L T

/

1\

=y

Activation of 5-HT2A receptors upregulates the
function of the neuronal K-Cl cotransporter KCC2

Rémi Bos, Karina Sadlaoud, Pascale Boulenguez, Dorothée Buttigieg, Sylvie Liabeuf, Cécile Brocard, Georg Haase,

Héléne Bras, and Laurent Vinay'

Institut de Neurosciences de la Timone, Unité Mixte de Recherche 7289, Centre National de la Recherche Scientifique, Aix-Marseille Université, F-13385 cx5

Marseille, France

Edited by Sten Grillner, Karolinska Institutet, Stockholm, Sweden, and approved November 15, 2012 (received for review August 8, 2012)

In healthy adults, activation of y-aminobutyric acid (GABA), and
glycine receptors inhibits neurons as a result of low intracellular
chloride concentration ([CI];), which is maintained by the potas-
sium-chloride cotransporter KCC2. A reduction of KCC2 expression
or function is implicated in the pathogenesis of several neurological
disorders, including spasticity and chronic pain following spinal
cord injury (SCI). Given the critical role of KCC2 in regulating the
strength and robustness of inhibition, identifying tools that may
increase KCC2 function and, hence, restore endogenous inhibition
in pathological conditions is of particular importance. We show that
activation of 5-hydroxytryptamine (5-HT) type 2A receptors to se-
rotonin hyperpolarizes the reversal potential of inhibitory postsyn-
aptic potentials (IPSPs), E;psp, in spinal motoneurons, increases the
cell membrane expression of KCC2 and both restores endogenous
inhibition and reduces spasticity after SCI in rats. Up-regulation of
KCC2 function by targeting 5-HT,A receptors, therefore, has thera-
peutic potential in the treatment of neurological disorders involv-
ing altered chloride homeostasis. However, these receptors have
been implicated in several psychiatric disorders, and their effects
on pain processing are controversial, highlighting the need to further
investigate the potential systemic effects of specific 5-HT,4R ago-
nists, such as (4-bromo-3,6-dimethoxybenzocyclobuten-1-yl)methyl-
amine hydrobromide (TCB-2).

he neuron-specific K*-Cl™ cotransporter KCC2 (encoded by

the solute carrier family 12 member 5, Slc12a5) extrudes CI”
and is responsible for the low [CI]; in mature neurons (1-3), a
prerequisite for hyperpolarizing inhibition mediated by GABA,
receptors (GABAARSs) and glycine receptors (GlyRs). The expres-
sion or the function of KCC2 is reduced in several neurological
disorders (2, 4), and the resulting slight increase in [CI]; (depola-
rizing shift of the chloride equilibrium potential, E¢;) dramatically
compromises the inhibitory control of firing rate and excitatory
inputs (5-7). Given the role of KCC2 in regulating the strength
of inhibitory synaptic transmission, identifying tools that may in-
crease KCC2 function and, hence, restore endogenous inhibition
in pathological conditions is of particular importance.

Spasticity is a disabling complication affecting individuals with
spinal cord injury (SCI) and is characterized by a velocity-dependent
increase in muscle tone resulting from hyperexcitable stretch
reflexes, spasms, and hypersensitivity to normally innocuous
sensory stimulations (8, 9). Down-regulation of KCC2 after SCI in
rats is implicated in the development of spasticity (10) and chronic
pain (11, 12). Notably, the expression of KCC2 in the motoneuron
membrane is reduced, and, concomitantly, the density of cyto-
plasmic clusters is higher, suggesting that the surface stability of
the transporter is reduced in these pathological conditions (10).

Mounting evidence indicates that phosphorylation of KCC2 in
the C-terminal intracellular domain dynamically regulates its ac-
tivity and surface expression (1). In particular, phosphorylation by
protein kinase (PK)C, enhances KCC2 activity and reduces endo-
cytosis (13). Interestingly, activation of 5-hydroxytryptamine type 2
receptors (5-HT,Rs) to serotonin stimulates PKC and strengthens
the left-right alternation of motor bursts observed during loco-
motion (14-16), which rely on reciprocal inhibition (17, 18). We
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hypothesized that 5-HT,R activity modulates KCC2 function and/
or expression. Our results indicate that the activation of the 5-
HT,AR subtype hyperpolarizes Epsp via a PKC-dependent mech-
anism, increases KCC2 expression in the plasma membrane of
motoneurons, and reduces SCI-induced spasticity.

