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CHAPTER 1
Importance of chloride homeostasis in the
operation of rhythmic motor networks
Jean-Charles Viemari, Rémi Bos, Pascale Boulenguez, Cécile Brocard,
Frédéric Brocard, Hélène Bras, Patrice Coulon, Sylvie Liabeuf, Edouard Pearlstein,

Karina Sadlaoud, Aurélie Stil, Sabrina Tazerart and Laurent Vinay*
Laboratoire Plasticité et Physio-Pathologie de la Motricité (UMR6196), Centre National de la Recherche Scientifique
(CNRS) & Aix-Marseille Université, 31 Chemin Joseph Aiguier, Marseille Cedex 20, France
Abstract: GABA and glycine are classically called “inhibitory” amino acids, despite the fact that their
action can rapidly switch from inhibition to excitation and vice versa. The postsynaptic action depends
on the intracellular concentration of chloride ions ([Cl�]i), which is regulated by proteins in the plasma
membrane: the Kþ

–Cl� cotransporter KCC2 and the Naþ–Kþ
–Cl� cotransporter NKCC1, which

extrude and intrude Cl� ions, respectively. A high [Cl�]i leads to a depolarizing (excitatory) action of
GABA and glycine, as observed in mature dorsal root ganglion neurons and in motoneurons both
early during development and in several pathological conditions, such as following spinal cord injury.
Here, we review some recent data regarding chloride homeostasis in the spinal cord and its
contribution to network operation involved in locomotion.
Keywords: inhibition; networks; KCC2; chloride; activity.
Introduction

Synaptic inhibitionmediated byGABAand glycine
strongly modulates mammalian neuronal networks
from the early life to adulthood. The postsynaptic
action of these neurotransmitters on GABAA and
*Corresponding author. Tel.: (þ33)-4-91-16-40-86;
Fax.: (þ33)-4-91-77-50-84
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glycine receptors depends on the intracellular con-
centration of chloride ions ([Cl�]i) in the target cell.
In adult healthy neurons, the activation of GABAA

and glycine receptors results in an inward flux ofCl�

and membrane potential hyperpolarization. There-
fore, the inhibitory action of glycine and GABA
consists in both shunting incoming excitatory
currents and moving the membrane potential away
from the action potential threshold. This “classical”
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hyperpolarizing inhibition is not observed in imma-
ture neurons; inhibitory postsynaptic potentials
(IPSPs) as well as glycine- and GABA-evoked
potentials are instead depolarizing and often excit-
atory (Gao and Ziskind-Conhaim, 1995; Takahashi,
1984; Wu et al., 1992; Ziskind-Conhaim, 1998),
because of a high [Cl�]i. The [Cl�]i is regulated by
transporters in the membrane (Delpire and Mount,
2002). Chloride homeostasis and the regulation of
those transporters appear as an important emerging
mechanism, by which the strength, as well as the
polarity, of postsynaptic inhibition can be con-
trolled, even in adult tissue. This review will center
on these issues.
Differential control of chloride homeostasis in
primary afferents and motoneurons

The transport of Cl� by cation–chloride
cotransporters is driven by the concentration
gradients of cations (Payne et al., 2003; Fig. 1a).
The Naþ gradient generated by the Naþ/Kþ-
ATPase fuels the inward-directed Cl� pump
Naþ–Kþ

