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mantaned In BRL cell condtoned medum In the 
presence of Leukema Inhb~tory Factor After se- 
e c t o n  n G418, correct replacement events v'lere 
dentf led by Southern blot hybrdzaton with the 
use of an Internal 3 '  probe and an external 5 '  
probe. Homologous recombnaton events tiad oc- 
curred In 15 of 51 G418-res~stant ES cell Ines. A 
number of these Ines were karyotyped, and two 
cell Ines w t h  the correct number of chromosomes 
were Injected In C57BLt6 blastocyst embryos. 
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erozygous offspr~ng were crossed to C57BL16 
m c e  and backcrossed at the F, generaton 
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soate  RNA Nerves f ~ ' ~ r o t e n  mmunobottng were 
homogenzed In sample buffer and loaded on a 1556 
(for PC and MBP) or 8O0 [for CNP and neurofament 
medum cha r  INF-M)] SDS-poyacryam~de gel The 
gels were electroblotted on f ters and further pro- 
cessed according to standard procedures. PC 
monoclonal antlbody PO7 was prov~ded by J. J. 
Archelos [J J. Archeos et a1 , J. Neurosci. Res. 35 ,  
46 (1993)l Other monoclonal antbodes were ob- 
talned from Boehrlnger Mannheim (MBP), Slgma 
(CNP), and Amersham (NF160). For RT-PCR, RNA 
was extracted with the LlCurea method and re- 
verse-transcrbed Into cDNA v'11th ogo(dT)  and hex- 
amer prmers. Excess prmers v'lere removed on a 
Centrcon C-30 (Amicon) concentrator. For MBP am- 
pfcat ion, v/e used cDNA generated from P8 scatc  
nerve RNA After 20-fold diuton, polymerase char  
reacton (PCR) ampf~caton was performed by use of 
the Expand long template PCR system (Boehrlnger 
Mannhem). Each ampfcaton cycle comprsed 30 s 
at 94% 1 m n  at 55"C, and 1 m n  at 68°C After the 
10th ampl~f~cat~on cycle, the extenson tme  was In- 
creased with 20-s Increments. Samples were taken at 
cycles 20, 22, 24, and 26 The follov~~~ng prmers were 
used: MAG 5'-ur~mer GCCACGGTCATCTATGA- 
GAGTCAGC and 3'-nr~mer GGTGCCCAGAGAT- ~~~~~ ~~ ~~~~ ~ ~ 

TCTGAATTCGG: HPRT: 5'-prmer CACAGGACTA- 
GMCACCTGC and 3'-pr~mer G C T G G T G M G -  
GACCTCT, PMP-22 5'-pr~mer ACACTGCTACTC- 
CTCATCAGTGAG and 3'-pr~~mer CAGGATCACAT- 

Spinal Cord Repair in Adult Paraplegic Rats: 
Partial Restoration of Hind Limb Function 

Henrich Cheng," Yihai Cao, Lars Olson 

Complete spinal cord gaps in adult rats were bridged with multiple intercostal nerve 
grafts that redirected specific pathways from white to gray matter. The grafted area was 
stabilized with fibrin glue containing acidic fibroblast growth factor and by compressive 
wiring of posterior spinal processes. Hind limb function improved progressively during 
the first 6 months, as assessed by two scoring systems. The corticospinal tract regen- 
erated through the grafted area to the lumbar enlargement, as did several bulbospinal 
pathways. These data suggest a possible repair strategy for spinal cord injury. 

T r e a t m e n t  that promotes functional re- 
generation across a complete spinal cord 
transection in 11ulna11s does not  exist. I11 

animal experi~nents ( I ) ,  recovery after in- 
complete spinal cord lesiol~s has been 
achieved in mature animals treated with 
myelin-associated protein antibodies, 
whereas recovery after complete lesions has 
been shown in neonates ( 2 ) .  T o  avoid am- 
biguity and to model the nlost severe clin- 
ical scenario, we s t ~ ~ d i e d  adult rats with 
complete surgical trallsection of the spinal 
cord, including rerno7,al of 5 lnln of the cord 

H. Chenq, Depaqmenr of Neuroscence, Karonska Inst1 

at vertebra T8 .  Histology of excised pieces 
of spinal cord demonstrated complete 
transection (Fig. 1A) .  W e  then proceeded 
wit11 a repair strategy (3) .  

