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GABA receptors on the somatic muscle cells of the
parasitic nematode, Ascaris suum: stereoselectivity
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1 The y-aminobutyric acid (GABA) receptors on the somatic muscle cells of Ascaris, which
mediate muscle cell hyperpolarization and relaxation, have been characterized by use of intracellu-
lar recording techniques.
2 These receptors are like mammalian GABAA-receptors in that the response is mediated by an
increase conductance to chloride ions. The GABAA-mimetic, muscimol, has a relative potency of
0.40 + 0.02 (n = 3) compared to GABA.
3 The stereoselectivity of the GABA receptor on Ascaris is identical to that for the mammalian
GABAA-receptor, as determined from the relative potency of three pairs of enantiomers of struc-
tural analogues of GABA.
4 The most potent agonist is (S)-(+)-dihydromuscimol which is 7.53 + 0.98 (n = 5) times more
potent than GABA.
5 The Ascaris GABA receptor is not significantly blocked, at concentrations below OO Mm by the
potent, competitive GABAA-receptor antagonist, SR95531.
6 The Ascaris GABA receptor does not recognise agents that are known to block the GABA
gated chloride channel in mammalian preparations such as t-butylbicyclophosphorothionate
(TBPS, 1OpM, n = 2) or the insecticide dieldrin (100pM, n = 3).
7 GABAergic responses in Ascaris are not potentiated by pentobarbitone (100pM, n = 3) or flura-
zepam (100pM, n = 3).
8 The potencies of various GABA-mimetics in the Ascaris preparation have been compared with
their potency at displacing GABAA-receptor binding in mammalian brain. Excluding the sulphonic
acid derivatives of GABA, the correlation coefficient (r) between the potencies of compounds in the
two systems is 0.74 (P < 0.01). The significance of this correlation is discussed.
9 The pharmacology of the Ascaris GABA receptor is discussed in relation to other invertebrate
systems and the mammalian subclassification of GABA receptors.

Introduction

Invertebrate y-aminobutyric acid (GABA) receptors malian GABAA-receptor subtype in that both
do not readily fit into the mammalian sub- responses are mediated by the opening of a chloride
classification of GABAA- and GABAB-subtypes (see ionophore (Fatt & Katz, 1953; Boistel & Fatt, 1958;
Walker & Holden-Dye, 1989 for review) as described Takeuchi & Takeuchi, 1967; Motokizawa et al.,
for the mammalian system by Bowery et al., 1980. 1969; Pitman & Kerkut, 1970; Curtis & Johnston,
Thus, whilst many of them are similar to the mami- 1974; Krnjevic, 1974; Bokisch & Walker, 1986;

Pinnock et al.2 1988), they are consistently insensitive
Author for correspondence. or only very weakly activated by the sulphonic acid
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GABA analogues, such as 3-aminopropane sul-
phonic acid or piperidine-4-sulphonic acid in insect
(Roberts et al., 1981; Sattelle et al., 1988), arthropod
(Roberts et al., 1981), gastropod (Vehovsky et al.,
1989), and nematode (Holden-Dye et al., 1988) pre-
parations. This is in marked contrast to the potent
agonist action of these compounds at
GABAA-receptors in mammalian and amphibian
preparations (Curtis & Watkins, 1961; Campochiaro
et al., 1977; Nistri & Constanti, 1979).

Another difference between invertebrate and mam-
malian GABAA-receptors is that apart from a few
exceptions (Walker et al., 1971; Piggott et al., 1977;
Yarowsky & Carpenter, 1978; Waldrop et al., 1987),
these receptors are generally only weakly (Smart &
Constanti 1986), or not blocked (Scott & Duce 1987;
Sattelle et al., 1988; Benson 1988a; Holden-Dye et
al., 1988) by the definitive, competitive
GABAA-receptor antagonist, bicuculline. Neverthe-
less, micromolar concentrations of the non-
competitive antagonist picrotoxin, which acts at the
level of the chloride channel in mammalian prep-
arations (Olsen, 1981; Barker, 1985), is sufficient to
block GABA-mediated responses in most
invertebrates (Piggott et al., 1977; Hori et al., 1978;
Constanti, 1978; Walker & Roberts, 1982; Sattelle et
al., 1988). In arthropods the interaction of picrotoxin
with the receptor channel complex may differ slightly
from the interaction in mammalian systems in that
the block may not be truly noncompetitive
(Constanti, 1978).
GABAA-mediated responses in mammalian pre-

parations are potentiated by benzodiazepines and
barbiturates (Olsen, 1981 for review). There is some
evidence for such an interaction at insect GABA
receptors (Beadle et al., 1986; Robinson et al., 1986;
Lees et al., 1987). Whether or not other invertebrate
GABA systems will also exhibit such modulation has
yet to be determined.
The GABA receptor described in this study medi-

ates muscle cell hyperpolarization and relaxation in
the parasitic nematode Ascaris suum. GABA is
apparently the endogenous ligand for this receptor
as, using GABA-specific antisera, GABA-
immunoreactivity has been localized in the inhibi-
tory motorneurones and activation of these neurones
elicits inhibitory postsynaptic potentials in the
muscle cells (Johnson & Stretton, 1987). Other inhib-
itory amino acids, (glycine, fi-alanine and taurine)
are without effect on the Ascaris muscle cell
(Holden-Dye et al., 1988). The GABA receptor on
Ascaris muscle cells is neither bicuculline- nor
picrotoxin-sensitive (Wann, 1987; Holden-Dye et al.,
1988). Studies using various GABA receptor agon-
ists, however, have indicated that the agonist
recognition site may resemble the mammalian
GABAA-receptor in some respects. Thus, it is activ-

ated by isoguvacine and muscimol (Holden-Dye et
al., 1988). A further similarity is indicated by the
observation that the agonists show positive coopera-
tivity at the Ascaris GABA receptor (Holden-Dye et
al., 1988), as they do at receptors in mammalian pre-
parations (Nistri & Constanti, 1979). Furthermore,
although the GABA response is not blocked by pic-
rotoxin, which is known to act at the GABA-
operated anion channel in mammalian preparations,
the response to GABA in Ascaris muscle is accom-
panied by an increase in conductance of the mem-
brane for chloride ions (Martin 1980; Holden-Dye &
Walker, 1989).
The Ascaris GABA receptor is not sensitive to the