–Cl� cotransporter, NKCC1, which is
important in active accumulation of intracellular
Cl� in immature neurons in several brain areas
(Dzhala et al., 2005; Ikeda et al., 2003; Plotkin
et al., 1997; Sun and Murali, 1999; Vardi et al.,
2000). It is down-regulated with development
except in a few neurons such as dorsal root gan-
glion (DRG) neurons (Sung et al., 2000). As
shown in Fig. 1b, the transporter is predominantly
located at the plasma membrane of these cells. By
contrast, DRG neurons from a NKCC1 knock-
out animal demonstrate the complete absence of
NKCC1 expression (Fig. 1c). Gramicidin
perforated-patch recordings from DRG neurons
isolated from these mice reveal that EGABA is
consistently more depolarized in DRG neurons
from wild type compared with neurons from
NKCC1 knock-out mice (�37 and �53 mV,
respectively; Fig. 1d). This corresponds to intra-
cellular Cl� concentrations of 46 and 24 mM,
respectively (Sung et al., 2000).
Inhibitory amino acid transmission to moto-
neurons undergoes marked changes during devel-
opment. There is a developmental switch from
predominantly long-duration GABAergic to
short-duration glycinergic currents (Gao et al.,
2001) and an increase in the density of the glycine
currents (Gao and Ziskind-Conhaim, 1995).
These physiological observations are correlated
with a developmental down-regulation of
GABAA receptors and a concomitant up-regula-
tion of glycine receptors (Sadlaoud et al., 2010).
A striking observation is related to chloride
homeostasis. Glycine- and GABA-evoked
potentials are depolarizing and often excitatory
(Gao and Ziskind-Conhaim, 1995; Takahashi,
1984; Wu et al., 1992; Ziskind-Conhaim, 1998)
early during development, because of a high [Cl�]i
that favors Cl� efflux throughGABAA- or glycine-
operated Cl� channels. For instance, a brief appli-
cation of glycine onto the in vitro spinal cord
isolated from fetal rats, at embryonic day (E) 15.5
(i.e., one week prior to birth), evokes excitatory
responses that are abolished by strychnine
(Nishimaru et al., 1996). The cation–chloride
cotransporter NKCC1 (Delpy et al., 2008) and the
anion exchanger AE3 (Gonzalez-Islas et al.,
2009) play a significant role in accumulating chlo-
ride in immaturemotoneurons.With development,
[Cl�]i decreases, leading to a shift of the chloride
equilibrium potential toward further negative
values, and thereby to a change in glycine and
GABA-evoked potentials from depolarization to
hyperpolarization (Gao and Ziskind-Conhaim,
1995; Jean-Xavier et al., 2006; Stil et al., 2009;
Takahashi, 1984; Vinay and Jean-Xavier, 2008).
The up-regulation of the outward-directed Cl�

pump, the neuron specific Kþ
–Cl� cotransporter

KCC2, is widely accepted to underlie the shift from
GABA/glycine-induced depolarization to hyper-
polarization in several regions of the central ner-
vous system (Delpire and Mount, 2002; Payne
et al., 2003; Rivera et al., 1999, 2004). In contrast
to DRG neurons, mature motoneurons highly
express this transporter (Fig. 1e; Boulenguez et al.,
2010; Delpy et al., 2008; Hübner et al., 2001; Jean-
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Fig. 1. Different mechanisms underlie chloride homeostasis in dorsal root ganglion (DRG) neurons and motoneurons. (a) Schematic
illustration (adapted from Payne et al., 2003) of the contribution of cation–chloride cotransporters to the regulation of [Cl�]i. Under
physiological conditions, NKCC1 and KCC2 cotransporters intrude and extrude Cl�, respectively. Arrows indicate the direction of
net transports, which are driven by the concentration gradients of cations, generated by the Naþ/Kþ-ATPase. As a result of NKCC1
activity in DRG neurons, activation of GABAA receptors generates a depolarizing current whereas the activity of KCC2
cotransporters in adult motoneurons underlies hyperpolarizing currents across anion-permeable channels. (b–d) Adapted from Sung
et al. (2000). Control mouse DRG neurons highly express the NKCC1 protein (b). The signal is predominantly located at the cell
membrane (arrows). Note the presence of a few neurons with a minimal amount of cotransporter expression (arrowhead).
Immunofluorescence staining shows the absence of NKCC1 expression in DRG neurons from homozygote mutant mice (c). Scale
bar, 20 mm. As a result of the lack of NKCC1, ECl is significantly more negative in NKCC1 knock-out mice, compared to controls
(d). (e) Strong KCC2 expression in ventral horn of adult rats. Note the labeling of the plasma membrane (arrows) of motoneurons.
(f) Application of a GABAA- and glycine-receptor agonists in the recording chamber induce a larger depolarization in lumbar
motoneurons in KCC2 knock-out mice than in wild-type animals (Adpated from Hübner et al., 2001).
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Xavier et al., 2006; Stein et al., 2004; Stil et al., 2009;
Vinay and Jean-Xavier, 2008). Motoneurons are
significantly more depolarized (>30 mV) by
GABA or glycine in KCC2 knock-out mice at
E18 than in wild type (�10 mV; Fig. 1f; Hübner
et al., 2001). Altogether, these data demonstrate
that NKCC1 and KCC2 cotransporters are impor-
tant for maintaining high and low chloride
concentrations in mature DRG neurons and mot-
oneurons, respectively.
Contribution of chloride homeostasis to
cell excitability

