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Contribution of the Potassium-Chloride Cotransporter KCC2
to the Strength of Inhibition in the Neonatal Rodent Spinal
Cord In Vitro

Florian Gackieére and Laurent Vinay
Institut de Neurosciences de la Timone, UMR 7289, CNRS, Aix Marseille Université, 13385 Marseille cx 5, France

In healthy mature motoneurons (MNs), KCC2 cotransporters maintain the intracellular chloride concentration at low levels, a prerequi-
site for postsynaptic inhibition mediated by GABA and glycine. KCC2 expression in lumbar MNs is reduced after spinal cord injury (SCI)
resulting in a depolarizing shift of the chloride equilibrium potential. Despite modeling studies indicating that such a downregulation of
KCC2 function would reduce the strength of postsynaptic inhibition, physiological evidence is still lacking. The present study aimed at
investigating the functional impact of a modification of KCC2 function. We focused on a well characterized disynaptic inhibitory pathway
responsible for reciprocal inhibition between antagonistic muscles. We performed in vitro extracellular recordings on spinal cords
isolated from rodents at the end of the first postnatal week. Genetic reduction of KCC2 expression, pharmacological blockade of KCC2, as
well as SCI-induced downregulation of KCC2 all resulted in a reduction of the strength of reciprocal inhibition. We then tried to restore
endogenous inhibition after SCI by means of zinc ions that have been shown to boost KCC2 function in other models. Zinc chloride indeed
hyperpolarized the chloride equilibrium potential in MNs and increased reciprocal inhibition after neonatal SCI. This study demon-
strates that the level of KCC2 function sets the strength of postsynaptic inhibition and suggests that the downregulation of KCC2 after SCI

likely contributes to the high occurrence of flexor- extensor cocontractions in SCI patients.
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Introduction

The proper operation of neuronal networks relies on a balance
between excitation and inhibition. A perturbation of this balance
in pathological conditions such as after spinal cord injury (SCI)
leads to spasticity, a syndrome that is characterized by involun-
tary muscular spasms, tendon jerks, and an increased muscle
resistance to passive stretch (Lance, 1980). Most SCI patients
suffer from spasticity 1 year after injury (Crone et al., 2000, 2003;
Morita et al., 2001). It is widely accepted that at least two mech-
anisms in the spinal cord below the lesion contribute to this
disorder: an increased excitability of motoneurons (MNs; (Li et
al., 2004; Boulenguez and Vinay, 2009) and a reduction of inhi-
bition (known as disinhibition; Boorman et al., 1996; Mazzoc-
chio and Rossi, 1997; Katz, 1999). Disinhibition was recently
suggested as being caused by a reduced expression of the potas-
sium (K ™)-chloride (Cl™) cotransporters KCC2 in the mem-
brane of MNs thereby increasing the intracellular concentration
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of chloride ions and reversing the effect of IPSPs from hyperpo-
larization to depolarization (Jean-Xavier et al., 2006; Boulenguez
etal., 2010; Bos et al., 2013). For instance, immunohistochemical
experiments indeed revealed a reduction of KCC2 expression in
MNs 4—6 d after spinal cord transection performed on the day of
birth. This was associated with a depolarization of the reversal
potential of IPSPs (Epgp,) in lumbar MNs compared with non-
injured animals (Jean-Xavier et al., 2006; Bos et al., 2013).

An important issue is to determine the functional conse-
quences of a downregulation of KCC2 expression that induces a
~10-15 mV depolarizing shift of E;pgp, in SCI rats (Jean-Xavier
et al., 2006; Boulenguez et al., 2010; Bos et al., 2013). In different
areas of the CNS including the spinal cord, small depolarizing
IPSPs can facilitate action potential firing when they are com-
bined with subthreshold excitatory inputs (Chen et al., 1996; Gao
and van den Pol, 2001; Gulledge and Stuart, 2003; Stein and
Nicoll, 2003; Jean-Xavier et al., 2007). In addition, modeling
studies have suggested that a depolarizing shift of KCC2 increases
the cell excitability (Prescott et al., 2006; Doyon et al., 2011).
Despite these findings, the functional impact of a disruption of
chloride homeostasis on sensory-motor function is still unknown
keeping the question of whether SCI-induced KCC2 deficiency is
sufficient to cause a motor dysfunction open.

To answer this question, we focused on a well characterized in-
hibitory reflex pathway through which group Ia afferents provide
inhibition of MNs innervating antagonistic muscles (Hultborn and
Udo, 1972; Jankowska, 1992). This reciprocal disynaptic inhibition
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is mediated by glycinergic interneurons (INs) termed Ia inhibitory
INs (Curtis et al., 1968; Jankowska and Lindstrém, 1972) and is
functional at birth in mice (Sonner and Ladle, 2013). Using this
model in vitro we demonstrate that modulating KCC2 function
markedly affects the strength of inhibition.

