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1 Intracellular recordings from adult rat dorsal root ganglion neurones were performed in vitro and
the coexistence of two y-aminobutyric acid (GABA) receptors on the membrane of identified AS
and C primary afferents was demonstrated.

2 Transient applications of GABA (1075 — 1072M) evoked dose-dependent depolarizations and
increased membrane conductance. The responses were mimicked by muscimol, isoguvacine, THIP
and 3 amino propane sulphonic acid (3 APS); they were blocked by bicuculline and picrotoxin.
Pentobarbitone induced an increase of GABA-induced depolarizations.

3 Perfusion of tetraethylammonium (TEA, 7.5mM) and intracellular injection of Cs* ions
unmasked the Ca?* component of action potentials, which appeared as long-lasting plateau
depolarizations. Such action potentials were shortened in the presence of methoxyverapamil (D600,
5 x 1076-107°M) and in a medium without Ca* ions.

4 Prolonged (5-10 min) perfusion of GABA (10~°-1075M) shortened the Ca?* component of
action potentials. This effect was mimicked by baclofen (1077-5x 107°M) and muscimol
(5% 1077-10"°M) and was not affected by bicuculline perfusion (5 x 107-10-°Mm). Isoguvacine
(2.5 x 10~3M) did not affect action potential duration.

§ It is concluded that two GABA receptors coexist on the membrane of slow conducting primary
afferents: the bicuculline-sensitive GABA 4 receptor mediates depolarizations and the bicuculline-

insensitive GABAp receptor shortens the calcium component of action potentials.

Introduction

Classically, y-aminobutyric acid (GABA)-induced
presynaptic inhibitions have been related to the de-
polarizing action of GABA, monitored in the spinal
cord by means of either excitability tests (for refer-
ences see Curtis & Lodge, 1982 and Rudomin &
Jankowska, 1982) or intraaxonal recordings from
large primary afferents (Jankowska et al. (1982).
However, a recent study performed on sympathetic
ganglia showed that the GABA-induced decrease of
acetylcholine release was insensitive to bicuculline,
which blocked GABA-induced depolarizations
(Brown & Higgins, 1979) and pharmacological dis-
crepancies have been described between dorsal root
depolarizations and the depressant action of GABA-
related compounds on synaptic activity (Allan et al.,
1980). Recently, a bicuculline-insensitive GABA re-

!Present address: Instituto di Fisiologia Umana, Via A.
Doria 6, 95125 Catania, Italy.

ceptor (GABAGg) has been described (Hill & Bow-
ery, 1981), the activation of which decreases trans-
mitter release in various central and peripheral prep-
arations. Thus, GABA-ergic presynaptic inhibitions
seem to be mediated by at least two pharmacological-
ly distinct receptors: GABAA and GABAg. The
GABA, receptor is selectively activated by
isoguvacine and specifically blocked by bicuculline,
the GABAg receptor is selectively activated by (—)-
baclofen and insensitive to bicuculline. Elec-
trophysiological studies on dorsal root ganglion cells
indicate that the activation of GABA, receptors
induces a chloride-dependant depolarization of sen-
sory neurones (see Gallagher et al., 1978; Désarme-
nien et al., 1980). In cultured chick dorsal root gangl-
ion neurones, GABAg receptors activation can be
monitored as a shortening of the calcium component
of action potentials (Dunlap, 1981).

To study these two types of GABA action we have
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made intracellular recordings from various types of
dorsal root ganglion (DRG) neurones and have de-
monstrated the coexistence of GABA, and GABAp
receptors on both Ad and C primary afferents. These
slow conducting afferents were chosen because: (1)
Ad and C DRG cells are depolarized by GABA,
although to a lesser extent than are large fast con-
ducting neurones (Désarmenien, et al., 1981b). (2)
GABA depolarizes unmyelinated sensory fibres
(Brown & Marsh, 1978) and a spinal presynaptic
inhibition of C fibres has been demonstrated (Calvil-
lo etal, 1982); (3) they often display action potentials
with a calcium component (Yoshida & Matsuda,
1979), a prerequisite for the mode of elec-
trophysiological detection of GABAp receptors
selected. A preliminary account of this work has been
published (Désarmenien et al., 1982).

Methods

Lumbar dorsal root ganglia (L;—Ls) were dissected
out from Charles River rats (4-8 weeks old) and one
selected ganglion was placed in a superfusion
chamber on the stage of a microscope, following the
procedure already described (Désarmenien et al.,
1981a). Under visual control (magnification x 320),
small neurones were selected and impaled with glass
microelectrodes (tip resistance 50-150MQ) con-
taining K-acetate (4 M), CsCl or Cs,SO4 (2 M). Anti-
or ortho-dromic action potentials were evoked at two
different distances from the ganglion and conduction
velocity was calculated from the difference between
their latencies (see details in Désarmenien et al.,
1983). Hyperpolarizing current pulses (0.05-1nA;
60 ms at 1 Hz) were applied to monitor membrane
resistance via a conventional bridge circuit.