Results

Negative Shift of Ejpsp and Up-Regulation of KCC2. We first examined
the effect of the 5-HT,a/28/2cR agonist (+)-2,5-dimethoxy-4-
iodoamphetamine hydrochloride (DOI) (10 pM; Table S1) on
Erpsp in control neonatal rats [postnatal day (P)5-P7]. DOI-
hyperpolarized Erpsp within 10-20 min (Fig. 1 4 and B). This ef-
fect was long-lasting (at least 2 h; Fig. 1B). Ejpsp was significantly
more hyperpolarized when motoneurons were recorded in the
presence of DOI compared with control (8 mV; Fig. 1C, Left).
There was a concomitant trend toward a depolarization of the
resting membrane potential (V,es) by DOI (+2 mV; P > 0.05). As
a result, the amplitude of hyperpolarizing IPSPs recorded at Vg
increased significantly (Fig. 1C, Right).

The next series of experiments was performed on animals that
underwent a neonatal SCI. E;psp was significantly more depolar-
ized in those animals tested at PS-P7, compared with controls of
the same age, as shown previously (19) (compare Fig. 1 C and D).
Because of the increased sensitivity of neurons to 5-HT in those
animals (15), DOI was tested at a lower concentration (1-1.5 pM)
than in controls. DOI induced an ~8-mV hyperpolarization of
Erpsp (Fig. 1D, Left). As a result, Ejpsp shifted from above to below
Viest (Fig. 1D, Right). Another set of animals was treated chroni-
cally with DOI from P4 to P6-P7 [0.15 mg/kg, i.p. (15, 20) twice
a day]. Ejpsp was more hyperpolarized in those DOI-treated ani-
mals than in untreated transected animals (Fig. 1E). Values were
similar to those measured in control animals.

We performed subcellular fractionation of proteins from the
lumbosacral spinal cord, followed by immunoblotting with a spe-
cific antibody against KCC2. The amount of KCC2 in the mem-
brane fraction (KCC2Mb) was significantly increased after chronic
DOI treatment, compared with NaCl-treated pups (Fig. 1F).
There was a trend toward an increase in the amount of KCC2 in
the cytosolic fraction. As a result, the ratio KCC2Mb/KCC2 cy-
toplasm was nonsignificantly increased. We then analyzed the
expression of KCC2 by immunohistochemistry. All of the analyses
were performed on a homogeneous population of retrogradely
labeled lumbar motoneurons [triceps surae (TS) muscles (ankle
extensors); Fig. 1G]. GlyRs are colocalized with the anchoring
protein gephyrin and can, therefore, be used to label the plasma
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Activation of 5-HT,Rs hyperpolarizes E;psp and increases membrane expression of KCC2. (A) IPSPs evoked by stimulation of the ventral funiculus of the