W e  used peripheral nerve irnplants (4)  
to bridge the  gap in the spinal cord (Fig. 1,  
B and C, and Fig. 2B) and found that the  
use of multiple fine nerve implants (18 
nerves to bridge one gap) gave better pre- 
cision than the use of fewer thicker nerves. 
T o  evade ollgodel~droglial proteins that in- 
hibit axon regeneration (5), we rerouted 
regenerating pathways from nonpermisslve 
white to permissive gray lnatter (6) .  T h e  
o e r i ~ ~ l ~ e r a l  nerve bridges thus redirected de- 

AGATGATACCACTG, and MBP 5'-pr11mer ACTCA- 
CACACGAGAACTACCCA and 3 ' p rmer  CCAGCT- 
AAATCTGCTGAGGG The a m p f ~ e d  fragments yied- 
ed bands of 605 bp for MAG, 316 bp for PMP-22, 
249 bp for HPRT, and 170 bp for MBP. A lnpf~caton 
products were separated on a 4"0 denaturng poy- 
acvjamde gel, and sgnas were measured with a 
Molecular Dynamcs phosphoimager 

10. Anmas v'lere perfused v'11th phosphate-buffered sa- 
n e ,  pH 7.2, for 3 m n  followed by f ~ x a t ~ \ ~ e  (3"0 para- 
formaldehyde and l o o  gutaradehyde buffered by 
100 mM cacod)/late at pH 7.2) for 10 mln Nerves 
v'lere d~ssected cut n t o  smaller pleces, and flxed 
overn~gtit In the same f~xatih~e After postf~xat~on In 
l o o  osmium tetroxde, the sample v/as embedded In 
Epon Ultra-thn sectons v'lere staned with uranyl 
acetate and lead cltrate Sectlons were examned 
and photographed with a P h p s  CMl00  electron 
m croscope. 
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glue that does not impair nerve fiber growth 
(8) and fixed the vertebral colulnn in dor- 
siflexion by wiring (9) .  

Acidic fibroblast growth factor (aFGF) is 
a normal spinal cord constituent (10) .  Be- . , 

cause it lacks a signal sequence, aFGF is 
thought to be sequestered within cells and 
released only after damage. Consequently, 
FGF may be inr,olved in repair (1 1 ) .  It also 
decreases nliosis and ellhances nerve fiber " 
development in spinal cord grafts (12).  
Mixing aFGF into fibrin glue allows slow 
release of the factor (13) .  

Animals were followed over time for 
signs of f~lnctional recovery and rated by 
two independent, blinded observers using 
the  colnbined behavioral score (CBS) (14)  
and the  open-field walking score (OFWS)  

u 

(15) .  Key responses were videotaped. Hind 
limb f ~ ~ n c t i o n  in animals subjected to the  
repair procedure improved significantly, be- 
ginning 3 weeks after operation and con- 
tinuing through the  1 year of observation 
(Fig. I D ) .  Anirnals subjected to unilateral 
treatment also improved, although to a less- 
er degree. Animals in four different control 
groups [transection only (n  = 14) ,  cord 
removal only (11 = j), white matter-to- 
white rnatter bridging (71 y 3),  and omis- 
sion of aFGF (11 = 2)] did not improve (Fig. 
I D ) .  Improvement was manifest as appear- 

& L L L 

tute' s-el 77 Stockhom, Sweden' and Depaqment of scending motor patKways from proxi~nal ante of a f~lnctional posture in hind limbs 
Ne~~rosurger;/, Neurolog~c nstltute Veterans General 
HospltalTa pel and Dlv.slon of Surgel.j, National Yang  white to distal gray lnatter and ascending (usually flexion at hips and then knees and 
M n g  Unversty, Tawan. pathways from distal white to proximal gray then dorsiflexion a t  ankles). In controls, 
Y. Cao, Department of C e  and Molecular BoogyI Karo- rnatter (Fig. l E ) ,  according to the specific hind liinbs remained exte l~ded and exter- 
n s k a  nsttute, S-171 77 Stockholm, Sv'leden 
L, Olson, Department of Neuroscience, Inst anatomy of rat descending and ascending nally rotated. Inlprovernent was symmetri- 
tute, S-171 77 ~ t o c k h o n i ,  Sv'leden pathways (7). T o  stabilize the  lesioned area cal in six cases (28%) and asymmetrical in 

=To v,,hom correspondence be addressed E.mal ad the peripheral nerve bridges, we filled the rest. Loco~not ion involved four-limbed 
henrlch chenganeuro kl.se. the grafted area with a fibrin-based tissue stepping (Fig. 2, H through J ) .  Hind limbs 
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partially supported body weight, and move- 
ments were noted in the three major joints. 
Such movements were not seen in any of 
the control groups. We also found statisti- 
cally positive effects on contact placing 
scores of both groups with full treatment 
(Fig. 1 D), which suggests that functional 
recovery involves the corticospinal tract (2). 

