J. Bormann,

Group Leader,
Department of Cell
Physiology, Ruhr-
University Bochum,
D-44780 Bochum,
Germany.

E-mail:
Joachim.Bormann@
ruhr-uni-bochum.de

16

VIEWPOINT

eosinophilia by selective histamine and 5-HT receptor antagonists in a
mouse model of allergic asthma. Br. J. Pharmacol. 124, 857-864

16 Cazzola, M. et al. (1990) Effect of ketanserin, a new blocking agent of the
5-HT, receptor, on airway responsiveness in asthma. Allergy 45, 151-153

17 Cazzola, M. et al. (1992) Effect of the selective 5-HT, antagonist
ketanserin on adenosine-induced bronchoconstriction in asthmatic
subjects. Immunopharmacology 23, 212-218

18 Stott, D J. et al. (1988) The effects of the 5 HT, antagonist ketanserin
in adult atopic asthma. Eur. J. Clin. Pharmacol. 35, 209-212

19 So, S.Y. et al. (1985) Selective 5-HT, receptor blockade in exercise-
induced asthma. Clin. Allergy 15, 371-376

20 Prezant, D.J. and Aldrich, T.K. (1988) Intravenous droperidol for the

treatment of status asthmaticus. Crit. Care Med. 16, 96-97

Cazzola, M. et al. (1990) Acute effects of urapidil on airway response in

hypertensive patients with chronic obstructive pulmonary disease. Drugs

40 (Suppl. 4), 71-72

22 Lechin, F. et al. (1998) Neuropharmacologic treatment of bronchial
asthma with the antidepressant tianeptine: a double-blind, crossover
placebo-controlled study. Clin. Pharmacol. Ther. 64, 223-232

23 Smoller, J.W. et al. (1998) Sertraline effects on dyspnea in patients with
obstructive airways disease. Psychosomatics 39, 24-29

2

—_

24 Celada, P. et al. (1994) Effects of chronic treatment with dexfenfluramine
on serotonin in rat blood, brain and lung tissue. Life Sci. 55, 1237-1243

25 James, K.M. and Bryan-Lluka, L.J. (1997) Efflux studies allow further
characterisation of the noradrenaline and 5-hydroxytryptamine transporters
in rat lungs. Naunyn-Schmiedeberg’s Arch. Pharmacol. 356, 126-133

26 Lee, Y.L. et al. (1999) Administration of interleukin-12 prevents mite
Der p 1 allergen-IgE antibody production and airway eosinophil infiltration
in an animal model of airway inflammation. Scand. J. Immunol. 49, 229-236

Chemical names

MK571: 3-([{3-(2-[7-chloro-2-quinolinyl|ethenyl)phenyl }- { (3-
dimethyl-amino-3-oxopropyl)-thio }-methyl|thio)propanoic
acid

MKS886: 3-[1-(p-chlorobenzyl)-5-(isopropyl)-3-tert-butylthioindol-
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The ‘ABC’ of GABA receptors

Joachim Bormann

In the conventional view, GABA acts at either ionotropic GABA, or metabotropic GABA; receptors. Recently, novel
ionotropic GABA receptors that are composed of p-subunits have been identified in the vertebrate retina. These
bicuculline- and baclofen-insensitive GABA receptors are frequently called GABA, following an early suggestion
by Graham Johnston and colleagues. An [UPHAR committee has recommended that the term GABA be avoided and
subclassifies the retinal receptors as GABA,,,. However, new evidence regarding the pharmacology, structure,
function, genetics and cellular localization of ionotropic GABA receptors strengthens the case for the existence of

two major classes of these receptors, GABA, and GABA.