spinal cord (arrow) at different holding potentials in a motoneuron from a P6 intact rat before and after adding DOI (10 uM). (B) Time course of the change in
Eipsp and Vest. (C) Ejpsp and driving force (Ejpsp-Vyest) measured in control conditions (n = 21) and after adding DOI (n = 8). ***P < 0.001 (Mann-Whitney test).
Six motoneurons were tested before and after DOI. *P < 0.05 (Wilcoxon paired test). The effects of DOI were prevented in the presence of ketanserin (10 pM;
n = 4) (Center). (D) Effects of DOI (1-1.5 pM) on Ejpsp and driving force in motoneurons recorded 4-6 d after neonatal SCI (17 and 6 cells recorded in the
absence and the presence of DOI, respectively). **P < 0.01, *P < 0.05 (Mann-Whitney test); *P < 0.05 (Wilcoxon paired test). (E) E;psp Was significantly more
hyperpolarized after chronic treatment of DOI (n = 9) compared with SCI animals (n = 22) but not different compared with control animals (n = 21). ns, not
significant (P > 0.05); ***P < 0.001 (one-way ANOVA, Tukey's post tests). (F, Upper) Western blots of membrane and cytoplasmic fractions of lumbar spinal
cords labeled with a KCC2-specific antibody. The 130- to 140-kDa and the >200-kDa bands correspond to the monomeric and oligomeric proteins, respectively
(53). (F, Lower) Quantification of KCC2 expression in DOI-treated rats after neonatal SCI (percentage of untreated rats). *P < 0.05 (Mann-Whitney test; n = 6
in each group). (G) Dual labeling of GlyRa1 and KCC2 on FB-labeled ankle extensor motoneurons, in three conditions (P7): intact, neonatal SCl, and chronic
DOI treatment. (Scale bars: 10 pm.) (H) Quantification of the density of membrane KCC2 labeling (ratios of labeled pixel surface per somatic perimeter) in
intact rats (n = 34 motoneurons) and untreated (n = 41) or DOI-treated (n = 44) rats with neonatal SCI (three rats in each group). ***P < 0.001 (Kruskal-Wallis
test, Dunn’s post tests). (/) Ventral part of the lumbar spinal cord exhibiting KCC2-immunopositive dendrites stretching out through the white matter. (Scale
bars: 100 um.) (J) Quantification of the KCC2 labeling in the white matter in intact rats (n = 34) and untreated (n = 41) or DOl-treated (n = 44) rats with

neonatal SCI. ***P < 0.001 (Kruskal-Wallis test, Dunn’s post tests).

membrane; in addition, they are not affected by a neonatal spinal
cord transection (20). We, therefore, immunolabeled the al
subunit of this receptor to visualize the plasma membrane of
motoneurons in control (intact), untreated (SCI), and DOI-
treated cord-transected animals (SCI + DOI; Fig. 1G, Insets).
After SCI, the intensity of KCC2 staining in the somatic mem-
brane was reduced (Fig. 1H). DOI treatment increased KCC2
staining, so that no difference was observed compared with
controls of the same age. We also quantified the KCC2 staining
at the level of motoneuron dendrites that stretch out of the gray
matter into the lateral and ventral funiculi (Fig. 17). Similar to
what was observed for the somatic membrane, DOI treatment
restored the intensity of staining to values seen in controls (Fig. 1J).
Altogether, these results indicate that the activation of 5-HT,R is
able to restore chloride homeostasis (hyperpolarizing shift of
Erpsp) after neonatal SCI. An increased expression of KCC2 in
the plasma membrane, at least in part, provides the molecular
basis of this restoration.

Bos et al.