Anterograde wheat germ agglutinin 
horseradish peroxidase (WGA-HRP) tracing 

from the sensorimotor cortices and retro- 
grade WGA-HRP tracing from the lumbar 
enlargements were used to document fiber 
tract regeneration (Table 1) (1 6). The spinal 
cord and brain were analyzed, and labeled 
nerve cell bodies were counted (17). Sec- 
tions from the engrafted area were analyzed 
with cresyl violet or antibodies against neu- 
rofilament and glial fibrillary acidic protein 
(GFAP) to illustrate morphology, nerve fi- 

k - 
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- - m  
b RhFGF E 

e . .. . .. . . . BRO - BRODFGFI 
m .. --.r*l. BROaFGF ll 
m .- -'.SO'-' UROaFOF 
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%m Fig. 1. (A) Microphotograph illustrating a cresyl vio- 
g - let-stained transverse section through a removed 
. ., 
.- - spinal cord segment. Bar represents 250 pm. (B) 
o m  Sagittal section of a repaired junction area stained = " .  - 
IU with cresyl violet. Note the nerve bridge grafts. 
c 53 .- Boxed area indicates the redirected fasciculus gra- 
+ ., cilis (upper) and dorsal corticospinal tract (lower) be- 
5 .  tween the proximal (left) and distal stumps (right). Bar LL 

I represents I000 pm. (C) Adjacent section irnmuno- 
stained with monoclonal antibody to neurofilament 
protein 70,000. Numerous nerve fibers are present in 

g 
U 

the intercostal nerve bridges. Bar represents 200 
Fm. (D) Hind limb function in the seven different 
groups (3). Hind limbs were assessed independently 

.- 
0 (except for the inclined plane test) to identify asym- 
- 6, 

P metric recovery. Animal scores were generated by 
averaging hind limb scores. In the upper panel is 

l l l l . l . . . I . l . . /  shown the open-field walking score (1 5). Scores im- 
Recovery time (months) proved significantly more in the treated groups 

Month 0  1  2  3 4  5 6  7 8  9 1 0 1 1 1 2  (BRDaFGF I and 11) than in the 
4 C l  1 4 1 2 1 0 5 5 5 5 5 5 4 4 4 4  controls (C1 and C2) from the 
e c2 5  5  5 0 0 0 0 0 0 0 0 0 0  third week on (P < 0.0001 for 
FRBaFGF 3 2  2 2 2 2 2 1 1 0 0 0 0  first 2 months: P < 0.001 for 

to a lesser degree, as seen 6 months after surgery. In the middle panel is shown the percentage functional 
deficit, as indicated by the CBS. Animals subjected to the repair procedure improved significantly compared 
with both animals in which the spinal cord was only transected (Cl) and animals in which a cord segment was 
removed (C2) (P < 0.0001 months 1 through 6; analysis of variance). In the lower panel is shown the contact 
placing score, which indicates functional recovery of the corticospinal tract and was significantly better in 
animals subjected to the repair procedure than in controls until 6 months (P < 0.001 for first 3 weeks: P < 0.01 
for month 1: P < 0.001 for months 2 and 3; P < 0.01 for month 4; P < 0.05 for months 5 and 6; 
Mann-Whitney). (E) White matter-to-gray matter nerve bridges. Pieces of intercostal nerves were used to 
reconnect and redirect pathways between the spinal cord stumps ( h ,  and Th,,, seventh and ninth thoracic 
segments, respectively). For each redirected tract, one to three intercostal nerves were used. Bridge numbers 
and their intended functions are as follows: 1, dorsal corticospinal tract (crossed fibers); 2, rubrospinal tract; 
3, central gray matter and formatio reticularis; 4, central gray matter and forrnatio reticularis; 5, ventral 
corticospinal tract (uncrossed fibers) and other tracts such as the vestibulospinal tract WST) and the reticu- 
lospinal tract (RSTJ; 6, ventral corticospinal tract (uncrossed fibers) and other tracts (VST and RST): 7. 
fasciculus gracilis; 8, fasciculus gracilis; 9. fasciculus gracilis: 10 to 18. as for 1 to 9 but on the other side. 