The ganglion was continuously superfused with
Ringer solution of the following composition (mM):
NaCl 124, KCl1 2, KH,PO, 1.25, MgSO, 2, CaCl, 2,
NaHCO; 25 and glucose 11. The solution was main-
tained at 30-35°C and bubbled with 95% O, and
5%CO, (pH 7.4). A rate of flow of 1-3 mlmin~!
allowed rapid exchanges in the chamber (total vol-

ume: 0.25 ml). Ca*-free solutions were obtained by
substitution of CaCl, with MgCl,. Baclofen was pre-
pared from a stock solution at 10~2M (diluted in HC1
0.1N; pH adjusted to 3 with NaOH).

Drugs were applied by continuous or transient
perfusion: 5 pul drops of calibrated solutions placed
directly in the perfusion stream (see details in Dé-
sarmenien et al., 1981a). The drugs used in this study
were: GABA (SIGMA and N & B Co), muscimol
(gift from Synthelabo Paris), 3 amino propane sul-
phonic acid (3 APS, K and K laboratories)
isoguvacine (gift from Dr Krogsgaard Larsen),
bicuculline (Pierce and Synthelabo), picrotoxin
(Sigma), pentobarbitone (May & Baker), (1)-8-p-
chlorophenyl-GABA (baclofen, Ciba-Geigy), (—)-
baclofen (Ciba-Geigy), methoxyverapamil hydroch-
loride (D600, Knoll) and tetraethylammonium
Cl (TEA-Merck and Flucka).

Results

The results presented here were obtained from 121
small surface neurones (mean diameter
31.4%1.8 um; n=40). Only cells with a conduction
velocity slower than 15 ms™! were considered, except
for 8 unidentified neurones on which the calcium
component of action potentials was studied.
Neurones with a conduction velocity slower than
2.1 ms~! were classified as C cells and those with a
conduction velocity between 2.5 and 15ms™~! were
considered as AJd; some of their characteristics are
indicated in Table 1.

GABA-induced depolarizations

Drop applications of GABA elicited transient de-
polarizations and decreased membrane resistance in
all 11 Aé and 29 C cells tested. The amplitude of the
responses was dose-dependent within the range
10~6-1072M, the maximal amplitude of the response
being 10.8+ 1 mV inthe Ccellsand 15.7+2.5mVin
the AJ cells. Successive applications produced prog-
ressively smaller responses, similar to what we have

Table 1 Electrophysiological characteristics of Aé and C dorsal root ganglion cells

Vcond. IR Diameter
(ms~7) (mV) mQ) (pm)
Ccells 0.741+0.05 64+1.8 49+7 25+1.2
n=56 n=56 n=41 n=24
AJ cells 8.9+0.5 64115 38+4 40*3
n=65 n=63 n=236 n=16

V cond. = conduction velocity; RP = resting membrane potential; IR = input resistance. Numbers (n) indicate the

number of cells and the values are indicated * s.e.mean.
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Figure 1 Pharmacological characteristics of the GABA4 receptor. (a) GABA-induced depolarization and
decrease in membrane conductance are mimicked by a series of agonists. Note that different concentrations lead to
comparable responses, illustrating the relative potency of the various agonists. Transient hyperpolarizations (1 nA,
60 ms) monitor the membrane resistance. C cell (V cond= 0.6 ms™!) resting potential— 75 mV, membrane resis-
tance 13 MQ. (b) GABA-induced responses are reversibly reduced by a previous application of bicuculline (Bicuc,
middle) or picrotoxin (Picro, right). Note that GABA and the antagonists were applied transiently by drop (see
methods), this explains the relatively high concentrations used. Transient applications of KCl (left) monitor the
dilution of the drops in the bath, used to calculate the concentration attained over the cell. C cells (V
cond = 0.4 ms~!) resting potential —85 mV, membrane resistance 230 MQ.

Musc = muscimol; 3 APS = 3 amino propane sulphonic acid; Isog = isoguvacine.

described in large neurones as due to a desensitiza-
tion process. This property of GABA 4 receptors was
used to perform cross-desensitization tests between
GABA and all agonists tested.

As shown in Figure 1, the responses were mimick-
ed by muscimol (15 C and 5 Aé cells), 3 APS (11 C
and 5A4 cells) and isoguvacine (10 Cand 5 A4 cells),
which were respectively 3 times, 0.45 times and 0.3
times as potent as GABA. Bicuculline (1075-107*M,
8 Cand 5 A4 cells) and picrotoxin (1075-1073Mm, 6C
and 3 AS cells) applied by drop 5s before GABA
(107°-107%M), decreased the depolarizations by
66*11% and 71+30% respectively (Figure 1).
Pentobarbitone applied similarly, enhanced the de-
polarizations obtained with low doses of GABA
(5x 1073M) by 71.5+20% in 8 C and 2 A4 cells.

