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Differential Maturation of GABA Action and Anion Reversal
Potential in Spinal Lamina I Neurons: Impact of Chloride
Extrusion Capacity
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A deficitin inhibition in the spinal dorsal horn has been proposed to be an underlying cause of the exaggerated cutaneous sensory reflexes
observed in newborn rats. However, the developmental shift in transmembrane anion gradient, potentially affecting the outcome of
GABA,, transmission, was shown to be completed within 1 week after birth in the spinal cord, an apparent disparity with the observation
that reflex hypersensitivity persists throughout the first 2-3 postnatal weeks.

To further investigate this issue, we used several approaches to assess the action of GABA throughout development in spinal lamina I
(LI) neurons. GABA induced an entry of extracellular calcium in LI neurons from postnatal day 0 (P0) to P21 rats, which involved T- and
N-type voltage-gated calcium channels. Gramicidin perforated-patch recordings revealed that the shift in anion gradient was completed
by P7 in LI neurons. However, high chloride pipette recordings demonstrated that these neurons had not reached their adult chloride extrusion
capacity by P10-P11. Simultaneous patch-clamp recordings and calcium imaging revealed that biphasic responses to GABA, consisting of a
primary hyperpolarization followed by a rebound depolarization, produced a rise in [Ca*>"];. Thus, even if E,,, predicts GABA ,-induced
hyperpolarization from rest, a low chloride extrusion capacity can cause a rebound depolarization and an ensuing rise in [Ca**]..

We demonstrate that GABA action in LI neurons matures throughout the first 3 postnatal weeks, therefore matching the time course
of maturation of withdrawal reflexes. Immature spinal GABA signaling may thus contribute to the nociceptive hypersensitivity in infant
rats.
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Introduction
Reports on cutaneous sensory responses in newborn rats reveal
striking differences with those of adults. The threshold for noci-
ceptive withdrawal reflexes is low in neonates and increases with
age, reaching adult values between postnatal day 12 (P12) and
P20 (Falcon et al., 1996; Jiang and Gebhart, 1998; Teng and Ab-
bott, 1998; Marsh et al., 1999). Electromyographic measurements
similarly reveal lower nociceptive threshold as well as prolonged
responses in newborns compared with adults (Fitzgerald and
Gibson, 1984; Jiang and Gebhart, 1998). Altogether, these reports
indicate exaggerated sensory responses in young animals com-
pared with adults.

Because cutaneous primary afferent properties at birth are
similar to those in adults, it has been suggested that central rather
than peripheral mechanisms are responsible for the postnatal
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changes in cutaneous sensory reflexes (Fitzgerald, 1987). The first
site within the CNS in which input from sensory fibers is inte-
grated is the dorsal horn of the spinal cord. Single-unit recordings
in vivo reveal that neonate dorsal horn neurons have prolonged
afterdischarges to both innocuous and noxious stimulation and
possess large receptive fields, in sharp contrast with the adult
phenotype, which is progressively reached by the end of the sec-
ond postnatal week (Fitzgerald, 1985). These features of imma-
ture dorsal horn neurons are typical of what is observed as a result
of disinhibition in the adult spinal cord (Game and Lodge, 1975;
Sorkin et al., 1998; Schwark et al., 1999), and thus the question
has been raised whether a deficit in spinal inhibition accounts for
the exaggerated responses observed in young animals (Fitzgerald,
1985; Baccei and Fitzgerald, 2004).

The principal inhibitory neurotransmitters GABA and glycine
have been shown in many regions of the CNS to be depolarizing
in neonates (for review, see Ben Ari et al., 1997), therefore pro-
viding a possible explanation for a deficit in inhibition. This de-
polarization results from the fact that the reversal potential for
GABA, and glycine receptor-mediated currents is more positive
than the resting membrane potential in immature neurons
(Kaila, 1994; Ben Ari et al., 1997). This has also been shown in the
dorsal horn, in which 40% of neurons at PO—P1 are depolarized
by GABA (Baccei and Fitzgerald, 2004). This depolarization does
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not appear to reach threshold for action potentials, and, from P6
onward, all neurons are hyperpolarized by GABA. It has therefore
been questioned whether GABA-induced depolarization can ac-
count for the proposed greater excitability in the dorsal horn
during the first 2-3 postnatal weeks (Baccei and Fitzgerald, 2004).
Suprathreshold responses to GABA are however not the only
mechanism by which the excitability of the network could be
raised. For example, a net change in the input/output curve of
dorsal horn neurons can occur with a slight depolarizing shift in
the anion reversal potential (E,,;,,) (Coull et al., 2003).

To further investigate this issue, we used several approaches to
assess the action of GABA throughout development in spinal
dorsal horn neurons. We focused on lamina I (LI) because this
layer constitutes one of the main output pathways for the relay of
nociceptive information to the brain [e.g., ~50% of the spino-
thalamic tract (Lima and Coimbra, 1988)]. We evaluated the
characteristics of GABA, receptor-mediated responses through
monitoring of intracellular calcium ([Ca**];), perforated and
whole-cell patch-clamp recordings, and measurement of Cl ~ ex-
trusion capacity in spinal slices obtained from rats at different
stages of postnatal development. Using this comprehensive ap-
proach, we demonstrate that, when diverse aspects of GABA
function are considered, GABA, receptor-mediated transmis-
sion does indeed reach its adult phenotype only by the end of the
third postnatal week, which is the time when young rats reach
their adult phenotype for nociceptive withdrawal reflexes.

Materials and Methods

All experimental procedures have been performed in accordance with
guidelines from the Canadian Council on Animal Care.

Preparation of spinal cord slices. Male Sprague Dawley rats (Charles River
Laboratories, Wilmington, MA), aged PO—P60, were anesthetized by hy-
pothermia (PO—P2) or with ketamine/xylazine (older than P2) and de-
capitated. The spinal cord was rapidly removed by hydraulic extrusion
and immersed in an ice-cold oxygenated (95%0,, 5%CO,) artificial CSF
(ACSF) solution containing the following (in mm): 252 sucrose, 2.5 KCl,
2 MgCl,, 2 CaCl,, 1.25 NaHPO,;, 26 NaHCO3, 10 glucose, and 5 kynure-
nate. Rats older than P14 were briefly perfused transcardially with this
solution before decapitation. The lumbar spinal enlargement was iso-
lated, 250-300 um slices were cut in the parasagittal plane using a Leica
(Nussloch, Germany) vibratome, and slices were allowed to recover for
15-30 min in an immersion chamber.

Calcium imaging. The spinal slices were loaded for 1 h with 10 um
fura-2 AM [1-10% DMSO in a HEPES-buffered solution composed of
the following (in mm): 10 HEPES, 126 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,,
and 23 glucose]. Slices were then transferred to an oxygenated ACSF
composed of the following (in mm): 126 NaCl, 2.5 KCl, 2 MgCl,, 2 CaCl,,
1.25 NaHPO,, and 26 NaHCOj;.

