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Neural Mechanisms Underlying Functional Recovery of the Hindlimb
Movements after Spinal Cord Injury in Rats

Tomihiro IMAI
Department of Physiology (Section 2), School of Medicine, Sapporo Medical University
(Chief : Prof. M. AOKI)

ABSTRACT This study was performed to clarify the neural mechanisms responsible for func-
tional recovery of hindlimb movements after thoracic spinal cord injury in rats. The aim was two-
fold: 1) to evaluate the possibility of plastic changes such as collateral sprouting from the cor-
ticospinal fibers in the remaining cord following thoracic spinal hemisection; and 2) to determine
which descending pathways play the most important roles in the recovery of coordinated movement
in chronically spinal-lesioned rats. Left spinal hemisections (HS) or partial spinal lesions sparing
only right ventral (VQ) or dorsal quadrant (DQ) of the spinal cord at the lower thoracic (T9-10)
level were performed aseptically under Nembutal anesthesia. Coordinated four-legged locomotion
reappeared within 2 weeks in HS rats and within 2-3 weeks in VQ rats, respectively, after the initial
operations. However, no recovery of hindlimb movement was observed in DQ rats.

Motor cortical microstimulation as well as WGA-HRP and biocytin injections into the hindlimb
motor cortex was performed in recovered HS rats with survival period of 1-2 months. Motor cor-
tical microstimulation on the hemisected side did not show any differences in the thresholds for evok-
ing ipsilateral hindlimb EMG responses in recovered HS rats as compared with uninjured controls.
There was no significant increase in the numbers of corticospinal fibers crossing from the intact side
back to the hemisected side, nor were growth cones present in the lumbar segments. These results
showed no evidence for plastic changes of corticospinal fibers at the lumbar segments in HS rats.

In terminal experiments for VQ and DQ rats, the right brachial plexus (C6-T1) was dissected
and mounted on a bipolar stimulating electrode. Interlimb reflex potentials and spino-bulbo-spinal
(SBS) reflex potentials were recorded under Nembutal anesthesia and urethane-chloralose anesthesia,
respectively. Threshold intensities for evoking interlimb reflexes from bilateral hindlimb muscles
were elevated for a week after the initial operation and returned to the normal range within 2-3
weeks in VQ rats. SBS reflexes from bilateral hindlimb muscles under urethane-chloralose anesthe-
sia disappeared for a week after the initial operation and reappeared within 2-3 weeks in VQ rats.
On the other hand, the early threshold elevation for interlimb reflexes and the disappearance of SBS
reflexes persisted over the one month observation period in DQ rats.

These results demonstrated that the propriospinal (interlimb reflex) pathways and reticulospinal
(SBS) pathways are essential for the functional recovery of coordinated four-legged locomotion
after spinal cord injury in rats. (Received February 24, 1993 and accepted March 17, 1993)
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Fig. 1 Extent of spinal lesion (T9-10). A: major
projections of the descending pathways (right
side). a: corticospinal tract, b: rubrospinal
tract, c : propriospinal tract, d: reticulospinal
tract. B: 6 HS rats. C: 5 VQ rats. D: 5 DQ
rats.
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The hindlimb motor cortex and injection sites
of neuronal tracers. Origin of grid is breg-
ma; units are mm. A: the motor cortical
thresholds for eliciting EMG responses of the
contralateral hindlimb in 7 normal rats. B:
twelve injection sites of WGA-HRP. C: five
injection sites of biocytin.
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Fig. 4 Abnormal behavior of VQ and DQ rats. A: coordinated four-legged locomotion in VQ rats reappeared
within 2-3 weeks after the initial operation. B: no recovery of the coordinated four-legged locomotion

was observed in DQ rats.
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A: 5N rats. B: 5 HS rats (survival time of 33-60 days).
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3:2:3:2 VQ LU DQ Fv MIHIT3 SBS R
NEAL

EEMDOVQ 7 v + (n=3) Ti%, 100 xA D EH
BORE Y BT LB D SBS RATIZEH E ek
7o, HEES 2 BRI B L - RIEHO VQ 5 v + (n=
3 T, FU20 xA DT ORIBORE CRAEE D S
SBS K2 EH hi-. AREMEENROBE, ©
ORI R B T# 15 ms, FAIKERPIIEAS ©
¥20ms ThH b, EFREZ20-30ms, HKAIEE T
100-200 uV Th - 7o (Fig. 8A). Zo X 5w, EEL
72VQ 5 v + @ SBS K& OEME X 3-2:3-1 1R LN
5 v b SBS K OEMHICEERERERRD LI -
7. DQF v b T, MBI »AKBL CLERERD
SBS KHOEH T TE Ieh - 7z (Fig. 8B).
3.3 REEHBOEBFNRE

3:3-1 HS v MoBIT 2R EERROBRGH

B

A
> 500 o o 000

400
300 A
200 -

100

MMM

20 > 30 days

o

Fig. 6 Threshold of interlimb reflex in VQ and DQ rats. A: thresholds for evoking interlimb reflexes were
elevated for a week after the initial operation and returned to the normal range (the hatched area)
within 2-3 weeks in VQ rats (n=23). B: the early threshold elevation persisted over the one month

observation period in DQ rats (n=5).

