitory currents, however, the slower 
inhibition may play a specific role in some of 
the same effects that IGluRs mediate (van 
Vreeswijk et al., 1994; Elson and Selverston, 
1995), and thus merit consideration alongside 
any discussion of the fast inhibitory glutamate 
receptors. 

Desensitization 
Under constant  glutamate superfusion,  

IGluRs in most preparations desensitize with a 
time constant on the order of hundreds of mil- 
liseconds to seconds and recover within sec- 
onds to minutes (Sawada et al., 1984a; Ikemoto 
and Akaike, 1988; King and Carpenter, 1989; 
Oyama et al., 1990; Bolshakov et al., 1991; Katz 
and Levitan, 1993; Cleland and Selverston, 
1995). Typically, desensitization is complete or 
nearly complete; however, there are several 
examples of responses that do not desensitize 
(Dubas, 1991; Pearlstein et al., 1994) or desensi- 
tize only partially. In preparations exhibiting 
only part ial  desensi t izat ion to saturat ing 
glutamate concentrations, this may be due to 
the presence of two or more distinct gluta- 
m a t e - a c t i v a t e d  cu r ren t s  w i th  d i f fe ren t  
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desensitization characteristics, or it may reflect 
a persistent, agonist-bound nonzero conduc- 
tance state intrinsic to the underlying channel. 
The former interpreta t ion is suggested in 
stomatogastric neurons of the spiny lobster, in 
which I have observed that superfusion of 
glutamate onto intact, cultured neurons yielded 
a partially desensitizing response, whereas 
superfus ion of the same concentrat ion of 
g lu tamate  onto mul t ichanne l  outs ide-out  
membrane patches produced a fully desensi- 
tizing current with a time constant of desensi- 
tization on the order of 100 ms (unpublished 
data). Furthermore, the whole-cell glutamate 
response in this tissue could sometimes be dis- 
criminated into two distinct temporal compo- 
nents, both with the same reversal potential, 
but differing in rate of onset, desensitization, 
and sensitivity to niflumic acid, a chloride 
channel antagonist (Cleland and Selverston, 
1995). In contrast, the latter interpretation is 
demonstrated by the partially desensitizing re- 
sponse to I mM glutamate exhibited by cloned 
C. elegans GIuCI[3 homomeric channels ex- 
pressed in Xenopus oocytes (Cully et al., 1994). 
It is notable, however, that when GluClot and 
GluCI~ were coexpressed in oocytes, the net 
response to glutamate was nondesensitizing 
and s lower in onset  than the GluCI[3 
homomeric current, implying that these kinetic 
parameters are dependent on subunit composi- 
tion. IGluRs translated from extracted C. elegans 
mRNA partially desensitized when gated by 
1 mM glutamate, although a lesser concentra- 
tion, 200 ~V/, induced almost no desensitization 
(Arena et al., 1992). Cully et al. (1994) sug- 
gested that other subunits besides ~ and 13 may 
contribute to wild-type IGluRs in C. elegans. 

In preparations where GABA and glutamate 
appear to activate a common receptor channel 
(see Cross-Sensitivity to GABA), these agonists 
nevertheless can evoke currents with different 
desens i t iza t ion  characteristics.  In Aplysia 
californica medial pleural neurons, both ago- 
nists evoked a desensitizing chloride current, 
although the GABA-activated current desensi- 
tized somewhat faster (King and Carpenter, 
1989). In var ious  muscles of the crayfish 

Austropotamobius torrentium, GABA activated a 
nondesensit izing current, whereas the glu- 
tamate-evoked current desensitized (Franke et 
al., 1986). In crayfish leg motoneurons, neither 
GABA- nor glutamate-evoked chloride cur- 
rents desensitized (Pearlstein et al., 1994). 

Rectification 
Some IGluRs exhibited slight outward recti- 

fication, increasing their glutamate-evoked 
conductance levels at more depolarized poten- 
tials, whereas others had linear I-V relationships. 
In various Aplysia neurons, the glutamate- 
evoked chloride current was nonrectifying 
(Sawada et al., 1984a; Ikemoto and Akaike, 
1988; King and Carpenter ,  1989) or ve ry  
slightly rectifying (Oyama et al., 1990). Arthro- 
pod IGluR current-voltage relations exhibited 
somewhat greater outward rectification; fur- 
thermore, these relations were reduced in slope 
above the zero-current potential, suggesting 
that the underlying channels passed outward 
current more easily than inward current, or, 
equivalently, that chloride permeability was 
greater for an influx of the anion than for an 
effiux (Lea and Usherwood, 1973b; Zufall et al., 
1988; Dudel  et al., 1989; Cle land  and 
Selverston, 1995). In contrast, the IGlu conduc- 
tances in Aplysia species were symmetrically 
permeable, except for those in identified buc- 
cal neurons BR1 and BR2 from Aplysia kurodai, 
which showed a decrease in slope conductance 
above the zero-current potential like the ar- 
thropod receptors (Sawada et al., 1984a). 

The IGlu current  exhibi ted  by oocytes  
injected with C. elegans mRNA was slightly 
outwardly rectifying whether  activated by 
glutamate or ivermectin (Arena et al., 1992), as 
was the IGlu current expressed when the subunit 
clones GluClo~ and GluCI~ were coexpressed. 
GluCI[3, the glutamate-sensitive subunit, out- 
wardly rectified much more strongly when 
expressed alone than did the p u t a t i v e l y  
heteromeric channel, whereas the avermectin- 
sens i t ive ,  g l u t a m a t e - i n s e n s i t i v e  GluClo~ 
subunit (see IGluR Molecular Biology) exhib- 
ited a linear I-V relationship when gated by 
ivermectin (Cully et al., 1994). 
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Among currents activated by both glu- 
tamate and GABA, the two agonists could 
evoke distinct rectification properties. In iso- 
lated medial  p leural  neurons  of Aplysia 
calffornica, activation of the common chloride 
conductance by GABA produced an outwardly 
rectifying current, whereas the glutamate- 
evoked current was nonrectifying (King and 
Carpenter, 1989). In contrast, in isolated pedal 
ganglionic neurons from Aplysia kurodai, GABA 
evoked a nonrectifying current, whereas the 
glutamate-evoked current exhibited a slight 
outward rectification (Oyama et al., 1990). 
Finally, both GABA and glutamate evoked sim- 
ilarly outwardly rectifying currents in crayfish 
muscle (Zufall et al., 1988). 

The apparent  vo l tage- independence  of 
most Aplysia IGluRs is curious, given that the 
Goldman-Hodgkin-Katz current equation and 
rate-theory models of ion permeation through 
single open channels predict a degree of out- 
ward rectification, provided that the extracel- 
lular chloride concentration is greater than 
that inside the cell (Hille, 1992). King and 
Carpenter (1989) suggested that the inwardly 
rectifying, hyperpolarization-activated chlo- 
ride currents observed in some Aplysia neurons 
may be summating with outwardly rectifying 
IGlu currents to yield a linear macroscopic cur- 
rent-voltage relationship (Chenoy-Marchais, 
1982; King and Carpenter, 1989). However, 
observed agonist-specific differences in the 
rectification properties of currents gated by 
both glutamate and GABA are not explained 
by this model; a genuine difference in the volt- 
age sensitivity of gating or the asymmetry of 
ion permeation through the open channel is 
still implied. 

IGluR Pharmacology 

Agonist Profiles 

All IGluRs studied to date were activated by 
L-glutamate and its conformationally-restricted 
structural analog ibotenate; this was demon- 
strated in crustacean neurons (Roberts and 

Walker, 1982; Cleland and Selverston, 1995) 
and muscle (Lingle and Marder, 1981), insect 
muscle (Lea and Usherwood, 1973b; Cull- 
Candy et al., 1976; Dudel et al., 1989), opistho- 
branch molluscan neurons (Yarowsky and 
Carpenter, 1976; Carpenter et al., 1977; Sawada 
et al., 1984a, Ikemoto and Akaike, 1988; King 
and Carpenter, 1989; Katz and Levitan, 1993), 
pulmonate  molluscan neurons (Kerkut et 
al., 1969; Walker et al., 1971; Bolshakov et al., 
1991), and annelid neurons (Mat Jais et al., 
1983). ECs0 values for L-glutamate ranged from 
10-500 ~tM (Lea and Usherwood, 1973b; Lingle 
and Marder, 1981; Wafford and Sattelle, 1989; 
Cully et al., 1994). Ibotenate was roughly 
equipotent to L-glutamate in most prepara- 
tions, although in some ibotenate was a less 
powerful agonist (Walker et al., 1971; Dudel et 
al., 1989), whereas it was considerably (4x) 
more effective than glutamate at gating C. 
elegans receptors expressed in oocytes (Arena 
et al., 1992; Arena, 1994). Excitatory glutamate 
receptors in protostomes are generally insensi- 
tive to ibotenate, although a few vertebrate 
excitatory glutamate receptors have been 
shown to respond to it (Johnston et al., 1968, 
1974). Indeed, IGluRs were first discovered as 
a result of investigating the effects of ibotenate 
on locust muscle (Lea and Usherwood,  
1973a,b). 

The stereoisomer D-glutamate inhibi ted 
muscular contraction in the sea anemone 
Actinia equina as efficiently as L-glutamate 
(Carlyle, 1970a,b, 1974); the data are consistent 
with the activation of IGluRs. Neither GABA 
nor glycine mimicked this inhibitory effect. 
IGluRs in other species either showed weak 
responses to D-glutamate (Gorman and Marmor, 
1971; Parmentier and Case, 1972; Szczepaniak 
and Cottrell, 1973; Piggott et al., 1975; Roberts 
and Walker, 1982) or were entirely insensitive 
to it (Marder and Paupardin-Tritsch, 1978; 
Lingle and Marder, 1981; Sawada et al., 1984a; 
Arena et al., 1992). 

Varying the length of the carbon chain 
between the amino group of L-glutamate and 
its distal carboxyl group strongly influenced 
agonist effectiveness (Tables 1 and 2). Asparo 
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Table 2 
Structural Formulae for Glutamate-Like Molecules Screened 

for Agonistic and/or Antagonistic Activity at the IGluR ~ 

Varying distance 
between amino group 
and distal carboxyl 

Varying configuration 
at the aminated carbon 

Substitutions at 
distal carboxyl 

Absence of proximal 
carboxyl 

Substitutions at 
the amino group 

DL-aspartate 
DL-glutamate 
DL-~-aminoadipate 
DL-Ot-aminopimelate 
L-c~-aminosuberate 
K-glutamate 
D-glutamate 
Cysteate 
Homocysteate 
L-glutamine 
Glycine 
[~-alanine 
y-aminobutyric acid (GABA) 
Taurine 
N-methyl-D-aspartate (NMDA) 
N-methyl-D-glutamate 
Glutarate 

HOOC--CH2--CH(NH2)--COOH 
HOOC--(CH2)2--CH(NH2)--COOH 
HOOC--(CH2)B--CH(NH2)--COOH 
HOOC--(CH2)4--CH(NH2)--COOH 
HOOC--(CHR)s--CH(NH2)--COOH 
HOOC--(CH2)2--CH(NH2)--COOH 
HOOC--(CH2)2--CH(NH2)--COOH 
HOBS--CH2--CH(NH2)--COOH 
HO2S--(CH2)2--CH(NH2)--COOH 
H2NOC--(CHa)2--CH(NH2)--COOH 
HOOC--CH2--NH 2 
HOOC--(CHa)2--NH 2 
HOOC--(CH2)B--NH 2 
HOBS--(CH2)2--NH 2 
HOOC--CH2--CH(NHCH3)--COOH 
HOOC--(CH2)2--CH(NHCH3)--COOH 
HOOC--(CH2) 3--COOH 

~ specificity of a glutamate receptor for these systematically manipulated molecules can provide insight into the 
nature of the glutamate binding site(s). Adapted from Parmentier and Case (1972). 

tate activated an IGlu-like current reasonably 
effectively in Helix neurons (Gerschenfeld and 
Lasansky, 1964; Parmentier and Case, 1972; 
Szczepaniak and Cottrell, 1973; Piggott et al., 
1975) and insect neurons and muscle (Wafford 
and Sattelle, 1986, 1989; Dudel et al., 1989; 
Dubas, 1991), but  was a weak agonist  in 
Limulus (Roberts and Walker, 1982). Interest- 
ingly, IGluRs translated from insect muscle 
mRNA expressed in Xenopus oocytes were 
insensitive to aspartate (Fraser et al., 1990). 
Among crustaceans, lobster foregut muscle 
IGluRs were insensitive to aspartate (Lingle 
and Marder, 1981), whereas crayfish vas defer- 
ens muscle exhibited some sensitivity to aspar- 
tate (Murdock, 1971; Florey and Murdock, 
1974). Caenorhabditis receptors and the Actinia 
response were largely aspartate-insensitive 
(Carlyle, 1970b, 1974; Arena et al., 1992). 

In the opisthobranch mollusc Aplysia kurodai, 
some neurons responded strongly to aspartate 
and others not at all (Sawada et al., 1984a; 
Ikemoto and Akaike, 1988); this may have been 
due to differential expression of similar but dis- 
tinct glutamate and aspartate receptors (see 

Yarowsky and Carpenter, 1976). In Aplysia 
cal~ornica, aspartate also crossdesensitized the 
IGlu current in these neurons, if present; any 
given neuron could exhibit one, both, or neither 
of these currents (Yarowsky and Carpenter, 
1976). Finally, aspartate was capable of potenti- 
ating inhibitory glutamate responses; this has 
been attributed to blockade by aspartate of glu- 
tamate uptake (Lingle and Marder, 1981; 
McCreery and Carpenter, 1984), but could also 
be due to a direct effect of aspartate on the 
IGluR, as has been proposed for an excitatory 
GluR (Shank and Freeman, 1975; Dudel, 1977). 
These results imply that a heterogeneous popu- 
lation of receptors with varying selectivity for 
glutamate and aspartate exists in Aplysia, and 
further suggest that other aspartate-induced 
currents attributed to crossactivation of gluta- 
mate receptors should be re-examined. 

Lengthening the carbon chain also affected 
agonist potency. Crustacean IGluRs were not 
activated by any molecule with a longer car- 
bon chain than that of glutamate (Table 2), 
whereas neurons in the pulmonate mollusc 
Helix responded to ot-aminoadipate. Interest- 
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ingly, the putative receptor in Actinia was 
insensitive to ~-aminoadipate, which has one 
additional carbon in the chain compared to 
glutamate, and to o~-aminosuberate, which has 
three, but  responded to o~-aminopimelate, 
which has two (Carlyle, 1970a). In some prepa- 
rations, ~-aminopimelate inhibited the IGlu 
response, presumably as a weak agonist (Roberts 
and Walker, 1982; Quinlan and Murphy, 1991). 

Some glutamate analogs with substitutions 
at the distal carboxyl site evoked currents in 
molluscan neurons (Helix spp.), but could not 
activate IGluRs in arthropods. The putative 
Actinia receptor did not respond to cysteate, 
but responded to homocysteate much more 
strongly than to any other agonist, including 
glutamate. This suggests that the sulfonic 
group acted to increase agonist potency, but 
that cysteate (a substituted aspartate) may sim- 
ply have been unable to span the binding site 
in Actinia. This is consistent with the observa- 
tion that aspartate is also ineffective in Actinia. 
L-Glutamine, a glutamate analog with the 
hydroxyl group on the distal carboxyl substi- 
tuted with an amino group, had no effect even 
on the tolerant Helix receptor, but did have a 
weak effect in Actinia. 

Agonists lacking a proximal carboxyl group 
(open arrows in Fig. 2A) were generally inef- 
fective. An interesting possible exception is 
GABA, a decarboxylated glutamate derivative 
and known inhibitory neurotransmitter in both 
protostomes and deuterostomes (although it may 
not even be present in the tissues of the antho- 
zoan Actinia [Carlyle, 1971]). GABA was ineffec- 
tive at most IGluRs, but crossdesensitized a few 
glutamate receptors and activated others, as is 
discussed below. Substitutions at the amino 
group of glutamate did not produce effective 
agonists. IGluRs did not respond to the excitatory 
glutamate receptor agonists kainate, AMPA, or 
NMDA (see Glantz and Pfeiffer-Linn, 1992 for a 
review of NMDA effects in invertebrates). 

The response of IGluRs to quisqualic acid 
varied; furthermore, sufficient data were avail- 
able that IGluR responses to quisqualate can be 
usefully mapped onto a phylogeny (Fig. 3). 
Opisthobranch molluscan, nematode, and a 

plurality of arthropod IGluRs investigated 
were quisqualate-insensitive, whereas IGluRs 
in pulmonate  molluscs were activated by 
quisqualate (Table 1). In the annelid Hirudo 
medicinalis, the glutamate-gated chloride cur- 
rent was essentially quisqualate-insensitive, 
although occasional preparations exhibited a 
slight quisqualate-induced hyperpolarization 
(Mat Jais et al., 1984). 