Materials and Methods

Animals and preparations. The mammalian KCC2 gene (Slc12a5) gener-
ates two alternatively spliced isoforms KCC2a and KCC2b, which differ
from each other in their N-terminal part (Uvarov et al., 2007). Some
experiments (n = 15) were performed on neonatal transgenic mice with
a targeted disruption of KCC2 exon 1b, which lack KCC2b but retain
KCC2a mRNA. The KCC2 mouse strain (C57BL/6 genetic background)
was provided by E. Delpire (Vanderbilt University School of Medicine,
Nashville, TN) (Woo et al., 2002). At the end of the first postnatal week,
KCC2 ™'~ (Slc12a5~"") mice express ~21% of KCC2 compared with the
wild-type KCC2 I (Sle12a5™/") mice (Stil et al., 2011). In addition to
these mice (home bred, both sexes), we used neonatal Wistar rats (orig-
inally collected from Janvier Laboratories and then home bred; both
sexes; 1 = 89) which were all housed in a temperature-controlled animal-
care facility with a 12 h light/dark cycle. The postnatal ages of animals
were measured in terms of days after birth. We made all efforts to mini-
mize the number of animals used and animal suffering. All surgical and
experimental procedures were in accordance with the French regulations
(Ministry of Food, Agriculture and Fisheries; Division of Health and
Protection of Animals) and were approved by the local ethical committee
(Comité d’éthique en Neurosciences, Institut de Neurosciences de la
Timone, Marseille, N°71; A9/01 13).

Genotyping. Briefly, tail fragments were frozen and kept at —80°C.
Purification of DNA was performed after overnight incubation in a lysis
buffer. Control and mutant fragments of kcc2 gene were amplified by
PCR by using the same forward primer (5'-AGCGTGTGTCCGTGTGC-
GAGTG-3") and different reverse primers for the control and the mutant
genes (5'-CCGTCCTCGCAGTCCGTCAGGTTG-3'" and 5'-CCAGAG-
GCCACTTGTGTAGCGC-3', respectively). Both sets of oligonucleo-
tides generate a 0.2 kb PCR product. Note that researchers were blinded
to genotype of the animals throughout in vitro experiments and data
analysis.

Surgical procedure: neonatal SCI. Rats were deeply anesthetized by hy-
pothermia at birth. A dorsal midline skin incision was made over the
thoracic vertebra and the overlying fascia and muscles were retracted to
expose the dorsal surface of the vertebrae. After a partial laminectomy,
the spinal cord was completely transected at the T8 thoracic level with
scissors. The lesion cavity was then filled with sterile absorbable local
hemostat Surgicoll (Medical Biomaterial Products). The skin incision
was closed with sutures (PDSII 6.0, Ethicon; Johnson and Johnson) and
covered by Steri-Strips (3M Health Care). The whole surgical procedure
took <10 min after anesthesia. Sham-operated rats were treated in the
same way except the spinal cord transection. Following surgery, the ne-
onates recovered 45 min in a warm environment maintaining the tem-
perature at 35 = 1°C. Wounds were then cleaned and rats were keptin a
warm environment for 40 min before returning to the nest.

Spinal cord preparations. Spinal cords isolated from neonatal animals
were dissected together with spinal roots. Briefly, after decapitation and
evisceration, the spinal cord was exposed by dorsal laminectomy and
acute removal of the dura in a cold artificial CSF (ACSF; containing the
following (in mm): 130 NaCl, 4 KCl, 3.75 CaCl,, 1.3 MgSO,, 0.58
NaH,PO,, 25 NaHCO;, and 10 glucose; all compounds were from Sig-
ma-Aldrich; oxygenated with 95% O,/5% CO,, pH 7.4). By a careful
inspection of the lack of continuity between the spinal stumps, we veri-
fied the completeness of the spinal cord transection for injured-rats (SCI
rats, n = 23). Cord, from sacral segments up to T8, was then removed
from the vertebral column together with peripheral roots, notably those
from the lumbar L3 and L5 segments that contain the MNs projecting to
the knee extensor and flexor muscles, respectively (Nicolopoulos-
Stournaras and Iles, 1983). The preparation was then transferred to the
recording chamber and allowed to recover for 1 h in oxygenated ACSF
equilibrated at room temperature (24 * 1°C). The isolated spinal cord
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preparation was pinned down, ventral side up, in sylgard (Dow-
Corning)-covered recording chamber, and continuously perfused with
the ACSF solution. All ventral (VR) and dorsal (DR) roots were also
carefully pinned.

In vitro extracellular recordings. Extracellular electrophysiological signals
of lumbar VR and DR responses were recorded by contact stainless steel
electrodes insulated from the bath with Vaseline. Data were acquired
through an AC-coupled amplifier (bandwidth: 70-3 kHz) and a Digidata
1440A interface using the Clampex 10.2 software (Molecular Devices).

