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Downregulation of KCC2 accelerates motor functional
recovery after axonal injury
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Summary (Abstract) of doctoral thesis contents

The K*-CI~ co-transporter 2 (KCC2) is the neuron-specific co-transporter molecule
responsible for the GABA/Glycine mediated inhibitory response. In immature neurons with a
lower expression of KCC2, GABA induces membrane depolarization and promotes Ca?*
oscillation, which activates the downstream signaling cascades underlying dendritic growth and
synapse formation. Thus, GABA depolarization is necessary for the maturation of the neuronal
circuit in development. Recent studies have shown that KCC2 expression was decreased after
nerve injury in mature neurons. In addition, an injury-associated decrease in KCC2 expression
induces a shift of GABA action from hyperpolarization to depolarization. Thus, injured neurons
reacquire immature characteristics in terms of their response to GABA. Therefore, KCC2
downregulation in injured neurons might contribute to the reestablishment of neural circuits and
promote functional recovery after injury. However, little is known about the causal relationship
between injury-induced KCC2 downregulation and the functional recovery of neuronal
circuits—for instance, whether the lack of GABA depolarization in injured neurons could impair
their functional recovery.

To elucidate this issue, | investigated motor function recovery after sciatic nerve crush (SNC)
in mice in which injury-induced KCC2 downregulation in spinal motoneurons had been disturbed
(CaMKII-tTA/tetO-KCC2 [KCC2*/*] mice). Motor function, measured by the rotarod test showed
impaired recovery in KCC2** mice at 42 days after SNC. In addition, in the control mice that
were receiving an injection of the GABAA blocker, bicuculline, into the spinal ventral horn at 3
days and 5 days after SNC in an attempt to block GABA depolarization, functional recovery was
significantly impaired at 42 days after SNC. GABA excitatory action induced by the
downregulation of KCC2 is therefore apparently responsible for the recovery of motor function
after peripheral nerve injury.

To understand the mechanism underlying the impairment of functional recovery by the
blockade of KCC2 downregulation, | next examined 1) neuronal survival, 2) axonal regeneration,
and 3) the number of synapses attached to the spinal motoneurons of KCC2** and control mice.
To check whether KCC2 downregulation affects neuronal survival, | assessed the number of
motoneurons stained with an antibody to choline acetyltransferase (ChAT) at 42 days after SNC.
The number of motoneurons was decreased in the ipsilateral, but not the contralateral, side of the
lumber spinal cord; there was, however, no significant difference between wild type and KCC2*/*
mice. This result suggested that the downregulation of KCC2 did not exert a crucial effect on
neuronal survival after axonal injury. Next, to investigate whether KCC2 downregulation
promotes axonal regeneration, | examined the sciatic static index (SSI), which is known as one of
the indices of the recovery of connections between the motor axons and the planta muscles after
sciatic nerve injury. The SSI score had recovered to its pre-SNC level at 42 days after injury in

both wild type and KCC2*/* mice. The time required for SSI score recovery was not significantly
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different between the two groups. Muscle volume of the ipsilateral lower limb was decreased in
both groups. These results suggested that the regeneration/elongation of motor axons is
apparently undisturbed even by the prevention of KCC2 downregulation of motoneurons after
axonal injury.

To examine whether the downregulation of KCC2 affects the remodeling of synapses attached
to injured motoneurons, | finally stained the inhibitory (glutamic acid decarboxylase 67; GADG67)
and excitatory terminals (vesicular glutamate transporter 1; VGLUT1) attached to the
motoneuron at 42 days after SNC. The GADG67-positive terminals had decreased in number on the
ipsilateral side in wild type mice, but not in KCC2** mice. The VGLUT1-positive synapse
terminals on the motoneurons were significantly reduced in both groups. These results suggested
that KCC2 downregulation promotes the compensatory reduction of GABAergic terminals
attached to motoneurons to the decreased glutamatergic inputs to injured motoneurons.