Arthropod IGluRs insensitive to quisqualate 
included those expressed in spiny lobster 
foregut muscle gin1 (Lingle and Marder, 1981) 
and stomatogastric motor neurons (Cleland and 
Selverston, 1995), Limulus central abdominal 
cord neurons (Roberts and Walker, 1982), cock- 
roach leg motor neurons (Wafford and Sattelle, 
1986, 1989), and locust metathoracic extensor 
tibiae muscles (Dudel et al., 1989). In the North 
American crayfish Procambarus clarkii, IGluRs in 
thoracic motor neurons (Pearlstein et al., 1994) 
and the opener muscle of the first walking leg 
(Shinozaki and Ishida, 1981) were also 
quisqualate-insensitive. The single exception 
was a glutamate-activated chloride current 
expressed in the stomach and leg muscles of the 
crayfish Austropotamobius torrentium, an 
indigenous European species once classified 
within the genus Astacus, which was also gated 
by quisqualate (Franke et al., 1986). However, 
this receptor was also extraordinarily sensitive 
to acetylcholine (10 nM threshold concentration) 
and activated by >10 ~M GABA (Zufall et al., 
1988); neither of these agonists affected the 
quisqualate-sensitive IGluR in pulmonate mol- 
luscs. Furthermore, no similar receptor was 
found in a homologous stomach muscle of 
the closely related European crayfish species 
Astacus astacus (Adelsberger et al., 1994). The 
relationship of the Austropotamobius multi- 
agonist receptor to other IGluRs is unclear. 

Quisqualate did not activate IGluRs in neu- 
rons of the opisthobranch molluscs Aplysia 
kurodai (Ikemoto and Akaike, 1988) or Aplysia 
californica (Katz and Levitan, 1993; Kehoe, 
1994), although in the latter, quisqualate did 
activate a pharmacologically distinct slow 
potassium current. Among pulmonate mol- 
luscs, quisqualate has been reported to activate 
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Fig. 2. Molecular conformations of selected amino acids. Single bonds are represented by open lines; solid 
lines indicate double bonds. Filled arrows depict charged groups common to glutamate and GABA (the amino 
and distal carboxyl groups); open arrows designate the proximal carboxyl group of glutamate and its analogs, 
which GABA and muscimol lack; a binding site for this group is implicated in the distinction between GABA 
and inhibitory glutamate receptors. (A) The conformationally restricted glutamate analog ibotenate is a strong 
agonist of all known IGluRs. The flexible glutamate molecule presumably adopts a similar conformation in 
order to bind to ibotenate-preferring receptors, such as the IGluRs. GABA is also capable of assuming this 
conformation, except that it lacks an amino-proximal carboxyl group (open arrows). Aspartate, even in its 
maximally extended conformation, is unable to position its charged groups in an ibotenate-like conformation. 
Aspartate-activated IGluRs, such as those in Helix or insects (Table 1), are presumably either more 
conformationally tolerant than aspartate-insensitive IGluRs or have a different receptor site involving only the 
amino and proximal carboxyl groups. The former is indicated in Helix, since a receptor that is entirely nondis- 
criminatory about carbon chain length should respond to long-chain glutamate analogs, such as (z-aminoadipate 
and o~-aminopimelate. (B) Glutamate can also assume a folded conformation in which it more closely resembles 
aspartate in the distribution of its charged groups; this conformation has been suggested for optimal activity at 
some excitatory glutamate receptors (Piggott et al., 1975). Figures are derived from the work of van Gelder 
(1971 ), Lea and Usherwood (1973b), and Piggott et al. (1975). 
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fast glutamate-gated chloride currents in the 
Ped-9 neurons of Planarbarius corneus 
(Bolshakov et al., 1991) and glutamate- and 
ibotenate-sensitive chloride and potassium 
conductances in Helix aspersa (Walker et al., 
1971; Walker, 1976). Quisqualate also mimicked 
the glutamate-evoked inhibition in buccal neu- 
ron B19 of Helisoma trivolvis (Quinlan and 
Murphy, 1991); however, no ionic mechanism 
for this effect has been demonstrated. The 
authors  suggested that this inhibi t ion by 
quisqualate may have been mediated by activa- 
t ion of a CNQX-insensit ive metabotropic 
g lu tamate  receptor  (mGluR), increas ing 
intracellular calcium via an IP 3 cascade and 
consequently activating calcium-dependent 
potassium currents. This is certainly a plausible 
hypothesis; however, comparisons with closely 
related taxa suggest a more parsimonious 
mechanism. The authors noted that the 
quisquala te-evoked hyperpolar iza t ion  in 
Helisoma neuron B19 could not be mimicked 
by the specific mGluR agonist ACPD (Palmer et 
al., 1989; Schoepp et al., 1990). ACPD is an 
agonist for the only well-described molluscan 
QA-sensitive second-messenger-coupled GluKR, 
on the identified buccal ganglion neurons B1 
and B2 in the opisthobranch Aplysia cal~ornica 
(Katz and Levitan, 1993; Kehoe, 1994). Further- 
more, although most IGluRs are quisqualate- 
insensitive, those expressed by pulmonate 
molluscs are activated by quisqualate (Fig. 3). 
The freshwater pulmonate Planarbarius corneus, 
which is in the same order as Helisoma (i.e., 
Basommatophora), exhibited a fast chloride cur- 
rent activated by quisqualate (Bolshakov et al., 
1991). The more distantly related pulmonate 
Helix aspersa also exhibited a glutamate-gated 
increase in permeability to chloride and potas- 
sium (Kerkut et al., 1969), which was activated 
by ibotenate (Walker et al., 1971) and quisqual- 
ate (Walker, 1976). Thus, the physiology and phar- 
macology of the inhibitory glutamate response in 
Helisoma trivolvis are consistent with those of the 
IGluR in all other pulmonates in which it has been 
described (Fig. 3). Ionic substitutions and applica- 
tion of ibotenate and picrotoxin would address this 
issue more rigorously. 

Antagonist Profiles 

Picrotoxin at low concentrations (typically 
1-100 ~tM) blocked nearly all IGluRs, although 
some required up to I mM picrotoxin to block 
completely. (Note that some of this variability 
may be caused by variability in experimental 
technique rather than inherent differences in 
picrotoxin efficacy). The only picrotoxin-resis- 
tant IGlu-like current observed was expressed 
in leech Retzius cells, the only annelid cell for 
which IGluR data are available (Mat Jais et al., 
1983). Some protostome GABA receptors also 
have reduced sensitivity to picrotoxin block 
(Marder and Paupardin-Tritsch, 1978; Albert 
et al., 1986). Chloride channel blockers, such 
as furosemide (Bolshakov et al., 1991) and 
the fenamates niflumic acid (Cleland and 
Selverston, 1995) and flufenamic acid (Arena 
et al., 1992), also blocked those IGluRs to which 
they were applied (typically at 100 ~M concen- 
tration); however, their specificity for chloride 
channels is in serious doubt (Lerma and del 
Rio, 1992; Poronnik et al., 1992; Partridge et al., 
1994; Ottolia and Toro, 1994; Lee et al., 1995; 
Accili and DiFrancesco, 1996). 

Several antagonists  have demonst ra ted  
effects on the IGluR in some species/tissues 
but not others; unfortunately, few of these 
antagonists have been employed in sufficiently 
diverse preparations to support  inferences 
about possible systematic differences among 
orthologous receptors. Glutamate diethyl ester 
(GDEE) had an antagonistic effect in the snail 
Helix pomatia (Szczepaniak and Cottrell, 1973), 
but was ineffective in other species tested (Lingle 
and Marder, 1981; Ikemoto and Akaike, 1988; 
Wafford and Sattelle, 1989). 7-D-glutamylglycine 
(7-DGG; 100 ~tM) has been reported to block the 
IGlu current specifically in cockroach leg 
motor neurons (Wafford and Sattelle, 1989). 
Curare blocked an IGlu current along with sev- 
eral other ligand-gated chloride currents in 
Aplysia neurons (Carpenter et al., 1977); however, 
it was ineffective at blocking the glutamate- 
gated chloride current in Homarus, as was the 
muscarinic antagonist atropine (Lingle and 
Marder, 1981). 
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Except for GDEE, none of the excitatory 
glutamate receptor blockers, such as CNQX, 
Joro spider toxin (JSTX), or DC-2-amino-5- 
phosphonovalerate (APV), affected IGlu 
currents (Ikemoto and Akaike, 1988; Quinlan 
and Murphy, 1991; Arena et al., 1991, 1992; 
Pearlstein et al., 1994). The glycine receptor 
antagonist strychnine was also ineffective 
(Lingle and Marder, 1981; Cully et al., 1994). 
The GABA A antagonist bicuculline did not 

block IGluRs; it also typically does not block 
invertebrate GABA receptors (Lingle and 
Marder, 1981; Roberts and Walker, 1982; Franke 
et al., 1986; Oyama et al., 1990; Darlison, 1992; 
Jackel et al., 1994a,b), although exceptions exist 
(Yarowsky and Carpenter, 1978a). 

Cross-Sensitivity to GABA 

As fast, ionotropic, ligand-gated chloride 
channels, IGluRs physiologically resemble 

Fig. 3. (opposite) Phylogeny of genera in which putatively ionotropic inhibitory responses to glutamate have 
been described. Some tissue-specific differences also exist, although data describing multiple tissues within a 
species are scarce. For comparative purposes, selected descriptive characters of the IGlu responses in particu- 
lar genera are noted on the phylogeny: QA, the IGluR is activated by quisqualate. GABA, the IGlu response is 
crossactivated or crossdesensitized by GABA (it does not indicate the presence or absence of a separate 
GABAergic current). A crossed-out symbol indicates that the effect in question is not present. The crossed-out 
PTX depicts the unique picrotoxin insensitivity of the Hirudo IGluR. The question mark denoting GABA crossreactiv- 
ity in Limulus indicates that IGluRs and GABA receptors were both antagonized by aspartate, (z-aminopimelate, 
and ~-guanidinopropionic acid, but were not tested directly for crossdesensitization. 

The thinnest lines represent grade-based relationships derived from Linnean systematic classification (Barnes, 
1987). Medium lines (within Decapoda) are cladistically derived based on morphological characters (Scholtz 
and Richter, 1995). The thickest lines are based upon molecular phylogenetic analyses (Patterson, 1990; Boore 
and Brown, 1994; Boore et al., 1995; see textfor details) and are consistent with Linnean grades. Where useful 
to describe phylogenetic branch points, diagonal text denotes Linnean, cladistic, or common descriptive names 
for taxa. Taxonomic names denoted with an asterisk are defined in Scholtz and Richter (1995). Linnean taxa are 
cited by grade where appropriate (P, phylum; SbP, subphylum; C, class; SbC, subclass; O, order; IO, infraorder; 
F, family). Specific and common names for denoted genera, with references, are as follows: Actinia equina, 
sea anemone (Carlyle, 1970a, 1974); Caenorhabditis elegans, free-living nematode (Arena et al., 1991, 1992; 
Cully et al., 1994); Ascaris suum, parasitic nematode (Martin and Pennington, 1989; Holden-Dye and Walker, 
1990); Onchidium verruculatum, intertidal marine slug (Oomura et al., 1974; Kato et al., 1983); Helix aspersa, 
terrestrial snail (Kerkut et al., 1969; Walker et al., 1971; Walker, 1976); Helix pomatia, terrestrial snail 
(Szczepaniak and Cottrell, 1973); Euhadra peliomphala, Japanese land snail (Watanabe and Onozuka, 1994; 
Onozuka et al., 1994); Helisoma trivolvis, freshwater snail (Quinlan and Murphy, 1991 ; Quinlan et al., 1995); 
Lymnaea stagnalis, great freshwater pond snail; Planorbarius corneus, freshwater snail (Magazanik et al., 1990; 
Bolshakov et al., 1991 ); Aplysia kurodai, sea hare (Sawada et al., 1984a,b; Ikemoto et al., 1988; Oyama et al., 
1990); Aplysia californica, California sea hare (Yarowsky and Carpenter, 1976; Carpenter et al., 1977; King and 
Carpenter, 1987, 1989); Aplysia dactylomela, Florida sea hare (Carpenter et al., 1977); Hirudo medicinalis, 
medicinal leech (Mat Jais et al., 1983); Limulus polyphemus, horseshoe crab (Walker et al., 1981 ; Roberts and 
Walker, 1982; Walker and Roberts, 1982); Periplaneta americana, cockroach (Wafford and Sattelle, 1986, 
1989; Sattelle, 1992); Locusta migratoria, locust (Dubas, 1991); Schistocerca gregaria, locust (Cull-Candy et 
al., 1976; Gration et al., 1979; Scott and Duce, 1985; Dudel et al., 1989); Squilla oratoria (Tazaki and Chiba, 
1994); Panulirus interruptus, Pacific spiny lobster (Bidaut, 1980; Eisen and Marder, 1982; Marder and Eisen, 
1984; Cleland and Selverston, 1995); Panulirus argus, Florida spiny lobster (Albert et al., 1986); Homarus 
americanus, American lobster (Lingle, 1980; Lingle and Marder, 1981); Cancer pagurus, crab (Marder and 
Paupardin-Tritsch, 1978); Cancer borealis, rock crab, and Cancer magister, West coast crab (Lingle and Marder, 
1981 ); Procambarus clarkii, North American crayfish (Shinozaki and Ishida, 1980; Pearlstein et al., 1994); Astacus 
astacus, European crayfish (Florey and Murdock, 1974; Adelsberger et al., 1994); Astacus leptodactylus, Eur- 
asian crayfish (Murdock, 1971 ; Florey and Murdock, 1974); Austropotamobius torrentium, European crayfish 
(Franke et al., 1986; Zufall et al., 1988); Austropotamobius pallipes, European crayfish (Adams et al., 1982). 
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ionotropic GABA and glycine receptor chan- 
nels; furthermore, the nucleotide sequences of 
cloned IGluRs show them to be closely related 
to these ligand-gated chloride channels (Cully 
et al., 1994). Several studies have reported that 
GABA and glutamate can activate the same 
chloride channel, perhaps via distinct recep- 
tor sites (Franke et al., 1986; King and Carpen- 
ter, 1987, 1989; Zufall et al., 1988; Oyama et 
al., 1990; Pearlstein et al., 1994). Other studies 
have reported GABAergic and inhibi tory  
glutamatergic currents expressed in the same 
cell that were entirely independent  of one 
another (Lingle and Marder, 1981; Cull-Candy 
and Miledi, 1981; Ikemoto and Akaike, 1988). 
However, the techniques and agonist concen- 
trations used in these studies varied, limiting 
direct comparisons between species and tis- 
sues. The phylogenetic distribution of GABA 
crossreactivity is depicted in Fig. 3. 

Some IGluRs, notably  the mul t iagonis t  
receptor channel expressed in the muscles of 
the c rayf i sh  Austropotamobius torrentium 
(Franke et al., 1986; Zufall et al., 1988), were 
simply activated by GABA as well as by glu- 
tamate, a l though the favored conductance 
state dis t r ibut ions differed. Other IGluRs 
exhibited more complex responses to the pres- 
ence of GABA. Oyama et al. (1990) described 
two distinct GABAergic responses in isolated, 
internally perfused pedal ganglion neurons 
from Aplysia kurodai in a study designed to 
r e so lve  d i f f e rences  b e t w e e n  the i r  own  
research group ' s  earlier conclusions that 
glutamate-gated chloride currents in Aplysia 
kurodai neurons (of unspecified type) did not 
crossdesensitize with GABA-gated currents 
(Ikemoto and Akaike, 1988), and another  
g roup ' s  evidence that  GABAergic and 
glutamatergic chloride currents in Aplysia 
californica media l  p leura l  neurons  did 
crossdesensitize (King and Carpenter, 1987). 
Oyama et al. (1990) found that there was a 
small, transient GABAergic chloride current, 
insensitive to 1 mM glutamate, that activated 
with I ~tM GABA and completely desensitized 
in the presence of 100 ~ GABA, and a second 
GABA-gated chloride current, larger and slow 

to desensitize, that only activated at GABA 
concentrations of >100 ~tM and was ful ly 
desensitized by even 10 ~tM glutamate. In 
addition, micromolar concentrations of GABA 
were able to reduce the rate at which the 
glutamate-gated chloride current recovered 
from desensitization; this effect occurred even 
in cells not expressing any transient GABA cur- 
rent. The authors concluded that the large, sus- 
tained GABA-gated current was caused by 
GABA crossactivating the IGluR, whereas the 
transient GABA current was mediated by a dis- 
tinct receptor. 