Evaluation of reciprocal inhibition. The protocol was adapted from
previous reports (Wang et al., 2008; Talpalar et al., 2011; Sonner and
Ladle, 2013). Single pulses were delivered to the DR to evoke responses in
the homonymous VR. We stimulated at two to three times the threshold
(T) intensity that evoked an incoming volley in the DR. The current
pulses (0.3 ms duration) required to elicit the maximal response varied
among preparations (from 0.2 to 0.6 V for mice; from 0.6 to 1.2 V for
rats). Stimulations were delivered every 20 s to avoid fatigue and synaptic
depression described previously (Lev-Tov and Pinco, 1992). Test and
conditioning stimulations were delivered to the L5 and L3 DRs, respec-
tively. Delays between the two stimulations ranged from 0 to 40 ms. Each
delay was tested at least three times in the following way: five controls
(test only) followed by five paired (conditioning + test) stimulations.
The order in which delays were tested was randomized from series to
series to prevent possible order-dependent effects. Data analysis was per-
formed offline and consisted in measuring the peak-to-antipeak ampli-
tude of the L5 monosynaptic reflex (Clampfit 10.2 software). To consider
only the monosynaptic component, we restricted measurements to the
first 3 ms after the response onset (Kudo and Yamada, 1987). We defined
the duration of the inhibition as the intersection of the regression line
calculated from data with the x-axis (GraphPad Prism 5.01 software).

Quantification of polysynaptic responses. We rectified VR signals and
measured the areas under the curve from 3 to 100 ms after response onset
(Clampfit 10.2 software). The effect of the drug was considered 30—60
min following bath application.

Quantification of rate-dependent depression. We delivered 15 stimula-
tions at various frequencies (20 s between each series) and we normalized
the amplitude of monosynaptic responses (the first three discarded) to
the controls evoked at 20 s intervals (mean of 5 pulses). We took into
account at least three series of stimulations before and 30—60 min after
the onset of drug application.

Intracellular recordings. After removing the pia, we recorded lumbar
MNs intracellularly using glass microelectrodes filled with 2 M K-acetate
(70-100 M) resistance). We recorded intracellular potentials in the dis-
continuous current-clamp mode (Axoclamp 2B amplifier; Digidata 1200
interface; pClamp9 software; Molecular Devices). We considered only
neurons exhibiting a stable (>15 min) resting membrane potential
(V,os) for analysis. We identified MNs in the L4 or L5 segments by their
antidromic response to VR stimulation. We used glass suction electrode
to stimulate the ipsilateral ventral funiculus at the L2-L3 level. Such
stimulations induced GABA, - and glycine-mediated IPSPs in the pres-
ence of DL-2-amino-5-phosphonovaleric acid (DL-APV; 50 um) and
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 wm; Boulenguez et
al., 2010; Bos et al., 2013). We recorded IPSPs at various holding poten-
tials (500-ms-long current pulses) and collected at least 20 values for each
MN. We measured and plotted amplitudes of IPSPs against holding po-
tentials and obtained E g, from the regression line (GraphPad Prism
5.01 software).

Drugs. We purchased CNQX and APV from Abcam, whereas
VU0240551, ZnCl,, strychnine, and picrotoxin were from Sigma-
Aldrich. VU0255011 (or ML077) and VU0463271 were generous gifts
from Vanderbilt University. VU0240551, VU0255011, and VU0463271
will be referred as “VU compounds” in the following text and figure
legends. Strychnine and picrotoxin were prepared in ACSF, whereas VU
compounds in DMSO (final concentration of 0.1%). We checked that
0.1% DMSO alone for 2 h has no effect on monosynaptic reflexes and
reciprocal inhibition (n = 2). ZnCl, was prepared in NaH,PO,-free
ACSEF to avoid precipitation of the metal (Chorin et al., 2011).

Statistical analysis. All data are reported as mean = SE. Statistical com-
parisons between small samples were performed using nonparametric
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The strength of reciprocal inhibition depends on KCC2 expression in neonatal mice. A, Representative traces of extracellular recordings from L5 and L3 VRs (A7, A3 and A2, A4,

respectively) of a P6 KCC2 /™ mouse. Black traces show the responses to the L5 DR stimulation (Test) whose intensity is sufficient to evoke a monosynaptic reflex in L5 VR. Gray traces show the
responses when the L5 DR stimulation, at the same intensity, was preceded by a conditioning stimulation of the L3 DR (Test + Conditioning) that is sufficient to evoke a monosynaptic reflexin L3
VR (interval of 10 ms). A5, Enlargement of superimposed monosynaptic responses. B, , Amplitude of the test response plotted against the interstimulus interval between conditioning and test
stimulations. Average normalized strength of inhibition, represented from raw data (B) or after a fitting analysis using spline/lowess, cubic option (€) showing two distinct phases of inhibition.
Curves were obtained from 5KCC2 ™/ and 10KCC2 ~/~ P4 —P6 mice with at least three observations at each delay. Note that the discontinuity after 30 ms interval is due to a different number of
observations. D, Histograms summarizing the strength of reciprocal inhibition at short (7.3 ms) and long (23.1 ms) interstimulus intervals. Statistical differences between KCC2 */* and KCC2 ~/~
mice are noted above each delay in B and above short and long delays in Cand D (Mann—Whitney test; *p << 0.05, **p << 0.01, ***p << 0.0071).