Contribution of 5-HT,aRs. The effects of DOI on Ejpsp were pre-
vented in the presence of the 5-HT,R antagonist ketanserin (10
uM; n = 4; Fig. 1C, Center). Because DOI and ketanserin also bind
to 5-HT,gRs and 5-HT,cRs (Table S1), to further identify the
subtype of 5-HT,R that are involved, we used (4-bromo-3,6-
dimethoxybenzocyclobuten-1-yl)methylamine hydrobromide (TCB-
2), a high-affinity 5-HT,5R agonist (21, 22) (Table S1). TCB-2 at
low concentration (0.1 uM; n = 6) hyperpolarized Erpsp by ~4 mV
in control rats (Fig. 24 and B, gray). Note that even values that were
highly negative (—78 mV) were further hyperpolarized in the pres-
ence of TCB-2. The shift was larger (6.1 mV) at a higher concen-
tration (10 pM; n = 4; Fig. 2B, black). TCB-2 had no effect on Vg
and the other electrical properties investigated (Fig. S1). As
a result, the driving force (Erpsp-Vest) Was significantly increased
(Fig. 2B; —=5.3 mV). We next tested this compound on moto-
neurons recorded from animals with neonatal SCI. The hyper-
polarizing shift (-4.2 mV) induced by TCB-2 (0.1pM) was
similar to that seen in control animals (Fig. 2C). On average,
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Fig. 2. Involvement of 5-HT,4Rs via a PKC-dependent signaling pathway. (4) TCB-2 (0.1 pM; 30 min) induces a hyperpolarizing shift of E;psp without con-
comitant effect on Ve (P6). (B, Left) Effect of TCB-2 (0.1 pM, gray; 10 uM, black) on 10 motoneurons recorded from control rats (P5-P6). ***P < 0.001 (Mann-
Whitney test; n = 12 and n = 14 before and under TCB-2, respectively); **P < 0.01 (Wilcoxon paired test). The difference was also significant when considering
only the effect of the lowest concentration [0.1 pM; n = 6; *P < 0.05 (Wilcoxon paired test)]. (B, Right) Effect of TCB-2 (0.1-10 pM) on the driving force (control,
n = 12; TCB-2, n = 14). *P < 0.05 (Mann-Whitney test); **P < 0.01 (Wilcoxon paired test). (C) Effect of TCB-2 (0.1 pM) on Ejpsp and the driving force of
motoneurons (six and nine in the absence and in the presence of TCB-2, respectively) in animals with SCl at birth. ***P < 0.001, *P < 0.05 (Mann-Whitney test);
*P < 0.05 (Wilcoxon paired test) (n = 6). (D) Ejpsp Was significantly depolarized by the application of the KCC2 blocker VU0240551 (25 pM), which prevented the
hyperpolarizing effect of TCB-2 (0.1 pM; n = 11). Averages are taken from 3 motoneurons in control situation, 9 motoneurons under VU0240551, and 11
motoneurons in the presence of both VU0240551 and TCB-2. ns, P > 0.05; **P < 0.01 (Mann-Whitney test). (E) TCB-2 (0.1 pM; 30 min) significantly increased
the expression of KCC2 at the plasma membrane of Hb9::eGFP transgenic motoneurons in culture (14 DIV). (E, Left and Center) Merge images (Insets) show
the KCC2 immunolabeling at the periphery of GFP-expressing cytosol. (E, Right) Ratio of KCC2 expression between plasma membrane and cytosol. ***P <
0.001 (t test; n = 34 cells from two experiments analyzed in each condition). (F) Preincubation of the PKC inhibitor chelerythrine (20 pM; 30 min; n = 6)
prevented the effect of DOI (10 uM; n = 3; gray) or TCB-2 (0.1 pM; n = 3). PDBu significantly hyperpolarized Epsp. ns, P> 0.05; *P < 0.05 (Wilcoxon paired test).
The Ca®*-dependent PKC inhibitor G66976 (2 uM; n = 8) induced a slight but significant hyperpolarization of Ejpsp and a further ~4-mV negative shift was
observed after adding TCB-2 (0.1 pM; n = 16). **P < 0.001 (Mann-Whitney test); *P < 0.05 (Wilcoxon paired test). The activator of the Ca2+—independent PKCe
(FR236924; 2-8 pM; n = 7) hyperpolarized E;psp. *P < 0.05 (Wilcoxon paired test).

Erpsp switched from above to below V. (Fig. 2C; P < 0.05;  PKC-Dependent Pathway Is Involved. We next investigated the
Wilcoxon paired test). second messenger pathway activated by TCB-2/DOI. 5-HT,;sRs

The use of 5-HT,, antagonists (ketanserin at 1 pM and  stimulate phospholipase C, leading to activation of PKC. Con-
MDL11,939 at 2 pM) and 5-HT,p/»¢ agonists and antagonists sistent with an involvement of PKC, the effects of both TCB-2
confirmed the involvement of 5-HT,AR in the negative shift of (Fig. 2F, black) and DOI (Fig. 2F, gray) were prevented by
Empsp and suggested that 5-HT,p,c may have opposite effects p'reincub'ati(?n of PKC inhibitor chelerythriqe (20 pM). In addi-
(Fig. S2). To identify the mechanisms underlying these effects, we ~ tion, activation of PKC with phorbol 12,13-dibutyrate (PDBu) (1
used VU0240551 (25 uM), a highly specific KCC2 blocker (23). MM) induced an ~9-mV negative shift of Erpsp (Fig. 2F), which
This compound depolarized Egpsp by >10 mV (Fig. 2D). KCC2 switched on average from a.bf)ve (55 + 3.7 mV) to below (3.3 +
blockade occluded the effect of TCB-2 (Fig. 2D, Right), which is 2.1 mV) Vieq. PRCs are divided into subfamilies, based on their
consistent with the requirement of KCC2 for the Eypp shift in- second messenger requirements. The indolocarbazole G66976