In the vertebrate CNS, GABA is the most widely distributed
inhibitory neurotransmitter!. Initially, GABA was found to
activate bicuculline-sensitive Cl~ channels and, subsequently,
GABA-mediated activation of cation channels was discov-
ered>3. This finding led to the notion of GABA ,- and GABA;~
type receptors, which was introduced in 1981 by Hill and
Bowery3. The GABA, receptor directly gates a Cl~ iono-
phore and has modulatory binding sites for benzodiazepines,
barbiturates, neurosteroids and ethanol>* (Fig. 1a, b). By
contrast, GABA}, receptors couple to Ca?>* and K* channels
via G proteins and second messenger systems; they are activated
by baclofen and are resistant to drugs that modulate GABA
receptors>>>. Early studies by Johnston and colleagues indi-
cated that the partially folded GABA analogue cis-4-amino-
crotonic acid (CACA) selectively activates a third class of
GABA receptors in the mammalian CNS (Ref. 6). These re-
ceptors, which were tentatively designated GABA(, in 1984
(Ref. 6), are Cl~ pores that are insensitive to both bicuculline
and baclofen®? (Fig. 1¢). Only recently has it been possible to
study these novel GABA receptors at the molecular level in
clearly defined subpopulations of retinal neurones’”>!? Several
lines of evidence now indicate that GABA. receptors are
composed of p-subunits®'2. Heterologously expressed, these
subunits form homooligomeric channels with the characteris-
tic GABA. pharmacology®7%11.13, In the mammalian retina,
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p-subunits and GABA( responses colocalize in bipolar
cells’10and are spacially and functionally distinct from
GABA, or glycine receptors!®!4.

An ITUPHAR committee has provisionally recommended
that the term GABA. be avoided and classifies bicuculline-
and baclofen-insensitive GABA receptors as a minor sub-
species of GABA, receptors!®. This article aims to examine
these provisional recommendations. The term ‘GABA’ not
only represents a logical and convenient extension of the
GABA,, GABAj nomenclature®, but is now strongly sup-
ported by accumulating evidence on the distinctive pharma-
cology, structure, function, genetics and cellular localization
of these ionotropic GABA receptors.

IUPHAR classification of GABA, receptors

In a worthwhile attempt at the initial classification of a ligand-
gated ion channel, a ‘provisional version’ of GABA receptor
classification was published as an IUPHAR report!>. On the
basis of subunit structure and receptor function, this report,
which was written by leading experts in the GABA, field, has
catagorized the a3y-subunit-containing receptors as GABA
to GABA,; according to the a-subunit present, and catego-
rized the benzodiazepine-insensitive 38 or o€ isoforms as
GABA,, receptors. Because all these subtypes are bicuculline
sensitive, the term GABA,, was invented to classify the
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p-containing GABA receptors as a specialized set of GABA
receptors that are insensitive to both bicuculline and benzo-
diazepines.

Although it is reasonable to divide GABA receptors into
ionotropic and metabotropic GABA receptor types, it is mis-
leading to call all ionotropic GABA receptors GABA , recep-
tors. Such nomenclature obscures the sound notion of bicu-
culline-insensitive GABA receptors with distinct properties
that clearly differ from classic bicuculline-sensitive GABA
receptors. In addition, the IUPHAR classification ‘relies on
the [..
and, therefore, native GABA receptors are not directly
addressed.

Two formal arguments against the GABA - terminology are
noted in the IUPHAR report: (1) it would be unsatisfactory
to separate two branches of ionotropic GABA receptors
(GABA, and GABA ) with a metabotropic family, GABA,
lying between them; and (2) if the designation of GABA,
were retained, it would be difficult to refuse any extension to

.] data available on the recombinant GABA receptors’'>

GABA,, etc. These arguments are not convincing because
IUPHAR accepts that the ionotropic 5-HT} receptor should
be placed within a group of several different metabotropic
5-HT receptors!'®!