GABAB-receptor agonist, baclofen (Holden-Dye et
al., 1988). Indeed, there is no evidence to date of a
GABAB-type receptor in invertebrate preparations.

In this study we have further characterized the
Ascaris GABA receptor. We have tested for antagon-
ism by a potent, competitive GABAA-antagonist
SR95531, by noncompetitive GABAA-receptor
antagonists and for modulation by known modula-
tors of GABA-receptors in mammalian preparations.
In particular, we have used stereoisomers of struc-
tural analogues of GABA to test more rigorously the
notion that the agonist recognition site at GABA
receptors in the invertebrate Ascaris resembles that
of the mammalian GABAA-receptor.

Methods

Ascaris were obtained from the local abattoir on a
weekly basis and maintained in the laboratory. An
anterior section of the worm, approximately 2cm
long, was excised and slit along one lateral line to
enable the strip to be laid out flat. The intestine was
removed revealing the muscle bag cells. The section
was securely pinned out, cuticle side down, in a
perspex perfusion chamber and continuously per-
fused with artificial perienteric fluid (APF), 32-34°C,
the composition of which was as follows: (mM) NaCl
67, Na acetate 67, KCl 3, CaCl2 3, MgCl2 15.7, Tris
base 5, pH 7.6 with acetic acid. The cells were
impaled with two potassium acetate (4M)-filled glass
microelectrodes with a resistance of 10-30 MO. Con-
ventional electrophysiological recording techniques
were employed using an Axoclamp 2A system.
Transmembrane potentials were monitored. Input
conductance of the cells was estimated by injecting
current pulses, (0.1 Hz, 500ms pulse width, 10-35 nA)
through the second microelectrode and recording the
resulting electrotonic potentials. Generally speaking
there is little rectification in the hyperpolarizing
direction so this method provides an estimate of the
input conductance (Figure 1). Drugs were applied via
a fine bore plastic tube (0.8mm internal diameter)
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TACA, (S)-(+)-3-OH-GABA, (R)-(-)-3-OH-GABA,
(S)4+)-dihydromuscimol (DHM) and (R)-(-)-DHM
were prepared as described previously (Krogsgaard-
Larsen et al., 1985). GABA was obtained from BDH,
t-butylbicyclophosphorothionate (TBPS) from

5 > Research Biochemicals Inc., flurazepam from
E Roussel Laboratories. We are grateful to Q. Sanofi
X Recherche for the gift of SR95531 (2-[carboxy-3'-
a propyl] - 3 - amino - 6 - paramethoxy - phenyl - pyrida-

o zinium-Br). Water insoluble compounds such as diel-
drin were dissolved in dimethylsulphoxide (DMSO)
and diluted in artificial perienteric fluid (APF) such
that the final concentration of DMSO was 1%.

15 Other drugs and chemicals were supplied by Sigma.
Figure 1 The current-voltage relationship for an

Ascaris muscle cell. The cell was impaled with two
microelectrodes. Hyperpolarizing current pulses, 10-
40nA, 500ms pulse width, 0.1 Hz, were passed through
one microelectrode and the electrotonic potential in the
cell was monitored with the second electrode. The plots
in the absence (0) and presence (@) of GABA are

linear indicating that the cell did not rectify in the
hyperpolarizing direction.

directed at the cell from which a recording was being
made. Drug solutions were separated by air bubbles
in the perfusion tubing which escaped through a

small hole in the tubing immediately prior to entry
to the bath. This method of application allows rapid
and complete change of the composition of the per-
fusion stream over the cell under study (Slater &
Carpenter, 1984). Studies with dye indicate that the
perfusion stream bathes the cell under study and
then swirls around the chamber. The dye is appar-
ently evenly distributed in the perfusion chamber
after 40 s. Drugs were applied at a rate of 8-
10mlmin-' for a period of up to 45s (enabling the
maximum response to develop) followed by a 5min
wash. Each drug was applied in ascending concen-

trations. With this technique, the conductance
increase elicited by a given concentration of GABA
is stable to multiple applications. Relative potencies
of compounds compared to GABA were determined
by fitting the dose-response curves by eye and taking
the ratio of the concentration of the drug to the con-

centration of GABA that elicit equivalent responses
in the same cell from a parallel portion of the graphs.
Statistical significance was determined by Student's
paired t test. Linear regression analysis was per-
formed using the Biosoft programme, LINEFIT
(Barlow, 1983). Maximum responses and EC50
values were obtained by fitting the dose-response
data to saturation curves using the programme
Fit&Hill (Barlow, 1983). The stereoisomers of the
structural GABA analogues, (S)-(-)-4-methyl-trans-
aminocrotonic acid (4-me-TACA), (R)-( + )-4-me-