Although demonstra t ing that inhibi tory 
glutamatergic currents in both species exhib- 
ited sensitivity to GABA, the results of Oyama 
et al. (1990) also made it clear that the ligand- 
gated inhibitory currents in Aplysia kurodai 
pedal ganglion neurons and Aplysia californica 
medial pleural neurons were genuinely dis- 
similar. First, there was no evidence of any 
transient GABAergic current in the Aplysia 
californica neurons, and the sustained, cross- 
reactive GABAergic current was activated at 
lower GABA concentrations. Low concentra- 
tions (10 ~tM) of glutamate abolished the en- 
tire sus ta ined GABAergic current  (1 mM 
GABA) in the Aplysia kurodai neurons ,  
whereas in Aplysia cal~ornica neurons, the au- 
thors claimed that I mM of constitutively-ap- 
plied glutamate only sl ightly reduced the 
current evoked by 50 ~tM GABA (King and 
Carpenter, 1987). Whether these differences 
reflect tissue specificity, interspecific variabil- 
ity, or both is undetermined. 

Conformational Specificity of Agonists 

Ligand-gated receptors are commonly cat- 
egorized by their differential responses to 
selective agonists. The power of this approach 
is extended by an understanding of the pos- 
sible molecular conformations of such ago- 
nists,  and par t icu la r ly  by the sys temat ic  
variation of agonists according to molecular 
structure, such that a receptor's agonist profile 
generates hypotheses about the nature of the 
binding site. Table 2 lists the structural formu- 
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lae for some common glutamate and GABA 
agonists and antagonists. 

The glutamate molecule contains three ion- 
izable groups: the amino group and the proxi- 
mal and distal carboxyl groups (Fig. 2, all 
arrows). While the spatial relationships among 
these three groups can vary substantially in the 
flexible glutamate molecule, they are much 
more res t r ic ted in the g lu tamate  analog 
ibotenate,  which  activates IGluRs wi th  a 
potency close to that of glutamate. Presumably, 
ibotenate-sensitive IGluRs bind glutamate in 
the fair ly ex tended conformat ion,  which  
resembles the conformation of ibotenate. All 
three ionizable groups are clearly required for 
optimal binding to most IGluRs, since shifts in 
the structural relationships among the three 
charged groups usually reduced or eliminated 
receptor gating (Tables I and 2). 

The ubiqui tous  ibotenate sensi t ivi ty  of 
IGluRs further corroborates their structural 
s imi lar i ty  to GABA receptors. Ionotropic 
GABA receptors are typically strongly acti- 
vated by the conformationaUy restricted ago- 
nist muscimol, which is a decarboxylated form 
of ibotenate in the same way that GABA is a 
decarboxylated glutamate. This suggests that 
the agonist binding sites of the two receptor 
types are similar, and indicates that differences 
at the binding site for the amino-proximal car- 
boxyl group (Fig. 2, open arrows) are critical 
for the differentiation of GABA and glutamate 
sensitivity. 

Steric hindrance is also clearly a factor in 
agonist  b inding.  Kainic acid, a preferred 
agonist for a class of vertebrate excitatory 
glutamate receptors, is structurally similar to 
the IGluR agonist ibotenate and can assume a 
similar conformation with respect to the three 
charged groups. However, kainate is entirely 
ineffective at gating IGluRs, perhaps because 
of its large side group (depicted in Johnston et 
al., 1974). 

A vermectin Receptors 

Avermectins are a naturally occurring class of 
macrocyclic (16-membered) lactones derived 

from the mycelia of Streptomyces avermitilis 
([Burg et al., 1979]; reviewed in [Wright, 1986]) 
and demonstrated to be potent antihelminthics 
and insecticides with low toxicity to mammals 
(Campbell and Benz, 1984). Avermectin Bla 
(AVM), a major component, and its semisynthetic 
commercial analog 22,23-dihydroavermectin 
Bla (ivermectin, IVM; Chabala et al., 1980), have 
been shown to act specifically on IGluRs (Scott 
and Duce, 1985; Arena et al., 1992; Cully et al., 
1994). They also act on some GABA receptors 
and can evoke picrotoxin-insensitive conduc- 
tances unrelated to either receptor (Bokisch 
and Walker, 1986; Martin and Pennington, 1989). 
The terms ivermectin/IVM and avermectin/ 
AVM will both be used herein for the sake of pre- 
cision, although for present purposes they may 
be considered interchangeable. Avermectins 
have no effect on excitatory glutamate recep- 
tors (Mellin et al., 1983; Zufall et al., 1989). 

Avermectin had three general effects on 
l i gand -ga t ed  ch lor ide  channe ls .  At low 
(nanomolar) concentrations, avermectin poten- 
tiated the response of C. elegans IGluRs to 
glutamate by shifting the glutamate dose-  
response curve to the left and slowing receptor 
desensitization (Arena et al., 1992). It also 
reduced the Hill coefficient of the C. elegans 
IGluR from approx 2 to 1.0, implying that in 
the presence of avermectin only one molecule 
of glutamate needs to bind in order to open the 
channel (Arena, 1994). A similar effect was 
observed on chick GABA receptors (Sigel and 
Baur, 1987). At higher concentrations, aver- 
mectin can gate IGluRs and some GABA recep- 
tors directly (Mellin et al., 1983; Scott and Duce, 
1985; Duce and Scott, 1985; Zufall et al., 1989; 
Arena et al., 1992), although typically GABA 
receptors are only blocked, not activated, by 
avermectins. These avermectin-evoked cur- 
rents are chloride-mediated and blocked by 
picrotoxin. In single-channel experiments on 
the Austropotamobius multiagonist  receptor, 
avermectin evoked a pattern of conductance 
states characteristic of glutamate rather than of 
GABA (Zufall et al., 1989). 

At roughly  micromolar  concentrat ions,  
avermect in  an tagonized  IGlu and GABA 
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receptors (Holden-Dye et al., 1988; Martin and 
Pennington, 1989; Zufall et al., 1989; Holden- 
Dye and Walker, 1990; Bermudez et al., 1991). 
Zufall et al. (1989) noted that the open probabil- 
ity and mean open time of the multiagonist-gated 
channel both decreased when the avermectin 
concentration was increased. The blocking 
effect of avermectins may act at or near the 
picrotoxin binding site, since both picrotoxin 
and ivermectin inhibit [35S]TBPS binding to 
locust GABA receptors (Bermudez et al., 1991), 
and picrotoxin can reverse some of the effects 
of ivermectin (Fritz et al., 1979). Ivermectin also 
inhibited strychnine binding to a rat glycine 
receptor (Graham et al., 1982). In most species 
examined, avermectin-induced effects became 
irreversible at higher concentrations. All of 
these effects are credible mechanisms for the 
antihelminthic effects of avermectins. 

The threshold concentration for AVM activa- 
tion of chloride currents varied widely among 
species. The mul t iagonis t  receptor of the 
crayfish Austropotamobius torrentium exhibited 
the highest affinity for avermectin (0.1 pM); in 
insects and arthropods, thresholds from 10 pM 
to 10 nM were found (Scott and Duce, 1985; 
Duce and Scott, 1985; Zufall et al., 1989). C. 
elegans IGluRs expressed in oocytes from puri- 
fied mRNA had a threshold concentration of 
10 nM avermectin for direct current activation 
(Arena, 1994). Heteromeric channels formed by 
coexpression of two glutamate-gated chloride 
channel subunits  from C. elegans (GluClob 
GluCI~) in Xenopus oocytes showed a roughly 
similar affinity for ivermectin. Notably, homo- 
meric channels assembled from the GluClc~ 
subunit could be gated by IVM, but not by 
glutamate ,  whereas  for homomers  of the 
GluCI~ subunit the reverse was true (Cully et 
al., 1994). 

The complex dose-dependent  effects of 
avermectin (potentiation, direct gating, block- 
ade, and the induction of irreversibility) have 
led several authors to propose that avermectin 
acts at multiple sites (Scott and Duce, 1985; 
Wright, 1986), although others disagree (Zufall 
et al., 1989). Binding studies have demon- 
strated that ivermectin does not act at the 

glutamate or GABA binding site of C. elegans 
receptors (Schaeffer and Haines, 1989; Cully 
and Paress, 1991). Exper iments  wi th  the 
cloned GluC1R o~ and ~ subunits from C. elegans 
have since demons t ra ted  that  ivermect in  
effects on the GluC1R alone are sufficient to 
mediate both the chloride-current potentia- 
tion and the directly gated current observed 
in other preparations. The similar avermectin- 
induced effects on IGluRs and GABA recep- 
tors and ivermectin's apparent binding to a 
glycine receptor lend credence to the idea that 
these ligand-gated chloride channels retain 
some conformational and functional similari- 
ties, and suggest that ivermectin may be bind- 
ing to a similar site or sites on each. The 
qualitative and quantitative differences noted 
between the effects of avermectin in tissues of 
different species, coupled wi th  the suffi- 
ciency of the two cloned receptor subunits  
to mediate key effects observed in natural  
receptors, lend support  to the proposal of 
Arena (1994) that avermectin may be able to 
act as either a positive or negative allosteric 
m o d u l a t o r  in a t i s sue - spec i f i c  manner ,  
analogous to the effects of benzodiazepines 
on m a m m a l i a n  GABA A receptors  (Olsen 
and Tobin, 1990; Macdona ld  and Olsen,  
1994). 

IGluR Single-Channel Biophysics 
Both the locust  muscle  IGluR and the 

mult iagonis t  receptor of Austropotamobius 
muscle have been described at the single-chan- 
nel level (Table 3). Both channels exhibited a 
22-25 pS open state and comparable mean 
open time distr ibut ions,  and were h igh ly  
dependent on chloride, although the crayfish 
multiagonist receptor was at least an order of 
magnitude more sensitive to glutamate than 
was the locust receptor. Additionally, patches 
containing the multiagonist receptor exhibited 
two higher conductance states (43 pS, 66 pS); 
these were unusual in that although glutamate 
activation of the channel favored the 22 pS 
state, GABA application (10 ~tM) preferentially 
evoked the 43 pS state. This phenomenon was 
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not simply the result of multiple superimposed 
channel openings along with a greater sensitiv- 
ity of the receptor to GABA, since the 22 pS state 
was less probable in the presence of GABA than 
either the closed state or the 43 pS state. 

The multiagonist receptor exhibited nearly 
identical  mean open time distr ibutions in 
response to I ~tM glutamate and 10 ~tM GABA; 
both could be fit with two exponentials (Franke 
et al., 1986). The receptor was also gated by the 
cholinergic agonist carbachol; the carbachol- 
activated open time distribution could be fit 
with a distinct single exponential similar to 
that evoked by a 10-fold lower concentration 
of glutamate (0.1 ~tM). Note that these experi- 
ments were performed in low external calcium, 
since the carbachol-gated current was inhibited 
by normal external calcium concentrations 
(Zufall et al., 1988). The open time distributions 
for the higher conductance states could be fit 
by a single exponential. The conformationally 
restricted glutamatergic agonist ibotenic acid 
only evoked the 22 pS state, whereas its decar- 
boxylated derivative muscimol, a GABAergic 
agonist, preferentially evoked the 43 pS state. 
Quisqualate also only evoked the 22 pS state 
(Zufall et al., 1989). When applied to the mult- 
iagonist receptor, picrotoxin (100 ~tM) com- 
pletely blocked the 43 and 66 pS conductance 
states evoked by GABA and reduced the open 
probabi l i ty  of the 22 pS state by 90%. In 
response to glutamate application, the same 
concentration of picrotoxin (100 jd~i) was less 
effective, but followed the same pattern, reduc- 
ing the open probability of the 22 pS state only 
moderately and that of the higher conductance 
states more strongly. A higher concentration of 
picrotoxin (1 raM) was more effective in block- 
ing the glutamate-evoked conductances. Fur- 
ther ana lys is  revealed that  picrotoxin 
selectively blocked the longer of the two time 
constants  of the 22-pS conductance state 
(Franke et al., 1986). 

Low concentrations of avermectin (0.1 pM) 
activated the mult iagonist  receptor with a 
single-exponential open time distribution simi- 
lar to that evoked by 0.1 ~M glutamate. Higher 
concentrations of AVM (1 pM) or glutamate 

(1 ~tM) elicited open time distributions requir- 
ing two exponentials to fit. Interestingly, in low 
external calcium, the channel responded to 
0.1 pM AVM as it did to I pM AVM under nor- 
mal conditions. Avermectin activated no cur- 
rent when applied to the interior membrane 
surface, nor did it evoke any conductances in 
patches that were insensitive to glutamate, 
GABA, or carbachol; thus, it was not acting as 
an ionophore (Zufall et al., 1989). At higher 
concentrations (10 pM), avermectin effects 
became irreversible. 

Closed-time distributions of the multiagonist 
receptor could be fit by two time constants; the 
longer time constant described "bursts" of chan- 
nel opening. Glutamate and carbachol applica- 
tion both desensitized the Austropotamobius 
mult iagonis t  receptor over time, whereas  
GABA did not (Franke et al., 1986). The locust 
IGluR desensitized to glutamate with a time 
constant of >1 s and recovered from desensiti- 
zation with a time constant of about 300 ms 
(Dudel et al., 1989). 

IGluR Molecular Biology 

As detailed above, the IGluR has long been 
presumed to be an ionotropic receptor channel, 
largely because of its role as a classical "fast" 
synaptic receptor. This has been confirmed by 
the cloning of two glutamate-gated chloride 
channel subunits, entitled GluClo~ and GluCI~, 
from the nematode C. elegans. These IGluR 
clones share sequence similarity with ionotropic 
glycine  and GABA receptors ,  and w h e n  
expressed in Xenopus oocytes, form functional 
receptor channels with physiology and phar- 
macology comparable  to na tu ra l  IGluRs, 
including sensitivity to picrotoxin (Cully et al., 
1994). They do not resemble the excitatory 
glutamate  receptors. The GluCI~ subuni t  
contains a binding site for glutamate, since 
GluCI~ homomers responded to glutamate, 
but GluCI~ homomers were glutamate-insen- 
sitive. Conversely, GluClo~ (but not GluCI~) 
homomers were gated by ivermectin. It will be 

Molecular Neurobiology Volume 13, 1996 



Inhibitory Glutamate Receptor Channels 119 

interesting to learn whether these homomeric 
channels are picrotoxin-sensitive. 

In amino acid sequence, the cloned GluC1 
receptors are more closely related to (verte- 
brate) glycine receptors than to GABA recep- 
tors, even invertebrate GABA receptors (Fig. 4; 
Table 4). They also share with glycine receptors 
the feature of two conserved Cys-Cys pairs, 
whereas GABA receptors incorporate only one 
of these pairs. However, a tyrosine residue is 
found in GABA and GluC1 receptors at the site 
corresponding to GluCI~ residue 182, whereas 
glycine receptors incorporate phenylalanine at 
this site (Fig. 4, asterisk). This site is highly con- 
served in each receptor family; mutation of this 
residue alone is sufficient to change a glycine 
receptor into a GABA receptor (Schmieden et 
al., 1993). It is possible that this tyrosine resi- 
due alone is responsible for the absence of gly- 
cine sensitivity among IGluRs. 

No second-messenger-mediated modula- 
tory effects on IGluRs have been described. 
However, the intracellular loop of the GluClo~ 
clone between M3 and M4 contains a strong 
consensus sequence for phosphorylation by 
protein kinase C. Cully et al. (1994) suggest 
that  wi ld- type IGluRs include addi t ional  
subunits other than GluCI~ and GluCI~; any 
such subunits could also incorporate modu- 
latory sites. 

Physiological Roles of IGluRs 

Although diverse physiological effects have 
been attributed to IGluRs, a role for these 
receptors has been demonstrated in relatively 
few preparations. In the crustacean stomato- 
gastric ganglion (Harris-Warrick et al., 1992), 
IGluRs mediate fast synaptic inhibition, which 
underlies the rhythmogenic properties of this 
central pattern generator. Modulation of these 
synapses alters the oscillatory pattern of these 
motor neurons, and consequently directly 
affects behavioral output (Johnson et al., 1995). 
Interplay between fast IGluRs and slow, pre- 
sumably metabotropic glutamate receptors is 
also implicated in the regulation of motor out- 
put (Elson and Selverston, 1995). Similar syn- 

aptic receptors may underlie other oscillatory 
neural networks; synaptic pharmacology has 
not been explicitly described in detail in most 
central pattern generator circuits. 