. enables discrimination between Ca**-dependent and -independent
duced by the activation of 5-HT;aR. TCB-2 had no effect on the ;660" of PKC. Nanomolar concentrations of this compound
kinetics of IPSPs (Fig. S3), indicating that it modulates the

el . . inhibit the Ca2+-dependent isozymes, whereas even micromolar
strength of inhibition essentially through a modulation of  ohcentrations have no effect on the Ca**-independent PKC sub-
KCC?2 function. _ . types (24). G66976 (2 pM) induced a small (~1.5 mV) but signif-
We used immunolabeling to quantify the effect of TCB-2 onthe  jqn¢ hyperpolarization of Epsp (Fig. 2F). Importantly, a further
expression of KCC2 at the plasma membrane of cultured moto- 4.y negative shift was observed after adding TCB-2 (Fig. 2F).
neurons isolated from Hb9::eGFP transgenic mice (Fig. 2F, Left).  The potent and selective activator of the Ca>*-independent PKCe,
Following activation of 5-HT,sR by TCB-2 (0.1 pM; 30 min), the  FR236924, induced an ~2-mV negative shift of Epsp (Fig. 2F).
ratio of KCC2 expression between plasma membrane and cytosol,  Altogether, these results demonstrate that the activation of 5-
visualized by eGFP fluorescence (Fig. 2E, Insets), was strongly ~ HT,sR increases KCC2 function, at least in part, through a Ca**
increased (Fig. 2E, Right). -independent PKC.

350 | www.pnas.org/cgi/doi/10.1073/pnas.1213680110 Bos et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213680110/-/DCSupplemental/pnas.201213680SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1213680110/-/DCSupplemental/pnas.201213680SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1213680110

L T

/

1\

=y

A Control TCB-2 B
ns
Lo =
-% 1st pulse ‘%3210
T B 15th pulse ccs§
cc >0 8
> 0O n qQ
0w Q O W "‘6
38 583
g” = =
[ Control
= TCB-2
C — Control ---- TCB-2 D 1004
e 0.1H L3
28 z a8 100 *kk
(o] (]
=% S8 % 5
» < -
o 9 oo 50
ca 1Hz ca
9 S 9
=9 5 Hz S0
0
0 15 01 05 1 2 5
Number of pulses Impulse frequency (Hz)
E control o = *
g0 10
/ ad s
/ gcs
L4VR—d ‘oo > %3
A 20 ms % o So
DR stim. o <=

Fig. 3. Effects of TCB-2 on ventral root responses to dorsal root stimulation in
the intact spinal cord in vitro. (A) Responses evoked in the L5 ventral root by
supramaximal stimulation of the ipsilateral homonymous dorsal root, in the in
vitro spinal cord isolated from rats at P6. The earliest component represents the
monosynaptic response of motoneurons. The amplitude of this response de-
creased when the dorsal root was stimulated repeatedly (response to the 15th
pulse at 1 Hz is shown in blue, superimposed with the control response to the
first pulse). The slight increase in latency is attributable to a delayed firing of
motoneurons as the pulse number increases. The amplitude of the response to
the 15th pulse was much smaller after adding TCB-2 (0.1-0.15 pM). (B) Relative
amplitudes of the monosynaptic responses delivered every 30 s before and 20-30
min after adding TCB-2 [percentage of control before TCB-2; P > 0.05 (Wilcoxon
paired test); n = 12]. (C) Relative amplitudes of the monosynaptic responses to 15
consecutive stimulations at different frequencies (0.1 Hz, black; 1 Hz, red; 5 Hz,
blue) before (continuous line) and after adding TCB-2 (dotted line). This is the
same experiment as in A. (D) Mean (+ SEM) relative amplitudes of the mono-
synaptic reflex at different stimulation frequencies in seven animals at P5-P6
before [controls in artificial cerebrospinal fluid (aCSF)] and after TCB-2 applica-
tion (0.1-0.15 pM). Twelve values (the first three discarded) were averaged for
each animal. The RDD was significantly increased by TCB-2. ***P < 0.001 (one-
phase exponential decay regression). Note that for each frequency of stimula-
tion, except at 0.1 Hz, the difference between before and after TCB-2 was sig-
nificant [P < 0.05 (Wilcoxon paired test)]. (E) Mean envelopes of the ventral root
(VR) burst evoked by stimulation of the ipsilateral homonymous dorsal root (DR)
before and after adding TCB-2 (0.15 pM). *P < 0.05 (Wilcoxon paired test; n = 7).