Wilcoxon or Mann—-Whitney tests (for comparing two paired or un-
paired groups, respectively; GraphPad Prism 5.01 software). Differences
were considered to be significant at *p < 0.05, **p < 0.01, and ***p <
0.001.

Results

The strength of reciprocal inhibition depends on the level of
KCC2 expression in neonatal mice

We started by examining the strength of reciprocal inhibition in
KCC2 (SIc12a5) knock-out mice from postnatal day (P)4 to P6.
Homozygous KCC2 ™'~ animals retain ~20% of the KCC2
amounts expressed in the spinal cord of wild-type KCC2 ™" an
imals (Woo etal., 2002; Stil et al., 2011). An electrical stimulation
of the L5 DR evoked a monosynaptic response in the homony-
mous ipsilateral VR (Fig. 1A1; KCC2 ** mouse, P6) with no or
little response in the L3 VR (Fig. 1A2). A conditioning stimula-
tion was then delivered to the ipsilateral L3 DR, generating a
monosynaptic response in L3 VR (Fig. 1A4). Such stimulation
attenuated the amplitude of the L5 monosynaptic reflex if deliv-
ered within an appropriate time window before the L5 DR stim-
ulus (Fig. 1A3,A5). Different delays between the two stimulations
(L3 DR before L5 DR) were tested. The L5 response was reduced
in amplitude for intervals in the range of 2—40 ms (Fig. 1 B,C), in

agreement with earlier observations in newborn mice (Sonner
and Ladle, 2013). We then compared the strength of reciprocal
inhibition between wild-type KCC2"/* and KCC2-deficient
mice. Figure 1B shows the values obtained for each delay from the
two genotypes (KCC2 /", n = 5;KCC2 /", n = 10). Significant
differences were observed at intervals ranging from 5 to 30 ms
(p <0.05,p <0.01, p <0.001, Mann—Whitney test). To further
characterize the time course of the inhibition, we fitted individual
traces by means of the spline/lowess, cubic option (see Materials
and Methods; Fig. 1C). This demonstrated that KCC2 ™" mice
displayed two phases of inhibition peaking at interstimulus inter-
vals of 7.3 ms (strength of inhibition: 58.2 = 6.3%; Fig. 1C,D) and
23.1 ms (49.6 = 12.7%; Fig. 1C,D), respectively. The two com-
ponents have different pharmacological profiles, the short-
interval inhibition being consistent with the classical glycinergic
disynaptic reciprocal inhibition whereas the long-latency com-
ponent relies mainly on presynaptic inhibition mediated by
GABAergic INs (Sonner and Ladle, 2013). In KCC2 ™/~ mice,
compared with wild-type animals, the strength of inhibition was
markedly reduced to 6.5 = 3.4% (88.8% reduction; Fig. 1C,D;
p < 0.001, Mann—Whitney test) and 14.8 = 6.3% (70.2% reduc-
tion; Fig. 1C,D; p < 0.05, Mann—Whitney test) at short and long
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Figure 2.

Contribution of GABA and glycine to reciprocal inhibition in neonatal rats. 4, B, Amplitude of the test response. Average normalized strength of inhibition, represented from raw data

(A) or after a fitting analysis using spline/lowess, cubic option (B), which shows a single phase of inhibition (peaking at 10.8 ms). The curve was obtained from 17 P4 —P6 rats with at least three
observations at each delay. C, Linear regression analysis of the strength of inhibition at delays larger than 10 ms (r = 0.62). The intersection of the regression line with the x-axis gives the duration
of the inhibition. D, E, Amplitude of the test response before (CTL) and 20 — 45 min after strychnine (D; Stry, 0.4—1 m; 9 P4—P6 rats) or picrotoxin (E; PTX, 20 pum; 8 P4—P6 rats). At least four
observations were made for each delay. Histograms represent the strength of inhibition at short and long interstimulus intervals (10 and 40 ms, respectively) before and after drug application.
Statistical differences between CTL and Stry, and between CTL and PTX are noted above delays and histograms in D and E (Wilcoxon test; *p << 0.05, **p << 0.01).

intervals, respectively. An inhibition however persisted at the two
intervals in KCC2-deficient mice as response amplitudes in the
presence and absence of a conditioning stimulus were signifi-
cantly different (p < 0.05, Wilcoxon test). These results provide
the first demonstration in neonatal mice that KCC2 cotransport-
ers are important in regulating the strength of reciprocal
inhibition.