Why should one have the ‘ABC’ of GABA receptors?
Pharmacology

GABA(. receptors are a pharmacologically distinct group.
Whereas GABA,, and GABAj receptors are defined by their
respective sensitivities to bicuculline and baclofen®*8, GABA
receptors do not respond to either drug. The different phar-
macological profiles of GABA and GABA, receptors are
illustrated in Table 1. Notably, CACA is a selective agonist for
GABA_ receptors but inactive at GABA, receptors, whereas
the trans-enantiomer TACA shows no such preference®7.%10,
Furthermore, TPMPA [(1,2,5,6-tetrahydropyridine-4-yl)
methylphosphinic acid] has been identified as a potent and
highly selective antagonist for GABA. receptors?’2!. GABA
receptors are insensitive to GABA ,-modulatory drugs such
as benzodiazepines, barbiturates and neurosteroids”-%1%17. The
Cl~ channel blocker picrotoxinin is a strong antagonist at both
GABA, and p1 homomeric GABA receptors>*-!!; however,
p2 homooligomers and rat native GABA_, receptors that are
composed of p1p2 are rather insensitive to this compound”!3.

Function

Electrophysiological responses of native or recombinant
GABA( receptors also differ markedly from those of GABA
receptors (Table 2). GABA( receptors are about tenfold
more sensitive to the physiological agonist®7.%-10.17; the Hill
slopes are steeper for GABA - receptors, which probably reflects
the presence of five ligand binding sites on GABA. recep-
tors” 10, whereas only two appear to be present on GABA,
receptors>*%10. Both activation and inactivation time constants
are very slow, albeit differing among p1, p2 and p1p2 GABA,
receptors'32223. These findings have been taken as further
evidence for rat retinal GABA . receptors being p1p2 pseudo-
homooligomers!?13. A remarkable and physiologically signifi-
cant feature of GABA_. receptors is their very weak desen-
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Fig. 1. Multiplicity of ionotropic GABA receptors. (a) The GABA, receptor is a Cl~ pore with ~5 A diameter
and modulatory binding sites for benzodiazepines, barbiturates and neurosteroids. The GABA responses
are blocked competitively by bicuculline and noncompetitively by picrotoxinin; they are modulated intra-
cellularly by protein kinases, such as protein kinases A and C. The GABA, receptor agonist CACA (cis-
4-aminocrotonic acid) and the GABA, receptor antagonist TPMPA [1,2,5,6-tetrahydropyridine-4-yl(methyl-
phosphinic acid)] have no effect (red crosses). Likewise, the GABA receptor agonist baclofen is inactive.
The vertebrate GABA, receptor complex is built from five subunits belonging to different families
(a1-6, B1-4, y1-4, 3, e and m). (b) Each subunit comprises four transmembrane domains (TM1-TM4).
The large intracellular loop between TM3 and TM4 contains consensus sites for phosphorylation by pro-
tein kinases (P). The amphiphilic TM2 provides the lining of the CI- pore intrinsic to the pentameric struc-
ture. The most abundant GABA, receptor in the brain is the 1322 isoform. (¢) The membrane topol-
ogy of GABA, receptors is assumed to be very similar to that of GABA, receptors. However, GABA,
receptors are composed exclusively of p (p1-3) subunits, which can assemble into either homooligomeric
or pseudohomooligomeric (e.g. p1p2) receptors. The GABA, receptor is also a Cl— pore and is activated
selectively by CACA,; it is blocked competitively by TPMPA and noncompetitively by picrotoxinin. Bicu-
culline, baclofen as well as GABA,-modulatory drugs are all inactive at this GABA receptor (red crosses).
GABA responses are downregulated upon intracellular phospharylation by protein kinase C.

sitization, even at very high concentrations of agonist®7.%10.17.24,
The robust and sustained responses and the high agonist sen-
sitivity make GABA(. receptors ideally suited for mediating
strong lateral inhibition in the vertebrate retina'®. At the
molecular level, GABA - receptors display a very low single-
channel conductance but rather long mean open times®7-%10.
As expected for ligand-gated Cl~ channels, both ionotropic
GABA receptor types have a high Cl~ selectivity and a similar
pore size”-%:10,
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Table 1. Differential pharmacology of GABA; and GABA, receptors