Activation of 5-HT,AR Increases the Strength of Inhibition. Supra-
maximal stimulation of a lumbar dorsal root elicits a response in
the homonymous ipsilateral ventral root in vitro (Fig. 34). The
earliest component representing the monosynaptic excitation of
motoneurons (25, 26) was not affected by TCB-2 (0.1-0.15 pM;
Fig. 3 A and B). The amplitude of the monosynaptic response
decreases when the dorsal root is stimulated repeatedly (Fig.
3A), an effect that gets stronger as the frequency of stimulation
increases [rate-dependent depression (RDD); Fig. 3C]. Because
KCC2 plays a key role in the depression of the response (Fig.
S4), we hypothesized that hyperpolarizing Ejpsp by TCB-2 would
affect the RDD. As expected, TCB-2 reduced the amplitude of
the monosynaptic response elicited by repetitive stimulation
(Fig. 3 A4, blue trace, and Fig. 3C, dotted lines). As a result, the
RDD was significantly increased (Fig. 3D). This effect was pre-
vented by VU0240551 (Fig. S5).

We next considered the polysynaptic response, which results
from a mixture of excitation and inhibition in motoneurons (27,
28). The polysynaptic response is potentiated by VU(0240551 within

Bos et al.

15-20 min, as a result of decreased strength of inhibition (Fig. S6).
This effect was reversible. TCB-2 reduced the polysynaptic re-
sponse within 15-20 min, and this effect lasted at least 1 h (Fig. 3E),
an effect that was occluded by prior application of picrotoxin and
strychnine (to block GABAARs and GlyRs, respectively) or
VU0240551 (Fig. S6). Therefore, TCB-2 increases the strength of
postsynaptic inhibition in the intact spinal cord in vitro likely
through a modulation of chloride homeostasis. In addition, such
strengthening of inhibition by TCB-2 enabled to restore the alter-
nating locomotor pattern that is disorganized after neonatal SCI
(15) (Fig. S7).

Reduction of Spasticity After SCI. The H (or Hoffmann) reflex is
commonly used to assess the excitability of the monosynaptic re-
flex loop in individuals suffering from spasticity. The H wave (Fig.
4A4) resulting from the monosynaptic activation of motoneurons by
type Ia afferents undergoes an RDD when using frequencies of
stimulation higher than 0.1 Hz (29) (Fig. 4 A-C). Reduction of the
RDD is a reliable correlate of spasticity after SCI (10, 29, 30). The
down-regulation of KCC2 accounts, at least in part, for this re-
duction (10). We investigated the effects of TCB-2 (0.3 mg/kg, i.p.)
on the RDD in paraplegic spastic adult rats (14-21 d post-SCI).
The RDD remained quite stable after i.p. injection of the vehicle
(NaCl; Fig. 4 B and C). Injection of TCB-2 did not affect the
thresholds, maximal amplitudes, or stimulus intensities at which
the maximal amplitude is obtained for both M and H waves at 0.1
Hz (Table S2). However, an effect was clearly present when fre-
quencies of stimulation higher than 0.5 Hz were used (Fig. 4 B and
(). Indeed, the amplitude of the H wave was smaller than it was
before injection, with a maximal and highly significant effect 7-25
min after TCB-2 injection (Fig. 4 B and C).