No clear role has been demonstrated for the 
extrajunctional IGluRs present on some pro- 
tostome muscles, although some such muscles 
do respond directly to modulatory  agents 
(Dickinson, 1995). Extrajunctional IGluRs can 
be considerably more sensitive to glutamate 
than are synaptic neuronal IGluRs; it is also 
typical that IGluRs exhibit greater sensitivity to 
glutamate than do excitatory glutamate recep- 
tors expressed in the same tissue. The increased 
glutamate sensitivity of extrajunctional IGluRs 
suggests that low circulating concentrations of 
glutamate in the hemolymph may act to modu- 
late muscle contractility by acting on these 
receptors and reducing resting input resis- 
tance. In contrast, the inhibitory, presumably 
junctional GABA receptor on crayfish muscle 
requires a considerably higher concentration of 
agonist in order to activate inhibitory conduc- 
tances (Adelsberger et al., 1994). 

Glutamate is also abundant in the circulation 
in several molluscan and arthropod species 
(Camien et al., 1951; Kerkut and Cottrell, 1962; 
Murdock and Chapman, 1974; Henry et al., 
1991). Murdock and Chapman (1974) have 
measured L-glutamate concentrations in the 
hemolymph of three arthropod species and 
concluded that, in crayfish and tarantula spi- 
ders, plasma glutamate concentration was well 
below threshold concentrations for excitatory 
glutamatergic neurotransmission, whereas in 
locust, it was higher. However, at least in the 
crayfish (Astacus spp.), these resting glutamate 
levels were near the 1-~tM threshold for IGluR 
activation (measured in the closely related 
crayfish genus Austropotamobius [Franke et al., 
1986]). Any increase in free plasma glutamate 
concentration, therefore, could have direct 
functional consequences. For example, it may 
well be adaptive for the animal to avoid muscle 
contraction during molt, since most behaviors 
in many crustaceans require that the animals' 
extrinsic muscles be anchored to the exoskel- 
eton. It is known that serum levels of several 
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GluCb~ 1 
GluCI-c~ 1 
GlyR (Rat e3) 1 
GABA(Hom~I) 1 
GABA (Lyrn ~) 1 

GluCl-~ 16 

GluCI'~ 48 
GlyR {Rat o3) 28 
GABA (Horn [31) 24 
GABA (Lyrn ~,) 20 

GluCI~ 57 
GiuCl-~ 89 
GlyR (Rat e3) 70 
GABA (Hom~,l) 61 
GABA (Lyrn {~) 57 

GtuCl-~, 104 
GluCI-~ 136 
GlyR (Rat (z3) 115 
GABA (Hom l~1) 105 
GABA (Lyrn[~) 104 

GluCI~ ~,45 
GluC~ 175 
GlyR (Rat c{3) 155 
GABA (Horn [Jl) 145 
GABA (Lyrn~,) 15"i 

GiuCl-~ 192 
GluCI-~ 222 
GIyR (Rat (z3) 202 
GABA (Horn ~1 ) 192 
GABA (Lym~) 198 

GtuCl-~ 238 
GluCI-~ 267 
GlyR (Rat ~3) 246 
GABA (Horn 51 )2:36 
GABA (Lyre[J) 242 

GluCb~ 285 
GluCI-~ 314 
GlyR (Rat c(3) 293 
GABA (Horn I}1)283 
GABA (Lym~}) 289 

GluCb~. 332 
GIuCI-e 361 
GlyR (Rat c~3) 340 
GABA (Horn ~l )330 
GABA (Lym[~) 336 

GluCb{~ 357 
GluCI-e 390 
GlyR (Rat c~3) 370 
GABA (Horn ~1 )368 
GABA (Lym{~) 383 

GluCb~, 367 
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Fig. 4. Alignment of the Caenorhabditis elegans GluCIc~ and GluClig subunit protein sequences with related 
glycine and GABA receptor subunits, and identification of motifs common to ligand-gated chloride channels. 
Both GluCIR subunits exhibit the greatest degree of sequence similarity to glycine receptor (x-subunits; this is 
supported by phylogenetic analyses with a distance matrix algorithm (Cully et al., 1994). Furthermore, one pair 
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trace elements, including calcium, vary during 
the molt cycle in Austropotamobius pallipes 
(Adams et al., 1982); free amino acid levels, 
including glutamate, may be similarly regu- 
lated. If free plasma glutamate concentration 
was elevated during molt, it could inhibit mus- 
cular contractions that may be maladaptive in 
the absence of the rigid exoskeleton. Alterna- 
tively, Zufall et al. (1988) have suggested that the 
decrease in free plasma calcium levels during 
ecdysis may directly mediate reduced muscle 
fiber excitability. It may also be relevant to note 
that although the plasma glutamate concentra- 
tion in locust was considerably higher than in 
crayfish, the locust muscle IGluR activation 
threshold was also elevated. 

Phylogenetic Distribution and Analysis 
The significance of similarities and differ- 

ences among biological phenomena--whether 
morphological characters, molecular sequen- 
ces, behaviors, or physiological properties-- 
cannot be fully unders tood until  they are 
examined through the lens of their phyloge- 
netic relationships. Incorrectly judging a pair 
of molecules or organs as homologous or con- 
vergent (Table 5) can lead to erroneous hypoth- 

eses about their evolution and misdirect the 
course of further research. 

Understanding the evolutionary history of 
extant molecules is crucial for constructing valid 
hypotheses about ancestral molecules and their 
divergence and adaptation (Fitch, 1970). By sort- 
ing out IGluRs phylogenetically, one may be 
able to sort IGluRs into more functionally uni- 
form subcategories, and thereby make sense of 
observed functional differences. This type of 
analysis has implications for the evolution of 
the ligand-gated receptor superfamily and high- 
lights the great potential ability of protostome 
receptor proteins to answer fundamental ques- 
tions in adaptive molecular evolution. 

The IGluRs constitute a category based on 
functional (physiological and pharmacologi- 
cal) properties, which are unreliable criteria for 
homology or for inferring evolutionary rela- 
tionships. Receptor agonist specificities and 
ionic permeabilities can be altered by single 
point mutations; it is quite possible that differ- 
ent subgroups of IGluRs evolved separately 
from distinct ancestral molecules. Addressing 
this possibility will require molecular sequenc- 
ing of IGluR genes and proteins. Nevertheless, 
examining the distribution of characters on an 

of cysteine residues is common to GluCI and glycine receptors, but not to GABA receptors; the other pair is 
completely conserved among all of these ligand-gated receptors (arrows). However, the GluCIRs resemble 
GABA receptors at the single residue responsible for determining GABA or glycine selectivity (GluCI13; Nistri, 
1981 ; asterisk); this alone may be sufficient to explain the insensitivity of IGluRs to glycine. The four transmem- 
brane regions are depicted by lines labeled M1-M4. Residues that are identical in at least four of the five 
sequences are shaded. Residues were analyzed for conservative substitutions with respect to GluCI13 using the 
Kyte-Doolittle algorithm (Kyte and Doolittle, 1982); those that are conservatively substituted (pair-comparison 
values >85%, [Riek et al., 1995]) are boxed. 

The GluCI sequences were obtained through GenBank over the World Wide Web; similar sequences were 
selected using the BLASTP 1.4.9MP algorithm (Altschul et al., 1990) available at the National Center for Bio- 
technology Information (NCBI) Web site. The rat (z3 glycine receptor subunit was the most similar in sequence 
to both GluCIR subunits; the human GABA A 131 -subunit was the GABA receptor most similar to the glutamate 
sensitive GluCII3 subunit; the Lymnaea GABA receptor (13-subunit) was an invertebrate subunit more closely 
resembling the GluCIR~ sequence. These five sequences were aligned using the ClustalW 1.5 algorithm pro- 
vided by the Baylor College of Medicine Web server. The sequence alignments were imported into SeqVu 1.0 
(shareware; Garvan Institute of Medical Research, Sydney, Australia) for assessment and depiction of identities 
and conservative substitutions. Transmembrane regions 1-4 were derived from the work of Cully et al. (1994). 
Accession numbers for these sequences are: C. elegans GluCI13: U14525; C. elegans GluCIc~: U14524; rat 
glycine receptor, cz3-subunit: P24524; GABA A receptor subunit from Homo sapiens: P18505; ionotropic GABA 
receptor subunit from the pulmonate mollusc Lymnaea stagnalis: P26714. 

Molecular Neurobiology Volume 13, 1996 



122 Cleland 

Table 4 
Percent Sequence Identity and Similarity ~ 

GluCl~ Rat GlyR, ~3 Homo GABA-R, ~1 Lymnaea GABA, 

Identity 
GluCl~ - -  40.3% 34.4% 34.9% 
GluCl~ 47.3% 39.8% 35.6% 34.8% 

Similarity 
GluCkz - -  62.8% 57.0% 59.1% 
GluCI~ 64.6% 61.6% 58.5% 58.0% 

~ identities and similarities between C. elegans GluC1 receptors and representative GABA and glycine re- 
ceptors. Calculations and determinations of similarity were performed with the GAP program of the University of 
Wisconsin GCG program suite (version 8.1), an implementation of the Needleman-Wunsch algorithm for pairwise 
sequence comparisons (described in Hillis and Moritz, 1990). 

Table 5 
Glossary a 

Clade" A monophyletic taxon. In the cladistic view, only monophyletic taxa are valid or natural groupings 
(Hall, 1994). 

Homologous molecules are similar because of common evolutionary origin. "A character of two or more 
taxa is homologous if this character is found in the common ancestor of these taxa, or...if one [character] 
is directly (or sequentially) derived from the other(s)" (Wiley, 1981). Judgments about homology should 
be ascertained independently for different hierarchical levels of biological organization (discussed in 
Striedter and Northcutt, 1991; Hall, 1994). 

Homoplasous molecules are similar owing to independent evolution, as by convergence (analogy); they are 
not homologous. "A character found in two or more species is [homoplasous]...if the common ancestor of 
these species did not have the character in question, or if one character was not the precursor of the other" 
(Wiley, 1981). 

Monophyletic: A group of organisms (or taxa) is monophyletic if all its members share a common ancestor 
and if all the evolutionary descendants of that ancestor are included within the group. Members of a 
monophyletic taxon share homologous characters and an evolutionary history that are not shared with 
organisms outside the group. In the cladistic view, only monophyletic taxa are valid and homology is 
defined in terms of monophyly (Patterson, 1982; Hall, 1994). 

Orthologous molecules are homologs that diverged because of speciation. The IGluRs in Helix aspersa and Helix 
pomatia are probably orthologs. 

Paralogous molecules are homologs that diverged because of gene duplication. The GluCI~ and GluCI~ 
IGluR subunits from C. elegans are probably paralogs. 

aGlossary of terms, derived from Fitch (1970), Wiley (1981), Gray and Fitch (1983), Striedter and Northcutt (1991), 
Hillis (1994). 

i n d e p e n d e n t l y  de r ived  p h y l o g e n y  (Fig. 3) can 
help  d i s t ingu ish  or thologs  f rom homoplas ies  
(Bo lke r  a n d  Raf t ,  1996; see also Table  5). 
H o m o p l a s o u s  IGluRs m a y  be tenta t ively  iden- 
tifiable by  incongruous  pa t te rns  of characters  
w i th  respect  to the d is t r ibut ion of characters  
a m o n g  the  IGluRs of re la ted  taxa, p r o v i d e d  
that  a sufficient  n u m b e r  of consis tent ly def ined  

c h a r a c t e r s  h a v e  b e e n  d e s c r i b e d .  The  m o s t  
interest ing receptors  can then  be se lected for 
sequenc ing  and  deta i led  study.  

Protostome Phylogeny 
Figure 3 depicts  the phy logene t i c  relat ion-  

ships a m o n g  the taxa d i scussed  in this article, 
as w e l l  as s o m e  s i g n i f i c a n t  o u t g r o u p s .  
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Although there is considerable dispute regard- 
ing the branching order of metazoan diversifi- 
cation, the phylogeny presented is based on the 
following considerations. Morphological and 
developmental characters have traditionally 
been used to depict Arthropoda, Annelida, and 
Mollusca as monophyletic clades, with Annelida 
and Arthropoda sharing the more recent com- 
mon ancestor. Although this work has been 
carefully done, all such characters are poten- 
tially adaptive and therefore possibly conver- 
gent, such that independent confirming data 
are desirable. 

Analyses of ribosomal DNA sequence diver- 
gences provide a powerful complement to tra- 
ditional methods; sophisticated algorithms 
provide hypotheses of relationships that can be 
incorporated into cladograms (Hillis and 
Moritz, 1990). However, there are many factors 
capable of severely biasing such methods (e.g., 
multiple substitutions at a single site, attrib- 
uted to high degrees of divergence and /o r  
accelerated rates of sequence change [Field et 
al., 1988; Swofford and Olsen, 1990; Turbeville 
et al., 1991]), particularly across broad phylo- 
genetic ranges. Furthermore, analyses of differ- 
ent sequences a n d / o r  the use of different 
algorithms often yield conflicting hypotheses 
of relatedness (Boore and Brown, 1994; Boore 
et al., 1995). Consequently, sequence analysis 
methods require careful criticism of the appli- 
cability of underlying assumptions and the 
robustness of the method for a particular data 
set (see Turbeville et al., 1991; Friedrich and 
Tautz, 1995), such that underdocumented  
reports warrant some skepticism. 

Mitochondrial gene rearrangements prob- 
ably constitute the strongest single basis for 
hypothesizing phylogeny (Boore and Brown, 
1994; Boore et al., 1995). The enormous num- 
ber of possible gene rearrangements render it 
highly improbable that the same arrangement 
could arise more than once independently. 
Gene rearrangements are not susceptible to the 
undetectable multiple substitutions that can 
bias rDNA sequence analyses; they are quali- 
tative characters and can be meaningfully 
examined by outgroup analysis. Relatedness 

among taxa can therefore be reconstructed 
from the patterns of inheritance of shared- 
derived features. 

The thickest lines within Fig. 3 are derived 
from cladistic analyses of mitochondrial gene 
rearrangement (Boore et al., 1995), and are addi- 
tionally consistent with many of the hypoth- 
eses generated by other methods. The medium 
lines (within Decapoda) are drawn from cladis- 
tic analyses based on morphological characters 
(Scholtz and Richter, 1995). The thinnest lines 
depict relationships based on Linnean taxo- 
nomic classification (grade); a l though not 
based on cladistic analysis, most of these rela- 
t ionships are clear enough to reasonably 
hypothesize a bifurcating phylogeny (with 
exceptions noted in Fig. 3). 

The Pseudocoelomata (represented by the 
nematodes) have been depicted in Fig. 3 as 
diverging from the other Bilateria before the 
protostome-deuterostome split; that is, they are 
not considered protostomes. Recent 18S rDNA 
sequence analyses (Friedrich and Tautz, 1995) 
and cladistic analyses based on morphology 
(Eernisse et al., 1992) support this phylogeny. 
This suggests either that the IGluR predates the 
common ancestor of protostomes and deu- 
terostomes, implying a secondary loss of the 
IGluR in at least the vertebrate deuterostome 
descendants, and/or  that the IGluR evolved 
separately in nematodes and protostomes. 
Glutamatergic inhibition of contraction in the 
muscles of the sea anemone Actinia lends cred- 
ibility to the hypothesis of early origin. Note 
that some other phylogenies (e.g., Raff and 
Kaufman, 1983) depict the pseudocoelomates 
as nonspiral ian protostomes; that is, they 
diverge from the protostome lineage after the 
deuterostomes, although they are not consid- 
ered spiralians. 

Phylogenetic Character Distribution 
Inhibitory glutamate receptors have been 

clearly demonstrated in diverse protostome taxa. 
Although they possess many common proper- 
ties, they also exhibit a degree of physiological 
and pharmacological variability. For exam- 
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ple, some IGluRs are activated by the gluta- 
mate analog quisqualate, although the major- 
ity are not (Fig. 3; Table 1). Since quisqualate 
has been considered an important diagnostic 
agonist  for an inh ib i tory  metabotropic  
glutamate receptor that activates a potassium 
current, as well as for the excitatory AMPA- 
type glutamate receptor, this has led to some 
confusion in the literature. 

In contrast, the distribution of GABA cross- 
responsivity among the IGluRs is uneven. If 
the IGluRs consti tute a single family of 
orthologous molecules, then GABA sensitivity 
must have evolved several times indepen- 
dently, that is, at least once for ionotropic GABA 
receptors themselves, once for the GABA cross- 
desensitization demonstrated in the opistho- 
branch mollusc Aplysia (King and Carpenter, 
1987, 1989; Oyama et al., 1990), a third time for 
the GABA crossactivation observed in the Euro- 
pean crayfish Austropotamobius (Franke et al., 
1986; Zufall et al., 1988), and perhaps yet again 
in the chelicerate Limulus, in which aspartate 
crossdesensitized both GABA- and glutamate- 
gated chloride currents. Alternatively, if IGluRs 
are not all homologous, any of these GABA-sen- 
sitive receptors could be independently derived, 
perhaps from GABA receptors. 