Intracellular [Ca®"] was measured fluorometrically using a Zeiss
(Oberkochen, Germany) Axioscope equipped with epifluorescence op-
tics and a T.I.L.L. Photonics (Martinsried, Germany) monochromator.
Regions of interest (for ratioing) were drawn on clearly distinct neuronal
cell bodies. Paired images (340 and 380 nm excitation, 510 nm emission)
were collected every 56 to 250 ms, and pseudocolor ratiometric images
were monitored during the experiments. Peak ratio responses are ex-
pressed as percentage of the baseline ratio.

Electrophysiology. After 1 h of recovery in oxygenated ACSF, individual
slices were transferred to a recording chamber and continuously super-
fused with oxygenated ACSF. For bicarbonate-free recordings, the slices
were superfused by the abovementioned HEPES-buffered ACSF (oxy-
genated with 100% O,). Patch pipettes (7-8 M(2) were pulled on a
two-stage vertical puller (PP-83; Narishige, Tokyo, Japan) and filled with
the following (in mwm): 140 K-methylsulfate, 2 MgCl,, 5 KCl, and 10
HEPES, pH 7.2 adjusted with KOH. This solution was complemented by
25 pg/ml gramicidin (Abe et al., 1994; Kyrozis and Reichling, 1995) and
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0.5% Lucifer yellow for perforated-patch experiments or 120 mwm fura-2
and 0.2% Neurobiotin, for simultaneous whole-cell patch-clamp and
calcium imaging.

For high pipette [Cl ~] recordings, K-methylsulfate was replaced with
KCl to obtain the desired pipette [Cl ~]. Because the purity of chloride
salts may vary between sources (DeFazio et al., 2000), the pipette [Cl ]
was confirmed through E_ ;. measurements from excised patch record-
ings. To inhibit potassium conductances, we also performed a series of
recordings with a cesium-based pipette solution containing the following
(in mm): 130 Cs-methanesulfonate, 5 CsCl, 2 MgCl,, 0.5 EGTA, 2 Tris-
ATP, 0.4 GTP, and 10 HEPES, pH 7.2 adjusted with CsOH.

Perforated-patch, whole-cell and excised patch recordings were made
using an Axopatch-200B amplifier (Axon Instruments, Union City, CA),
operating under current-clamp and voltage-clamp mode. Data were fil-
tered at 0.5-5 kHz, digitized at 1-16 kHz, and acquired using the Strath-
clyde electrophysiology software WinWCP (courtesy of Dr. J. Dempster,
University of Strathclyde, Glasgow, UK).

Monosynaptic IPSCs were evoked by electrical stimulation (50 uA,
100 ws) delivered focally via a patch micropipette placed in the vicinity of
the recorded cell as described previously (Chery and De Koninck, 1999).
Trains of stimuli (5-20 pulses of 100 ws duration each; 10—50 ms apart;
i.e., 20—100 Hz intraburst frequency) were delivered every 10 s.

Drug applications. Exogenous GABA (1 mm) and muscimol (100 pm)
(or 100-500 mMm KCl), dissolved into a HEPES-buffered solution, were
applied locally for 20-30 ms (unless otherwise specified) by pressure
ejection from a patch micropipette. Other drugs were bath applied as
follows: bicuculline methiodide (25 uMm; Research Biochemicals, Natick,
MA) for selective blockade of GABA , receptors; tetrodotoxin (TTX) (1
uM; Tocris Cookson, Ballwin, MO) to block action potential generation
and thus network activity; 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) (10 pm; Sigma, St. Louis, MO) or 6,7-dinitroquinoxaline-2,3-
dione (DNQX) (10 puMm; Sigma) and b(—)-2-amino-5-phospho-
nopentanoic acid (pD-AP-5) (40 uM; Sigma) to block fast glutamatergic
transmission and focus on direct postsynaptic action of GABA as well as
to isolate stimulus-evoked monosynaptic IPSCs; CGP 52432 (3-
[[(3,4-dichlorophenyl)-methyl]amino]propyl] (diethoxymethyl)phos-
phinic acid) (30 wwm; Tocris Cookson) to block GABA, receptors; and furo-
semide (250 um; Sigma) to block potassium—chloride cotransporters.

To obtain nominally Ca?" -free solution, the calcium buffer EGTA (1
mu; Aldrich, Milwaukee, WI) was added to an ACSF prepared omitting
CaCl,. Thapsigargin (5 uMm; Sigma) was used to deplete intracellular
stores by inhibiting the Ca 2% _ATPase, and ethosuximide (0.09—0.9 mm;
Sigma) and w-conotoxin GVIA (0.3 um; Alomone Labs, Jerusalem,
Israel) were used to inhibit T- and N-type voltage-gated calcium chan-
nels (VGCCs), respectively. All drugs were prepared as 1000X concen-
trated stock solution.

Data and statistical analysis. Electrophysiological data were analyzed
using locally designed software (MCE). The measured membrane poten-
tials were corrected for liquid junction potential, seal, and input resis-
tance as described previously (Tyzio et al., 2003). E,,;,,, was evaluated
from a series of GABA responses obtained at different holding potentials,
at >30 s intervals. Intracellular [Cl ~] was calculated from E,;,, using a
derivation from the Hodgkin-Katz-Goldman equation, assuming a per-
meability ratio between Cl ~ and HCOj5 anions of 0.25, with a [HCO5’ ]
of 26 and 16 mM in the extracellular and intracellular solutions, respec-
tively (Kaila, 1994).

The effect of age and pipette [Cl | on E_ ., was evaluated using a
two-way ANOVA. To measure the effect of drug administrations when
imaging calcium, the peak values from three consecutive, stable, control
responses to GABA (5-6 min apart) were averaged and compared with
the average peak of three consecutive stable responses during bath appli-
cation of the tested drug. Statistical significance of the effect was calcu-
lated using the paired Student’s ¢ test, in which the paired values were the
average peak under control or drug condition for each tested neuron. p <
0.05 was considered as indicative of a statistically significant difference.
Values are expressed as mean * SEM.
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Results

GABA induces a rise in [Ca®"]; mediated by GABA , receptors
until postnatal day 21

Calcium imaging was chosen as a functional approach to record
the action of GABA during development. Indeed, GABA has been
shown to produce a rise in [Ca®"]; in slices of immature brain
and spinal ventral horn (Yuste and Katz, 1991; Lin et al., 1994;
Leinekugel etal., 1995; Owens et al., 1996; Kulik et al., 2000; Eilers
etal.,2001; Yamada et al., 2004; Wang et al., 2005) and in cultures
of embryonic dorsal horn neurons (Reichling et al., 1994; Wang
et al., 1994).