Open circle means unidentified EMG responses.
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Recording sites
A Lt. biceps brachli Lt. quadriceps femorls

$BS reflex pathways:

Interlimb reflex pathways:

Rt. brachial plexus Rt. femoral nerve

C joos

Interiimb

Stimulation sites

|50 nv

interlimb+S8S 50 pV

20 msec . 20 msec

Interlimb+SBS
Lt. QF BN e e
A
interlimb
Lt. QF e
| 50 puV l 50 pv
20 msec 20 msec

F Lt. bicops brachil Lt. quadriceps femoris

Interiimb

Lt.8B

k

Lt QF HiHhay s N
‘. " Interiimb
50 puv

20 msec

At. brachlal plexus

Fig. 7 Characteristics of SBS reflex in N rats. A: SBS and interlimb reflex pathways. EMG responses were

obtained from. the left biceps brachii (1t. BB) and quadriceps femoris (It. QF) by the right brachial
plexus (rt. BP) or femoral nerve (rt. FN) stimulation under urethane and chloralose anesthesia. B:
SBS reflexes obtained from 1t. BB and 1t. QF by rt. BP stimulation at 10 ¢A. C: interlimb and SBS
reflexes obtained from 1t. BB and It. QF by rt. BP stimulation at 100 zA. D: SBS reflexes obtained from
It. BB and It. QF by rt. FN stimulation at 10 xA. The onset latency of SBS reflexes evoked by rt. BP
stimulation (B) is shorter than that evoked by rt. FN stimulation (D). E: EMG changes by intravenous
Nembutal injection (5mg/kg). Each trace consists of 3 superimposed sweeps. The upper trace shows
interlimb and SBS reflexes by rt. BP stimulation at 50 uA before Nembutal injection. SBS refelxes
disappeared and interlimb reflexes remain to be recorded after Nembutal injection (lower trace). F:
spinal cord preparation under artificial ventilation. The schema shows a transection level (C1-2), stimu-
lation and recording sites. SBS reflexes disappeared and interlimb reflexes remain to be recorded in the
spinal cord preparation. The responses are enhanced by a subtetanic dose of strychnine (0.2 mg/kg) at
100 ¢ A.



62 (2) 1993

Lt. BB

Lt. QF

Lt. BB

Lt. QF

|5o Y

20 msec

SBS reflex in VQ and DQ rats. A: SBS
reflexes by rt. BP stinulation obtained from a
recovered VQ rat with the coordinated loco-
motion (one month after the imitial opera-
tion). There is no significant change in onset
latency, amplitude and duration of response
compared with those from N rats. B: no
response is obtained from lt. QF in DQ rats
with longer survival time (>30 days).

N3Zv+br, HS 5 v + &3 WGA-HRP Eiick - T
R BEREAENAE T 2o KEREMEK FH4E
Eichl- THEICHE SN, TIhbMUBAX
BHENE S Bl & he (Fig. 9). miZRoRAINE, I
TR EEHR X LR L ) WRIToRfE S
hic. Lichi-T, ThHUTO Vv ic i3 EHHEE
ORIAIGHEHIFEE LRV B2 BRI,

WGA-HRP ik D&, HEN D OFLZLFRMERK
%, N5vt, HSS v bt L bRV <~V ETIXL RS
A A0 pum) H1H 0.1 AT TH -7, BV <1 T
i3, N5 tros, L1-2C0.19+0.19(mean+SD,
LT R &), L3-4T0.26+0.14, L5-6 T 0.34%0.1
<Hbh, HS 7 v t o4&, L1-2T0.19+£0.20, L3-4
©0.2740.22, L5-6 T0.33+0.27 THotz. &KV~

Fig. 8
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Fig. 9 An recrossing fiber at C5 level. Corticospinal
tract (%) is easily identified in a
ventromedial area within the right dorsal
funiculus. An arrowhead indicates a recross-
ing fiber from the right corticospinal tract to
the left side. An arrow shows the central

canal. Scale bar=50 gm.
1.0
0.9 7 Nrat (n=5)
0.8 HS rat (n = 6)

Averaged No. per 40 p slice

ci-4 Cs58 T8-10 Ti1-13 L12 L34 L56
5
Nrat (n = 5)
41 7 VQrat(n=5)

Averaged No. per 40 p slice

C1-4 C5-8 T8-10 L— T11-13 L12 13-4 L56
Lesion site

Fig. 10 The number of HRP-labeled recrossing fibers
at each level. Columns and bars indicate
mean and SD, respectively. A: N rat vs HS
rat. There is no significant difference in
number between N rats and HS rats at any
level. B: N rat vs VQ rat. There is a
remarkable increase in labeled recrossing
fibers at the lesion site in VQ rats.
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N TOBFENLEHBIz>TN F v+, HS 5 v + 4
THEZIR Db hih -7 (Fig. 10A).