Ligand GABA_ receptor  GABA, receptor  Refs

Bicuculline Inactive Antagonist 2,4,6,10,17-19
Baclofen Inactive Inactive 2,6,7,9,10,17
Picratoxinin Antagonista Antagonist 2,6,7,9-11,13,17,18
TACA Agonist Agonist 6.7,9,10,19
CACA Agonist Inactive 6.7,9,10,19
TAMP Agonist Weak agonist 6,19

CAMP Agonist Inactive 6,19

Muscimol Partial agonist Agonist 2,4,6,7
Isoguvacine Weak antagonist Agonist 2,4,20

THIP Weak antagonist Agonist 2,6,19

[4AA Antagonist Agonist 19,20

TPMPA Antagonist Inactive 20,21
1,4-Benzodiazepines  Inactive Modulators? 7,9,10,17,18
Triazolopyridazines Inactive Modulators? 9,10
Imidazopyridines Inactive Modulators? 9,10
Barbiturates Inactive Modulators 7,9,10,17,18
Neurosteroids Inactive Modulators 7,9,10

aStrong antagonist only for p1 homooligomeric receptors.

"Not active at a4y, abB+y, o3 and e GABA, receptor subtypes's. Abbreviations: CACA, cis-4-amino-
crotonic acid; CAMP, cis-2-aminomethyl-cycloproprane carboxylic acid; I14AA, imidazole-4-acetic acid; TACA,
trans-4-aminocrotonic acid; TAMP, trans-2-aminomethyl-cycloproprane carboxylic acid; THIP, 4,5,6,7-
tetrahydroisoxazolo[5,4-c]pyridine-3-ol; TPMPA, (1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid.

Structure

GABA_. receptors are also structurally distinct from GABA
receptors. Although fully functional GABA, receptors re-
quire heterooligomeric formation of a-, 3- and y-subunits*?>,
GABA_. receptors can assemble as homooligomers”-1113.18.19,
To date, three different p-subunits (p1—p3) have been
cloned from several mammalian and vertebrate species®. The
p-subunits share only 30-38% amino acid sequence identity
with the GABA, receptor subunits and they mediate robust
bicuculline-insensitive GABA responses in heterologous
expression systems”-!-18:19 There is no evidence so far from
heterologous expression systems that the p-subunits co-
assemble with the GABA, receptor a-, B- and y-subunits,
or with the glycine receptor B-subunit!$19.

In the rat retina, GABA, receptors are probably pseudo-
homooligomers composed of p1- and p2-subunits'>'3; the
p1p2 receptors display characteristic activation and inactivation
properties that differ from those of either form of homo-
oligomer'213. Because the p1-subunit is expressed predomi-
nantly in the retina, GABA. receptors in other CNS regions
are probably p2 homooligomers!213.26,

Table 2. Functional comparison of GABA; and GABA, receptors

Property GABA; receptor GABA, receptor Refs

GABA ECy, 1-4 5-100 M 6,7,9,10,17
Hill slope 3-5 2 6.7,9,10
Activation/inactivation Slow Fast 13,22, 23
Desensitization Weak Strong 6,7,9,10,17, 24
Conductance 7pS 27-30 pS 2,6,7,9,10
Open time 150-200 ms 25-30 ms 2,6,7,9,10
Selectivity Anions (CI-) Anions (CI-) 6,7,9,10,17
Pore size 514 56 A 7.9,10
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Cellular localization

GABA . receptors show a distinct cellular and subcellular local-
ization. Although GABA, receptors are present in all CNS
regions, GABA - receptors are highly enriched in the vertebrate
retina’-?7-28, Using a polyclonal antibody, the p-subunits have
been localized to the axon terminals and dendrites of bipolar
cells'27.28, Synaptic GABA - receptors comprising p-subunits
are clustered in hot spots, but GABA and GABA, receptor
subunits do not colocalize in the same hot spots to form hybrid
receptors'. Moreover, p-subunits and glycine receptor
subunits are also clustered at different synapses'*.