According to the classical view, postsynaptic inhi-
bition induced by the activation of GABAA and
glycine receptors consists in two mechanisms:
shunting incoming excitatory currents and moving
the membrane potential away from the action
potential threshold. As already mentioned,
this hyperpolarization from rest is not observed
in immature spinal neurons (Gao and Ziskind-
Conhaim, 1995; Takahashi, 1984; Wu et al.,
1992; Ziskind-Conhaim, 1998), thereby raising
the question of the effect of subthreshold
depolarizing IPSPs on neuronal excitability. It is
widely accepted that despite their depolarizing
action, these potentials are inhibitory in immature
spinal motoneurons because of the shunting
mechanism. On the basis of two reports on the
cortex (Gulledge and Stuart, 2003) and the hypo-
thalamus (Gao et al., 1998), we challenged the
idea that depolarizing IPSPs may interact with
excitatory inputs and increase the excitability of
motoneurons (Jean-Xavier et al., 2007). We
demonstrated that depolarizing IPSPs have an
excitatory action by facilitating action potential
generation when paired with subthreshold excit-
atory inputs (Fig. 2a). The effect of depolarizing
IPSPs on excitability therefore depends on the
relative weights of the inhibitory action of the
shunting mechanisms and the excitatory action
of the depolarization. The value of ECl affects
the strength of inhibitory connections within
spinal cord locomotor networks; the more posi-
tive ECl, the lower the efficacy of inhibition. A
first key point is the timing between inhibitory
and excitatory inputs. The inhibitory action of
shunting is exerted over a rather short period
after IPSP onset (Fig. 2a, blockade of action
potentials evoked by current pulses). In contrast,
the time course of the depolarization is much lon-
ger, because of the time constant of the mem-
brane, such that the excitations occurring in the
late phase of the depolarizing IPSP sum up with
the depolarization whereas the conductance has
returned to baseline (Fig. 2a; bottom trace
showing a subthreshold current pulse triggering
an action potential when occurring in the decay
phase of the IPSP). A second key point, revealed
by the use of a model (Fig. 2b), is the distance
between inhibitory and excitatory synapses.
The inhibitory action of conductance changes is
local whereas the depolarization spreads electro-
tonically along the dendrites. Consequently,
GABA/glycine synapses exert a strong inhibition
on proximal excitatory inputs (Fig. 2c; somatic
excitations and inhibitory synapses on the soma
and on proximal dendrites) and a pure facilitation
(whatever the timing) on distal excitation (Fig. 2c,
bottom graph with inhibitory inputs 200 mm away
from excitatory synapses).
Contribution of chloride dynamics to
network activity

Maturation of chloride homeostasis affects net-
work activity. There is a switch in the contribution
of chloride-mediated conductances to spontane-
ous activity from excitation to inhibition during
late gestation. A rhythmic spontaneous activity
can be recorded in vitro very early (�E12–E14
in rodents), when many lumbar motoneurons
are still migrating and extending their peripheral
projections (Hanson and Landmesser, 2003).
Electrical transmission plays a significant role in
the generation of episodes since blockade of gap
junction coupling by carbenoxolone abolishes
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the rhythmic episodes. The relative contribution
and the role of the different neurotransmitters
change prior to birth (Hanson and Landmesser,
2003; Myers et al., 2005; Ren and Greer, 2003).
At the earliest stages, the spinal networks compris-
ing cholinergic and glycinergic synaptic inter-
connections are capable of generating rhythmic
activity, while GABAergic synapses play a role in
supporting this activity. Stimulation of motor
neurons at this stage elicits episodes of activity that
propagate through the lumbar spinal cord
suggesting that motoneurons make excitatory
connections on each other and on glycine/
GABAergic interneurons via nicotinic receptors.
At a later stage (E16.5–E17.5), the spontaneous
activity results from the combined action of non-
NMDA (glutamatergic), nicotinic (acetylcholine),
glycine, and GABAA receptors. Closer to birth
(E18.5–E21.5), glutamate drive acting via non-
NMDA receptors is primarily responsible for the
rhythmic activity. Application of strychnine to
block glycine receptors markedly reduces and
increases the bursting frequency in early and late
embryos, respectively, suggesting that glycine
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switches from an excitatory to an inhibitory contri-
bution to spontaneous activity. This transition
occurs at about the same time as the switch from
cholinergic to glutamatergic transmission.