Discussion

This study demonstrates that the activation of a receptor to a
neurotransmitter restores endogenous inhibition in pathological
conditions by up-regulating KCC2 function. Activation of 5-
HT,AR by TCB-2 in vitro leads to a hyperpolarizing shift of
Eipsp and an increased cell surface expression of KCC2 within
minutes. Blocking KCC2 occluded this shift, indicating that the
effect of TCB-2 is likely mediated by posttranslational modifica-
tion of KCC2, as opposed to changes in gene transcription or
protein synthesis. Chronic activation of 5-HT,5R also induced
a hyperpolarizing shift of Erpsp and a concomitant increased ex-
pression of KCC2. Changes in gene transcription or protein
synthesis may occur in this situation, as suggested by the trend
toward an increase in cytoplasmic KCC2.

Modulation of chloride homeostasis by 5-HT has been previously
reported in the spinal cord [in zebrafish (31)] and several other
systems (e.g., refs. 32 and 33). Here, we showed that the effect of
5-HT,aR activation on chloride homeostasis was critically de-
pendent on PKC. In agreement with these findings, the activity of
a number of protein kinases, including PKC and phosphatases, has
been reported to influence KCC2 function. It was further demon-
strated that KCC2 is directly phosphorylated by PKC activity and
that the major site of phosphorylation within the C-terminal in-
tracellular domain of this protein is serine 940 (Ser940). PKC-
dependent phosphorylation of Ser940 increases KCC2 cell surface
stability and activity by decreasing endocytosis from the plasma
membrane (13). In HEK-293 cells, the entire cell surface population
of KCC2 is internalized over a time course of 10 min, a process that
is dramatically slowed by activation of PKC (13). Similarly, in cul-
tured hippocampal neurons, PKC activation increases the cell sur-
face expression of KCC2.

Activation of 5-HT,4R still induced a hyperpolarizing shift of
Eipsp after blocking Ca**-dependent PKC by G66976. In addi-
tion, this compound induced a small hyperpolarizing shift of
Epsp. These results suggest opposite effects of Ca**-dependent
and Ca**-independentxPKC on KCC2 function. In support of this
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Fig. 4. Activation of 5-HT,aRs increases the RDD of the H reflex. (A) Hpax responses evoked in adult rats after SCl before (Left) and 7 min after i.p. injection of
TCB-2 (0.3 mg/kg) (Right). Each trace is the mean response to 17 consecutive stimulations (the first three discarded) at 0.1, 0.5, 1, 2, or 5 Hz. (B) Time course of
the change in H-reflex depression after i.p. injection of vehicle (NaCl; n = 6 rats) or TCB-2 (n = 4). (C) Mean relative amplitudes of the H reflex before (black)
and after (blue, 7 min; red, 22 min) the injection of vehicle (Left) or TCB-2 (Right). The data of all experiments are represented (the dots that are slightly offset
at each frequency of stimulation are for clarity) together with the one-phase exponential decay fit of these data. ***P < 0.001, comparison of the fits before
and after TCB-2 (either 7 or 22 min). The fits before and after vehicle are not significantly different.

hypothesis, repetitive postsynaptic spiking induces a positive shift in
Ec through a Ca®*-dependent down-regulation of KCC2 (34-36).
Inhibition of Ca**-dependent PKC abolishes the spiking-induced
shift in E¢ (34). In agreement with a negative effect of intracellular
Ca®* on KCC2 function, NMDA receptor activation leads to Ca*t
influx that ultimately causes protein phosphatase 1-mediated de-
phosphorylation of KCC2 residue Ser940 and depolarizing shift
of Ec1 (37)

We showed that blocking 5-HTgRs and 5-HT,cRs hyper-
polarized Eppsp. Conversely, activating these receptors induced a
depolarizing shift of Erpsp. Although we did not determine whether
these effects are mediated by one or both of these receptors, these
results suggest that 5-HT,4Rs and 5-HT,g»cRs have opposite effects
on KCC2 function. Although the pharmacological characteristics of
5-HT,sRs and 5-HT,cRs are quite similar, owing, in part, to the high
level of amino acid sequence homology between them (38), signifi-
cant differences have been reported between the signaling cascades
regulated by these receptors (39, 40). Consistent with these obser-
vations, 5-HT,aRs and 5-HT,cRs exert opposing effects on both
locomotor activity in mice (41) and the long-lasting amplification of
spinal reflexes in rats (42). Interestingly, 5S-HT,gRs and 5-HT,cRs
become constitutively active (spontaneously active without 5-HT)
after SCI (43, 44). This constitutive activity may be partly responsible
for the depolarizing shift of Eq after SCI (10). The modulatory effects
of 5-HT,g»cRs on chloride homeostasis require furtherinvestigation.