Reciprocal inhibition is reduced after neonatal SCI

The next series of experiments aimed at investigating whether the
downregulation of KCC2 that is induced by neonatal SCI in rat
(Jean-Xavier et al., 2006; Boulenguez et al., 2010) has any func-
tional impact on reciprocal inhibition. However, to the best of
our knowledge, the protocol used by Sonner and Ladle (2013) in
mice has never been described in neonatal rats. We therefore
performed a reference study on the latter model (n = 17; Fig.
2A-C). The time course of inhibition was somewhat different
from the one observed in mice as the same fit analysis used above
(spline/lowess, cubic; see Materials and Methods) revealed a sin-
gle phase of inhibition reaching 68.7 = 3.2% at 10.8 ms (Fig. 2B).
The linear regression analysis of the data after the peak of inhibi-
tion revealed a duration of inhibition of 50.4 ms in newborn rats
(Fig. 2C). We next used pharmacological compounds to specifi-
cally block glycine or GABA , receptors. After a control period of
at least 1 h, we incubated different spinal cord preparations with
strychnine (0.4—1 um, n = 9) or picrotoxin (20 uM, n = 8). We
compared the values calculated for each delay before and after

drug application (Fig. 2D, E; p < 0.05, p < 0.01, Wilcoxon test).
Bath application of strychnine lead to a facilitation at 5-10 ms
(Fig. 2D; 19 % 12.6% facilitation vs 62.3 = 6.1% inhibition at 10
ms, n = 9; p < 0.05, Wilcoxon test) and the inhibition was abol-
ished at longer intervals (>15 ms; p > 0.05, Wilcoxon test).
Picrotoxin significantly reduced the inhibition at short intervals
(10-15ms; p < 0.05, p < 0.01, Wilcoxon test), such that response
amplitudes in the absence and presence of conditioning stimula-
tion were not significantly different (p > 0.05, Wilcoxon test). A
trend toward a facilitation (p > 0.05, Wilcoxon test) was ob-
served at longer intervals (>20 ms; Fig. 2E; 24.4 = 22.3% facili-
tation compared with 31.9 = 11% inhibition at 40 ms, n = 6).
Together, these results indicate that most of the short- (5-20 ms)
and long-latency (>20 ms) components of inhibition at the end
of the first postnatal week in rats are mediated by glycinergic and
GABAergic transmissions, respectively.

To further investigate the involvement of KCC2 in reciprocal
inhibition, we incubated spinal cord preparations with VU com-
pounds (25 uM; n = 6, n = 2, and n = 1 for VU0240551,
VU0255011, and VU0463271, respectively), described as highly
specific KCC2 blockers (Delpire et al., 2009, 2012). The strength
of reciprocal inhibition was significantly reduced in the presence
of these drugs, compared with control observations made over
1 h (Fig. 3A,B; p < 0.05, p < 0.01, Wilcoxon test). Some inhibi-
tion however persisted at interstimulus intervals smaller than 25
ms (p < 0.05; Wilcoxon test). The calculated mean duration of
inhibition was also significantly reduced after KCC2 blockade,
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observations at each delay) and SCI (9 animals with at least 8 observations at each delay) P4 —P6 rats. B, Histograms represent the strength of inhibition at short and long interstimulus intervals (10
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between Sham and SCl rats are noted above delays in 4, above histograms in B and near regression lines in € (Mann—Whitney test and linear regression analysis; *p << 0.05, **p << 0.01, ***p <

0.001).

from 48.8 to 38 ms (Fig. 3C; —22.2%; p < 0.01, linear regression
analysis). In support of the results obtained with the genetic
model, these data demonstrate that KCC2 function regulates the
strength and the duration of reciprocal inhibition in neonatal
rodents.

We then explored whether the SCI-induced downregulation
of KCC2 affected the reciprocal inhibition using rats that under-
went a complete spinal cord transection at birth (SCL, n = 9),
compared with untransected rats (Sham, n = 13; Fig. 4). There
was no statistical difference concerning the amplitude of the L5
monosynaptic response between these two groups at P4—P6 (p >
0.05, Mann—Whitney test). The strength of inhibition was re-
duced for all delays longer than 10 ms after SCI, compared with
sham animals (Fig. 4A, B; Mann—Whitney test). The condition-
ing stimulation had no significant inhibitory effect on the test
response at intervals longer than 15 ms in SCI animals (p > 0.05,
Wilcoxon test). Accordingly, the calculated duration of inhibi-

tion was lower in transected rats with a 38.4% reduction from
50.6 in Sham to 31.2 ms in SCI rats (Fig. 4C; p < 0.001, linear
regression analysis).