Notably, no receptor examined exhibited 
significant crossreactivity to glycine, even 
though the agonist-binding pockets of the gly- 
cine and GABA receptors are also very similar; 
the presence or absence of a single hydroxyl 
group can confer GABA responsivity onto a 
glycine receptor (Schmieden et al., 1993). A 
very low sensitivity to glycine was reported for 
the multiagonist receptor in Austropotamobius 
(Franke et al., 1986); other reports of IGluR 
crossactivation by glycine were not replicable 
(Laughton et al., 1995). 

Several other features of IGluRs also var- 
ied significantly among taxa (Table 1); how- 
ever, an insuf f i c i en t  b r ead th  of data is 
available to support phylogenetic inferences. 
Note that  if the inhibi tory  glutamate re- 
sponse in Actinia is mediated by an IGluR, 
then evidence for IGluRs extends to a phylo- 
genetically more ancient root than does evi- 

dence for GABA or ACh receptors, raising 
the possibility that the IGluR represents the 
primitive condition within the ligand-gated 
receptor superfamily. 

Implications for Molecular Evolution 

The study of the phylogenet ic  origin of 
IGluRs and related receptors has promising 
implications for molecular evolution. Sequence 
analyses have demonstrated that pseudocoelo- 
mate GluC1R subunit clones are most similar 
to (vertebrate) glycine receptors, in terms of 
both identical and conservatively substituted 
residues (Table 4; Cully et al., 1994), and both 
GluC1 and glycine receptors are more similar 
to one another than either are to any GABA 
receptor, even though IGluRs are largely 
restricted to protostomes and glycine receptors 
have only very rarely been observed in inver- 
tebrates (Sawada et al., 1984c; Giles and 
Usherwood, 1985a). Furthermore, GluC1Rs 
share some potentially significant residues 
with glycine receptors that  are lacking in 
GABA receptors. In addition to the pair of cys- 
teine residues that is conserved in ligand-gated 
chloride channels, GluC1Rs (both o~- and p-sub- 
units) contain an additional pair of cysteine 
residues that is found in glycine receptor sub- 
units, but not in GABA receptors (Cully et al., 
1994). In contrast, IGluRs share with GABA 
receptors the single conserved residue distin- 
guishing GABA sensitivity from glycine sensi- 
tivity (Fig. 4, asterisk; Schmieden et al., 1993). 
Nevertheless, their considerable sequence 
similarities suggest that glycine receptors con- 
stitute the sister group of IGluRs. 

Insufficient comparative data are available 
to allow us to draw strong conclusions con- 
cerning the points in phylogeny at which vari- 
ous members of the l igand-gated receptor 
superfamily arose. Nevertheless, a considera- 
tion of the properties of these receptors, along 
with the available sequence data, allows us to 
generate testable hypotheses concerning the 
relat ionships among the members  of this 
receptor family. Two such hypo theses  are 
depic ted  in Fig. 5. Since p r i m a r y  pep t ide  
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A IGluR (PTX+) GlyR (PTX-) 

GABA-R (pTX+. PTX-) 
One C~-c~~Cys 

B IGluR 1 GlyR 

GABA-R IGI 

One Cys-Cy~~C- ys pairs 

Fig. 5. Cladograms illustrating different hypotheses concerning the evolutionary origins of the IGlu receptor. 
(A) Cladogram based on receptor primary peptide sequence as the most cladistically diagnostic character and 
presuming homology among all extant IGluRs. Two pairs of Cys residues are characteristic of glycine receptors 
and the cloned GluCI subunits from C. elegans; GABA receptors cloned to date have only one Cys-Cys pair. 
The label "PTX+" indicates picrotoxin sensitivity, "PTX-" indicates insensitivity to picrotoxin, and both to- 
gether indicate that the clade contains both picrotoxin-sensitive and picrotoxin-insensitive receptors. (B) Cla- 
dogram depicting the alternative hypothesis that distinct subgroups of functionally defined IGluRs are derived 
independently from different ancestral molecules (two subgroups are arbitrarily depicted). This model implies 
that the sequence characters exhibited by the C. elegans GluCI clones are not universal among IGluRs, but 
rather that a separate, convergent family of IGluRs evolved from an ancestor shared most recently with GABA 
receptors. This cladogram could also be interpreted to mean that IGluRs represent the primitive condition 
among ligand-gated chloride channels (asterisk), i.e., that GABA and glycine receptors are derived from a 
glutamate-gated ancestral receptor. There is no direct evidence for either interpretation of this alternative cla- 
dogram; subunit shuffling or convergence at the primary sequence level could also account for extant data. 

sequence is a stronger criterion for homology 
than are pharmacological properties, IGluRs 
are clustered with glycine receptors in Fig. 5A, 
which assumes that all IGluRs are homolo- 
gous. This phylogeny forces the conclusion 
that picrotoxin sensitivity and GABA cross- 
reactivity are convergent charactersmi.e., that 
they evolved more than once independently. 
Furthermore, some, but not all, cation-perme- 
able GABA receptors (Yarowsky and Carpen- 
ter, 1978; Cazalets and Harris-Warrick, 1989) 
and chloride-permeable acetylcholine recep- 
tors (Yarowsky and Carpenter, 1978b; Schmidt 
and Calabrese, 1992) are picrotoxin-sensitive, 
clearly demonstrat ing that agonist profile, 
picrotoxin sensitivity, and ionic selectivity are 
not strongly correlated. This demonstration 
that molecular pharmacology can be highly 
and repeatedly convergent opens up several 
intriguing possibilities about the evolutionary 

adaptation of receptor channel properties that 
cannot be resolved with the sparse extant 
data. Certainly the agonist specificity of any 
receptor should be considered as an adaptive 
property of the molecule, highly susceptible 
to convergence, rather than as a stable feature. 
GABA receptors, IGluRs, nAChRs, and gly- 
cine receptors should not be assumed to con- 
stitute discrete molecular taxa solely on the 
basis of agonist selectivity. The cladogram in 
Fig. 5B presents an alternative hypothesis of 
IGluR evolution, in which the glycine recep- 
tor-like peptide sequences of the cloned C. 
elegans IGluR subunits are only representative 
of the IGluR 1 clade. Under this phylogeny, the 
IGluRs either evolved independently more 
than once (the hypothetical IGluR 2 clade hav- 
ing evolved independently from an ancestral 
GABA receptor) or represent the primitive 
condition (Fig. 5B, asterisk). 
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Altering the agonist specificity and other 
properties of functional receptors could involve 
altering subunit composition rather than, or in 
addition to, evolutionary changes in subunit 
sequences. That is, functional IGluRs and 
GABA receptors could incorporate subunits 
from the same pool. This idea has been previ- 
ously proposed for GABA and glycine recep- 
tors in cultured mammalian spinal neurons 
(Hamill et al., 1983; Bormann et al., 1987) and 
has been suggested for Aplysia ligand-gated 
receptors (King and Carpenter, 1989). The 
hypothesis offers a parsimonious explanation 
for the substantial diversity of receptor prop- 
erties in closely related taxa, and may account 
for some "unusual" receptors (from a verte- 
brate perspective), such as curare-sensitive 
GABA receptors (Kehoe, 1972; Carpenter et al., 
1977), excitatory GABA receptors (Arshavsky 
et al., 1993) that can be sodium-permeable 
(Yarowsky and Carpenter, 1978b; Cazalets and 
Harris-Warrick, 1989), avermectin-sensitive 
(Mellin et al., 1983), and either picrotoxin-sen- 
sitive (Cazalets and Harris-Warrick, 1989) or 
picrotoxin-insensitive (Yarowsky and Carpenter, 
1978b), strychnine, picrotoxin, and bicuculline- 
sensitive chloride-permeable acetylcholine 
receptors (Yarowsky and Carpenter, 1978b; 
Schmidt and Calabrese, 1992), avermectin-sen- 
sitive inhibitory (chloride-permeable) and 
excitatory (sodium-permeable) acetylcholine 
receptors (Bokisch and Walker, 1986), and ver- 
tebrate GABA receptors that are potentiated by 
glutamate (Stelzer and Wong, 1989). Testing 
this hypothesis will require a great deal more 
sequencing and study of diverse invertebrate 
ligand-gated receptor subunits, but promises 
to increase our understanding of the adaptive 
coevolution of neurotransmitters and receptors 
that has produced today's considerable neuro- 
physiological diversity. It will be interesting to 
see how the sequencing of these receptors will 
influence the implicit assumptions deriving 
from contemporary molecular tree analyses, 
which are overwhelmingly based on vertebrate 
receptor clones and consequently segregate recep- 
tor channel species cleanly by ionic selectivity 
and agonist specificity (Ortells and Lunt, 1995). 

Protostome ligand-gated chloride channels 
and their immediate outgroups exhibit a sub- 
stantial number of easily quantifiable physi- 
ological and pharmacological characters that 
vary semi- independent ly--a  much greater 
range of character  states for a relat ively 
restricted, homologous set of molecules than is 
available within the phylogenetically much 
narrower clade of mammals,  or even verte- 
brates. This diversity, coupled with the low 
cost of and ease of experimentation on inverte- 
brate animals, presents optimal circumstances 
under which to study the interplay of hierar- 
chies of biological organization--e.g., the pri- 
mary sequence and physiological function of 
ion channels--underlying the evolutionary 
process (Striedter and Northcutt, 1991). The 
sequencing of a substantial number of pro- 
tostome IGlu, GABA, nACh, and glycine recep- 
tors across a sufficiently broad phylogenetic 
range could contribute enormously to a practi- 
cal understanding of molecular evolution. 

Glutamatergic Inhibition in Vertebrates 

There is no clear evidence that any IGlu-like 
inhibi tory g lu tamate  receptor  channel  is 
expressed in vertebrates, although there are 
inhibitory potassium currents activated by 
metabotropic glutamate receptors (Masu et al., 
1991; Houamed et al., 1991; Chiba and Saito, 
1994), calcium-gated potassium currents acti- 
vated presumably by calcium influx through 
glutamate receptor channels (Nicoll and Alger, 
1981), and inhibitory responses due to activa- 
tion of inhibitory interneurons by glutamate. 
Although several studies have offered evi- 
dence for glutamate-activated chloride cur- 
rents in ver tebrate  tissues, none provide  
sufficient evidence to suggest similarity to the 
protostome IGluR and most are clearly unre- 
lated. A few of these inhibitory responses in 
vertebrates are briefly noted here. 

Glutamate Transporter-Channels 
Glutamate-activated chloride currents have 

been reported in the ON-bipolar cells of the 
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retinae of the white perch (Grant and Dowling, 
1995) and the tiger salamander (Eliasof and 
Werblin, 1993; Picaud et al., 1995). Both cur- 
rents exhibit a "glutamate transporter-like" 
pharmacology, i.e., inhibition by glutamate 
uptake inhibitors, such as L-trans-pyrrolidine- 
2,4-dicarboxylic acid (tPDC), dependence on 
extracellular sodium, and insensitivity to the 
glutamatergic agonists quisqualate, kainate, 
and NMDA, and the antagonists kynurenic 
acid and CNQX. Furthermore, the perch cur- 
rent was resistant to picrotoxin and strychnine 
blockade and was not activated by ibotenate; 
there are no corresponding data for tiger sala- 
mander. The salamander current is generated 
by a novel type of glutamate/aspartate trans- 
porter  that generates an intrinsic chloride 
current; it has been well characterized bio- 
physically (Larsson et al., 1996) and does not 
resemble the IGluR. The glutamate-generated 
current in perch physiologically and pharma- 
cologically resembles that of the salamander 
transporter and is similarly unlike the IGluR- 
mediated current. 

Cerebellum 

An excitatory amino acid transporter protein, 
EAAT4, has  r ecen t ly  been  c loned  from 
h u m a n  cerebellum (Fairman et al., 1995). Its 
peptide sequence does not resemble those of 
the C. elegans GluC1R subunits or other ligand- 
gated receptors. When expressed in Xenopus 
oocytes, EAAT4 strongly resembles the glu- 
tamate transporters in perch and salamander 
retina: L-glutamate and L-aspartate elicit a 
chloride current that is dependent on extracel- 
lular sodium, calcium-independent, and not 
blocked by the chloride channel antagonists 
4-acetamido-4Msothiocyanatostilbene~2,2'- 
disulfonic acid (SITS), 4,4'-diisothiocyanato- 
stilbine 2,2'-disulfonic acid (DIDS), niflumic 
acid, or 5-nitro-2-(3-phenylpropylamino)ben- 
zoic acid (NPPB) at concentrations known to 
block endogenous chloride currents in oocytes. 
EAAT4 seems to resemble the glutamate trans- 
porters of vertebrate retina, and is clearly not 
related to the GluC1 (IGlu) receptor family. 

Another inhibitory response to glutamate has 
been described in guinea pig cerebellum 
(Yamamoto et al., 1976). It is insensitive to high 
magnesium concentrations, ruling out indirect 
synaptic inhibition via interneurons. However, 
the response was picrotoxin-insensitive and 
chloride-independent--a pharmacology more 
consistent with known vertebrate metabotropic 
glutamate receptors than with IGluR channels. 

Frog Spinal Motor Neurons 

In vitro preparations of spinal neurons from 
Rana species respond biphasical ly to glu- 
tamate, with a transient hyperpolarization fol- 
lowed by a sustained depolarization (Arenson 
and Nistri, 1982; Nistri and Arenson, 1983). The 
inhibitory phase of the current was not inhib- 
ited by high concentrations of magnesium, 
which blocks chemical synaptic transmission. 
It was correlated with a roughly 25% increase 
in membrane conductance, was unaffected by 
cesium, and was of the same polarity as chlo- 
ride-mediated responses to GABA, suggesting 
that the glutamatergic inhibition was carried 
by chloride rather than by potassium. 

The IGIuR agonist ibotenate also had a 
hyperpolarizing effect on these neurons; how- 
ever, this response was slower than the depo- 
larizing effect and was blocked by either high 
magnesium or I ~tM tetrodotoxin (Nistri, 1981). 
Furthermore, the inhibition persisted for many 
minutes after removal of the agonist from the 
bath. A superficially similar current was also 
induced by ibotenate in feline spinal interneu- 
rons (Macdonald and Nistri, 1978); this effect 
was not antagonized by strychnine, picrotoxin, 
or bicuculline. These ibotenate responses 
(unlike those to glutamate) are likely to be 
mediated by secondary interneuronal inhibi- 
tion; they do not resemble IGluR responses. In 
contrast, known IGluRs are all activated by 
ibotenate. 

Although there is insufficient evidence so far 
to make a credible case that these data indicate 
the presence of an IGluR-like channel in verte- 
brates, the data allow for this possibility. If fur- 
ther studies suppor t  the inclusion of this 
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receptor  a m o n g  IGluRs, it will be a part icularly 
interest ing ou tgroup .  

Notes Added in Proof 
. A cDNA clone of an IGluR subunit from 

Drosophila melanogaster heads, DrosGluC10b 
has recently been reported (GenBank/EBI 
U58776; Cully et al., 1996). Although prob- 
ably less than full length, when expressed 
in Xenopus oocytes it formed homomeric 
channels with IGluR-like physiology and 
pharmacology and a Hill coefficient of 2.0. 
The chloride-permeable channel was activated 
by L-glutamate, ibotenate, and ivermectin, 
weakly (~5%) activated by D-glutamate and 
aspartate, and insensitive to quisqualate, 
kainate, NMDA, glycine, GABA, and hista- 
mine. Activation of homomeric DrosGluCl(x 
channels by both glutamate and ivermectin 
is novel, since glutamate and ivermectin 
sensitivity are mediated by different GluC1 
subunits in C. elegans. Furthermore, unlike 
either of the C. elegans subuni t  clones 
(GluCI~ and GluCI[3), the DrosGluCl~ 
channel exhibited rapid, concentration- 
dependent  desensitization and was only 
marginally potentiated by low concentra- 
tions of ivermectin. DrosGluCl~'s ECs0 for 
glutamate was 41 nM, demonstrating a con- 
siderably higher affinity for glutamate than 
C. elegans GluC1 heteromeric (ECs0 = 1360 
gM) or J3-homomeric (ECs0 = 380 ~M) chan- 
nels. Ivermectin activation of DrosGluClc~ 
channels was irreversible; when gated by 
ivermectin, the current-voltage plot was 
slightly inwardly rectifying and resistant to 
blockade by picrotoxin (nil at 100 ~,I, 14% 
block at 500 ~M PTX). The Hill coefficient for 
ivermectin gating was 1.2. 