We locally applied GABA (1 mMm) by pressure ejection (30 ms)
on identified LI neurons in slices obtained from rats aged P1-
P30. Identification of LI neurons was based on previously estab-
lished criteria, including their distance from the dorsal white
matter (25.6 = 3.7 wm) and the distinctive appearance of laminas
I and II in sagittal slices (Chery and De Koninck, 1999; Keller et
al., 2001). During the first postnatal week, GABA induced arise in
[Ca*"]; in 81.5 = 2.6% of LI neurons (PO-P7; n = 65). The
number of responding neurons decreased with age: 47.9 * 2.3%
of neurons responded with a rise in [Ca*"|; at P§—P15 (n = 96)
and only 4.9 * 2.2% at P16—P25 (n = 62). The viability of all cells
was confirmed by evoking a calcium response to brief application
of KCI. Figure 1 A illustrates the evolution of the proportion of LI
neurons responding to GABA with a rise in [Ca®"];. The smooth
curve through the data points indicates that, between P10 and
P11, 50% of neurons respond to GABA with arise in [Ca**],. The
[Ca**]; response was completely inhibited by 25 um bicuculline
in 17 of 18 neurons tested (P0—P18), confirming that this effect of
GABA was mediated by activation of GABA , receptors (Fig. 1 B).

The experiments presented above were performed in the pres-
ence of 1 uM TTX to ensure that the observed rise in [Ca** ], arose
from a direct effect of GABA on the neuron(s) under study. How-
ever, we conducted similar experiments in 10 um CNQX to test
the effect of TTX on the amplitude of the calcium response in-
duced by GABA. At P5, when 1 uM TTX was added to the bathing
solution, the amplitude of the calcium response was decreased to
41.5 = 9.0% (p < 0.001) of the control response amplitude in
CNQX alone (n = 13) (Fig. 1C). These results demonstrated that
a TTX-sensitive component was involved in the amplification of
the GABA-induced rise in [Ca®"]; at P5. This sodium conduc-
tance may reflect action potentials but also the opening of persis-
tent sodium channels (Magistretti et al., 1999). In contrast, the
calcium response was not significantly inhibited by TTX at P10
(90.4 = 5.1% of control response; n = 5; p > 0.1).

It should be noted that the rise in [Ca’"]; is a functional
response that may be caused by different mechanisms, involving
or not TTX-sensitive channels, and thus represents a comple-
mentary approach for the study of the cellular actions of GABA to
voltage recordings and monitoring of firing activity. However, a
rise in [Ca*"]; can be differentially interpreted depending on the
source of calcium: intracellular stores or extracellular medium. If
the rise in [Ca*"]; reflects a membrane depolarization and the
opening of VGCCs, then this measure would indicate GABA-
induced depolarization and consequently decreased inhibition of
LI neurons. We therefore investigated further the mechanism of
GABA-induced rise in [Ca®*],.

The rise in [Ca”*]; induced by GABA involves the entry of
extracellular calcium

To test the implication of extracellular calcium, we challenged
our spinal slices with an ACSF nominally devoid of Ca*" (0 mm
Ca** plus 1 mm EGTA). Regardless of the age, the rise in [Ca* ],

J. Neurosci., October 19, 2005 « 25(42):9613-9623 * 9615

100 ~ @

g0 { d

60 -

@

% of responding neurons

"0
20 g
o ..
0 - O.dd ..... o
0 5 10 15 20 25
Age (days)
B rio 1pM TTX

25uM bicuculline

My W

A A
GABA
C Pps 25uM CNQX
F
1uM TTX L
“— _l F]Rll
10s
A A A
GABA

Figure 1. Short (2030 ms) local applications of GABA (1 mm) produce a rise in [Ca®*1;in
developing lamina I neurons. 4, Evolution of this effect (in 1 um TTX). Circles are centered at the
mean percentage of responding neurons, and their diameter is proportional to the number of
neurons tested with GABA at each age (n = 3—-31); the error bars represent the SEM for mean
percentages obtained from different days of experiment on animals of the same age (n =
1-4). B, Therisein [Ca®" ], induced (in T um TTX) by GABA applications (triangles) is inhibited
by 25 wm bicuculline (horizontal bar). €, GABA also induces a rise in [Ca® " 1;in 10 tum CNQX. At
P5, this effect is partially inhibited by 1 um TTX. The [Ca 2+]i response is expressed as the ratio
of emission from 340 and 380 nm excitation wavelength (F;,4/F;3,); the vertical bar represents
5% of the baseline ratio.

induced by GABA was abolished or greatly reduced in the
calcium-free solution ( p < 0.0001) (Fig. 2A,C): in P5, P9-P11,
and P15 neurons, within a 15 min perfusion of the calcium-free
solution, the responses were, respectively, 0.8 * 0.8% (n = 9),
0.0 = 0.0% (n=7),and 3.1 = 3.1% of control responses (1 = 7).
The responses to GABA recovered to 81.2 * 12.3% (n = 23) of
the control response within 10 min after returning to normal
ACSF (Fig. 2A).

The fact that extracellular Ca** is necessary to trigger the rise
in [Ca**]; induced by GABA does not imply that Ca*" released
from intracellular stores is not involved in amplifying the re-
sponse. We applied the Ca**-ATPase blocker thapsigargin (5
uM) to deplete intracellular stores of calcium (Thastrup et al.,
1990). This treatment did not produce a significant decrease in
the response (80.7 = 7.1% of the control response; p > 0.1; 1 = 5;
P10) (Fig. 2B, (), suggesting that calcium-induced calcium re-
lease phenomenon is not a major contributor to the rise in
[Ca**]; induced by GABA in young LI neurons. Note in Figure
2 B the prolongation of the decay phase of the calcium response
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Figure2. The GABA-induced risein [Ca®™*;(in 1 um TTX) involves the entry of extracellular
Ca** through VGCCs. A, The calcium response to brief (20 —30 ms) GABA application (triangles)
isinhibitedinanominally Ca 2+ free ACSF(0Ca2 ™" plus 1 mmEGTA; horizontal bar). The vertical
bar represents 5% of the baseline F;,/F;q, ratio. B, Bath application of the Ca®*-ATPase
blocker thapsigargin (5 m; horizontal bar) does not affect the amplitude of GABA-induced rise
in[Ca Z+]i (5 min apart); note, however, the prolonged decay phase of the response during the
treatment (arrows; see Results). The vertical bar represents 5% of the baseline £ ,/F54, ratio. G,
Mean effect of the abovementioned treatments and of antagonists of VGCC, on the control
response to GABA in normal ACSF. The error bars represent the SEM of measurements on differ-
ent neurons. *p << 0.05 and ***p << 0.001 versus the control response (paired ¢ test). Thapsi,
Thapsigargin; a-cntx GVIA, c-conotoxin GVIA.

during the application of thapsigargin, indicating that Ca*" re-
capture by intracellular stores was effectively inhibited by the
dose of blocker used (Shmigol et al., 1994).