Zinc upregulates KCC2 function in MNs and strengthens
reciprocal inhibition after neonatal SCI

We next sought to test the effect of upregulating KCC2 function
on reciprocal inhibition. We used zinc that has been shown to
upregulate KCC2 activity (Chorin et al., 2011). The effect of zinc
chloride on Epgp in lumbar MNs in intact P4—P6 rats was exam-
ined at two concentrations (1 uMm, gray lines, n = 7 and 10 uMm,
black lines, n = 10; Fig. 5A). ZnCl, hyperpolarized E g, within
15-20 min and measurements were done 30—60 min after appli-
cation onset. E;pgp was significantly more hyperpolarized when
MNs were recorded in the presence of ZnCl, compared with
control conditions (—4.7 mV, n = 17; Fig. 54; p < 0.001, Wil-
coxon test; note that differences were also significant when con-
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Figure5. ZnCl, hyperpolarizes Epsp via KCC2 in neonatal rat MNs. A—C, E,pcp (A), V¢ (B), and driving force (Epsp — Viosr; ) measured from intact P4 —P6 rats before (CTL) and 30 — 60 min after

sidering each concentration separately, p < 0.05 and p < 0.01,  driving force increased significantly (—4.8 mV, n = 17; Fig. 5C;
Wilcoxon test applied for 1 and 10 um ZnCl,, respectively). ZnCl,  p < 0.001, Wilcoxon test). As a result, E;gp shifted from above to
had no significant impact on the resting membrane potential ~ below V... We blocked KCC2 function by VU compounds (n =
(Vs 1 = 17; Fig. 5B; p > 0.05, Wilcoxon test). Therefore, the ~ 6intotal: n =5 for VU0240551 and n = 1 for VU0463271) which
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depolarize E pgp (Fig. 5 compare A,D and C,F; p < 0.01, Mann—
Whitney test) without any effect on V., (n = 6; Fig. 5E; p > 0.05,
Wilcoxon test) confirming previous observations (Bos et al.,
2013). Importantly, VU compounds prevented the ZnCl,-
induced hyperpolarizing shift of Epgp, (n = 6; Fig. 5D,F; p >
0.05, Wilcoxon test), suggesting that ZnCl, modulates chloride
homeostasis through an upregulation of KCC2 function.

We also tested ZnCl, on MNs recorded from animals that
underwent a SCI at birth (1 um, n = 3, gray lines and 10 um
ZnCl,, n = 5, black lines; Fig. 5G-I). E;psp was significantly more
hyperpolarized when MNs were recorded in the presence of
ZnCl, compared with control conditions (—3.9 mV, n = 8; Fig.
5G; p <0.01, Wilcoxon test). ZnCl, had no significant impact on
Viest (n = 8; Fig. 5H; p > 0.05, Wilcoxon test). Therefore, the
driving force increased significantly 30— 60 min after the onset of
ZnCl, application (—3.7 mV, n = 8; Fig. 5C; p < 0.01, Wilcoxon
test), and Epgp shifted from above to below V.

The amplitude of the monosynaptic response evoked in a VR
by supramaximal stimulation of the homonymous ipsilateral DR
in vitro decreases when the stimulation occurs repeatedly, and
this reduction becomes more important as the frequency of stim-
ulation increases [rate-dependent depression (RDD); Bos et al.,
2013]. As the RDD is reduced when KCC2 function is genetically
or pharmacologically reduced (Boulenguez et al., 2010; Bos et al.,
2013), we hypothesized that hyperpolarizing E;pqp by ZnCl,
would increase the RDD. The amplitude of the monosynaptic
response was not affected by ZnCl, (1 and 10 uM, n = 17; Fig. 6A;
p > 0.05, Wilcoxon test). ZnCl, significantly reduced the ampli-
tude of the monosynaptic response elicited by repetitive stimula-
tion at 0.5 and 1 Hz (n = 17; Fig. 6B; p < 0.05 and p < 0.01,
Wilcoxon test). Linear regressions obtained from CTL and ZnCl,
conditions were significantly different (p < 0.05, regression line
analysis). Regarding the polysynaptic response, we noticed a sig-
nificant reduction (—11.1%) after ZnCl, compared with control
(n = 16; Fig. 6C; p < 0.01, Wilcoxon test).

Finally, we investigated whether ZnCl, application was able to
increase reciprocal inhibition in rats in control and pathological
conditions (Fig. 7). The strength of reciprocal inhibition re-
corded from intact rats was quite similar before and after 10 um

ZnCl,, comparing each delay (n = 8; Fig. 7A,B; p > 0.05, Wil-
coxon test). Similarly, we did not observe any significant differ-
ence regarding the duration of reciprocal inhibition (56.9 ms and
50.2 ms before and after ZnCl,, n = 8; Fig. 7C; p > 0.05, Wilcoxon
test). By contrast, ZnCl, had an effect after neonatal spinal cord
transection as it markedly increased reciprocal inhibition. In-
deed, the strength (10-20 ms, n = 7; Fig. 7D, E; p < 0.05, Wil-
coxon test) and duration (22% gain switching from 31.2 to 38.1
ms, n = 7; Fig. 7F; p < 0.01, regression line analysis) of the
inhibition were both significantly increased after 10 um ZnCl,.