The fact that the classical inhibitory
neurotransmitters can be functionally excitatory
moves the balance between excitatory and inhibi-
tory drives toward excitation. This renders devel-
oping networks hyperexcitable. Intracellular
chloride concentration undergoes significant
changes during spontaneous activity in the chick
spinal cord (Chub and O'Donovan, 2001). After
an episode, the chloride equilibrium potential
falls by �10 mV, corresponding to a decline of
intracellular chloride of �15 mM. This reduces
the excitatory contribution of GABA and glycine
and hence network excitability. The intracellular
chloride concentration is restored during the
interepisode interval, as a result presumably of
inward chloride pumping via cation–chloride
cotransporters, leading to a progressive increase
in network excitability. The importance of chlo-
ride dynamics in the genesis of spontaneous activ-
ity in the in vitro chick spinal cord between E9
and E11 was confirmed by the use of a model
(Marchetti et al., 2005).

Application of serotonin on the spinal cord at
birth, to activate the CPGs, evokes a fictive loco-
motor pattern consisting of alternation between
the motor bursts on the left and right sides of
the spinal cord, as well as alternation between
flexor and extensor bursts on the same side. The
same kind of experiments made five days prior
to birth reveals a motor pattern with all bursts in
phase (Iizuka et al., 1997; Nishimaru and Kudo,
2000). The left–right alternation appears two days
later but rhythmic bursts still occur synchronously
in flexors and extensors. The transition from syn-
chrony to alternation in the left and right ventral
roots is likely due to the maturation of chloride
homeostasis.

In the respiratory network, although GABA/
glycine-mediated inhibition is not essential for
rhythm generation in neonatal rodent, it is well
known that synaptic inhibition is important for
setting the different phases of the respiratory
rhythm and regulates both the excitability of glut-
amatergic connections and the intrinsic mem-
brane properties (Busselberg et al., 2001a,b;
Ramirez et al., 1997; Shao and Feldman, 1997).
As described in the case of spinal cord, the [Cl�]i
determines the functional role of inhibitory
neurotransmitters. The transition from an excit-
atory to an inhibitory effect occurs earlier on
inspiratory neurons than in the lumbar spinal
cord (�E19; Ren and Greer, 2006). From this
time onward, GABA and glycine hyperpolarize
inspiratory neurons and suppress respiratory
frequency.

It is important to note that KCC2
cotransporters are sensitive to subtle changes in
the extracellular concentration of potassium ions
([Kþ]o). A raise of [Kþ]o from 2–3 to 9–10 mM
is sufficient to reverse the driving force for the
net K–Cl cotransport, thus allowing KCC2 to
operate in a reverse mode as a net influx pathway
(Payne et al., 2003). As a consequence, such a
raise induces a 10- to 20-mV depolarizing shift
of ECl (Ren and Greer, 2006; Vinay and Jean-
Xavier, 2008) in medullary slices and lumbar spi-
nal cord preparations, respectively). Raising
[Kþ]o is commonly used as a methodological tool
to increase the excitability of in vitro preparations.
This may, in addition, modify the strength of post-
synaptic inhibition within networks and explain
some inconsistency among results obtained in dif-
ferent experimental conditions.