Because the main source of calcium appeared to be the extra-
cellular medium, we then investigated the types of VGCCs in-
volved in the GABA, receptor-mediated entry of calcium. In
adult rats, most types of VGCCs have been identified by immu-
nocytochemistry or in situ hybridization in the spinal dorsal horn
(Westenbroek et al., 1998; Talley et al., 1999). Moreover, in this
region, both low- and high-voltage-activated calcium currents
have been recorded (Ryu and Randic, 1990; Heinke et al., 2004),
implicated in the generation of spontaneous and evoked EPSCs
(Bao et al., 1998) and in synaptic plasticity (Ikeda et al., 2003).

Administration of the T-type VGCC inhibitor ethosuximide
(Gomora et al., 2001) on P7-P15 spinal slices produced a dose-
dependent inhibition of the rise in [Ca**]; induced by GABA
(Fig. 2C), reaching a reduction of the response to 52.2 = 5.6% of
control at a concentration of 0.9 mm (n = 17; p < 0.005). The
N-type VGCC inhibitor w-conotoxin GVIA [0.3 uMm (Jones and
Marks, 1989; Whyte and Greenfield, 2002)] induced a similar
reduction of the response to 59.2 = 6.3% of the control response
(n=28;p<0.01) (Fig. 2C).

Altogether, these results indicate that the GABA-induced rise
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Figure 3.  Time course of the evolution of the driving force of anions and the percentage of

neurons responding to brief GABA applications (20 ~30 ms, in 1 um TTX) with arisein [Ca® " 1.
The driving force for individual neurons is calculated from the measure of the resting potential
and the reversal potential for anions in perforated patch using gramicidin. Inset, Example of
recordings used to measure £, ;.. (in current-clamp mode in this case). Each trace shows a
voltage response to 10 pA incremental current step; peak response was measured at 200 ms

from GABA puff (arrowhead).

in [Ca®"]; is mainly attributable to the entry of extracellular cal-
cium and that both T- and N-type VGCCs are involved at P7—
P15. The involvement of VGCCs indicates that the membrane is
effectively depolarized during the response to GABA. Neurons
from neonatal rats have been demonstrated to be depolarized by
GABA; the high proportion of neurons responding to GABA with
arise in [Ca*"]; during the second and third postnatal week was
however unexpected. To confirm that these involved depolariza-
tion, we decided to directly investigate the membrane voltage
responses to GABA through patch-clamp recordings.

Mismatch between maturation of E, ;, and calcium
responses to GABA

Neurons from neonates are known to have more positive E, ;.
than adult neurons (Ben Ari, 2002). When E, ;,,,, is more positive
than the resting membrane potential (V,.,) of the neuron, the
opening of the anion-permeable channel of GABA, receptors at
rest produces a depolarization. We decided to investigate
whether such depolarization was the cause of our observed
GABA, receptor-mediated rise in [Ca*"],.

GABA, receptor-mediated depolarizations have been re-
ported in the superficial dorsal horn (mainly lamina II) of neo-
natal spinal cord (Baccei and Fitzgerald, 2004). By P6, however,
the vast majority of neurons recorded in that study were hyper-
polarized by GABA from rest. A difference in the spinal region
under study could be the cause of a discrepancy between those
electrophysiological results and our calcium-imaging observa-
tions. To verify this, we undertook a similar characterization of
E,pion and V., in neonatal LI neurons. In P1-P30 slices, 30 neu-
rons were analyzed using the perforated patch-clamp technique;
gramicidin was used as a perforating agent, producing Cl -
impermeant pores (Abe etal., 1994; Kyrozis and Reichling, 1995).
In all cases, GABA was briefly (20 ms) applied in the vicinity of the
neuron held at different voltages in the voltage- and/or current-
clamp mode. This and all subsequent experiments were per-
formed in the presence of CNQX and APV. The peak response
was measured within 200 ms of the drug application (Fig. 3,
inset). Measured at this timescale, GABA induced a depolariza-
tion (or an inward current in voltage clamp) from rest in 83.3% of
neurons from P1-P4 slices, 66.7% of neurons from P5-P7 slices,



Cordero-Erausquin et al. @ Maturation of GABA Action in Spinal Lamina |

28.6% of neurons from P8—P11 slices (n = 6—14), and in only 1
of 11 neurons in slices from rats older than P12 (9%). The driving
force (E,pion — Vies) Was measured for each neuron, and the
average of this value for each age group is plotted in Figure 3. The
maturation profile of GABA responses in our LI sample was over-
all very similar to that described in lamina II by Baccei and
Fitzgerald (2004). For the purpose of comparison, we also plotted
on Figure 3 the percentage of LI neurons responding to GABA
with a rise in [Ca**]; as a function of age. During the second
postnatal week, there is an apparent mismatch between these two
sets of data, given that one-half of the neurons still display a
calcium response to GABA whereas almost two-thirds of the cells
are initially hyperpolarized by GABA. Because these results were
obtained with two approaches used independently, it did not
allow the elucidation of the mechanism of GABA action. In ad-
dition, the calcium responses occurred at a different timescale
than that of the measured polarizations (several seconds vs mil-
liseconds) (compare traces in Figs. 1 and 2 with inset in Fig. 3).
We thus decided to combine the two approaches to directly mon-
itor the types of voltage responses accompanying the GABA,
receptor-mediated rise in [Ca*"],.

A biphasic response to GABA can induce a rise in [Ca**];

To elucidate the mismatch between the maturation of calcium
responses and E,;,,, we focused on P10—P11 neurons, in which
this mismatch was the most apparent. For these experiments,
neurons were filled with the calcium indicator fura-2 through the
patch pipette, in whole-cell configuration (current-clamp
mode). The pipette solution was chosen as to impose a modest
Cl ™ load (9 mMm). To match the timescale of calcium responses,
voltage recordings were monitored over several seconds. On this
timescale, the voltage responses to brief GABA applications (20
ms), from resting membrane potential, were of three types: hy-
perpolarization, depolarization, or biphasic responses consisting
of a primary hyperpolarizing phase followed by a secondary de-
polarizing phase (Fig. 4).