Results

The resting membrane potential of the Ascaris
muscle cells was 29.6 + 0.6mV with a resting input
conductance of 2.53 + 0.15 pS (n = 28). The
responses obtained to GABA agree well with those
that we have found previously (Holden-Dye et al.,
1988). The Ascaris muscle cells responded repro-

ducibly to GABA with the threshold for the hyper-
polarization between 5-10pM GABA and the
maximum response, of between 10-20mV depending
upon the resting membrane potential, developing at
around 30pM GABA (Figure 2). The maximum con-
ductance change varies between cells in the range

1-3 pS, however the dose-response relationship is
consistent, with an ECQO of 26.3 + 3.5 jm (n = 17), as
determined from 17 cells in which a clear maximum
was obtained. Uptake is unlikely to affect signifi-
cantly the potency of GABA or GABAmimetics in
this preparation as it has been shown previously that
the GABA uptake inhibitor, nipecotic acid, does not
affect the potency ofGABA (Hewitt, 1987). This does
not necessarily mean that an uptake mechanism does
not exist for GABA in these cells. It is most likely
that the perfusion rate would overcome the effects of
an uptake system in this study. In three paired
experiments the relative potency of muscimol com-
pared to GABA was determined (Figure 3). The
mean relative potency compared to GABA was

0.40 + 0.02 (n = 3). The slope of the dose-response
curve is very similar to that for GABA indicating
that muscimol interacts with the receptor in a
similar manner to GABA, i.e. it exhibits positive
cooperativity.

SR95531 did not significantly block the GABA
response at 100fM (Figure 4), although at 500 fM

about 40% blockade was evident. This effect was

completely reversible.
Dieldrin (100pyM) did not block the conductance

increase elicited by GABA in Ascaris muscle cells
(Figure 5). This agent was applied at least 10min

40 30
Current (nA)
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Figure 2 Hyperpolarization and increase in input conductance of the Ascaris somatic muscle cell to locally
applied GABA. The duration of GABA application is indicated by the bar. The traces illustrate the responses
obtained to increasing concentrations of GABA (as indicated). The resting membrane potential of this cell was
-31 mV, resting input conductance 2.5 pS. Downward deflections are the electrotonic potentials resulting from the
injection of 20 nA, 0.1 Hz, 500ms pulse width.

before the addition of GABA and during the GABA
application.

There was no evidence for a significant enhance-
ment of the GABA response by either pentobarbi-
tone (100pM) or by flurazepam (100pM; Figure 6). In
one experiment the cell was exposed to 100pM flura-
zepam for 60min and the GABA response was not
enhanced.
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Figure 3 The increase in input conductance in Ascaris
muscle cell evoked by bath applied GABA (0) and
muscimol (-). The conductance increase was normal-
ized with respect to the response obtained with 20pM
GABA (n = 3).

In a series of 5 experiments the relative potencies
of the stereoisomers of the structural analogues of
GABA compared to GABA were determined. All the
compounds studied were GABAmimetic in that they
elicited a membrane hyperpolarization and an
increase in input conductance (Figure 7), though
with varying degrees of potency (Table 1). The
isomers of DHM and 3-OH-GABA were all appar-
ently full agonists as shown by the fact that their
dose-response curves are parallel to that for GABA
(Figure 8). The isomers of 4-me-TACA may also be
full agonists but their low potency meant that this
could not be determined in this preparation. The
degree of stereoselectivity for the compounds was
most marked for the DHM compounds, with the (S)-
(+)isomer being nearly 10 times more potent than
the (R)(-)-isomer. (R)4-(3-OH-GABA was only 2
times more potent than the (S)-(+)-isomer of this
compound; however, this difference in potency,
though small was statistically significant (P < 0.01,
n = 5, paired Student's t test) indicating that the
receptor does truly distinguish between these com-
pounds. (S)-(+)DHM was by far the most potent
compound at the GABA receptor in this preparation
and is the most potent compound at this site that we
have found to date. The (S)--)-isomer of 4-me-
TACA was only weakly effective in eliciting a
response, being approximately 20 times less potent
than GABA. Threshold responses for the compound
(R)( + )-4-me-TACA were above 1 mm making
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Figure 4 Weak antagonism of the GABA response by
SR95531. (a) Typical responses to GABA (10, 20 and
30.pM) before and after the addition of SR95531.
(SR95531 was applied by local perfusion for 2 min
before the GABA application and with GABA). The
downward deflections are elicited by injection of
current (20 nA, 500ms, 0.1 Hz) and allow determination
of the input conductance. The resting membrane poten-
tial of this cell was -30mV and the resting input con-

ductance was 2.5 pS. Note that the GABA-induced
increase in input conductance is only noticeably
depressed at 500pM SR95531. The wash was for 5min
and resulted in complete recovery of the conductance
response to GABA. (b) The inhibition of the response to
GABA by SR95531 in 3 separate preparations (with
s.e.mean shown by vertical bars). The conductance
increase to 30pM GABA in the presence of SR95531 is
expressed as a percentage of the conductance increase
to 30OM GABA in the absence of SR95531.
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Figure 5 Inability of a non-competitive GABAA,-
receptor antagonist to block the GABA response in
Ascaris. Normalized conductance increase to GABA in
the absence (0) and presence (-) of 100.um dieldrnn
(n = 3, vertical bars show s.e.mean).
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Figure 6 Lack of modulation of the GABA response

by benzodiazepines and barbiturates. (a) Normalized
conductance increase to GABA in the absence of (0)
and after at least 10min pre-exposure to (0) 100pM
pentobarbitone (n = 3, vertical bars show s.e.mean) (b)
Normalized conductance increase to GABA in the
absence (0) of and after at least 10min pre-exposure to
(0) 100pM flurazepam (n = 3).

impossible an accurate determination of its relative
potency compared to GABA.