Biocytin 25 T IR DR B2 721D, B
BRGHEDOER IRETH -7, T, EAFEHE
B 5 R X 40 pm OEFY R THEEGEANBIF AT EET
Boteh, BEIV A TAEFREDBIIBE S hich -
T

3:3:2 VQ T v MIBIF3HEEHRINE, SBE

fici:d

BB BB (T 9-10) 2 b OFARRMELS WGA-
HRP iZ X » THEERRIZ, biocytin 12 X » THRERICER
X ni=(Fig. 11). Biocytin % & M it E h

B W

FLBRER3E

7o & BN % biocytin A HA MO B ICERICER
ST (Fig. 11C, D)2, &~ o[ AT 5
BAEBHEO S bRLKABE YY) A BEICER L Tx
DR EEZXRER & LFErTHE, WGA-HRP £
HMT1ATAADHID 2.34+1.61 &FEBHITHEML T
7z (Fig. 10B). WGA-HRP, biocytin L~ DGk
T FEEHE S 1-2 mm DI TEAE > T

4 # %=

4-1 REEBROTEMNEL
Bernstein and Stelzner (1983)% 3B A& % g
BEV N T LB S v i TS

P¥

o

e

Fig. 11 Regenerating terminals just rostral to the lesion (T9) in VQ rats. A, B: sprouting fibers from the cor-
ticospinal tract are labeled as dense granulate patches with WGA-HRP. C, D: sprouting fibers are
labeled with biocytin in the cloudy background of the terminal fields (biocytin might have been
expelled from the terminals into the extracellular space). Asterisks (%) show the central canals.

Scale bars for A, B=50 um; C, D=10 gm.
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W7 By EESHTCEAL, REIEEcoE
BEHRGEHEOBLEOREXANL. ZoF T, EH
S NICHERETTE Y <L 2R DB TRAMST
%I <, VIWEROBEHRNCHE mm HToRI
HBES>TWAONMREINRTWS., APFFERLEL LS
1 WGA-HRP % t v —+— & LT\ 7= Schnell and
Schwab (1990)® OFFFETLE T » + OREFHK Y]
W M ciBa OBEAL, =Y v EROBRR ST
HF w2 5AEBE R g, b, FmmlLl
HNOMBICEERZ EBWEEIRTHD. ZThbHboF
AR BT 2 G L AERER L ELETELD L,
FE AR TIER B B\ BB L~ 0 I EE R
KX AT E T T 5 L xE L BRI,
HBEHBR RS Y & U TN AT S e fl
DRECEEREERT I v a8 ) SRLBEROLE
HE i, CoBPEELXHHT LI TTERED
G Es 0t l, HTRlEE5 ETEERITEI N
TWBZELEEL TR ERGK\. 2%h, BE
RBEOREA NP AN BREE T b ied,
MEBEEOREICL b B G B8 DIEME 7 placing
BRCHEABL 2R TERNZ ESFR0—>
Exbhb, WIER LTS, REFBRKREECHE
THWERTREEREY, ¥, HEFHELZTHIE
FLTh, BERoRE L AKFCERE L et hIEEE
BERCHSRE I L i E bR b,
4.2 PHIPUE SHITENRICER AR

BB = 0 KBRS TORMEEN, 20
RBOFRICIFHEER 2T s HEERS S L O
TSR A2 N5 SBS RHENEETHHEEZD
T\ B2, Stelzner and Cullen (1991)2% 1% 37 4
Syt PEF DT v N OB AYEEL, BEE
BRREEE Y EE L. TOBE, RKERLIASRE
#%ABDECL FARTARLOAE EREL Tl
SRR L EENED b s 2 L RS
L., %7, BELES vy FOBE HRP it v —
= AT S EHBRERED = 2 — v VBT
BRI D Lo bEFFHER R I Tl { @REFE
B OBEER I DT HIERHL T 5.
REBTHZE L SBS R T L RERR 2 4
FRETHEBRFTHY, 22, Ty bIOME
s 0 Ttl, TOREEMITe P ChEREE
TRETH DY, AEHRCHG-EEISEOL S
ROBIMEE IO ewB4E, SBS RKEOEIE RS
DR TH B R BT OBERE Y KL T\
BrEZGRS. VQ T v F O HROBERE

EBRNFHEERO S » ERESREESE 109

BEMEE 5 BEY T, EHARACEEESRET AT
ELRLLN T2, Lal, Z0BE, HREEH
B MERERTIC ¥ 1R T EIE R AR C b TR EUE N Y
HB B Tcn, THRE EOBEEE L ORNEY
BRUADOEEE L. REBRO X 5 ICRIEHRERIEC L -
T SBS Kt EAL#EHEST 503X b EHANTE
RECHEBETHROBERELRAL CW5LE X
bhb.