Depolarizations in response to GABA were accompanied by a
rise in [Ca®"];, whereas hyperpolarizations were not (Fig. 4A).
Interestingly, biphasic responses to GABA could also be accom-
panied by a rise in [Ca**]; (Fig. 4 B), suggesting that the second,
depolarizing phase was sufficient to trigger the opening of
VGCCs. A biphasic response to GABA from rest could be turned
into a depolarizing one by prehyperpolarizing the neuron, and
the size of the calcium response was proportional to the ampli-
tude of the depolarization induced by GABA application (Fig.
4 B). This is consistent with the result in Figure 2, indicating that
the rise in [Ca®"]; involved activation of VGCCs. Alternatively,
the greater rise in [Ca*"]; could be attributable to a voltage de-
pendence of the calcium response per se. To test for this, we
performed control recordings of calcium responses triggered by
5-s-long depolarizing steps of fixed amplitude instead of GABA
applications. When the neurons were hyperpolarized, the cal-
cium responses to constant depolarizing pulses were reduced or
abolished by sufficient prehyperpolarization (n = 3 cells; result
not shown). The greater rise in [Ca?*]; in response to GABA
when the neuron is prehyperpolarized therefore appears to be
attributable to the larger amplitude of the depolarizing phase.

A third, hyperpolarizing phase (Fig. 4 B, open arrowhead) was
occasionally observed after GABA applications. The reversal po-
tential of this phase suggested that it could be attributable toa K ©
current. Indeed, triphasic responses were never observed with
Cs "-filled pipettes (n = 13; result not shown). To test whether
the third phase involved activation of GABAj receptors, we re-
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Figure4. Risein[Ca”"isassociated with the depolarizing phases of membrane responses

to brief GABA applications (20 —30 ms). Simultaneous patch-clamp recordings (current-clamp
mode; top lines) and calcium imaging (bottom lines) were used to analyze the responses to
GABA, agonist applications (arrowheads). A, Recordings from two neurons illustrating that
depolarizing responses to GABA are accompanied by arise in [Ca®*T; (left), whereas hyperpo-
larizing responses are not (right). B, Recordings from a third neuron illustrating that biphasic
responses to GABA are also accompanied by a small calcium response (left), whose amplitude
increases (arrows) as the neuron is hyperpolarized (from —60 to —70 mV using current injec-
tions) to present a smaller, pure depolarizing response (right). Note, however, a third hyperpo-
larizing phase at the end of the response (open arrowhead). Inset, When GABA was applied in
the presence of the GABA receptor antagonist (GP 52432, this third phase was absent (open
arrowhead, compare with traces on the left), yet the biphasic response was still accompanied by
arisein [Ca"];. The vertical bar represents 1% of the baseline F, ,o/Fyq, ratio.

corded, in a different set of experiments, responses to GABA in
the presence of the GABAy antagonist CGP 52432. Under these
conditions, GABA also produced biphasic but no triphasic re-
sponses; such biphasic responses were accompanied by a rise in
[Ca**]; (Fig. 4B, inset). Similarly, biphasic but no triphasic re-
sponses were also observed using the GABA, receptor-specific
agonist muscimol (see Fig. 6 B).

These responses to GABA and muscimol were recorded in the
presence of 10 um CNQX. Biphasic responses were also observed
in 1 uMm TTX (data not shown), indicating that network activity
was not involved in the generation of the depolarizing phase. We
decided to further analyze the biphasic responses because they
appeared to be a cause of GABA ,-mediated rise in [Ca**]; in
P10-P11 neurons.

E, .ion changes during the response to GABA

Biphasic responses to GABA have been documented previously,
in particular after sustained stimulation of adult neurons in the
hippocampus (Staley et al., 1995; Kaila et al., 1997). It has been
proposed that the depolarization is attributable to a dominating
outward flux of bicarbonate, because the intracellular accumula-
tion of Cl ~ collapses the Cl ™ gradient (Staley et al., 1995), possi-
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Figure 5.  Current—voltage analysis of the responses to GABA in a neuron presenting a bi-
phasic response at rest. A, Voltage-clamp traces of the responses to brief (20 ms) GABA appli-
cations at different holding potentials (—20 to +30 mV from rest; V,,,, of —49 mV). B, I-V
curves at different time points (200 ms apart) during the first 500 ms (top) and after 3 s (bottom)
of the current response to GABA. C, Evolution of the cell conductance during the response, as
calculated from the slope of I~V traces at different time points.

bly accompanied by a bicarbonate-induced extracellular accu-
mulation of K™ (Smirnov et al., 1999). We performed a series of
experiments to evaluate whether GABA-induced biphasic re-
sponses in P10—P11 spinal LI neurons could be explained by
these mechanisms.

We first analyzed the current—voltage (I-V) relationship of
biphasic responses to GABA. These experiments were conducted
in voltage-clamp mode to prevent activation of voltage-
dependent conductances. Biphasic current responses were also
observed in this recording mode (Fig. 5A). After holding the
neuron at different voltages (between —30 and +30 mV from its
resting membrane potential), GABA was applied and I-V curves
were plotted at different time points (100—-200 ms apart) during
the response to GABA (Fig. 54, B). The membrane conductance
was calculated as the slope of these I-V curves (Fig. 5C). One
observation that could suggest that the depolarization is mainly
attributable to extracellular accumulation of K™ would be that
the conductance decays faster than the current response, yielding
a point at which a current is observed without a measurable
change in conductance from rest (Kaila et al., 1997). In our case,
the membrane conductance was enhanced throughout the re-
sponse (Fig. 5C), indicating that the rebound inward current
involved an increased ionic flux (yet not excluding the possibility
of some K * accumulation). The reversal potential changed with
time during the response (Fig. 5B), suggesting that the concen-
trations of ions (intracellular or extracellular) permeating
through GABA, channels changed during the response (Staley
and Proctor, 1999).

To test this hypothesis, we used repeated applications of
GABA. In voltage-clamp mode, we recorded biphasic postsynap-
tic responses to GABA (Fig. 6 A, left). We then performed a sec-
ond GABA application before the end of the first response (Fig.
6A, middle). If there were no (or little) change in E,,;,,, during
the first response, the second response should look like the first
one, i.e., be biphasic (Kaila et al., 1997; Perkins, 1999). However,
the second response was monophasic, only composed of the in-
ward current component. A third application, produced after the
same time interval (2 s), had the same effect (Fig. 6 A, right). This
result suggests the following: (1) that, at rest, E, ;. is more neg-
ative than V., inducing an initial outward current resulting
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Figure 6.  Mechanism of GABA, receptor-mediated biphasic responses. A, Voltage-clamp
recordings of the response of a neuron to different patterns of brief (20 ms) GABA applications
The cell displayed a biphasic (outward/inward) response to GABA (left). Note that the second
(middle) and third (right) application of GABA with 2 s intervals produce a monophasic inward
current. Note also the small outward tail response after repetitive applications. B, Voltage-
clamp recordings of the response of a neuron to pairs of brief (20 ms) muscimol applications (5,
10,15, or 25 sinterval; in the presence of (GP 54523). The second response was also monophasic
when superimposed on the inward phase of the first response. Note that repetitive applications
of muscimol do not induce the small outward tail. Inset, An enlargement on a faster timescale
(same asin A). Traces are normalized to the amplitude of the first response to help comparisons.
€, Voltage-clamp trace of a neuron responding to a train of focal electrical stimulations (short
burst of 20 pulses, indicated by asterisks, at 25 ms intervals). Note the slowly developing inward
phase and how individual synaptic currents have their polarity inverted (arrows) during this late
inward phase. D, Effect of the replacement of the bicarbonate buffer by a HEPES buffer in the
ACSF. Left, The inward phase of the biphasic responses observed near resting potential faded
with time in HEPES. Right, At depolarized holding potentials (—39 mV), in which outward only
responses were recorded, the decay phase of the responses was prolonged in HEPES. Traces are
normalized to the amplitude of the first response to allow for comparison of the kinetics.