Discussion and conclusions

The Ascaris muscle bag cells responded to locally
applied GABA with an increase in membrane con-
ductance accompanied by a hyperpolarization. This
response was mimicked by the GABAA-receptor
agonist, muscimol. However, the receptor showed
little similarity to the GABAA-receptor in terms of
blockade by competitive or noncompetitive antagon-
ists, or in terms of modulation by benzodiazepines
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Table 1 The potencies of structural analogues of
y-aminobutyric acid (GABA) at eliciting an
increase in input conductance at the Ascaris
GABA receptor were determined in 5 prep-
arations: relative potencies of the compounds
compared to GABA were determined from equipo-
tent concentrations of the drug and GABA on
parallel portions of the dose-response curve

Drug

(S)(+)-dihydromuscimol
GABA
(R$ -)-dihydromuscimol
(R)-( -3-OH-GABA
(S)4-+)-3-OH-GABA
(S) -)-4-methyl-TACA
(R) + )-4-methyl-TACA

Relative potency

7.53 + 0.98
1

0.85 + 0.08
0.25 + 0.02*
0.13 + 0.02

0.007 + 0.001
No effect at 1 mM.

A relative potency of less than 1 indicates the com-
pound is less potent than GABA (*P < 0.01 com-
pared to (S)-(+)-3-OH-GABA). Each value is the
mean + s.e.mean, n = 5.

and barbiturates. We have previously reported a
lack of sensitivity of the Ascaris GABA receptor
to bicuculline and to other competitive
GABAA-receptor antagonists (Holden-Dye et al.,
1988). Recently it has been suggested that the

20 JIM (G
10 mV

30 s

pyridazinyl-GABA derivative, SR95103, is a com-
petitive antagonist at the Ascaris GABA receptor
(Duittoz & Martin, 1989). This substance belongs to
a class of compounds that were developed as selec-
tive, competitive, potent GABAA-receptor antagon-
ists (Wermuth & Biziere, 1986). In binding studies it
was demonstrated that SR95103 and SR95331,
another pyridazinyl-GABA derivative, were approx-
imately 20 and 200 times more potent than
bicuculline, respectively (Wermuth & Biziere, 1986).
Similar results were noted in mammalian electro-
physiological studies (Desarmenien et al., 1987).
Thus, the lack of effect of SR95531, the most potent
pyridazinyl derivative available, at the Ascaris
GABA receptor unless high micromolar concentra-
tions are used, indicates that this class of compounds
does not recognise the Ascaris GABA receptor.
TBPS and dieldrin are agents that are known to
inhibit GABA-stimulated chloride flux in vertebrate
preparations (Squires et al., 1983; Gant et al., 1987).
Both are reasonably potent in these preparations
with an effect occurring in the sub-micromolar
range. Binding sites for TBPS, sensitive to dieldrin,
have been identified in insect ganglia (Lunt et al.,
1988). These compounds are believed to act in a
noncompetitive manner, exerting their blocking
action at the channel site rather than at the receptor.
In Ascaris, however, neither of these agents had a

30 JIM (R)-(-)-dihydromuscimol

100 FIM (R)-(-)-3-OH-GABA 100 FIM (S)-(+)-3-OH-GABA
k-.t H2N OH H2N OH

K r H2N~~~~<{ \~~~J-(Nii
I OH ~~~~~OHII

1 mm (S)-( -)-4-me-TACA

H2N OH H2N
OH

3 mr,, (R)-(+)-4-me-TACA

I ! ::i j , Ij

Figure 7 The GABA-mimetic activity of stereoisomers of structural analogues of GABA illustrating the structures
of the compounds tested. The drugs were applied by local perfusion at the concentration indicated, for 30 s.

3ABA W. 0
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Figure 8 Dose-response relationships for stereoiso-
mers of structural analogues of GABA. The conduct-
ance increases are normalized with respect to the
response for 201im GABA. GABA (O); (S)-(+)-DHM
(O); (R)-(-)-DHM (-); (R)-(-)-3-OH-GABA (El); (S)-
(+Yi3-OH-GABA (fi); (S)4-)-4-me-TACA (/A); (R)-
(+)-4-me-TACA (A). (n = 3-6, vertical bars show
s.e.mean).

significant effect on the GABA response (Figure 5;
Holden-Dye et al., 1988). The tissue was pre-exposed
to the compounds 10min before the addition of
GABA so it is unlikely that access was a problem.
We could find no evidence that the Ascaris GABA
receptor is coupled to either a benzodiazepine or a
pentobarbitone modulatory site. In insects it has
been found that 1Oym pentobarbitone or lOpm flu-
razepam enhance the GABA response by up to 70%
(Beadle et al., 1986). Neither of these compounds had
an effect in Ascaris at concentrations up to 10ZMm
(Figure 6). Thus, the GABA gated anion channel in
Ascaris is pharmacologically distinct from that
coupled to the mammalian GABAA-receptor and
also different from the GABA receptor in insect
ganglia. The Ascaris GABA receptor is apparently
novel in its lack of recognition of typical competitive
and noncompetitive antagonists for GABAA- recep-
tors whilst being insensitive to baclofen and coupled
to a chloride ionophore.
GABA, in common with a number of endogenous