The calcium component of action potentials

The duration of action potentials was measured as

the time during which they decayed from their maxi-
mal value to half this maximum, also called time to
half decay and referred to as t.h.d.

Perfusion of tetraethylammonium (TEA,
7.5-10 mM) increased the t.h.d. upto 70msin 17 C
and 6 AJ cells (initial spike duration 3.4+0.3 and
1.3+0.2 ms respectively).

Injection of Cs* ions from the recording mic-
ropipette, by means of depolarizing current pulses
(0.1-1nA, 60ms at 1Hz) progressively increased
the t.h.d. up to 230ms in 10 C cells (initial t.h.d.:
4.5%0.8 ms). The study of prolonged action poten-
tials was routinely performed by adding TEA
(7.5mM) to the medium at the beginning of the
experiments and starting Cs* injection immediately
after cell impalement. Under these conditions, the
action potential (26 * 11 ms at impalement, n= 49)
was progressively prolonged in a long-lasting de-
polarization (1.7 £ 1.4s, n=42) as shown in Figure 3.

Substitution of CaCl, by MgCl, induced a reversi-
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Figure 2 Action potential duration is reduced when
the stimulation frequency is increased in rat dorsal root
ganglion neurones. In four different cells, a control (C)
action potential was evoked every 2 mn and followed by
a test (T) action potential at varying intervals. Their
relative duration (T/C) was plotted against the stimula-
tion interval. Numbers in parentheses indicate the dura-
tion of the control action potential (ms).

ble shortening of prolonged action potentials by
70%£5% in 11 cells, and further addition of BaCl,
(5 mM) in this medium restored a similar or longer
plateau phase in 3 cells. Perfusion of D600
(5 x 1075-1073M) reversibly decreased the t.h.d. by
91+6% in 6 cells.

Stable action potential duration was a prerequisite
for the study of GABA actions on their calcium
component and this could be achieved satisfactorily
only after control of the membrane potential (by
manually controlled d.c. current injection) and
stimulation rate (maintained under 0.01-0.05 Hz).
The voltage-dependency of the spikes t.h.d. was de-
termined in 7 cells and a dramatic increase occurred
with depolarization (t.h.d. from 3 to 70 ms when the
membrane potential was varied from —60 to
— 10 mV). The sensitivity of spike t.h.d. to the stimu-
lation rate was determined in 10 cells, using paired
stimulations (50-0.05s stimulus-interval) applied
each 30s at least. A pronounced decrease of spike
t.h.d. (up to 70%) was observed with a spike-interval
shorter than 5 s (Figure 2).

GABAGg receptor activation

As shown in Figure 3, continuous perfusion of
GABA (107°-1073M; 5-16 min) reduced the t.h.d.
in 16 cells by 23.3+3.6% (7 C cells and 9 Aé cells).
This effect, which appeared progressively within
3-5 min, was reversible after washing and showed no
desensitization during prolonged perfusion; it ap-
peared with doses which affected neither the resting

potential nor the membrane resistance. Muscimol
(5% 10~7-10"°M) decreased the t.h.d. by 50 = 5% in
all cells tested. The effect was also mimicked by
(*)-baclofen and by (—)-baclofen (10~7-1075Mm;
3-15 min) which reduced the t.h.d. by 32+ 6% in 20
cells (17 Ad and 3C). In a large number of cells,
excess Cs* loading produced a continuous prolonga-
tion of action potentials and satisfactory measure-
ments of agonists effects on the t.h.d. could not be
made. However, we noticed that in these cells,
GABA and baclofen induced no marked reduction of
action potential t.h.d. Thus, 15 cells (2 with GABA
and 13 with baclofen) were recorded with K acetate
(4M) in the pipette instead of CsCl and agonists
reduced the t.h.d. in all these 15 cells. Bicuculline
alone generally prolonged the t.h.d.
(5 X 1075-1075M; 4 cells) by 100 to 140%, except in
one cell in which the t.h.d. was reduced by 45%
during bicuculline (1073M) perfusion. Input mem-
brane potential and resistance were unaffected by
bicuculline (8 cells). Bicuculline (1076-10-5M) was
applied during perfusion of GABA (1077, 10~5Mm; 2
cells), baclofen (1076-1075M; 9 cells), and muscimol
(1075M; 1 cell) and had no effect on the t.h.d. of
reduced action potentials. Isoguvacine
(1076-2.5 x 10~*M) did not affect the t.h.d. in the
three cells tested.