from GABA, receptor opening, (2) then, during the biphasic
response to GABA, E,;,,, changes and remains positive with re-
spect to V,, for prolonged periods of time (>>2 s); (3) therefore,
a second GABA application will lead to an inward current.

As previously mentioned, GABA occasionally induced a
triphasic response. Although hardly detectable after a single ap-
plication in voltage-clamp mode (Fig. 6 A, left), the outward third
phase was amplified after repetitive GABA applications (Fig. 6 A,
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right). Our recordings in current clamp suggested that the third
phase was attributable to the activation of GABAj receptors (Fig.
4 B). Similarly, when muscimol was used as a specific GABA,
agonist, and in the presence of CGP52432, only biphasic re-
sponses were observed even after repetitive applications (Fig.
6 B), confirming that the third phase was attributable to a GABAy
component.

To determine whether a shift in E,;,,, during the response to
GABA is relevant to synaptic transmission in developing lamina I
neurons, we tested whether synaptically released GABA could
similarly induce a biphasic response. We analyzed the response of
P10-P12 lamina I neurons to focal electric stimulations in the
presence of the glutamatergic receptors antagonists DNQX (10
uM) and AP-5 (40 um) to isolate monosynaptic IPSCs. In each
cell tested, we applied trains of 5-20 stimuli at interpulse intervals
of 10 to 50 ms (i.e., 20—100 Hz intraburst frequency). These trains
were comparable in length and internal frequencies to bursts of
activity observed in dorsal horn interneurons in vivo [both spon-
taneously occurring bursts and those in response to afferent in-
put (De Koninck and Henry, 1991, 1994; De Koninck et al.,
1992)]. In 9 of 23 cells tested in which outward IPSCs were ob-
tained in response to a single stimulus, a biphasic response with a
slowly developing inward component was obtained with short
bursts of stimuli (in four cases with 20 Hz bursts, seven cases with
40 Hz bursts, and nine cases with 100 Hz bursts). Figure 6C
illustrates a biphasic response to a 40 Hz burst (20 pulses). During
the inward phase of the biphasic response, individual stimulus-
evoked PSCs were turned into inward events (Fig. 6C). This con-
firmed that the inward phase of biphasic responses was attribut-
able to a reversal of the anion gradient as observed with responses
to exogenous GABA or muscimol (Fig. 6 A, B). Thus, physiolog-
ically relevant trains of IPSCs are sufficient to cause biphasic
responses.

Altogether, these results suggest that the biphasic responses to
GABA observed in P10—P11 spinal LI neurons are attributable to
a change in E, ;,,, during the response. Because the bicarbonate
gradient is likely stabilized by the fast equilibration of CO, across
the cell membrane (Kaila, 1994), an intracellular accumulation of
Cl ™~ appears to be the most probable cause of the shift in E, ;.
during the GABA response. With the collapse of the driving force
for Cl 7, the outward HCOj5 flux would then dominate the GABA
response yielding a net inward current. To test this hypothesis, we
replaced the bicarbonate buffer with HEPES in the ACSF (see
Materials and Methods). Figure 6 D illustrates the effect of this
substitution. The inward component of biphasic responses was
gradually abolished in HEPES. Note also, at more depolarized
potentials, the slower rise and decay kinetics of outward currents
in HEPES, consistent with the loss of an inward component.
These results indicate that the HCO; current is shaping the late
phase of the GABA response. In particular, at membrane poten-
tials slightly depolarized from E,_, this phenomenon vyields a
biphasic response characterized by an initial outward component
dominated by Cl ~ flux, followed by an inward component dom-
inated by HCOj; flux.

Notwithstanding the fact that P10-P11 neurons have a mean
E,nion close to that of adult neurons, their biphasic responses to
GABA suggest a weaker Cl ~ extrusion. To test this, we measured
the net Cl ~ extrusion capacity (i.e., resulting from the combined
extrusion and intrusion activity) of neurons at different ages by
challenging them with an intracellular Cl1 ~ load.
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Figure 7.  Measurement of Cl ~ extrusion capacity at different developmental stages. 4,

Voltage-clamp recordings of a neuron presenting amonophasic outward current in response to
a20ms application of GABA (triangle, left), whereas a 150 ms application (larger triangle, right)
produces a biphasic current response. B, Estimated [Cl ~ ]; based on £,,,,,,, measurements (see
Materials and Methods) in whole-cell recorded neurons, with two high [Cl ~ ] pipette solutions,
at three developmental stages. There is a significant effect of age ( p << 0.001) and pipette
[C17] (p < 0.001) on the resulting [Cl ~]; (two-way ANOVA). In the presence of the KCC2
antagonist furosemide (Furo), the estimated [Cl ~]; of P10—P11 and adult neurons was not
different from that of the pipette solution (50 mm). Inset, Example of responses to 20 ms
applications of GABA (triangles) obtained at different holding potentials (10 mV apart) of an
adult neuron with 50 mm [Cl ~ Jin the pipette.

Change in net chloride extrusion capacity in
developing neurons
As outlined above, several P10—P11 neurons displayed a biphasic
response to 20 ms GABA applications. In contrast, we did not
observe biphasic responses from resting potential in adult neu-
rons (up to P60; none of 15 cells tested) using a similar stimulus.
This was consistent with the lack of Ca*™ responses in rats older
than P25 (Fig. 1). However, purely outward responses could be
converted to biphasic by prolonging the GABA application from
20 to 150-300 ms (n = 11 of 18) (Fig. 7A) at both ages. We
interpreted this as suggesting that the prolonged GABA applica-
tion led to an increased Cl ™~ load, exceeding the Cl ™ extrusion
capacity of the cell. Thus, it appeared that Cl ~ extrusion capacity
was important in shaping the response of the neuron to GABA.
These observations prompted us to conduct a quantitative assess-
ment of Cl ™ extrusion capacity of LI neurons cells at different
postnatal ages. To do so, we challenged the cells with a high Cl
load in whole-cell recording configuration (Jarolimek et al., 1999;
Staley and Proctor, 1999; DeFazio et al., 2000).