transmitter agents, is a flexible molecule able to
assume a number of different conformations only
one of which may be suitable for receptor activation
(Krogsgaard-Larsen, 1988). The receptor in Ascaris
is similar to other GABA receptors in preferring the
extended conformation of GABA, corresponding to
the compound trans-aminocrotonic acid (Holden-
Dye et al., 1988). The structural analogues of GABA
that were tested in this study were GABA-mimetic
and revealed further stereoselectivity at this GABA
receptor. The degree of stereoselectivity seems to
depend on the relative rigidity of the molecule. Thus,

the most inflexible molecule, DHM, exhibits the
greatest degree of stereoselectivity with the S-isomer
being 10 times more potent than the R-isomer. There
is only a slight degree of stereoselectivity between the
enantiomers of 3-OH-GABA. Presumably, molecules
such as 3-OH-GABA can overcome, to a certain
extent, the steric hindrance imposed by the substitu-
tion of an unfavourable group by movement around
the unfixed bonds. Both hydroxyl group substitution
at the 3 position, and methyl group substitution at
the 4 position decreased the efficacy of the com-
pounds at the GABA receptor. The substitution of a
methyl group seems to be particularly detrimental
for GABA-mimetic activity at this site as 4-me-
TACA was particularly weak at eliciting a response.
The receptor, however, still distinguishes to a small
extent between the two isomers of this compound.
The stereoselectivity of the receptor for DHM and
4-me-TACA was the same as that found for the dis-
placement of GABAA-receptor binding in mamma-
lian brain (Krogsgaard-Larsen et al., 1988). The
stereoselectivity for 3-OH-GABA, at the
GABAA-binding 'site (Krogsgaard-Larsen et al.,
1988) is the opposite of what we found in Ascaris.
On spinal neurones, however, the (R)-(-)-enantio-
mer of 3-OH-GABA is marginally more potent than
the (S) + )-enantiomer (Krogsgaard-Larsen et al.,
1985), corresponding exactly to the stereoselectivity
that we observed at the Ascaris GABA receptor.

It has been established that the GABAA-receptor
not only has rigid requirements for the structural
configuration of GABAergic compounds but also the
degree of delocalization of both the positive and
negative charges on the molecule is a crucial deter-
minant of GABA-mimetic activity (Steward et al.,
1975). The most potent compound we have studied
to date at the Ascaris muscle GABA receptor is
DHM. This compound is also remarkably potent at
gastropod neurones and at mammalian
GABAA-binding sites and neurones (Roberts et al.,
1981; Krogsgaard-Larsen et al., 1985). The S-isomer
of this compound is nearly 8 times more potent in
Ascaris than GABA itself and on this basis we
propose that it most accurately reflects the active
structural and electronic configuration of GABA at
the receptor. This molecule may provide a lead for
the development of novel, competitive antagonists at
the Ascaris GABA receptor if slight adjustments can
be made to the molecule such that it retains its high
affinity for the GABA receptor but its efficacy is
decreased.
The results presented above clearly indicate that

despite the lack of recognition of typical
GABAA-receptor antagonists by the receptor in
Ascaris the receptor is sensitive to the
GABAA-agonist, muscimol. It has also previously
been shown that the GABA-mimetic and anthel-
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mintic agent piperazine acts as a weak GABA
agonist in Ascaris (Martin, 1982). The sulphonic acid
derivatives of GABA are without any effect in
Ascaris. We have tested 3-aminopropane sulphonic
acid and piperidine-4-sulphonic acid (P4S) both of
which are without effect up to 1 mm (Holden-Dye et
al., 1988), despite the fact that these compounds have
been shown to be extremely potent GABAA-mimetic
agents in electrophysiological studies in mammalian
and amphibian preparations (Nistri & Constanti,
1979 for review). Sulphonic acid derivatives,
however, are universally ineffective at GABA recep-
tors in invertebrates and will not activate gastropod,
arthropod or insect GABA receptors (see
Introduction). In mammalian brain too, there is
some circumstantial evidence to suggest that the way
in which the receptor recognises the sulphonic acids
and GABA differs. For example, the order of
potency of compounds at displacing GABA binding
is of the same relative order as that for displacing
P4S binding, however the absolute potency is differ-
ent by an order of magnitude (Krogsgaard-Larsen,
1981; Falch & Krogsgaard-Larseii, 1982). Further-
more, the sulphonic acids exhibit differences from
GABA in the way in which they are coupled to the
modulatory sites for barbiturates and benzodiaze-
pines. P4S is a very weak stimulator of diazepam
binding compared to GABA (Olsen, 1981; Olsen &
Snowman, 1982; Krogsgaard-Larsen, 1988) and in
contrast the binding of P4S is remarkably sensitive
to stimulation by barbiturates (Olsen, 1981). On the
basis of this evidence Krogsgaard-Larsen (1988) has
suggested that sulphonic acid derivatives interact
with the GABA receptor in a fundamentally different
fashion from GABA itself.
The correlation between the ability of agents to

stimulate the Ascaris GABA receptor and to displace
GABAA-receptor binding in mammalian brain is
illustrated in Figure 9. Although we are comparing a
system that measures affinity and efficacy with one
that indicates the affinity of compounds only
(binding) it can be seen that the relative order of
potency of the compounds is roughly comparable in
the two systems. Indeed, if we are justified in omit-
ting the sulphonic acid derivatives from the calcu-
lations, on the basis of the evidence outlined above,
then the two systems compare well with a significant
(P < 0.01, positive (r = 0.74) correlation.
We conclude, therefore, that the GABA receptor

on the somatic muscle cells of the parasitic nematode
Ascaris is very similar to the mammalian
GABAA-receptor with regard to its activation by
agonists. This would imply that the essential features
of the receptor required for agonist recognition have
been conserved through the course of evolution. The
receptor does not recognise the 'typical
GABAA-competitive antagonists, however, indicating