The intracellular anchoring of GABA - receptors is also dis-
tinct from that of GABA,, receptors. Colocalizaton of GABA
receptors and microtubule-associated protein (MAP-1B) has
been shown at postsynaptic sites on bipolar cell terminals®®,
which indicates that GABA. receptors are linked to the cyto-
skeleton via MAP-1B. This cytoskeletal protein specifically
interacts with the p1-subunit but not with the GABA , recep-
tor subunits. For GABA, receptors, a new cellular protein,
GABA ,-receptor-associated protein (GABARAP), has been
identified, which interacts with the y2-subunit and colocalizes
with GABA, receptors on cortical neurones®. These mecha-
nisms might allow ionotropic GABA,, and GABA_, receptors
to be expressed differentially at inhibitory synapses3-3!.

Genetics

The genes for GABA_. receptor subunits are differentially
localized within the genome. Inspection of the chromosomal
localization of the genes encoding GABA, and GABA_. re-
ceptor subunits reveals the existence of discrete gene clusters.
In the case of the GABA, receptor, each cluster on human
chromosomes 4, 5, 15 or X contains the genes for a, 3 and
v/€ (Ref. 15), a stoichiometry that would account for most of
the native GABA, receptors®. Not only do these findings
suggest a possible relationship with subunit coexpression!®,
but McLean and colleagues have obtained evidence that these
clusters derive from an ancestral a3y gene cluster’2. The genes
for the p1-and p2-subunits are separated from these clusters and
lie together on human chromosome 6 or mouse chromosome
4 (Ref. 15). The distinct chromosomal localizations of the
genes for ionotropic GABA receptors further corroborate the
clear distinction between GABA, and GABA_- receptors.

Concluding remarks

Are the p-subunit-containing GABA receptors best classified
as a specialized set of GABA , receptors, as provisionally pro-
posed by the [TUPHAR (Ref. 15)? Apparently not. Increasing
knowledge of the differential pharmacology, structure, func-
tion, genetics and cellular localization of ionotropic GABA
receptors already justifies the widely used GABA. termi-
nology. Revising the provisional recommendations of the
IUPHAR committee on GABA receptor nomenclature will
not only keep track with recent progress but will also clarify
the ‘ABC’ of GABA receptors!
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Sensible use of antisense: how to use
oligonucleotides as research tools

Kathleen J. Myers and Nicholas M. Dean

Inthe pastdecade, there has been a vastincrease in the amount of gene sequence information that has the potential
to revolutionize the way diseases are both categorized and treated. Old diagnoses, largely anatomical or descriptive
in nature, are likely to be superceded by the molecular characterization of the disease. The recognition that certain
genes drive key disease processes will also enable the rational design of gene-specific therapeutics. Antisense
oligonucleotides represent a technology that should play multiple roles in this process.

Antisense oligonucleotides are short stretches of synthetic,
chemically modified nucleic acids designed to hybridize to
complementary mRINA sequences and block production of
proteins encoded by the targeted mRNA transcripts. In prin-
ciple, the rapid and specific inhibition of gene product expres-
sion makes antisense technology conceptually appealing for
analysis of the function of newly discovered genes. However,
antisense oligonucleotides are also being developed as drugs
in their own right, with about a dozen products currently
winding their way through various stages of clinical trials.

Although antisense oligonucleotides are being widely used
as research tools, there is still considerable confusion about the
design and interpretation of experiments using this approach.
Antisense technology offers the potential for finely-honed
specificity but, as is true for any pharmacological intervention,
erroneous conclusions can ensue when experiments are poorly
designed or inadequately controlled. The purpose of this arti-
cle is to provide some guidelines for the use of antisense oligo-
nucleotides in research. Some of the caveats involved in
designing oligonucleotides and screening for activity will be
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