Discussion

Our results lead to the conclusion that GABA4 and
GABAg receptors coexist on As and C primary
afferent neurones. The clear similarities between the
pharmacological properties of GABA-induced de-
polarizations on the various classes of primary affer-
ents indicate a homogeneous class of GABA 4 recep-
tors, even though the ionic mechanisms they trigger
could differ somewhat from cell to cell (see discussion
in Désarmenien et al., 1983). On the other hand, the
shortening by GABA of the calcium component of
action potentials described here is probably due to
the activation of a receptor similar to the binding site
described by Bowery et al., (1981). Indeed, this site
binds baclofen (which is not active on GABA 4 recep-
tors, unpublished observations, and see Ault &
Evans, 1978) and muscimol (although with a lower
affinity) but not bicuculline, isoguvacine or THIP.
Furthermore, it has a higher affinity for GABA than
the GABA, site, and we observed that GABA shor-
tens action potentials at doses ( < 10~°M) at which it
does not affect membrane potential and resistance. A
comparison of dose-response relationships for
GABA, and GABAG effects could not be obtained
satisfactorily in DRG cells mainly because of the fast
desensitization of GABA, receptors, which intro-
duce unmeasurable underestimations of the depolar-
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Figure3 Reduction by GABAg agonists of the calcium component of action potentials in dorsal root ganglion cells.
(a) Left, antidromic action potential evoked from two distances from the ganglion and recorded in a C cell
(conduction velocity: 0.5ms™!). Right, superimposed action potentials recorded in a control medium, during
GABA perfusion and after washing, illustrating GABA-induced shortening of the calcium component of action
potentials. (b) Superimposed action potentials recorded in an Ad cell before, during and after perfusion of
(%)-baclofen, which had a similar action to that of GABA. Same calibrations as in top row. (c) Action potentials
recorded in an Ad cell illustrating the bicuculline-insensitivity of baclofen action. The following perfusion sequence
was applied: Control Ringer, baclofen (10-5M), baclofen (10-5M) + bicuculline (10-5M),baclofen, and control

Ringer.

TEA (7.5 mM in the medium) and Cs* (injected intracellularly) were present throughout these experiments.

ization and conductance changes; and also because of
technical difficulties (recording from small cells were
made for less than 1 h, precluding the application of
more than two doses of GABAp agonists). It is
noteworthy that the shortening of the calcium com-
ponent of action potentials described here (and in
Dunlap, 1981) could explain how GABAg receptor
activation decreases transmitter release at peripheral
and central synapses (Bowery et al., 1980; 1981).
The mechanism of this action, probably involving
an intracellular messenger from the GABAp recep-
tor to the ionic channels involved, remains to be
determined. One hypothesis to explain the GABA
effect on the action potential could be a reduction of
calcium currents, as suggested by Dunlap (1981);
GABA would thus act like noradrenaline in the

sympathetic ganglion (Galvan & Adams, 1982). On
the other hand, an involvement of potassium per-
meability cannot be excluded, since potassium chan-
nels of vertebrate neurones are not all blocked by
TEA (Adams et al., 1982). GABA would in this case
increase K* permeability, in opposition to 5-
hydroxytryptamine which decreases K* permeabili-
ty, via an increase of intracellular cyclic AMP (Siegel-
baum et al., 1982), in invertebrate neurones. GABA
could open or facilitate the opening of K* channels
activatable at depolarized potentials only (e.g. during
the plateau phase of action potentials); this
hypothesis is supported by the fact that we did not
observe GABA or baclofen-induced shortening of
action potentials in cells excessively loaded with Cs*
ions.
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In some peripheral preparations, it seems clear
that the GAB Ag receptor is the main factor modulat-
ing transmitter release (see Brown & Higgins, 1979;
Bowery et al.,, 1981) . The relative role of GABA
and GABAGg receptors is not so far established in the
spinal cord, like their relative distribution on the
various classes of primary afferents. As far as large
afferents are concerned, the presence of a GABA,
receptor is well documented (see Curtis & Lodge,
1982) and its functional role is supported at least by
the sensitivity of presynaptic inhibition to bicuculline
(Curtis et al, 1971). Although we could not detect a
GABAG receptor on these fibres, this is probably due
to the fact that they displayed action potentials with
little, if any, calcium component even in the presence
of TEA and Cs* (but see Kostyuk et al., 1981);
indeed, the fact that low concentrations of baclofen
produced a presynaptic inhibition of motoneuronal
excitatory postsynaptic potentials (Fox et al., 1978)
indicate that large afferents probably possess a func-
tional GABAg receptor.

Concerning the C fibres, it has been reported re-
cently that they are the target of a presynaptic inhibi-
tion, monitored as an increase of terminal excitability
(Calvillo et al., 1982). This suggests that the GABA 4
receptor which induces depolarizations of C fibres
(Brown & Marsh, 1978) and ganglion cells (Dé-
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