DrosGluClot shares 48% amino acid 
sequence identity with C. elegans GluCI~ 
and 43% with GluCI[3. It contains the four 
conserved cysteine residues characteristic of 
GluC1 and glycine receptors (Fig. 4, arrows), 
and a tyrosine residue at the agonist selec- 
tivity site characteristic of GluC1 and GABA 
receptors (GIuCI[3 182; Fig. 4, asterisk). 
DrosGluCl(~ clustered with the C. elegans 
GluC1 subunits in a phylogenetic analysis of 
ligand-gated channels performed by the 
authors, and is otherwise most similar to 
glycine receptor cx-subunits (57% similarity). 

. 

A Drosophila glutamate-gated chloride 
channel has been previously described in 
larval muscle (Delgado et al., 1989). Like the 
multiagonist receptor of Austropotamobius, it 
is crossactivated by GABA, and the two 
agonists evoke different distributions of chan- 
nel conductance states. In the presence of 200 
~,I  GABA, three conductance states are 
observed (40, 80, and 110 pS), among which 
the 40 pS state is most probable. In the pres- 
ence of 200 ~ L-glutamate, only the 40 and 
80 pS states are seen, with the 80 pS state the 
most probable. In addition, channels activated 
by GABA have longer mean open times than 
when they are activated by L-glutamate. 
The insensitivity of C. elegans GluCI~ homo- 
meric channels to glutamate has recently 
been demonstrated to be caused not by lack 
of a glutamate binding site, but by a defi- 
ciency in coupling ligand binding to chan- 
nel gating (Etter et al., 1996). Chimeric 
channels consisting of a GluClct extracellu- 
lar domain and a GluCI[3 pore domain were 
highly sensitive to glutamate (ECs0 = 530 
nM), indicating the presence of a glutamate 
binding site on GluCkx subunits. Further- 
more, a single amino acid substitution in the 
presumed M2 pore region could enable 
glutamate activation of GluCl(z homomeric 
channels. Finally, ivermectin binding to 
GluCl(x homomeric channels enabled fur- 
ther glutamate activation of the chloride 
current, presumably by inducing a confor- 
mational change that coupled glutamate 
binding to channel gating. All known sub- 
units of heteromeric GluC1 channels, there- 
fore, have the potential to bind glutamate. 

Acknowledgments 

I am grateful  to H. L. Eisthen, W.-D. Krenz, 
C. M. E. Hempel ,  A. I. Selverston,  and  three 
a n o n y m o u s  reviewers  for advice and  critical 
review of the manuscr ip t ,  and  to D. K. Berg, C. 
B. Braun, R. C. Elson, R. M. Harris-Warrick,  
and  P. N. R. U s h e r w o o d  for advice and  sugges-  
tions that have substantial ly enhanced  its qual- 
ity. I am also indebted  to the au thors  of those 
original research papers  whose  cogent  discus- 
s ions clarif ied the d ive rs i ty  and  in te res t ing  
c o m m o n  at t r ibutes  of IGluRs. A n y  errors  or 

Molecular Neurobiology Volume 13, 1996 



Inhibitory Glutamate Receptor Channels 129 

misinterpre ta t ions  m a d e  in this article are of 
course m y  own  responsibility. This work  was 
s u p p o r t e d  by NIGMS training grant  GM08107. 

References 

Accili E. A. and DiFrancesco D. (1996) Inhibition of 
the hyperpolarization-activated current (If) of 
rabbit SA node myocytes by niflumic acid. 
Pflugers Arch. 431, 757-762. 

Adams E., Simkiss K., and Taylor M. (1982) Metal ion 
metabolism in the moulting crayfish (Austro- 
potamobius pallipes). Comp. Biochem. Physiol. 72, 73-76. 

Adelsberger H., von Beckerath N., Franke C., and 
Dudel J. (1994) A patch-clamp study on a novel 
gamma-aminobutyric acid-activated chloride 
channel of crayfish deep extensor abdominal 
muscle. Neurosci. Lett. 170, 221-224. 

Akaike N., Inoue M., and Krishtal O. A. (1986) 
" C o n c e n t r a t i o n - c l a m p "  s t udy  of gamma-  
aminobutyric-acid- induced chloride current 
kinetics in frog sensory neurones. J. Physiol. 379, 
171-185. 

Albert J., Lingle C. J., Marder E., and O'Neil M. B. 
(1986) A GABA-activated chloride-conductance 
not blocked by picrotoxin on spiny lobster neuro- 
muscular preparations. Br. J. Pharm. 87, 771-779. 

Altschul S. F., Gish W., Miller W., Myers E. W., and 
Lipman D. (1990) Basic local alignment search 
tool. J. Mol. Biol. 215, 403-410. 

Arena J. P. (1994) Expression of Caenorhabditis 
elegans mRNA in Xenopus oocytes: a model  
system to study the mechanism of action of 
avermectins. Parasit. Today 10, 35-37. 

Arena J. P., Liu K. K., Paress E S., and Cully D. F. 
(199I) Avermectin-sensitive chloride currents 
i n d u c e d  by Caenorhabditis elegans RNA in 
Xenopus oocytes. Mol. Pharm. 40, 368-374. 

Arena J. P., Liu K. K., Paress P. S., Schaeffer J. M., 
and Cully D. F. (1992) Expression of a glutamate- 
activated chloride current in Xenopus oocytes 
injected with Caenorhabditis elegans RNA: evi- 
dence for modulation by avermectin. Mol. Brain 
Res. 15, 339-348. 

Arenson M. S. and Nistri A. (1982) A novel inhibi- 
tory-excitatory response of frog motoneurons in 
vitro to glutamate. J. Physiol. 328, 9P. 

Arshavsky Y. I., Deliagina T. G., Gamkrelidze G. N., 
Orlovsky G. N., Panchin Y. V., Popova L. B., and 
Shupl iakov O. V. (1993) Pharmacological ly 
induced elements of the hunting and feeding 

behavior in the pteropod mollusc Clione limacina. 
I. Effects of GABA. J. NeurophysioI. 69, 512-521. 

Ascher P., Nowak  L., and Kehoe J. S. (1986) 
Glutamate-activated channels in molluscan and 
vertebrate neurones, in Ion Channels in Neural 
Membranes (Ritchie J. M., Keynes R. D., and Bolis 
L., eds.), Liss, New York, pp. 283-295. 

Barnard E. A., Darlison M. G., and Seeburg P. (1987) 
Molecular biology of the GABA-A receptor: the 
receptor/channel superfamily. Trends Neurosci. 
10, 502-509. 

Barnes R. D. (1987) Invertebrate Zoology, 5th ed. 
Harcourt Brace Jovanovich, New York. 

Bermudez I., Hawkins C. A., Taylor A. M., and 
Beadle D. J. (1991) Actions of insecticides on the 
insect GABA receptor complex. J. Recept. Res. 11, 
221-232. 

Bidaut M. (1980) Pharmacological dissection of pyloric 
network of the lobster stomatogastric ganglion 
using picrotoxin. J. Neurophysiol. 44,1089-1101. 

Bokisch A. J. and Walker R. J. (1986) The action of 
avermect in  (MK 936) on ident i f ied central  
neurones from Helix and its interaction with 
acetylcholine and gamma-aminobutyric  acid 
(GABA) responses. Comp. Biochem. Physiol. C 84, 
119-125. 

Bolker J. A. and Raft R. A. (1996) Developmental ge- 
netics and traditional homology. BioEssays 18, 
489-494. 

Bolshakov V. Y., Gapon S. A., and Magazanik L. G. 
(1991) Different types of glutamate receptors in 
isolated and identified neurones of the mollusc 
Planorbarius corneus. J. Physiol. 439, 15-35. 

Bolshakov V. Y., Gapon S. A., and Magazanik L. G. 
(1992) Transduction mechanism for glutamate- 
induced potassium current in neurones of the 
mollusc Planorbarius corneus. J. Physiol. 455, 33-50. 

Bolshakov V. Y., Gapon S. A., Katchman A. N., and 
Magazanik L. G. (1993) Activation of a common 
potassium channel in molluscan neurones by 
glutamate, dopamine and muscarinic agonist. J. 
Physiol. 468, 11-33. 

Boore J. L. and Brown W. M. (1994) Mitochondrial 
genomes and the phylogeny of molluscs. Nauti- 
lus 108, 61-78. 

Boore J. L., Collins T. M., Stanton D., Daehler L. L., 
and Brown W. M. (1995) Deducing the pattern of 
arthropod phylogeny from mitochondrial DNA 
rearrangements. Nature 376, 163-165. 

Bormann J. and Clapham D. E. (1985) Gamma- 
aminobutyric acid receptor channels in adrenal 
chromaffin cells: a patch-clamp stud)a Proc. Natl. 
Acad. Sci. USA 82, 2168-2172. 

Molecular Neurobiology Volume 13, 1996 



130 Cleland 

Bormann J., Hamill O. P., and Sakmann B. (1987) 
Mechanism of anion permeation through chan- 
nels gated by glycine and gamma-aminobutyric 
acid in mouse  cu l tu red  spinal neurones.  J. 
Physiol. 385, 243-286. 

Burg R. W., Miller B. M., Baker E. E., Birnbaum J., 
Currie S. A., Hartman R., Long Y. L., Monaghan 
R. L., Olson G., Putter I., Tunac J. B., Wallick H., 
Stapley E. O., Oiwa R., and Omura S. (1979) 
Avermectins, new family of potent anthelminthic 
agents: producing organism and fermentation. 
Antimicrob. Agents Chemother. 15, 361-367. 

Carlyle R. F. (1970a) The action of glutamic acid and 
some derivatives on isolated supra oral sphinc- 
ter preparat ions of the sea anemone Actinia 
equina. J. Physiol. 212, 32P,33P. 

Carlyle R. F. (1970b) The effects of amino acids and 
some related substances on isolated preparations 
of the sea anemone Actinia equina. J. Physiol. 208, 
67P,68P. 

Carlyle R. F. (1971) The occurrence of some amino 
acids in, and their release from, isolated supra 
oral sphincter preparations of the sea anemone 
Actinia equina. J. Physiol. 215, 44P,45P. 

Carlyle R. F. (1974) The occurrence in and actions of 
amino acids on isolated supra oral sphincter 
preparations of the sea anemone Actinia equina. 
J. Physiol. 236, 635-652. 

Camien M. N., Sarlet H., Duchateau G., and Florkin 
M. (1951) Non-protein amino acids in muscle 
and blood of marine and fresh water crustacea. J. 
Biol. Chem. 193, 881-885. 

Campbell W. C. and Benz G. W. (1984) Ivermectin: 
a review of efficacy and safety. J. Vet. Pharm. Ther. 
7, 1-16. 

Carpenter D. O., Swann J. W., and Yarowsky P. J. 
(1977) Effect of curare on responses to different 
putative neurotransmitters in Aplysia neurons. J. 
Neurobiol. 8, 119-132. 

Cazalets J.-R. and Harris-Warrick R. M. (1989) Soc. 
Neurosci. Abstracts 15, 998. 

Chabala J. C., Mrozik H., Tolman R. L., Eskola P., 
Lusi A., Peterson U H., Woods M. F., Fisher M. 
H., Campbell W. C., Egerton J. R., and Ostlind D. 
A. (1980) Ivermectin,  a new broad-spectrum 
antiparasitic agent. J. Med. Chem. 23, 1134-1136. 

Chenoy-Marchais D. (1982) A C1- conductance acti- 
vated by hyperpolarization in Aplysia neurones. 
Nature 299, 359-361. 

Chiba C. and Saito T. (1994) APB (2-amino-4- 
phosphonobutyric acid) activates a chloride con- 
ductance in ganglion cells isolated from newt 
retina. Neuroreport 5, 489-492. 

Cleland T. A. and Selverston A. I. (1995) Glutamate- 
gated inhibitory currents of central pattern gen- 
erator neurons in the lobster s tomatogastr ic  
ganglion. J. Neurosci. 15, 6631-6639. 

Cull-Candy S. G. (1976) Two types of extrajunctional 
L-glutamate receptors in locust muscle fibres. J. 
Physiol. 255, 449-464. 

Cull-Candy S. G. (1978) Glutamate sensitivity and 
distribution of receptors along normal and dener- 
vated locust muscle fibres. J. Physiol. 276,165-181. 

Cull-Candy S. G. and Miledi R. (1981) Junctional 
and extrajunctional membrane  channels acti- 
vated by GABA in locust muscle fibres. Proc. Roy. 
Soc. Lond. B 211, 527-535. 

Cull-Candy S. G., Donnellan J. F., James R. W., and 
Lunt G. G. (1976) 2-Amino-4-phosphonobutyric 
acid as a glutamate antagonist on locust muscle. 
Nature 262, 408,409. 

Cully D. F. and Paress P. S. (1991) Solubilization and 
characterization of a high affinity ivermectin 
binding site from Caenorhabditis elegans. MoI. 
Pharm. 40, 326-332. 

Cully D. F., Vassilatis D. K., Liu K. K., Paress P. S., 
van der Ploeg L. H. T., Schaeffer J. M., and 
Arena J. P. (1994) Cloning of an avermectin-sen- 
sitive glutamate-gated chloride channel from 
Caenorhabditis elegans. Nature 371, 707-711. 

Cully D. F., Paress P. S., Liu K. K., Schaeffer J. M., 
and Arena J. P. (1996) Identification of a Droso- 
phila melanogaster g lu tamate -ga ted  chlor ide 
channel  sensitive to the ant iparasi t ic  agent  
avermectin. J. Biol. Chem. 271, 20,187-20,191. 

Darlison M. G. (1992) Inver tebrate  GABA and 
glutamate receptors: molecular biology reveals 
p r e d i c t a b l e  s t r u c t u r e s  bu t  some  u n u s u a l  
pharmacologies. Trends Neurosci. 15, 469-474. 

Darlison M. G., Hutton M. L., and Harvey R. J. 
(1993) Molluscan l igand-ga ted  ion-channe l  
receptors. Exs 63, 48-64. 

Delgado R., Barla R., Latorre R., and Labarca P. 
(1989) L-glutamate activates excitatory and 
inhibitory channels in Drosophila larval muscle. 
FEBS Lett. 243, 337-342. 

Dickinson P. S. (1995) The contributions of motor 
neuronal and muscle modulation to behavioral 
flexibility in the stomatogastric system. Am. Zool. 
35, 548-555. 

Dubas F. (1991) Actions of putat ive amino acid 
neurotransmitters on the neuropile arborizations of 
locust flight motoneurones. J. Exp. Biol. 155, 337-356. 

Duce I. R. and Scott R. H. (1985) Actions of dihydro- 
avermectin Bla on insect muscle. Br. J. Pharm. 85, 
395-401. 

Molecular Neurobiology Volume 13, 1996 



Inhibitory Glutamate Receptor Channels 131 

Dudel J. (1977) Aspartate and other inhibitors of 
excitatory synaptic t ransmission in crayfish 
muscle. Pflugers Arch. 369, 7-16. 

Dudel J., Franke C., Hatt H., and Usherwood P. N. 
(1989) Chloride channels gated by extrajunc- 
tional g lu tamate  receptors (H-receptors) on 
locust leg muscle. Brain Res. 481, 215-220. 

Eernisse D. J., Albert J. S., and Anderson F. E. (1992) 
Annelida and Arthropoda are not sister taxa: a 
phylogenet ic  analysis of spiralian metazoan 
morphology. Syst. Biol. 41, 305-330. 

Eisen J. S. and Marder E. (1982) Mechanisms under- 
lying pattern generation in lobster stomatogastric 
ganglion as determined by selective inactivation 
of identified neurons. III. Synaptic connections 
of e lec t r ica l ly  coup led  pylor ic  neurons .  J. 
Neurophysiol. 48, 1392-1415. 

Eliasof S. and Werblin F. (1993) Characterization of 
the glutamate transporter in retinal cones of the 
tiger salamander. J. Neurosci. 13, 402-411. 

Elson R. C. and Selverston A. I. (1995) Slow and fast 
synaptic inhibition evoked by pattern-generat- 
ing neurons of the gastric mill network in spiny 
lobsters. J. Neurophysiol. 74, 1996-2011. 

Etter A., Cully D. F., Schaeffer J. M., Liu K. K., and 
Arena J. P. (1996) An amino acid substitution in 
the pore region of a glutamate-gated chloride 
channel enables the coupling of ligand binding to 
channel gating. J. Biol. Chem. 271, 16,035-16,039. 