The activation of 5-HT,aR reduced spasticity after SCI, as
revealed by the increased RDD of the H reflex. This effect was very
likely due to the restoration of endogenous inhibition, because slight
changes in E¢ were shown to have an important impact on the
strength of inhibition (5-7, 10). 5-HT,sRs are strongly expressed in
the ventral horn (45) and are mainly localized in the plasma
membrane of neurons, covering a large surface of cell bodies and
dendrites (46). These receptors are dramatically up-regulated in
the motoneuron somata and dendrites following SCI (47), an effect
that starts as early as 1 d after transection (48). The 5-HT,AR
displays ~10-fold lower constitutive activity than the 5-HT,cR (38).

In the intact spinal cord, the neuromodulators released by
descending pathways allow the motoneurons to exhibit sustained
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depolarizations (plateau potentials), which are attributable to
slowly activating voltage-dependent persistent inward currents
(PICs). Shortly after the injury, the excitability of the spinal cord
decreases because this excitatory influence of the brainstem on
motoneurons is lost. However, motoneurons slowly recover the ca-
pacity to generate PICs, which are, in large part, responsible for long-
lasting reflexes and spasms (49, 50). Both 5-HT,gRs and 5-HT,cRs,
but not 5-HT,4Rs, are involved in this up-regulation of PICs (44).
To conclude, by restoring endogenous inhibition through an up-
regulation of KCC2 function, without depolarizing motoneurons
and activating PICs, activation of 5-HT,4Rs may represent an in-
novative therapeutic strategy to reduce spasticity after SCI. How-
ever, these receptors have been implicated in several psychiatric
disorders (e.g., 51), and their effects on pain processing are con-
troversial (52), highlighting the need to further investigate the po-
tential systemic effects of specific 5-HT,5R agonists, such as TCB-2.

Materials and Methods

In Vitro Electrophysiological Recordings. After hypothermic anesthesia, we
dissected out the spinal cords (sacral segments up to T8-T9) and L3-L5 dorsal and
ventral roots of newborn rats. Dissections and electrophysiological procedures
were performed under continuous perfusion with an oxygenated artificial CSF.

In Vivo Electrophysiological Recordings. We measured the H reflex in adult rats
under ketamine anesthesia (100 mg/kg, i.p.) using a pair of stainless steel
needle electrodes transcutaneously inserted into the vicinity of the tibial
nerve for stimulation. We placed the recording electrode into the flexor
digitorum muscle beneath the ankle and the reference electrode s.c. into
the foot.

Western Blots. The amount of KCC2 in the lumbar enlargement of the spinal
cord was determined by Western blots as described previously (10). The pro-
cedures used for separating membrane and cytoplasmic fractions are detailed
in S/ Materials and Methods.

Immunohistochemistry. Fast blue (FB) [3 pL; 0.5% in 0.9% NaCl; F-5756 (Sigma)]
was injected bilaterally in the TS muscles (ankle extensors) anesthetized ani-
mals at P5 for retrograde identification. Animals were killed 2 d later. After
fixation, spinal cords were cut transversally (20-pm-thick sections). Immuno-
histochemistry was performed by using a mixture of affinity-purified rabbit
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KCC2-specific polyclonal antibody and GlyR monoclonal antibody. We then
revealed the labeling with a mixture of donkey Cy3-conjugated rabbit-specific
antibody and donkey AlexaFluor 488-conjugated mouse-specific antibody.

Motoneuron Cultures and Immunocytochemistry. Motoneurons were isolated
and cultured. At 13-14 d in vitro (DIV), TCB-2 was freshly prepared, diluted in
complete culture medium (0.1 pM), and added for 30 min.

Further experimental details are given in S/ Materials and Methods.
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