In conclusion, the downregulation of KCC2 accelerates motor functional recovery after
peripheral nerve injury and affects synaptic rearrangement for maintaining the
excitation—inhibition balance in the neural circuit of the spinal cord in long-term after nerve

injury.
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Summary of the results of the doctoral thesis screening

HIRIZ Y E Td 5 GABA X° Glycine (X1l % |, &AL O 5B & Ml 9~ 2, 2 o Bk
TER TN OBERA A VREICEKFL TR, MBNERA S VREISY U A-
HE 3% Mg D5 /K K*-CI- co-transporter 2 (KCC2) IZ X W i ST\ 5, MR E % 121X KCC2
DB IH S . GABA/Glycine fEA A MIGIMEDN D HIEMEIZ AL v FIND T EREHE S
T2, ZoOEERERIBEEZOHEBREEICEEG T 50IEREFEIESNLTWVRY, £
ZC, WEHERITHEEGHR O KCC2 HEUR T & HRERIE OBE 2 RFt3 5720, EE)ReRE
WREEPBETIETALE LTESHAVLR TS KR (LB HETT LT X
ZUERL L. R IBE#% O E B MR O KCC2 3 BUK T2 E B RE [ I B 54 5 2vic o
WTHRE L 72,

v T ADORMMRE ARG L%, THATA DO KCC2 ® mRNA BHE 2B LR, 8
51k 3 HOBEEGMFEMATA THERBONBE I N HER 42 0 TIIIEHEGR & FRE X
TE{E L T\ 7=, rotarod test {2 & ¥ R S vz EEh A AR X, HE% 42 BICIXRIE Lz, #
BRI A DAl D KCC2 BHLK T A EEEAEREICE ST 2 h 2R+ 572D,
CaMKIl 71 & — % — [T KCC2 15 % §5E 9 % CaMKII-tTA/tetO-KCC2 v 7 & (KCC2**)
AL, 20 KCC2**~ U R |ZHB W T, MRHEER D KCC2 RBELZE{L % | real time
RT-PCR ¥ X UF western blot %, fefE Mk 2o EiEL2 MW THREF L, KCC2'~ 7 2 T
HE#% I HTRALND KCC2HBR TR EIND Z L AR LT, £ TKCC2~v v
R L WA < 2D AL IR R R G 1% O GE B RE A FEAT L 72 A5 R KCC2 v v R Tk iE BB
REDRIENE T LTV, £7-. B4R~ T 2B W T GABAA ZAMKIE IRy 7 U o~
M ~EGRICERET S L EBHERORIENRHEESI N, ZhbofERIT, #
5% O KCC2 HEBLXR TIZ L 5 GABA O HLEEH N EEEREEE A (RET D2 & 2R T,

WIZ  KCC2H~ o A D EBHEREMIE 2 [HE L /- B 2 L 20T 25 20 IcOE S i
RAAIE, QMBHMEL L@ YT I AEMRICAE B L2 30 Lz, OFEB) et
oL, WAEM < T 2L KCC2H v T RIZBWTHEREZTRE O N oTo, Fo,
QOXRMWHBRBEET LV L HAEM T RIZBWT, KEMH~OERFEFOREIZIZZEN
Mmool Ho T, OEB) AN SE F K U@ W 3R il = 23 B RE (11 15 BEL 75 oD # 6% 1] s S A &
FEZIZ WV, BRBICOVFT I AFERICONWT, BB F AR IAVE I VBT
VAR—H —=VGLUTL X H %, M1t F 7 21T GABA AR DO —>Th D GADT O
S A PR ICEE M L7, MREBER 42 BB T 2 FMAICB VLT, BAR . KCC2t <
7 A2 L B2 VGLUTL @ mRNA O3B AE T L TWiZ23, GAD67 @ mRNA X B £ T 0 A
KTFL T\, % 42 HOFAR <~ T 23 LN KCC2H 1~ w7 2 41T i 8 % A Lo
Pid 5 VGLUTL Bk &% — X F V5 LTz, — 05 B iR A fm 12 i 82 9~ 5 GADG7
Btk % — I AT AR ~ 7 2 TIFHEEZIZHED L T e (KCC2 < 7 2 TIL Z O
DBRR LN o T, L EDORERNG | MRREE % O KCC2 B BUK TIXHEG K IZH T S
MEIEAN T OWD ZFESITHZ LT, BELMHIONT o A2 MR L, EEHREREE % (2
T 5 A EEN RSN,
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