When 25 mM Cl ™~ was included in the recording pipette solu-
tion, P1-P2, P10-P11, and adult (older than P25) neurons had,
respectively, a resulting estimated intracellular [Cl 7] of 27.6 =
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1.0mM (n=9),229*1.7mM(n=13),and 20.7 = 1.4mM (n =
19) (Fig. 7B). When the pipette [Cl ] was increased to 50 mwm, the
resulting estimated [Cl ™ ]; for P1-P2, P10-P11, and adult neu-
rons was 50.2 * 43 mM (n = 7),41.2 £ 3.2 mMm (n = 16), and
32.5 = 3.6 mM (n = 10), respectively (Fig. 7B). Two-way ANOVA
revealed that there was a significant effect of both age ( p < 0.001)
and pipette [Cl 7] (p < 0.001) on the resulting [Cl ™ ];. These
results clearly indicate that PL0—P11 neurons have a Cl ~ extru-
sion capacity intermediate between P1-P2 neurons, in which
[Cl™]; essentially equals [Cl "] in the pipette, and adult neurons
that were able to maintain a [Cl ™ ]; up to nearly 20 mm below
[Cl ] in the pipette (Fig. 7B).

To test whether this was attributable to a higher Cl ™ extrusion
capacity in adult cells, we bath applied furosemide onto the slices
from rats at different ages and measured the intracellular [Cl ],
with a pipette containing 50 mm [Cl ~]. Under these conditions,
measured [Cl ], was 49.4 £ 4.8 (n = 5) for P10-P11 cells and
52.1 £ 3.5 (n = 3) for adult neurons, not significantly different
from measured [Cl ~]; in P1-P2 cells without furosemide or ex-
cised patches (51.7 £ 3.8; n = 6). Thus, furosemide produced a
greater increase in [Cl ™ |; in adult versus P10 cells, demonstrating
that KCC2 activity increased with age.

The latter estimations of resulting [Cl ~]; are based on E,;,,,
measurements and on the assumption that intracellular and ex-
tracellular bicarbonate concentrations are constant across ages
(see Materials and Methods). However, these concentrations
may also change during development. Indeed, the neuronal car-
bonic anhydrase, which enhances the regeneration of HCO;
from CO, in conditions in which a HCO; conductance is acti-
vated, has been shown to be developmentally regulated and ex-
pressed after P12 in the hippocampus (Ruusuvuori et al., 2004).
Such developmental regulation has not been described in spinal
LI neurons, but, if a similar lower carbonic anhydrase activity
occurred in immature spinal neurons, it would mean that our
calculations effectively underestimated [Cl ™ ]; in young animals.
Thus, if anything, we underestimated the gap in extrusion capac-
ity between immature and adult neurons.

Differences in Cl~ extrusion capacity provide a mechanism
for the apparent discrepancy between the occurrence of GABA
receptor-mediated rise in [Ca”"]; and the evolution of resting
E, nion during development. Indeed, our results indicate that, even
if neurons in the second postnatal week have a Cl~ extrusion
capability sufficient to yield a hyperpolarizing driving force for
anions, at rest, similar to that in adults (Fig. 3), this Cl ~ extrusion
capacity has nevertheless not reached its adult efficacy. This
weaker Cl~ extrusion can explain the frequent occurrence of
biphasic responses to GABA and the accompanying rise in
[Ca**]; observed during the second postnatal week.

Discussion

Using intracellular calcium-imaging, whole-cell, and perforated-
patch recordings and measurements of Cl ~ extrusion capacity in
spinal LI, we demonstrate that a variety of factors affect the net
outcome of GABA , receptor-mediated transmission at each stage
of postnatal development. Taking into account these different
factors, we find that the GABA,, signaling in spinal LI reaches full
maturity only by the third postnatal week.

Maturation of E,;,,, and chloride extrusion capacity

Initial reports of a switch in GABA (or glycine) action during
development were based on intracellular recordings (Ben Ari et
al., 1989) and later confirmed using the perforated-patch tech-
nique that further minimized the interference of the pipette so-
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lution with the intracellular milieu (Abe et al., 1994; Kyrozis and
Reichling, 1995). In our hands, despite the difference in prepara-
tion and lamina under study, we obtained a similar timeframe for
the hyperpolarizing shift in reversal potential (measured at the
beginning of GABA , responses) to that published previously for
spinal dorsal horn neurons (Baccei and Fitzgerald, 2004). These
measurements of the relative position of E,; ,, and resting mem-
brane potential indicate that, in the spinal cord, as in the hip-
pocampus (Ben Ari et al., 1997), this developmental shift is com-
pleted within the first postnatal week.

Membrane proteins extruding and intruding Cl ~ are known
to be developmentally regulated, causing a shift in E_ ;. during
development (Rivera et al., 1999; Kelsch et al., 2001). However,
the precise time course of their increase in expression or activity
[these two parameters appear to differ (Balakrishnan et al.,
2003)] has not yet been determined in the spinal dorsal horn.
Both our perforated-patch recordings and our whole-cell record-
ings with high pipette [Cl "] give new insights into the Cl~ ex-
trusion capacity of developing LI neurons. At P10, the E, ;.
measured at the beginning of GABA , responses was found to be
similar to that in adult neurons. Thus, P10 neurons appear to
have a similar ability to maintain a low [Cl "] in resting condi-
tions as adult neurons do. However, their response to a Cl~
challenge clearly differs from that of adult neurons, because (1)
they cannot overcome a high [Cl ~ ] imposed by the patch pipette
and (2) they have a weaker ability to maintain their E,,,;,,, during
repetitive or bursts of GABAergic input. The observation that
short bursts of activity are sufficient to cause a collapse of the Cl ~
gradient indicates that this is relevant to many of the sensory
inputs that the neurons may be subject to. Our results suggest
that, although active Cl ™ extrusion occurs in P10 neurons, it has
not reached its maximal, adult capacity.