4-3 EEPHIREIR ORI

HS 2 v + CRETHBCHFRENEEI N
i, VQ 7 » roEEIMYEET S, BET
5 ERIPEE S 2 T AT L e B BEE R B iR R S
BV S AT~ LB BHET S &
5 X5l kX IR i HRIE IR o T b L 3E LI
Suws, FhkebiE, i, VQ 5 v v T, 2-3ERoE
BEREALELDTHA S 7

TREM: & LT, ROToRETFTHRS., —2i, &
ERLTORBZN BB REL T BTEETDH
5. WHEOBTHIME LT, BHSES RN
Shicgs, —@ECZOME v v eEcFEERE
DIRBER AL LT 520, 0% b, RERTH YK
TNTEHEEBOBEOXRE TN Y T, &l
KREINICEEROBEBRENFRIB L T SR
BhBH. Lard, ZoZEHoREXNEEER
2-3EMLACERTS EELLR TR DY, HSH 5
WEVQ T v FOEEM E L BT 5.

L9 —oDTREHE LT, B <A TORITH
T LB T b5, VQ 7 v Mo oRGREE
LB LABELTCWEWE S b 6T, EE#
4t L7 SBS FUR® EMG i3 BB ERENED
nichwic. VQ 5 v r0BE, WAl EMG R
NELDIEBH L AV TOTIMERINEETH S
EEZLNBD, —IC SBS KB O KRR~
TORTXMEFRIIFTTNEE L DR TS, LT,
TR RSRD D OFE KR (terminal sprouting)
i tos T T AHED X 5 KB O BEHE Lk »
TESBEVCHERE v < TR O BAERER S % -
TETTEEMED D 5.

BT, MERECOFECHEN R AL D
PRI R BT 2B DR EIEA T B, T
b, REEEELE GAP-43% 20 H &R H - T
EHBREY T LR T, BEHTHHRERD
BABERENOHECH R T WA, Stelzner and
Strauss (199130 4B ORKEER TS v + OB
R+ 5 GAP-43 ¥ REABFEN R R AV R E
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EMCHE. FhicX s s, GAP-43 ozt
% 18-24 HCIEHITIE T L, 48-90 Hoflicizd A XY
BIxN b EREIRTWS. DE b, KpfgeT
Aol 57 BBEdseo v P CE, EEOBE,
FHAOMEREREDIEFTEEHEZRD. &
%, THEEROBEMAMEER OREHE Lo
TIN5 BT, GAP-430 X 5 R EMEERE
PNEHEERCTHCRER LT A0 E 30 EHRN5
CLERBEREALTHAS.

% i

v b G ER OB ES BT OMERE %
ST 50, W Ry EomcgiL, HS,
VQ, DQ 3 v +EIER L. £ v b OBECEEIEEE
EEBREY R TS L bic, HS 5 v M CRMEBER
Bz X 5% EMG oZ{b%, VQ, DQ 5 » + Tl
MR X O'SBS KBTI, ¥4, HS,
VQs» PORBBERHBHEIESY WGA-HRP s X O
biocytin &\ TEH# L1z, ZhHOEBRMSHUTO
BAE w15 .

D HS, VQ 5 » Mk, BT TR Sh
Tl DB BB F O RELEBE L s, MEHT
CEAL T HS 7 » FCffifk 2 BEDAK, VQZ» b
T2-3BHELUACEE L. DQ 7 v Vi3 ZD k5 it
EIE 2D B inh - e,

2) HS Z vy ri@b\nt, B#iv v CEMREETH
B2 b OB BHER OB IFRE IR DB IT,
AR ERB X 5 R EMG OB HE E
AL 323798 e

3 VQ 7 v + DREFHER TN LOFERMED
E X3 1-2mm BRI T - T e

H VQI vy bt ClRIHE-3IEM MK
SBS KEAEE LM, DQF v FicFm X 5 eEE
BRDH LR Th T

PEDX 5wy v o FREFHMECK X o[ BHE
L2 F, ToBECRNT 2 EEERY 136
WU 7sd o fe. —RlOBFEES Bt AE g 2 5
LM ESTIREE Uich, BEEE» S
E 2T, ThbORBIZSFiCMmEgfEr it 1 ¢
WA AR IR, B O MRER ORERF I
IhEEL b EELZBRE.

B
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