Slope=1.02 r=0.74 P<0.01

Muscimol

Relative potency Ascaris
-t--1~~~~~~~~~~~~~~0>0.01 P4S 0.01 Isoguvacine
*3-APS IAATACA.
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A
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/ZAPA

10
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->0.001

Figure 9 Correlation between the potency of com-
pounds at displacing GABAA-receptor binding
(Krogsgaard-Larsen, 1988) or at GABA-mimetic activ-
ity in guinea-pig ileum [DAVA (Dickenson et al., 1988),
ZAPA (Allan et al., 1986)] with their potency on
Ascaris muscle cells (Holden-Dye & Walker, 1988;
Holden-Dye et al., 1988). The potency was determined
as the relative potency compared to GABA in each
system. The sulphonic acid derivatives were excluded
from the calculation of the correlation coefficient; see
text for details. (DHP4S, dihydropiperidine-sulphonic
acid; 3-APS, 3-aminopropanesulphonic acid; IAA,
imidazole acetic acid; DAVA, 3-aminovaleric acid;
fiGPA, f-guanidopropionic acid; ZAPA, (Z)-3-[amino-
iminomethyl)thio]-2-propenoic acid hydrochloride).

that sites for antagonist binding at the receptor are
different from those in the mammalian system. The
chloride ionophore that mediates the GABA
response in Ascaris must also be substantially differ-
ent from the GABAA-gated chloride channel in that
none of the non-competitive antagonists for
GABAA-receptors was effective in Ascaris. Neither
does the Ascaris GABA receptor exhibit the regula-
tory binding sites that are generally associated with
the GABAA-receptor. A similar receptor for GABA
has recently been described in Limulus heart
(Benson, 1988b). We have recently discovered that a
diphenylamine-2-carboxylate derivative, 5-nitro-2-(3-
phenylpropylamino)benzoic acid, which is known to
block chloride transport in renal tubules
(Wangemann et al., 1986) is a noncompetitive
antagonist at Ascaris GABA receptors (Colquhoun
et al., 1989). The possibility that there is a class of
GABA receptor common to some invertebrate
species with novel sites for antagonist recognition
has important implications for pesticide and anthel-
mintic research.
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A preliminary account of part of this work was
communicated to the British Pharmacological
Society at the Nottingham meeting, 1988.
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References

ALLAN, R.D., DICKENSON, H.W., HIERN, B.P., JOHNSTON,
G.A.R. & KAZLAUSKAS, R. (1986). Isothiouronium com-
pounds as y-aminobutyric acid agonists. Br. J. Phar-
macol., 88 379-387.

BARKER, J.L. (1985). GABA and glycine: Ion channel
mechanisms. In Neurotransmitter Actions in the Verte-
brate Nervous System. ed. Rogawski, M.A. & Barker,
J.L. pp. 71-100. New York: Plenum Press.

BARLOW, R.B. (1983). Biodata Handling with Micro-
computers. Amsterdam: Elsevier Biomedical Press.

BEADLE, D.J., BENSON, J.A., LEES, G. & NEUMAN, R. (1986).
Flunitrazepam and pentobarbital modulate GABA
responses of insect neuronal somata. J. Physiol., 371,
273P.

BENSON, J.A. (1988a). Transmitter receptors on insect
neuronal somata: GABAergic and cholinergic pharma-
cology. In The Molecular Basis of Drug and Pesticide
Action. ed. Lunt, G.G. pp. 193-206. Amsterdam: El-
sevier Biomedical Press.

BENSON, J.A. (1988b). The GABA response of the isolated
heart of Limulus polyphemus exhibits a novel pharma-
cology. Soc. Neurosci. Abst., 14, 382.

BOISTEL, J. & FATT, P. (1958). Membrane permeability
change during inhibitory transmitter action in crusta-
cean muscle. J. Physiol., 144, 176-191.

BOKISCH, A.J. & WALKER, R.J. (1986). The ionic mechanism
associated with the action of putative transmitters on
identified neurones of the snail, Helix aspersa. Comp.
Biochem. Physiol., 84C, 231-241.

BOWERY, N.G., HILL, D.R., HUDSON, A.L., DOBLE, A., MID-
DLEMISS, D.N., SHAW, J. & TURNBULL, M. (1980). (-)-
Baclofen decreases neurotransmitter release in the
mammalian CNS by an action at a novel GABA recep-
tor. Nature, 283, 92-94.

CAMPOCHIARO, P., SCHWARCZ, R. & COYLE, J.T. (1977).
GABA receptor binding in rat striatum: localization
and effects of denervation. Brain Res., 136, 501-511.

COLQUHOUN, L., HOLDEN-DYE, L. & WALKER, R.J. (1989).
5-Nitro-2-(3-phenylpropylamino) benzoic acid, (5-NPB),
is a non-competitive antagonist at the Ascaris GABA
receptor. Br. J. Pharmacol., 97, 369P.

CONSTANTI, A. (1978). The "mixed" effect of picrotoxin on
the GABA dose/conductance relation recorded from
lobster muscle. Neuropharmacol., 17, 159-167.

CURTIS, D.R. & JOHNSTON, G.A.R. (1974). Amino acid
transmitters in the mammalian central nervous system.
Ergebn. Physiol., 69, 97-188.

CURTIS, D.R. & WATKINS, J.C. (1961). Analogues of glu-
tamic and y-amino-n-butyric acids having potent
actions on mammalian neurones. Nature, 191, 1010-
1011.