Fairman W. A., Vandenberg R. J., Arriza J. L., 
Kavanaugh M. P., and Amara S. G. (1995) An 
excitatory amino-acid transporter with proper- 
ties of a ligand-gated chloride channel. Nature 
375, 599-603. 

Field K. G., Olsen G. J., Lane D. J., Giovannoni S. J., 
Ghiselin M. T., Raft E. C., Pace N. R., and Raft R. 
A. (1988) Molecular phylogeny of the animal 
kingdom. Science 239, 748-753. 

Fitch W. M. (1970) Distinguishing homologous 
from analogous proteins. Syst. Zool. 19, 99-113. 

Florey E. and Murdock  L. L. (1974) The ionic 
mechanism of action of GABA and L-glutamate 
on a crustacean striated muscle (vas deferens of 
the crayfish). Comp. Gen. Pharm. 5, 91-99. 

Franciolini F. and Nonner W. (1987) Anion and cat- 
ion permeability of a chloride channel in rat hip- 
pocampal neurons. J. Gen. Physiol. 90, 453-478. 

Franciolini F. and Nonner W. (1994a) Anion-cation 
interactions in the pore of neuronal background 
chloride channels. J. Gen. Physiol. 104, 711-723. 

Franciolini F. and Nonner W. (1994b) A multi-ion 
permeation mechanism in neuronal background 
chloride channels. J. Gen. Physiol. 104, 725-746. 

Frank E. (1974) The sensitivity to glutamate of den- 
ervated muscles of the crayfish. J. Physiol. 242, 
371-382. 

Franke C., Hatt H., and Dudel J. (1986) The inhibi- 
tory chloride channel activated by glutamate as 
well as GABA. J. Comp. Physiol. A 159, 591-609. 

Franke C., Hatt H., and Dudel J. (1987) Liquid fila- 
ment switch for ultra-fast exchanges of solutions 
at excised patches of synaptic membrane of cray- 
fish muscle. Neurosci. Lett. 77, 199-204. 

Fraser S. P., Djamgoz M. B., Usherwood  P. N., 
O'Brien J., Darlison M. G., and Barnard E. A. 
(1990) Amino acid receptors from insect muscle: 
electrophysiological characterization in Xenopus 
oocytes following expression by injection of 
mRNA. Mol. Brain Res. 8, 331-341. 

Friedrich M. and Tautz D. (1995) Ribosomal DNA 
phylogeny of the major extant arthropod classes and 
the evolution of myriapods. Nature 376,165-167. 

Fritz L. C., Wang C. C., and Gorio A. (1979) 
Avermectin Bla irreversibly blocks postsynaptic 
potentials at the lobster neuromuscular junction 
by reducing muscle membrane resistance. Proc. 
Natl. Acad. Sci. USA 76, 2062-2066. 

Gerschenfeld H. M. and Lasansky A. (1964) Action 
of glutamic acid and other naturally occurring 
amino acids on snail central neurones. Int. J. 
Neuropharm. 3, 301-314. 

Giles D. and Usherwood P. N. (1985a) The effects of 
putative amino acid neurotransmitters on somata 
isolated from neurons of the locust central nervous 
system. Comp. Biochem. Physiol. C 80, 231-236. 

Giles D. P. and Usherwood P. N. (1985b) Locust 
nymphal neurones in culture: a new technique for 
studying the physiology and pharmacology of 
insect central neurones. Comp. Biochem. Physiol. C 
80, 53-59. 

Glantz R. M. and Pfeiffer-Linn C. (1992) NMDA 
receptors  in inver tebra tes .  Comp. Biochem. 
Physiol. C 103, 243-248. 

Gorman A. L. F. and Marmor M. F. (1971) Abiphasic 
potential produced by L-glutamic acid in a giant 
molluscan neuron. Fed. Proc. 30, 323. 

Graham D., Pfeiffer E, and Betz H. (1982) Avermectin 
Bla inhibits the binding of strychnine to the gly- 
cine receptor of rat spinal cord. Neurosci. Lett. 29, 
173-176. 

Grant G. B. and Dowling J. E. (1995) A glutamate- 
activated chloride current in cone-driven ON 
bipolar cells of the white perch retina. J. Neurosci. 
15, 3852-3862. 

Gration K. A., Clark R. B., and Usherwood P. N. 
(1979) Three types of L-glutamate receptor on 

Molecular Neurobiology Volume 13, 1996 



132 Cleland 

junctional membrane of locust muscle fibres. 
Brain Res. 171, 360-364. 

Graubard  K., Raper  J. A., and Hart l ine  D. K. 
(1983) Graded synaptic transmission between 
identified spiking neurons. J. Neurophysiol. 50, 
508-521. 

Gray G. S. and Fitch W. M. (1983) Evolution of anti- 
biotic resistance genes: the DNA sequence of a 
kanamycin resistance gene from Staphylococcus 
aureus. Mol. Biol. Evol. 1, 57-66. 

Grenningloh G., Rienitz A., Schmitt B., Methfessel 
C., Zensen M., Beyreuther K., Gundelfinger E. 
D., and Betz H. (1987) The strychnine-binding 
subunit of the glycine receptor shows homology 
with nicotinic acetylcholine receptors. Nature 
328, 215-220. 

Hall B. K. (1994) Homology: the Hierarchical Basis of 
Comparative Biology. Academic, New York. 

Hamill O. P., Bormann J., and Sakmann B. (1983) 
Activation of multiple-conductance state chlo- 
ride channels in spinal neurones by glycine and 
GABA. Nature 305, 805-808. 

Harris-Warrick R. M., Marder E., Selverston A. I., 
and Moulins M. (1992) Dynamic Biological Net- 
works: the Stomatogastric Nervous System. MIT 
Press, Cambridge, MA. 

Henry C. D., Leslie J., and Kulovich S. (1991) Circu- 
lating free amino acids in Aplysia californica. 
Comp. Biochem. Physiol. A 100, 629-632. 

Hill A. V. (1909) The mode of action of nicotine and 
curari, determined by the form of the contraction 
curve and the method of temperature coeffi- 
cients. J. Physiol. 39, 361-373. 

Hille B. (1992) Ionic Channels of Excitable Membranes, 
2nd ed. Sinauer Associates, Sunderland, MA. 

Hillis D. M. (1994) Homology in molecular biology, 
in Homology: the Hierarchical Basis of Comparative 
Biology (Hall B. K., ed.), Academic, New York, pp. 
339-368. 

Hillis D. M. and Moritz C., eds. (1990) Molecular Sys- 
tematics. Sinauer Associates, Sunderland, MA. 

Holden-Dye L. and Walker R. J. (1990) Avermectin 
and avermectin derivatives are antagonists at the 
4-aminobutyric acid (GABA) receptor on the 
somatic muscle cells of Ascaris; is this the site of 
antihelminthic action? Parasitology 2, 265-271. 

H o l d e n - D y e  L., H e w i t t  G. M., Wann K. T., 
Krogsgaard-Larsen P., and Walker R. J. (1988) 
S tud ie s  i n v o l v i n g  a v e r m e c t i n  and  the 4- 
aminobutyric acid (GABA) receptor of Ascaris 
suum muscle. Pestic. Sci. 24, 231-245. 

Hol lmann M. and Heinemann S. (1994) Cloned 
glutamate receptors. Ann. Rev. Neurosci. 17, 31-108. 

Houamed K. M., Kuijper J. L., Gilbert T. L., Haldeman 
B. A., O'Hara P. J., Mulvihill E. R., Almers W., and 
Hagen F. S. (1991) Cloning, expression, and gene 
structure of a G protein-coupled glutamate recep- 
tor from rat brain. Science 252, 1318-1321. 

Hue B., Pelhate M., and Chanelet J. (1979) Pre- and 
postsynaptic effects of taurine and GABA in the 
cockroach central nervous system. Can. J. Neurol. 
Sci. 6, 243-250. 

Ikemoto Y. and Akaike N. (1988) The glutamate- 
induced chloride current  in Aplysia neurones  
lacks pharmacological properties seen for exci- 
tatory responses to glutamate. Eur. J. Pharm. 150, 
313-318. 

Ikemoto Y., Akaike N., and Ono K. (1988) Kinetic 
analysis of glutamate-induced chloride current 
in Aplysia neurones: a "concentration clamp" 
study. Eur. J. Pharm. 150, 303-311. 

Jackel C., Krenz W.-D., and  N a g y  F. (1994a) 
Bicuculline/baclofen-insensitive GABA response 
in crustacean neurones in culture. J. Exp. Biol. 
191, 167-193. 

Jackel C., Krenz W.-D., and Nagy F. (1994b) A 
receptor with GABA-C-like pharmacology in 
invertebrate neurones in culture. Neuroreport 5, 
1097-1101. 

Johnson B. R., Peck J. H., and Harris-Warrick R. M. 
(1995) Distributed amine modulation of graded 
chemical transmission in the pyloric network of 
the lobster stomatogastric ganglion. J. Neurophysiol. 
74, 437-452. 

Johns ton  G. A., Cur t i s  D. R., Davies  J., and  
McCulloch R. M. (1974) Spinal in terneurone  
excitation by conformationally restricted ana- 
logues of L-glutamic acid. Nature 248, 804,805. 

Johnston G. A. R., Curtis D. R., de Groat W. C., and 
Duggan A. W. (1968) Central actions of ibotenic 
acid and musc imol .  Biochem. Pharm. 17, 
2488,2489. 

Kaneko A. and Tachibana M. (1986) Blocking effects 
of cobalt  and  re la ted  ions on the g a m m a -  
aminobutyric acid-induced current in turtle reti- 
nal cones. J. Physiol. 373, 463-479. 

Kato M., Oomura Y., Maruhashi J., and Shimizu N. 
(1983) Chemical characteristics of the L-glu- 
tamate receptor on the Onchidium neuron.  J. 
Neurosci. 3, 549-556. 

Katz P. S. and Levitan I. B. (1993) Quisqualate and 
ACPD are agonists for a glutamate-activated cur- 
rent in identified Aplysia neurons. J. Neurophysiol. 
69, 143-150. 

Kehoe J. (1972) Three acetylcholine receptors in 
Aplysia neurones. J. Physiol. 225, 115-146. 

Molecular Neurobiology Volume 13, 1996 



Inhibitory Glutamate Receptor Channels 133 

Kehoe J. (1978) Transformation by concanavalin A 
of the response of molluscan neurones to L-glu- 
tamate. Nature 274, 866-869. 

Kehoe J. (1994) Glutamate activates a K+ conduc- 
tance increase in Aplysia neurons that appears to 
be independent of G proteins. Neuron 13, 691-702. 

Kerkut G. A. and Cottrell G. A. (1962) Amino-acids 
in the blood and nervous system of Helix aspersa. 
Comp. Biochem. Physiol. 5, 227-230. 

Kerkut G. A., Horn N., and Walker R. J. (1969) Long- 
lasting synaptic inhibition and its transmitter in 
the snail Helix aspersa. Comp. Biochem. Physiol. 30, 
1061-1074. 

King W. M. and Carpenter D. O. (1987) Distinct 
GABA and glutamate receptors may share a 
common channel in Aplysia neurons. Neurosci. 
Lett. 82, 343-348. 

King W. M. and Carpenter D. O. (1989) Voltage- 
clamp characterization of C1- conductance gated 
by GABA and L-glutamate in single neurons of 
Aptysia. J. Neurophysiot. 61, 892-899. 

Kyte J. and Doolittle R. F. (1982) A simple method 
for displaying the hydropathic character of a 
protein. J. Mol. Biol. 157, 105-132. 

Larsson H. P., Picaud S. A., Werblin F. S., and Lecar 
H. (1996) Noise analysis of the glutamate-acti- 
vated current in photoreceptors. Biophys. J. 70, 
733-742. 

Laughton D. L., Wheeler S. V., Lunt G. G., and 
Wolstenholme A. J. (1995) The beta-subunit of 
Caenorhabditis elegans ave rmec t in  recep tor  
responds to glycine and is encoded by chromo- 
some 1. J. Neurochem. 64, 2354-2357. 

Lea T. J. and Usherwood P. N. (1973a) Effect of 
ibotenic acid on chloride permeability of insect 
muscle-fibres. Comp. Gen. Pharm. 4, 351-363. 

Lea T. J. and Usherwood P. N. (1973b) The site of 
action of ibotenic acid and the identification of 
two populations of glutamate receptors on insect 
muscle fibres. Comp. Gen. Pharm. 4, 333-350. 

Lee K., Rowe I. C., and Ashford M. L. (1995) NS 
1619 activates BKCa channel activity in rat corti- 
cal neurones. Eur. J. Pharm. 280, 215-219. 

Lerma J. and del Rio R. M. (1992) Chloride trans- 
por t  blockers prevent  N-methyl-D-aspartate 
r ecep to r -channe l  complex  act ivat ion.  Mol. 
Pharm. 41, 217-222. 

Lingle C. (1980) The sensitivity of decapod foregut 
muscles to acetylcholine and glutamate. J. Comp. 
Physiol. 138, 187-199. 

Lingle C. and Marder E. (1981) A glutamate-acti- 
vated chloride conductance  on a crustacean 
muscle. Brain Res. 212, 481-488. 

Macdonald J. F. and Nistri A. (1978) A comparison 
of the action of glutamate, ibotenate and other 
related amino acids on feline spinal interneurones. 
J. Physiol. 275, 449-465. 

Macdonald R. L. and Olsen R. W. (1994) GABA- 
A receptor channels.  Ann. Rev. Neurosci. 17, 
569-602. 

Magazanik L. G., Bolshakov V. Y., and Gapon S. A. 
(1990) Glutamate receptors in mollusc neurons. 
J. Evol. Biochem. Physiol. 26, 501-510. 

Marder E. and Eisen J. S. (1984) Transmitter identi- 
fication of pyloric neurons: electrically coupled 
neurons use different transmitters. J. Neurophysiol. 
51, 1345-1361. 

Marder E. and Paupardin-Tritsch D. (1978) The 
pharmacological properties of some crustacean 
neuronal acetylcholine, gamma-aminobutyr ic  
acid, and L-glutamate responses. J. Physiol. 280, 
213-236. 

Maricq A. V., Peterson A. S., Brake A. J., Myers R. M., 
and Julius D. (1991) Primary structure and func- 
tional expression of the 5HT3 receptor,  a 
serotonin-gated ion channel. Science 254, 432-437. 

Martin R. J. and Pennington A. J. (1989) A patch- 
clamp study of effects of dihydroavermectin on 
Ascaris muscle. Br. J. Pharm. 98, 747-756. 

Masu M., Tanabe Y., Tsuchida K., Shigemoto R., and 
Nakanishi S. (1991) Sequence and expression of 
a metabotropic glutamate receptor. Nature 349, 
760-765. 

Mathers D. A. (1985) Spontaneous and GABA- 
induced single channel  currents  in cul tured 
murine  spinal cord neurons.  Can. J. Phys!ol. 
Pharmacol. 63, 1228-1233. 

Mat Jais A. M., Kerkut G. A., and Walker R. J. (1983) 
The ionic m e c h a n i s m  assoc ia ted  wi th  the 
biphasic glutamate response on leech Retzius 
cells. Comp. Biochem. Physiol. C 74, 425-432. 

Mat Jais A. M., Kerkut G. A., and Walker R. J. (1984) 
The ionic mechan i sms  associa ted  wi th  the 
excitatory response of kainate,  L-glutamate, 
quisqualate ,  ibotenate,  AMPA and methy l -  
tetrahydrofolate on leech Retzius cells. Comp. 
Biochem. Physiol. C 77, 115-126. 

McCreery M. J. and Carpenter D. O. (1984) Modu- 
lation of neuronal responses to L-glutamate in 
Aplysia. Cell. Mol. Neurobiol. 47, 91-95. 

Mellin T. N., Busch R. D., and Wang C. C. (1983) 
Postsynaptic inhibition of invertebrate neuro- 
muscu la r  t ransmiss ion  by ave rmec t in  Bla. 
Neuropharmacology 22, 89-96. 

Miwa A., Ui M., and Kawai N. (1990) G protein is 
coupled to presynaptic glutamate and GABA 

Molecular Neurobiology Volume 13, 1996 



134 Cleland 

receptors in lobster neuromuscular synapse. ]. 
Neurophysiol. 63, 173-180. 

Murdock L. L. (1971) Crayfish vas deferens: con- 
tractions in response to L-glutamate and gamma- 
aminobutyrate. Comp. Gen. Pharm. 2, 93-98. 

Murdock L. L. and Chapman G. Y. (1974) L-glu- 
tamate in arthropod blood plasma: physiologi- 
cal implications. J. Exp. Biol. 60, 783-794. 