The effects ofGABAon the respiratory network
highly depend on the expression and the function-
ality of cation–chloride cotransporters. During the
early life, NKCC1 is expressed at high levels and
perturbations of its functionality by removing
[Naþ]o or by application of bumetanide shifts ECl

to a more hyperpolarized value and reverses the
excitatory effect of GABAA receptor agonists
(muscimol), whereas blockade of KCC2 by furose-
mide has no effect (Ren and Greer, 2006).
In contrast, in neonatal preparations, furosemide
depolarizes ECl and blocks the inhibitory effect of
muscimol on respiratory frequency. At that time,
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blockade of NKCC1 has no significant effect.
These results are consistent with a developmental
increase of KCC2 expression in the respiratory net-
work, as in the locomotor system.
Primary afferent depolarizations and antidromic
discharges as part of the motor network

It is well established that one form of presynaptic
inhibition in the vertebrate spinal cord is
associated with primary afferent depolarization
(PAD, Alvarez-Leefmans et al., 1998; Rudomin,
1990; Rudomin et al., 1993) and that GABA,
through the activation of GABAA receptors,
plays a major role in the generation of PAD.
Axo–axonic interactions between GABAergic
terminals and primary afferents have been
demonstrated (see Alvarez, 1998, for review).
PADs are reduced by GABAA receptor
antagonists (Curtis and Lodge, 1982; Eccles
et al., 1963; Levy, 1975; Rudomin et al., 1981).
When PADs are large enough to reach firing
threshold, they trigger discharges that are anti-
dromically conducted into peripheral nerves. This
was first demonstrated by recording the reflex
response elicited in dorsal roots, by electrical
stimulation of an adjacent dorsal root (“dorsal
root reflex,” Barron and Matthews, 1938;
Toennies, 1938, see Kerkut and Bagust, 1995,
for review). Antidromic discharges of primary
afferents have been observed during locomotion
in the cat (fictive locomotion: Beloozerova and
Rossignol, 1999; Dubuc et al., 1988; Duenas
et al., 1990; Gossard et al., 1991; treadmill loco-
motion: Beloozerova and Rossignol, 2004; Dubuc
et al., 1985; Rossignol et al., 1998) and in the rat
(Pilyavskii et al., 1988). A spontaneous anti-
dromic activity in the dorsal roots has been
described in the in vitro spinal cord isolated from
adult (Bagust et al., 1989; Chen et al., 1993) or
young hamsters (Abdul-Razzak et al., 1994; see
Kerkut and Bagust, 1995, for review). Antidromic
discharges are also recorded from lumbar dorsal
roots in the neonatal rat spinal cord in vitro
(Fellippa-Marques et al., 2000; Kremer and
Lev-Tov, 1998; Vinay and Clarac, 1999; Vinay
et al., 1999). Most of these action potentials are
blocked by bath application of bicuculline or pic-
rotoxin, two GABAA receptor antagonists. Some
activity occurs spontaneously, consisting of rhyth-
mic bursts, and is therefore likely triggered by a
centrally generated rhythm. A motor activity is
sometimes recorded from ventral roots, occurring
in phase with the dorsal root burst (Fig. 3a).
Intracellular recordings from motoneurons show
subthreshold depolarizations, confirming the exis-
tence of neuronal connections that coactivate the
motoneurons and the primary afferent terminals.
Alternatively, antidromic discharges in dorsal
roots may have postsynaptic effects in lumbar
motoneurons and first-order interneurons, as
shown in the trigeminal system.