Discussion

This study demonstrates that reducing the expression (genetic
model) or the functionality (pharmacological blockade) of KCC2
reduces the strength of a well characterized inhibition in the spi-
nal cord. Reciprocally, in pathological conditions such as after
SCI, boosting KCC2 function by zinc ions enabled to restore
endogenous inhibition.

Reciprocal inhibition in vitro in neonatal rodents

The pathway mediating reciprocal inhibition from muscle spin-
dle afferents (Ia axons) to MNs supplying antagonistic muscles
has been well studied in adult cats (Hultborn and Udo, 1972), but
little was known until recently about how this disynaptic pathway
develops (Wang et al., 2008; Sonner and Ladle, 2013). Using ex-
tracellular physiological techniques from hemisected spinal cord
preparations isolated from 1-week-old mice, the latter authors
described two distinct phases of inhibition at 6.5 and 23 ms with
a maximum degree of inhibition of 71 and 52%, respectively. The
time course of the inhibition obtained in our study is in accor-
dance with these earlier data (7.3 and 23.1 ms with degrees of
inhibition of 58 and 50%, respectively). The experiments per-
formed by Sonner and Laddle (2013) further revealed that the
two inhibitory phases were supported by separate pathways that
did not mature at the same time. A disynaptic reciprocal glycin-
ergic pathway is responsible for the early phase of inhibition and
is functional at birth whereas the longer latency inhibition relies
on presynaptic GABAergic inhibition of Ia afferents, that is only
weakly observed at PO.
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The time course obtained with rats in the present study was
quite different from that in mice of the same age. A single phase
was indeed observed at ~11 ms. At first sight, this may suggest
that, similar to mice, presynaptic inhibition might be immature
during the first postnatal week. This, however, appears unlikely as
blocking GABA ,-receptors had a marked effect on the late part of
the inhibition. It is noteworthy that the effect of pharmacological
blockade of glycine and GABA , receptors in rats was not as clear-
cut as in mice, in which strychnine and bicuculline affect mainly
the early and the late inhibitory phases, respectively. In rats, the
two antagonists affected the inhibition throughout its time
course, suggesting a corelease of glycine and GABA by the in-
terneurons involved in the disynaptic reciprocal, short-interval,
inhibition and a strong contribution of glycine to a polysynaptic
postsynaptic inhibition at long delays, that would be superim-
posed on presynaptic inhibition.

The level of KCC2 function sets the strength of

postsynaptic inhibition

The kcc2 gene codes for two isoforms, KCC2a and KCC2b, which
differ in their N-termini (Uvarov et al., 2007, 2009). KCC2a con-
tributes 20-50% and 5-10% of total KCC2 mRNA expression in

the neonatal and mature mouse brain, respectively, indicating
that the expression of the KCC2b isoform markedly increases
during development, whereas that of KCC2a remains relatively
constant (Uvarov et al., 2007). Mice that lack both KCC2 iso-
forms die at birth due to severe motor defects, including dis-
rupted respiratory rhythm (Hibner et al., 2001), whereas the
mice we used in the present study, with a targeted disruption of
the first exon of KCC2b, survived for up to 2 weeks (Woo et al.,
2002).

In the present study, the inhibition of the L5 monosynaptic
reflex, induced by stimulating the L3 dorsal root, was shown to be
significantly reduced in KCC2b KO mice or after blocking KCC2
in neonatal rats. Both the early and late phases of inhibition were
affected which is in agreement with a contribution of postsynap-
tic inhibition to these two phases. Both the genetic and the phar-
macological downregulation of KCC2 expression/function lead
toa 10-20 mV depolarizing shift of chloride equilibrium poten-
tial (E¢;) in lumbar MNs (Hiibner et al., 2001; Jean-Xavier et al.,
2006; Boulenguez et al., 2010; Bos et al., 2013). Depolarizing
IPSPs (E¢; > Vo) are less able to suppress suprathreshold excit-
atory events than hyperpolarizing IPSPs, suggesting that the de-
polarization counteracts and can overcome the shunting effect
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(Jean-Xavier et al., 2007). Similarly, the duration of inhibition
and E, are negatively correlated, in agreement with the present
observations that the duration of inhibition is decreased after
reducing KCC2 function/expression. A major conclusion of the
simulations we made was that membrane potential changes
spread electrotonically as inhibitory synapses are moved away
from the soma, whereas the shunting is local (Jean-Xavier et al.,
2007). As a consequence, depolarizing IPSPs facilitate action po-
tential generation by subthreshold excitatory events in the late
phase of the response. The window of facilitation becomes wider
as E; becomes more depolarized and starts earlier as inhibitory
synapses are moved away from the excitatory input. Interestingly,
for distal inhibitory inputs, the effect on excitations generated at
the soma level, can switch from inhibition (of suprathreshold
EPSPs) to facilitation (of subthreshold EPSPs) within a narrow
window of E, values, close to the resting membrane potential. In
summary, this study demonstrated that small depolarizing IPSPs
can either inhibit or facilitate excitatory inputs, depending on
timing and location (van den Pol et al., 1996; Gao et al., 1998;
Gulledge and Stuart, 2003; Prescott et al., 2006; Jean-Xavier et al.,
2007; Ostroumov et al., 2011). In addition to an effect on the
integration of excitations, any alteration of KCC2 function may
influence tonically active glycinergic/GABAergic currents in the
postsynaptic neuron and thereby change its excitability.