Mechanisms of GABA-induced rises in [Ca**], and biphasic
voltage responses

We have chosen calcium imaging as an alternative technique to
study the net effects of GABA on young LI neurons. We con-
firmed that it provides a complementary approach to evaluate the
developmental shift in GABA action by taking into account both
subthreshold and suprathreshold responses (in terms of spike
generation). When its propensity for inducing a rise in [Ca**];in
LI neurons is considered, GABA reaches its adult phenotype (i.e.,
close to 0% of responding neurons) only by the end of the third
postnatal week. Another study that indirectly measured the effect
of GABA through extracellular multiple-unit and cell-attached
recordings of spike frequencies in the hippocampus also gave an
estimate of a later excitation-to-inhibition switch (Khazipov et
al., 2004) than that expected based on intracellular recordings of
E, hion in the same neurons (Ben Ari et al., 1989). It is also inter-
esting to note here that maturation of the mixed glycine and
GABA , receptor-mediated transmission in the superficial dorsal
horn also occurs over 3 weeks postnatally (Keller et al., 2001).
Our results, together with these studies, confirm that monitoring
only the evolution of E, ;. provides an incomplete view of the
maturation of GABA action.

Simultaneous calcium imaging and patch recordings revealed
that a pure depolarization at the onset of the response to GABA
was not the only voltage response associated with an increase in
[Ca**],. Biphasic responses could also be accompanied by a rise
in [Ca*"],, therefore reconciling the apparent mismatch between
E, .ion and the effect of GABA on [Ca®*],. The involvement of
biphasic responses was interesting in that the depolarization fol-
lows a hyperpolarization, a situation that is ideal for the gating of
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low-voltage-activated calcium channels, such as the T-type, con-
sistent with our finding that they are implicated in the GABA-
induced rise in [Ca®"],.

Our results suggest that the GABA , receptor-mediated bipha-
sic responses observed in immature LI neurons are mainly attrib-
utable to an intracellular Cl~ accumulation. There are several
reasons for this. First, an analysis of the evolution of the mem-
brane conductance during the response shows that there is no
depolarization outlasting the opening of GABA, channels. Sec-
ond, repeated applications of GABA clearly caused a more pro-
longed change in conductance and Eg, 5, than that reported in
other systems (Kaila et al., 1997; Perkins, 1999). Third, both cal-
cium responses and biphasic patch responses were observed in
TTX, precluding the involvement of activity-dependent,
network-driven processes. Finally, our experiments clearly dem-
onstrate that P10 neurons do not demonstrate a fully functional
Cl ™ extrusion capacity, therefore providing a mechanism for Cl ~
accumulation during GABA, responses. The balance between
reversal potential, Cl~ extrusion capacity, and intensity of the
Cl ™ challenge appears subtle, and a modification of any of these
parameters is susceptible to affect the type of GABA response
observed.

A recent study described an interesting novel mechanism for
the coupling of GABA,-mediated transmission to rises in
[Ca?*]; in cerebellar granule cells (Chavas et al., 2004). It in-
volves a change in osmotic tension attributable to intracellular
Cl ™ accumulation. Such a mechanism could be partially involved
in the responses described in our study. However, the mechanism
described by Chavas et al. (2004) appears to occur at a different
timescale than the responses described here and does not appear
to be developmentally regulated. Furthermore, our calcium re-
sponses show very rapid onset, matching that of the depolariza-
tion, remain in absence of Cl ™ influx (see response at hyperpo-
larized potentials in Fig. 4 B), and are attenuated by blockers of
VGCCs. Thus, a prominent component of the GABA ,-mediated
rises in [Ca” ™ ];in our study involves a membrane depolarization.

Functional significance

Calcium imaging gives insight into a functional role for GABA
during development. First, GABA, receptor-mediated rises in
[Ca*"]; and the downstream activation of intracellular cascades
have been demonstrated, or suggested, to underlie the trophic-
like properties of GABA on proliferation, cell migration, and dif-
ferentiation (Owens and Kriegstein, 2002; Fiszman and Schous-
boe, 2004). Because the GABA-induced rise in [Ca?*]; can be
observed in some neurons until the end of the third postnatal
week in LI neurons, it is conceivable that GABA still exerts such
trophic properties on a subset of neurons at that age.

Another proposed role for GABA early in development arises
from the observation that, at that moment, glutamatergic syn-
apses are “silent” at rest because they lack AMPA receptors and
NMDA channels are blocked by Mg>* (Li and Zhuo, 1998). At
that stage, GABA, receptors can play the role of a gating mecha-
nism, by which depolarization of the membrane relieves the
Mg2+ block from NMDA channels. Therefore, GABA has been
proposed to play a crucial role in synaptic plasticity at early de-
velopmental stages and in the maturation of neuronal networks
(Ben Ari et al., 1997).

We chose to record from spinal LI, because it constitutes one
of the main pathways for the relay of nociceptive information
from the periphery to the brain (Perl, 1984; Willis, 1989; Light,
1992; Craig, 2003). The implication of VGCCs in the GABA-
induced rise in [Ca**]; strongly indicated that the membrane was
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effectively depolarized during the response to GABA. GABA-
induced depolarization may be insufficient (or too slow) to trig-
ger action potentials; it remains, however, that the hyperpolariz-
ing action of GABA is lost. A simple depolarizing shift in E,
will not alter the membrane shunt produced by GABA , receptor
opening, but inhibition involves both a shunt and a hyperpolar-
ization of the membrane. Thus, even if the shunt remains the
same, because some of the hyperpolarizing action of opening Cl ~
channels is lost, a net decrease in inhibition results. A low Cl
extrusion capacity is another potential cause of disinhibition:
hyperpolarization collapses during repetitive inhibitory synaptic
input. Because such disinhibitions will raise the excitability of the
cells (Coull et al., 2003), it is likely that the immature phenotype
of GABA on LI neurons during the second and third postnatal
week is one of the substrates of the lower threshold for nocicep-
tive withdrawal at immature stages.

The Cl~ extrusion activity of dorsal horn neurons has been
shown recently to play a crucial role in the development of neu-
ropathic pain in adult rats. Indeed, blockade or knock-down of
the potassium—chloride cotransporter KCC2 in the spinal cord is
sufficient to dramatically reduce the nociceptive withdrawal
threshold in intact rats (Coull et al., 2003). Moreover, the latter
study shows that nerve injury-induced hypersensitivity is associ-
ated with a decreased expression of KCC2 in the dorsal horn.
Finally, in both nerve-injured rats and after blockade of KCC2 in
control adult animals, GABA caused a rise in [Ca**]; in a signif-
icant subset of LI neurons (Coull et al., 2003). This confirms that
areduced Cl ™~ extrusion capacity of spinal LI neurons can be a
cause of reduced nociceptive threshold observed in behavioral
testing.

The main finding of this work is that, when diverse aspects
of GABA function are under study, the maturation profile of
GABA action in the spinal cord closely matches that of noci-
ceptive threshold. This observation interestingly reconciles
the maturation of spinal inhibition with the observed behav-
ioral hyperexcitability and therefore provides a possible sub-
strate for the lower threshold for nociceptive withdrawal at
immature stages.
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