Lund and coworkers indeed demonstrated the
existence of such antidromic discharges during
fictive mastication (Kolta et al., 1995; Verdier
et al., 2003). They proposed the very elegant
hypothesis of a functional compartmentalization
of muscle spindle afferents (Fig. 3b). In contrast
to other primary afferents, the cell bodies of pri-
mary afferents that innervate the spindles of
jaw-closing muscles are located in the trigeminal
mesencephalic nucleus (Nvmes) and not in
DRG. During fictive mastication, the firing
patterns recorded from the soma differ markedly
from those recorded from the caudal compart-
ment of the central axon of these afferents.
In 65% of cells, activation of the motor circuits
during fictive mastication does not alter tonic
orthodromic activity induced by stretch of the
jaw-closing muscles and in one-third of cases only,
a phasic inhibition of this activity is observed,
coincident with jaw-opening phase of the cycle.
In contrast, phasic inhibition is seen in the great
majority (83%) of recordings from the caudal
compartment of the central axon. In addition,
these inhibitions alternate with phasic excitation
occurring in the jaw-closing phase. The
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extraspikes appearing in the latter phase have
been attributed to antidromic action potentials
generated by PAD of the central terminals. These
spikes do not reach the soma but do reach trigem-
inal motoneurons via collaterals. They provide
additional excitation to trigeminal MNs. To sum-
marize, the central axon plays the role of a pre-
motor interneuron carrying signals from the
CPG via a set of presynaptic terminals to mot-
oneurons whereas the rostral portion of the neu-
ron provides feedback from its receptors,
although even this sensory feedback is phasically
gated by the CPG. The possibility that a similar
mechanism also applies to the spinal cord is under
investigation.
Dysfunction of chloride homeostasis in
pathological conditions

The hyperpolarizing shift of ECl from above to
below the resting membrane potential in rodent
motoneurons occurs during perinatal develop-
ment, a time window during which pathways des-
cending from the brainstem arrive in the lumbar
enlargement (Brocard et al., 1999; Vinay et al.,
2000, 2002). A complete spinal cord transection
was performed on the day of birth to investigate
the contribution of descending pathways to the
maturation of chloride homeostasis (Jean-Xavier
et al., 2006). This early removal of supraspinal
influences prevented both the hyperpolarizing
shift of ECl and the up-regulation of KCC2 that
normally occur during the first postnatal week.
These results may account for the disorganization
of the locomotor pattern that is observed in these
animals following neonatal spinal cord transaction
(Norreel et al., 2003).
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It is well known that several inhibitory
reflex mechanisms are decreased in patients
after SCI (Boorman et al., 1996; Mazzocchio
and Rossi, 1997; Morita et al., 2001). The
mechanisms responsible for this reduced inhibi-
tion were unknown until recently. Based on the
above-mentioned results showing that descending
pathways modulate chloride homeostasis, we
hypothesized that a spinal cord injury in adults
may affect the expression of KCC2 in the lumbar
spinal cord and hence the strength of postsynaptic
inhibition. We showed that the expression of
KCC2 in the plasma membrane of motoneurons
is reduced after spinal cord injury (Boulenguez
et al., 2010). We demonstrated that a blockade
of these cotransporters in intact animals rep-
roduces some of the observations made in spastic
paraplegic rats, suggesting that a down-regulation
of KCC2 can contribute to the hyperexcitability
of spinal networks, which is the hallmark of spas-
ticity following spinal cord injury (Boulenguez
et al., 2010).
Conclusion

To conclude, primary afferent terminal and mot-
oneurons exhibit oppositemechanisms for chloride
homeostasis. A high [Cl�]i maintained by NKCC1
cotransporters is responsible for PADs. The action
potentials that are generated by PADs reaching fir-
ing threshold have long been considered as an epi-
phenomenon or an artifact due to the experimental
conditions. The ubiquity of their observation in dif-
ferent motor networks underscores the need to
investigate their role further. A low [Cl�]i is
maintained in healthy motoneurons by KCC2
cotransporters; this is a requirement for a strong
postsynaptic inhibition. The excitatory effects of
GABA and glycine used to be considered only in
a developmental perspective. The demonstration
that KCC2 transporters and chloride homeostasis
are affected in pathological conditions sheds new
light on these mechanisms. Restoring chloride
homeostasis, by up-regulating the functionality of
KCC2 transporters, may pave the way for new
treatments aimed at reducing spasticity following
spinal cord injury. The demonstration that
depolarizing IPSPs can facilitate subthreshold
excitations also warrants further studies to investi-
gate how these interactions contribute to synaptic
integration and plasticity. That [Kþ]o and ECl are
critically dependent upon the activity raises the
possibility that the role of GABA/glycinergic
inputs may reversibly switch from inhibition to
excitation, depending on the recent experience of
the network.
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