- p BRD 2 2  2 2 2 2 2 2 2 2 2 2 2  
0 BRDaFGFl 5 5  5  4  4  4  4  3 3 2 2  1 1  
b BRDaFGF1117 15 10 8 4  0  0  0  0  0  0 0  0  
C 

cURDaFGF 2  2  2 2 2 2 2 2 2 2 2 0 0  

bers in the bridges, and the degree of gliosis. 
Anterograde tracing is exemplified by one 
treated animal (Table 1 and Fig. 2, E through 
G )  in which labeled fibers are shown de- 
scendine in the dorsal funiculus of the ~ r o x -  

months 3 and 4; P < 0.005 
for months 5 and 6; Mann- 
Whitney). Unilaterally treated 

c 2  

imal stump, traversing the bridging grafts, 
and reaching gray matter of the proximal 
portion of the distal stump. Fibers descended 
at the interface between the dorsal funiculus 
and dorsal gray matter and ended along the 
dorsomedial aspect of the dorsal horn in 

animals (URDaFGR improved 

regions adjacent to substantia gelatinosa in 
the lumbar enlargement. The labeled fibers 
were thus found in areas corresponding to 
the pathway of the rat corticospinal tract, as 
shown in rodent cortical ablation studies (7). 
In the four other animals analyzed with an- 
terograde tracing (Table I), labeled fibers 
traversed the bridging grafts and were found 
in gray matter to T11, T11 through T12, 

Table 1. Summary of data from animals in which 
both open-field walking scoring (15) and HRP 
tracing data were collected. When tracing results 
were ranked from 0 (negative) to 10 (normal), the 
treated animals differed significantly from the con- 
trols (P < 0.001, Mann-Whitney). R, retrograde; A, 
anterograde. 

Planned Open-field HRP tracinq result 
survival walking 

- 
Rat time score 

(months) at death R* A t  

Full repair strategy 
12 3 81 7/1412 
9 1 0/840 
3 3 4048/2533 
3 2.5 +++ 
3 2 + 
1 2.5 (+I 
3 3 + 
3 3 + 

Full repair except aFGF 
12 0 0/56 

Repair with white-to-white bridges 
6 0 - 

9 0 0/2 

Spinal cord transection at T8 
(no cord tissue removal) 

12 0 o/o 
12 0 0/8 
12 0 010 
2 0 - 

2 0 - 

2 0 - 

3 0 - 

Normal 
5 21937/ $ 
5 21 871 

Acute spinal cord transection 
0 o/o 
0 - 

Spinal cord colchicin injection at T8 
0 o/o 

^Cells in motor cortex/cells in brain stem. t(+), la- 
beled tracts and cells seen in the bridges until T I  1  ; +, 
until TI2 to L2; and +++, until L5 to S1. $Normal. 
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T12. or L1 through L2. In four transected 

Fig. 2. Morphology and sequential videoframes omerimental animals. (A) Tetramethylbenzidine 
histochemistry of cortex cerebri (1 mm posterior to the bregma) in a rat 1 year after the repair 
procedure and 48 hours after retrograde WGA-HRP tracing from the lumbar enlargement. Labeled 
pyramidal cells are found in the hind limb motor area. Bar represents 100 pm. (6) Cresyl violet cross 
section of bridge area in a treated rat after 4 months. Note 15 nerve bundles (*) and blood vessels (a). 
Bar represents 600 pm. (C through G) Anterograde transport of WGA-HRP after injection into the 
sensorimotor cortex in a normal rat [shown in (C) and schematically depicted in (D)] and in a treated 
rat 3 months after surgery [shown in (F) and (G) and schematically depicted in (E)]. In (F) the sagittal 
section of the bridge area shows labeled fibers traversing bridging grafts (*) and reaching the distal 
stump (right). The most proximal end of the distal stump was sectioned at an angle to the sagittal 
plane, allowing a face-on view of much of the regenerated bundle formed at the gray-white interface. 
Many fibers end in the proximal part of the distal stump, leading to dense labeling. A portion of the 
fibers reach the lumbar level depicted in (G). Some tissue was lost during free-floating processing of 
the section (a). In (G) a transverse section of the lumbar enlargement shows labeled fibers in the 
dorsal funiculus at the white-gray interface, and adjacent to the substantia gelatinosa. Bars represent 
200 pm in (C) and (G) and 500 pm in (F). (H through J) Sequential videoframes (interval between each 
frame was 0.1 2 s) of three rats subjected to the repair procedure. In (H) is shown an animal after 3 
months. Hind limbs can support body weight during forward stepping. Toe dragging was absent in 
this animal. In (I) and (J) are shown rats climbing a 45" inclined plane 1 year (I) or 3 months (J) after 
surgery. Hind limbs partially supported body weight and displayed movements in all three major 
joints. 

control animals a& in one animal subjected 
to white matter-tewhite matter bridging 
plus aFGF, the corticospinal tracts did not 
reach the distal spinal cord stumps. Antero- 
grade tracing of controls indicated no con- 
nections to the distal stumps (Table 1). 