DESARMENIEN, M., DESAULLES, E., FELTZ, P., HAMANN,
M., MICHAUD, J.C. & MIENVILLE, J.M. (1986). Electro-
physiological study of pyridazine-GABA derivatives
with GABA-A antagonist properties. Br. J. Pharmacol.,
87, 150P.

DICKENSON, H.W., ALLAN, R.D., ONG, J. & JOHNSTON,
G.A.R. (1988). GABAB receptor antagonist and GABAA
receptor agonist properties of a t5-aminovaleric acid
derivative, Z-5-aminopent-2-enoic acid. Neurosci. Lett.,
86, 351-355.

DUITTOZ, A.H. & MARTIN, R.J. (1989). SR95103 acts as a
GABA antagonist in Ascaris suum muscle. Br. J. Phar-
macol., 97,490P.

FALCH, E. & KROGSGAARD-LARSEN, P. (1982). The
binding of the GABA agonist [3H]-THIP to rat brain
synaptic membranes. J. Neurochem., 38, 1123-1129.

FATr, P. & KATZ, B. (1953). The effect of inhibitory nerve
impulses on crustacean muscle fibre. J. Physiol., 121,
374-389.

GANT, D., ELDEFRAWI, M.E. & ELDEFRAWI, A.T. (1987).
Cyclodiene insecticides inhibit GABA-A receptor-
regulated chloride transport. Toxicol. Appl. Pharmacol.,
88, 313-321.

HEWITT, G.M. (1987). Electrophysiological studies on the
Ascaris muscle GABA receptor. Ph.D. Thesis, University
ofSouthampton.

HOLDEN-DYE, L., HEWITT, G.M., WANN, K.T.,
KROGSGAARD-LARSEN, P. & WALKER, R.J. (1988).
Studies involving avermectin and the 4-aminobutyric
acid (GABA) receptor of Ascaris suum muscle. Pestici.
Sci., 24, 231-245.

HOLDEN-DYE, L. & WALKER, R.J. (1988). ZAPA, (Z)-3-
[(amino iminomethyl)thio]-2-propenoic acid hydro-
chloride, a potent agonist at GABA receptors on the
Ascaris muscle cell. Br. J. Pharmacol., 95, 3-5.

HOLDEN-DYE, L. & WALKER, R.J. (1989). The effect of
nitrate ions on the GABA response in Ascaris suum
muscle cells. J. Physiol., 412, 30P.

HORI, N., IKEDA, K. & ROBERTS, E. (1978). Muscimol,
GABA and picrotoxin: effects on membrane conduct-
ance of a crustacean neurone. Brain Res., 141, 364-370.

JOHNSON, C.D. & STRETTON, A.O.W. (1987). GABA-
Immunoreactivity in inhibitory motor neurones of the
nematode Ascaris. J. Neurosci., 7, 223-235.

KRNJEVIC, K. (1974). Chemical nature of synaptic transmis-
sion in vertebrates. Physiol. Rev., 54, 418-540.

KROGSGAARD-LARSEN, P. (1981). y-Aminobutyric acid
agonists, antagonists, and uptake inhibitors. Design and
therapeutic aspects. J. Med. Chem., 24, 1377-1383.

KROGSGAARD-LARSEN, P. (1988). GABA synaptic mech-
anisms: stereochemical and conformational require-
ments. Medicinal Res. Rev., 8, 27-56.

KROGSGAARD-LARSEN, P., NIELSEN, L., FALCH, E. &
CURTIS, D.R. (1985). GABA agonists. Resolution, absol-
ute stereochemistry, and enantioselectivity of (S)-(+)
and (R)-(-)-dihydromuscimol. J. Med. Sci., 28, 1612-
1617.

KROGSGAARD-LARSEN, P., NIELSEN, L., FALCH, E.,
BREHM, L. & JORGENSEN, F.S. (1988). Molecular phar-
macology of GABA and GABA synaptic mechanisms.
In Neurotox. '88 Molecular Basis of Drug and Pesticide



850 L. HOLDEN-DYE et al.

Action. ed. Lunt, G.G. pp. 145-156. Amsterdam: El-
sevier Biomedical Press.

LEES, G., BEADLE, D.J., NEUMANN, R. & BENSON, J.A.
(1987). Responses to GABA by isolated insect neuronal
somata: pharmacology and modulation by a benzodi-
azepine and a barbiturate. Brain Res., 401, 267-278.

LUNT, G.G., BROWN, M.C.S., RILEY, K. & RUTHERFORD,
D.M. (1988). The biochemical characterization of insect
GABA receptors. In Neurotox. '88 Molecular Basis of
Drug and Pesticide Action. ed. Lunt, G.G. pp. 185-192.
Amsterdam: Elsevier Biomedical Press.

MARTIN, R.J. (1980). The effect of y-aminobutyric acid on
the input conductance and membrane potential of
Ascaris muscle. Br. J. Pharmacol., 71, 99-106.

MARTIN, R.J. (1982). Electrophysiological effects of pipera-
zine and diethy1carbmazine on Ascaris suum somatic
muscle. Br. J. Pharmacol., 77, 255-265.

MOTOKIZAWA, F., REUBEN, J.P. & GRUNDFEST, H. (1969).
Ionic permeability of the inhibitory postsynaptic mem-
brane of Lobster muscle fibers. J. Gen. Physiol., 54, 437-
461.

NISTRI, A. & CONSTANTI, A. (1979). Pharmacological char-
acterization of different types of GABA and glutamate
receptors in vertebrates and invertebrates. Prog. Neuro-
biol., 13, 117-235.

OLSEN, R.W. (1981). GABA-benzodiazepine-barbiturate
receptor interactions. J. Neurochem., 37, 1-13.