The stronger disinhibition observed after KCC2 knock-down
(KCC2 ™/~ mice; Fig. 1B) compared with KCC2 blockade (rats;
Fig. 3A) is at first sight surprising. However, at the concentrations
of VU compounds used, the blockade of KCC2 is likely partial as
suggested by an E pgp of ~—60 mV (Bos et al., 2013; the present
study). By contrast, the 80% reduction in KCC2 expression in
transgenic mice leads to an Epgp of ~—49 mV (Stil et al., 2011).
The above-mentioned modeling studies showed that such a ~10
mV difference in the shift of Ejpsp has dramatic effects on the
strength of postsynaptic inhibition.

Zinc restores endogenous inhibition in pathological
conditions

Ipsilateral cocontraction of flexors and extensors is commonly
observed in SCI patients (Harkema, 2008). The strength of sev-
eral well characterized inhibitory mechanisms, such as presynap-
tic (Katz, 1999), recurrent (Mazzocchio and Rossi, 1997), and
reciprocal (Boorman et al., 1996) inhibitions is reduced after SCI.
A reciprocal facilitation instead of reciprocal inhibition may even
appear (Crone et al., 2003). A reduction in the expression of
KCC2 in the plasma membrane of MNs was suggested to be
responsible for the reduced inhibition after SCI in adult (Boulen-
guez etal., 2010) and neonatal (Jean-Xavier et al., 2006; Bos et al.,
2013) rats. Therefore, boosting the activity and/or the expression
of KCC2 transporters by a pharmacological tool should restore
endogenous inhibition.

Extracellular ZnCl, was recently described as an enhancer of
KCC2 activity and surface expression, thereby inducing a hyper-
polarizing shift in GABA, reversal potential in rat hippocampal
and cortical neurons (Chorin et al., 2011; Saadi et al., 2012).
Several studies showed the presence of zinc-enriched neurons in
the motor neuron area of rodent spinal cords suggesting a role of
their boutons in the regulation of motor functions (Schroder
et al., 2000; Wang et al., 2001). Here, we demonstrate in vitro
that ZnCl, hyperpolarizes E;pgp in lumbar MNs in both con-
trol and SCI rats. This effect was prevented by the application
of highly specific KCC2 blockers (Delpire et al., 2009, 2012),
which is consistent with the requirement of KCC2 for the
zinc-induced Epgp shift.

J. Neurosci., April 1, 2015 - 35(13):5307-5316 * 5315

Because the RDD of the monosynaptic response is markedly
reduced when KCC2 is blocked or downregulated in pathological
conditions (Boulenguez et al., 2010; Bos et al., 2013), we hypoth-
esized that boosting KCC2 function and or expression by ZnCl,
would affect the RDD. As expected, ZnCl, increased the RDD in
vitro neonatal rats. We next considered the polysynaptic re-
sponse, which results from a mixture of excitation and inhibition
in MNs (Wallis and Wu, 1992; Jiang et al., 1999), and we showed
a significant decrease by ZnCl,. Altogether, these results prove
that ZnCl, increases the inhibitory tone in the rat spinal cord.
Interestingly, regarding reciprocal inhibition, ZnCl, had no effect
on intact rats but partially restored its strength and duration in
SCl rats. Simulations showed that increasing KCC2 activity above
normal levels has very little effects on E (Prescott et al., 2006;
Doyon et al.,, 2011), and likely on the strength of postsynaptic
inhibition. By contrast, in pathological condition associated
with a KCC2 deficiency, ZnCl, was able to increase reciprocal
inhibition.

To conclude, the present study demonstrates that KCC2 ap-
pears as an attractive target to restore endogenous inhibition after
SCI. Zinc ions may be an effective tool to reach such a goal. The
positive effects of zinc supplementation on recovery in patholog-
ical conditions have been repeatedly demonstrated. For instance,
zinc supplementation improves behavioral and cognitive recov-
ery following traumatic brain injury (Cope et al., 2012). Similarly,
zinc supplement reduces neurological damage and promotes the
recovery of spinal cord function after acute SCI. An interesting
potential mechanism involves a positive effect on BDNF synthe-
sis and release (Wang et al., 2011), as BDNF has been shown to
increase KCC2 expression after SCI (Boulenguez et al., 2010).
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