Application of WGA-HRP to the le- 
sioned lumbar spinal cord led to labeling of 
motoneurons in layers 111 through V of hind 
limb motor areas bilaterally in cortex cere- 
bri in two of the three treated animals (Fig. 
2A). Labeled neurons were also observed in 
dorsal tegmentum and in the lower limb 
areas of the red nuclei, reticular nuclei, and. 
raphe nuclei in all treated animals. A few 
raphe neurons (8 cells) were labeled in one 
of the three transected controls and in one 
animal grafted without aFGF (56 cells). 
Numerous ranhe neurons were labeled in 
treated animals. Thus, a substantial number 
of regenerating descending axons, including 
the corticospinal tract and other supraspi- 
nal neurons, appear essential for functional 
recovery. Animals with improvement of 
hind limb function showed evidence of re- 
generation of both the motor initiation and 
the voluntary gait modification circuits to 
the spinal cord central pattern generator 
(18). The degree of functional recovery 
showed some correlation (r = 0.86) to the 
degree of regeneration of motor fiber sys- 
tems (Table 1). GFAP immunohistochem- 
istry showed large cysts and wide GFAP- 
poor gaps between the cord stumps (4.7 * 
0.86 mm. n = 5) in controls receiving - 
transection only, whereas animals receiving 
the full repair strategy had significantly 
shorter GFAP-poor gaps (0.7 2 0.19 mm, 
n = 4; P < 0.001, analysis of variance). The 
bridge grafts in the latter group displayed 
rich neurofilament immunoreactivity. 

Manv different models of s ~ i n a l  cord 
injury have been studied in animals. Incom- 
plete spinal cord lesions such as hemisec- 
tions, contusions, compressions, and differ- 
ent chemical or mechanical partial lesions 
have generated valuable information about 
reactive and compensatory changes, but 
several of these models are less suitable for 
studies of functional recovery caused by re- 
generation of cut axons. Our procedure can 
lead to a certain degree of structural and 
functional recovery in the completely 
transected adult rat spinal cord, including 
regeneration of pyramidal tract axons, hind 
limb movements, and weight support. It 
remains to be seen to what extent our tech- 
nique is applicable to the chronic paraple- 
gic state and to humans. 
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Persistent Site-Specific Remodeling of a 
Nucleosome Array by Transient Action of the 

SWI/SNF Complex 
T. Owen-Hughes, R. T. Utley, J. Cbte, C. L. Peterson, 

J. L. Workman* 

The SWIISNF complex participates in the restructuring of chromatin for transcription. The 
function of the yeast SWI/SNF complex in the remodeling of a nucleosome array has now 
been analyzed in vitro. Binding of the purified SWI/SNF complex to a nucleosome array 
disrupted multiple nucleosomes in an adenosine triphosphate-dependent reaction. 
However, removal of SWI/SNF left a deoxyribonuclease I-hypersensitive site specifically 
at a nucleosome that was bound by derivatives of the transcription factor Gal4p. Analysis 
of individual nucleosomes revealed that the SWI/SNF complex catalyzed eviction of 
histones from the Gal4-bound nucleosomes. Thus, the transient action of the SWI/SNF 
complex facilitated irreversible disruption of transcription factor-bound nucleosomes. 

T h e  re~nodelln, a of chromat~n structures to 
generate deoxyrihonuclease (DNase)-hy- 
persensitive sites at regulatory elements pre- 
cedes or occurs concurrently with the in- 
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duction of t ra~~scr ip t lo t~  at many genes ( I  ). 
Genetic and hioche~n~cal  st~rdies implicate 
an adenos l~~e  triphosphate. (ATP)-depen- 
dent mm~ltlsuhunit protein complex, the 
SWI/SNF complex, 111 this process (2) .  The 
2000-kD SWIISNF complex hinds to DNA 
and n~~cleosomes, perturbs histone-DNA 
interactions, and enhances the afflnity of 
transcription factors for nucleosornal DNA 
(3-7). To  investigate the mechanis~n by 
~vhich SWIISNF might re~nodel chromatin 
at tra~lscriptional regulatory elements, we 
analyzed the action of the Silcchilromyces 
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