OLSEN, R.W. & SNOWMAN, A.M. (1982). Chloride-
dependent enhancement by barbiturates of gamma-
aminobutyric acid receptor binding. J. Neurosci., 12,
1812-1823.

PIGGOTT, S.M., KERKUT, G.A. & WALKER, R.J. (1977). The
actions of picrotoxin, strychnine, bicuculline and other
convulsants on the responses to acetylcholine, glutamic
acid and gamma-aminobutyric acid on Helix neurones.
Comp. Biochem. Physiol., 57C, 107-116.

PINNOCK, R.D., DAVID, J.A., SATTELLE, D.B. (1988). Ionic
events following GABA receptor activation in an identi-
fied insect motor neuron. Proc. R. Soc. B, 232, 457-470.

PITMAN, R.M. & KERKUT, G.A. (1970). Comparison of the
actions of iontophoretically applied acetylcholine and
gamma-aminobutyric acid with the EPSP and IPSP in
cockroach central neurones. Comp. Gen. Pharmacol., 1,
221-230.

ROBERTS, C.J., KROGSGAARD-LARSEN, P. & WALKER, R.J.
(1981). Studies on the action of GABA, muscimol and
related compounds on Periplaneta and Limulus central
neurones. Comp. Biochem. Physiol., 69C, 7-11.

ROBINSON, T.M., MAcALLAN, D., LUNT, G.G. & BAT-
TERSBY, M. (1986). y-Amino-butyric acid receptor
complex of insect CNS: characterisation of benzodiaz-
epine binding site. J. Neurochem., 47, 1955-1962.

SATTELLE, D.B., PINNOCK, R.D., WAFFORD, K.A. &
DAVID, J.A. (1988). GABA receptors on the cell-body
membrane of an identified insect motor neuron. Proc.
R. Soc. B, 232, 443-456.

SCOTIT, R.H. & DUCE, I.R. (1987). Pharmacology of GABA

receptors on skeletal muscle fibres of the locust
(Schistocerca gregaria). Comp. Biochem. Physiol., 86C,
305-311.

SLATER, N.T. & CARPENTER, D.O. (1984). A study of the
cholinolytic actions of strychnine using the technique of
concentration jump relaxation analysis. Cell. Mol.
Neurobiol., 4, 263-271.

SMART, T.G. & CONSTANTI, A. (1986). Studies on the
mechanism of action of picrotoxinin and other convuls-
ants at the crustacean muscle GABA receptor. Proc. R.
Soc. Lond., 227, 191-216.

SQUIRES, R.F., CASIDA, J.E., RICHARDSON, M. & SAE-
DERUP, E. (1983). [35S_] t-Butylbicyclophos-
phorothionate binds with high affinity to brain-specific
sites coupled to y-aminobutyric-acid A and ion recogni-
tion sites. Mol. Pharmacol., 23, 326-336.

STEWARD, E.G., BORTHWICK, R.W., CLARKE, G.R. &
WARNER, D. (1975). Agonism and antagonism of 4-
aminobutyric acid. Nature, 256, 600-602.

TAKEUCHI, A. & TAKEUCHI, N. (1967). Anion permeability
of the inhibitory postsynaptic membrane of the crayfish
neuromuscular junction. J. Physiol., 191, 575-590.

VEHOVSKY, A., BOKISCH, A.J., KROGSGAARD-LARSEN, P.
& WALKER, R.J. (1989). Pharmacological profile of y-
aminobutyric acid (GABA) receptors of identified
central neurones in Helix aspersa. Comp. Biochem.
Physiol., 92, 391-400.

WALDROP, B., CHRISTENSEN, A. & HILDREBRAND, J.G.
(1987). GABA-mediated synaptic inhibition of projec-
tion neurons in the antennal lobes of the sphinx moth,
Manduca sexta. J. Comp. Physiol. A, 161, 23-32.

WALKER, R.J. & HOLDEN-DYE, L. (1989). Commentary on
the evolution of transmitters, receptors and ion chan-
nels in invertebrates. Comp. Biochem. Physiol., 93A,
25-40.

WALKER, R.J., CROSSMAN, A.R., WOODRUFF, G.N. &
KERKUT, G.A. (1971). The effect of bicuculline on the
gamma-aminobutyric acid (GABA) receptor of neur-
ones of Periplaneta americana and Helix aspersa. Brain
Res., 33, 75-82.

WALKER, R.J. & ROBERTS, C.J. (1982). The pharmacology
of Limulus central neurones. Comp. Biochem. Physiol.,
72C, 391-401.

WANGEMANN, P., WITTNER, M., DI STEFANO, A.,
ENGLERT, H.C., LANG, H.J., SCHLATTER, E. & GREGER,
R. (1986). Cl--channel blockers in the thick ascending
limb of the loop of Henle. Structure activity relation-
ships. Pflugers Arch., 47, (Suppl. 2), S128-S141.

WANN, K.T. (1987). The electrophysiology of the somatic
muscle cells of Ascaris suum and Ascaridia galli. Parasi-
tology, 94, 555-566.

WERMUTH, C.G. & BIZItRE, K. (1986). Pyridazinyl-GABA
derivatives: a new class of synthetic GABA-A antago-
nists. Trends Pharmacol. Sci., 7, 421-424.

YAROWSKY, P.J. & CARPENTER, D.O. (1978). Receptors for
gamma-amino butyric acid (GABA) on Aplysia neur-
ones. Brain Res., 144, 75-94.

(Received April 28, 1989
Revised July 11, 1989

Accepted July 19, 1989)