N e w b e r r y  N. R. and Nicoll  R. A. (1984) A 
bicucutline-resistant inhibitory post-synaptic 
potential in rat hippocampal pyramidal cells in 
vitro. J. Physiol. 348, 239-254. 

Nicoll R. A. and Alger B. E. (1981) Synaptic excita- 
tion may activate a calcium-dependent potas- 
sium conductance in hippocampal pyramidal 
cells. Science 212, 957-959. 

Nistri A. (1981) Excitatory and inhibitory action of 
ibotenic acid on frog spinal motoneurones in 
vitro. Brain Res. 208, 397-408. 

Nistri A. and Arenson M. S. (1983) Multiple 
postsynaptic responses evoked by glutamate on 
in vitro spinal motoneurones. Adv. Biochem. 
Psychopharm. 37, 229-236. 

Olsen R. W. and Tobin A. J. (1990) Molecular biol- 
ogy of GABA-A receptors. FASEB J. 4,1469-1480. 

Onozuka M., Watanabe K., Nagata K., and Imai 
S. (1994) Involvement of a Ca2+/calmodulin- 
d e p e n d e n t  pro te in  kinase II-associated 
mechanism in the induction of an outward 
potassium current by quisqualate. Brain Res. 
650, 336-340. 

Oomura Y., Ooyama H., and Sawada M. (1974) 
Analysis of hyperpolarizations induced by 
glutamate and acetylcholine on Onchidium 
neurones. J. Physiol. 243, 321-341. 

Ortells M. O. and Lunt G. G. (1995) Evolutionary 
history of the ligand-gated ion-channel super- 
family of receptors. Trends Neurosci. 18, 121-127. 

Ottolia M. and Toro L. (1994) Potentiation of large 
conductance KCa channels by niflumic, flufenamic, 
and mefenamic acids. Biophys. J. 67, 2272-2279. 

Oyama Y., Ikemoto Y., Kits K. S., and Akaike N. 
(1990) GABA affects the glutamate receptor-chlo- 
ride channel complex in mechanically isolated 
and internally perfused Aplysia neurons. Eur. J. 
Pharm. 185, 43-52. 

Palmer E., Monaghan D. T., and Cotman C. W. 
(1989) Trans-ACPD, a selective agonist of the 
phosphoinositide-coupled excitatory amino acid 
receptor. Eur. J. Pharm. 166, 585-587. 

Parmentier J. and Case J. (1972) Structure-activity 
relationships of amino acid receptor sites on an 
identifiable cell body in the brain of the land 

snail Helix aspersa. Comp. Biochem. Physiol. A 43, 
511-518. 

Partridge L. D., Sandquist M., and Shaw T. (1994) 
Soc. Neurosci. Abstact 20, 1522. 

Patterson C. (1982) Morphological characters and 
homology, in Problems of Phylogenetic Reconstruc- 
tion (Joysey K. A. and Friday A. E., eds.), Aca- 
demic, New York, pp. 21-74. 

Patterson C. (1990) Metazoan phylogeny: reassess- 
ing relationships. Nature 344, 199,200. 

Pearlstein E., Marchand A. R., and Clarac E (1994) 
Inhibitory effects of L-glutamate on central pro- 
cesses of crustacean leg motoneurons. Eur. J. 
Neurosci. 6, 1445-1452. 

Picaud S. A., Larsson H. P., Grant G. B., Lecar H., 
and Werblin F. S. (1995) Glutamate-gated chlo- 
ride channel with glutamate-transporter-like 
properties in cone photoreceptors of the tiger 
salamander. J. Neurophysiol. 74, 1760-1771. 

Piggott S. M., Kerkut G. A., and Walker R. J. (1975) 
Structure-activity studies on glutamate receptor 
sites of three identifiable neurones in the sub- 
oesophageal ganglia of Helix aspersa. Comp. 
Biochem. Physiol. C 51, 91-100. 

Poronnik P., Ward M. C., and Cook D. I. (1992) 
Intracellular Ca 2§ release by flufenamic acid and 
other blockers of the non-selective cation chan- 
nel. FEBS Lett. 296, 245-248. 

Premkumar L. and Chung S. H. (1995) Activation 
of K+ channels by stimulation of metabotropic 
glutamate receptors. Neuroreport 6, 765-768. 

Quinlan E. M. and Murphy A. D. (1991) Glutamate 
as a putative neurotransmitter in the buccal cen- 
tral pattern generator of Helisoma trivolvis. J. 
Neurophysiol. 66, 1264-1271. 

Quinlan E. M., Gregory K., and Murphy A. D. 
(1995) An identified glutamatergic interneu- 
ron patterns feeding motor activity via both 
excitation and inhibition. J. Neurophysiol. 73, 
945-956. 

Raft R. A. and Kaufman T. C. (1983) Embryos, Genes, 
and Evolution: the Developmental-Genetic Basis of 
Evolutionary Change. Indiana University Press, 
Bloomington, IN. 

Rainnie D. G., Holmes K. H., and Shinnick G. P. 
(1994) Activation of postsynaptic metabotropic 
glutamate receptors by trans-ACPD hyperpolar- 
izes neurons of the basolateral amygdala. J. 
Neurosci. 14, 7208-7220. 

Randle J. C. and Renaud L. P. (1987) Actions of 
gamma-aminobutyric acid on rat supraoptic 
nucleus neurosecretory neurones in vitro. J. 
Physiol. 387, 629-647. 

Molecular Neurobiotogy Volume 13, 1996 



Inhibitory Glutamate Receptor Channels 135 

Riek R. P., Handschumacher M. D., Sung S. S., Tan 
M., Glynias M. J., Schluchter M. D., Novotny J., 
and Graham R. M. (1995) Evolutionary conser- 
vation of both the hydrophilic and hydrophobic 
nature of transmembrane residues. J. Theor. Biol. 
172, 245-258. 

Roberts C. J. and Walker R. J. (1982) The actions of 
glutamate and putative glutamate agonists on 
the central neurons of Limulus polyphemus. Comp. 
Biochem. Physiol. C 73, 167-175. 

Sakmann B., Hamill O. P., and Bormann J. (1983) 
Patch-clamp measurements of elementary chlo- 
ride currents activated by the putative inhibitory 
transmitter GABA and glycine in mammalian 
spinal neurons. J. Neur. Trans. 18(Suppl.), 83-95. 

Sansom M. S. and Usherwood P. N. (1990) Single- 
channel studies of glutamate receptors. Int. Rev. 
Neurobiol. 32, 51-106. 

Sattelle D. B. (1992) Receptors for L-glutamate and 
GABA in the ne rvous  sys tem of an insect  
(Periplaneta americana). Comp. Biochem. Physiol. C 
103, 429-438. 

Sawada M., Hara N., Ito I., and Maeno T. (1984a) 
Ionic mechanism of a hyperpolarizing glutamate 
effect on two identified neurons in the buccal 
ganglion of Aplysia. J. Neurosci. Res. 11, 91-103. 

Sawada M., McAdoo D. J., Ichinose M., and Price C. 
H. (1984c) Influence of glycine and neuron R-14 
on contraction of the anterior aorta of Aplysia. 
Jpn. J. Physiol. 34, 747-767. 

Sawada M., Gibson D., and McAdoo D. J. (1984b) L- 
glutamic acid, a possible neurotransmitter  to 
anterior aorta of Aplysia. J. Neurophysiol. 51, 
375-386. 

Schaeffer J. M. and Haines H. W. (1989) Avermectin 
binding in Caenorhabditis elegans. A two-state 
model for the avermectin binding site. Biochem. 
Pharm. 38, 2329-2338. 

Schmidt J. and Calabrese R. L. (1992) Evidence that 
acetylcholine is an inhibitory transmitter of heart 
interneurons in the leech. J. Exp. Biol. 171, 329-347. 

Schmieden V., Kuhse J., and Betz H. (1993) Muta- 
tion of glycine receptor subunit creates beta-ala- 
nine receptor responsive to GABA. Science 262, 
256-258. 

Schoepp D., Bockaert J., and Sladeczek F. (1990) 
Pharmacological and functional characteristics 
of metabotropic excitatory amino acid receptors. 
Trends Pharm. Sci. 11, 508-515. 

Schofield P. R., Darlison M. G., Fujita N., Burt 
D. R., S tephenson F. A., Rodr iguez H., Rhee 
L. M., Ramachandran  J., Reale V., Glencorse 
T. A., Seeburg P. H., and Barnard E. A. (1987) Se- 

quence and functional expression of the GABA- 
A receptor shows a ligand-gated receptor super- 
family. Nature 328, 221-227. 

Scholtz G. and Richter S. (1995) Phylogenetic sys- 
tematics of the reptantian Decapoda (Crustacea, 
Malacostraca). Zool. J. Linn. Soc. 113, 289-328. 

Scott R. H. and Duce I. R. (1987) Pharmacology of 
GABA receptors on skeletal muscle fibres of 
the locust (Schistocerca gregaria). Comp. Biochem. 
Physiol. C 86, 305-311. 

Scott R. H. and Duce I. R. (1985) Effects of 22,23- 
dihydroavermectin Bla on locust (Schistocerca 
gregaria) muscles may involve several sites of 
action. Pestic. Sci. 16, 599-604. 

Shank R. P. and Freeman A. R. (1975) Cooperative 
interaction of glutamate  and aspartate wi th  
receptors in the neuromuscular excitatory mem- 
brane in walking limbs of the lobster. J. Neurobiol. 
6, 289-303. 

Sharp A. A. (1994) Single neuron and small network 
dynamics explored with the dynamic  clamp, 
PhD. dissertation, Brandeis University. 

Shinozaki H. and Ishida M. (1980) Inhibitory action 
of ibotenic acid on the crayfish neuromuscular 
junction. Brain Res. 198, 157-165. 

Shinozaki H. and Ishida M. (1981) Electrophysi- 
ological studies of kainate, quisqualate,  and 
ibotenate action on the crayfish neuromuscu-  
lar junction. Adv. Biochem. Psychopharm. 27, 
327-336. 

Sigel E. and Baur R. (1987) Effect of avermectin Bla 
on chick neuronal gamma-aminobutyrate recep- 
tor channels expressed in Xenopus oocytes. Mol. 
Pharm. 32, 749-752. 

Smart T. G. and Constanti A. (1986) Studies on the 
mechanism of action of picrotoxin and other con- 
vulsants at the crustacean muscle GABA recep- 
tor. Proc. Roy. Soc. Lond. B 227, 191-216. 

Smart T. G., Houamed K. M., Van Renterghem C., 
and Constanti A. (1987) mRNA-directed synthe- 
sis and insertion of functional amino acid recep- 
tors in Xenopus laevis oocytes. Biochem. Soc. Trans. 
15, 117-122. 

S te lzer  A. and  Wong R. K. (1989) GABA-A 
responses in hippocampal neurons are potenti- 
ated by glutamate. Nature 337, 170-173. 

Striedter G. E and Northcutt R. G. (1991) Biological 
hierarchies and the concept of homology. Brain 
Behav. Evol. 38, 177-189. 

Swofford D. L. and Olsen G. J. (1990) Phylogeny 
reconstruction, in Molecular Systematics (Hillis D. 
M. and Moritz C., eds.), Sinauer, Sunderland, 
MA, pp. 411-501. 

Molecular Neurobiology Volume 13, 1996 



136 Cleland 

Szczepaniak A. C. and Cottrell G. A. (1973) Biphasic 
action of glutamic acid and synaptic inhibition 
in an identified serotonin-containing neurone. 
Nature New Biol. 241, 62-64. 

Takeuchi A. and Takeuchi N. (1964) The effect on 
crayfish muscle of iontophoretically applied 
glutamate. J. Physiol. 170, 296-317. 

Takeuchi A. and Takeuchi N. (1965) Localized 
action of gamma-aminobutyric acid on the cray- 
fish muscle. J. Physiol. 177, 225-238. 

Takeuchi A. and Takeuchi N. (1967) Anion perme- 
ability of the inhibitory post-synaptic membrane 
of the crayfish neuromuscular junction. J. Physiol. 
191, 575-590. 

Tazaki K. and Chiba C. (1994) Glutamate, acetylcho- 
line, and gamma-aminobutyric acid as transmit- 
ters in the pyloric system of the stomatogastric 
ganglion of a s tomatopod,  Squilla oratoria. J. 
Comp. Physiol. A 175, 487-504. 

Turbeville J. M., Pfeifer D. M., Field K. G., and Raft 
R. A. (1991) The phylogenetic status of arthropods, 
as inferred from 18S rRNA sequences. Mol. Biol. 
Evol. 8, 669-686. 

Usherwood P. N. R. (1969) Glutamate sensitivity of 
denerva ted  insect muscle fibres. Nature 223, 
411-413. 

U s h e r w o o d  P. N. R. and Grundfes t  H. (1965) 
Per iphera l  inhibi t ion in skeletal  muscle  of 
insects. J. Neurophysiol. 28, 497-518. 

van Gelder N. M. (1971) Molecular arrangement 
for physiological action of glutamic acid and 
g a m m a - a m i n o b u t y r i c  acid. Can. J. Physiol. 
Pharmacol. 49, 513-519. 

van Vreeswijk C., Abbott L. F., and Ermentrout G. 
B. (1994) When inhibition not excitation syn- 
chronizes neural firing. J. Comput. NeuroscL 1, 
313-321. 

Wafford K. A. and Sattelle D. B. (1986) Effects of 
amino acid neurotransmitter candidates on an 
identified insect motoneurone. Neurosci. Lett. 63, 
135-140. 

Wafford K. A. and Sattelle D. B. (1989) L-glutamate 
receptors on the cell body membrane of an iden- 
tified insect motor  neurone. J. Exp. Biol. 144, 
449-462. 

Walker R. J. (1976) The action of kainic acid and 
quisqualic acid on the glutamate receptors of 
three identifiable neurones from the brain of the 

snail, Helix aspersa. Comp. Biochem. Physiol. C 55, 
61-67. 

Walker R. J. and Roberts C. J. (1982) The pharma- 
cology of Limulus central neurons. Comp. Biochem. 
Physiol. C 72, 391-401. 

Walker R. J., Woodruff G. N., and Kerkut G. A. 
(1971) The effect of ibotenic acid and muscimol 
on single neurons of the snail, Helix aspersa. 
Comp. Gen. Pharm. 2, 168-174. 

Walker R. J., James V. A., Roberts C. J., and Kerkut 
G. A. (1981) Studies on amino acid receptors of 
Hirudo, Helix, Limulus, and Periplaneta. Adv. 
Physiol. Sci. 22, 161-190. 

Watanabe K. and Onozuka M. (1994) Glutamate 
elicits an outward K+ current which is normally 
suppressed by a Ca2+/calmodul in-dependent  
protein kinase II. Brain Res. 654, 352-356. 

Wiley E. O. (1981) Phylogenetics: the Theory and Prac- 
tice of Phylogenetic Systematics. Wiley, New York. 

Wo Z. G. and Oswald R. E. (1995) Unraveling the 
modular  design of glutamate-gated ion chan- 
nels. Trends Neurosci. 18, 161-168. 

Wright D. J. (1986) Biological activity and mode of 
action of avermectins, in Neuropharmacology and 
Pesticide Action (Ford M. G., Lunt G. G., Reay R. 
C., and Usherwood P. N. R., eds.), Ellis Horwood 
Ltd., Chichester, UK, pp. 174-202. 

Yamamoto C., Yamashita H., and Chujo T. (1976) 
Inhibitory action of glutamic acid on cerebellar 
interneurones. Nature 262, 786,787. 

Yarowsky P. J. and Carpenter D. O. (1976) Aspar- 
tate: distinct receptors on Aplysia neurons. Sci- 
ence 192, 807-809. 

Yarowsky P. J. and Carpenter D. O. (1978a) Recep- 
tors for gamma-aminobutyric acid (GABA) on 
Aplysia neurons. Brain Res. 144, 75-94. 

Yarowsky P. J. and Carpenter D. O. (1978b) A com- 
parison of similar ionic responses to gamma- 
aminobutyric acid and acetylcholine. J. Neurophysiol. 
41, 531-541. 

Zufall F., Franke C., and Hatt H. (1988) Acetylcho- 
line activates a chloride channel  as well  as 
glutamate and GABA: single channel recordings 
from crayfish stomach and opener muscles. J. 
Comp. Physiol. A 163, 609-620. 

ZufaU E, Franke C., and Hatt H. (1989) The insecticide 
avermectin Bla activates a chloride channel in cray- 
fish muscle membrane. J. Exp. Biol. 142, 191-205. 

Molecular Neurobiology Volume 13, 1996 


