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Reinnervation of peripheral nerve segments implanted into the 
hemisected spinal cord estimated by transgenic mice 
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We investigated how far Schwann cells, which are the peripheral nerve elements supporting 
axonal regrowth, penetrate into the hemisected recipient spinal cord. C57BL/6 mice, which 
carry carcinoembryonic antigen as transgene, were used for transplantation study. These 
CEA transgenic mice were syngenic to C57BL/6 mice except for the expression of human 
CEA DNA. In the syngenic transplantation study, C57BL/6 mice were transplanted with 
the sciatic nerve of CEA-transgenic mice to the hemisected spinal cord. Schwann cell 
migration into the recipient spinal cord was detected by the PCR method. Transplanted 
Schwann cells migrated into the recipient spinal cord both rostrally and caudally at a 
distance of 2 mm from the graft-host interface until 21 days after transplantation. At 28 
days after transplantation, the Schwann cells migrated rostrally at a distance of 2 mm and 
caudally at a distance of 4 mm. C57BL/6-CEA sciatic nerve was transplanted to BALB/C 
mice as the allogenic transplant. CEA DNA was detected until 14 days after transplanta
tion, but disappeared at 21 days. In addition, C57BL/6-CEA sciatic nerves were trans
planted into Wistar rats to study xenogenic transplantation. The CEA band disappeared at 
10 days after transplantation. In conclusion, by using CEA transgenic mice and the PCR 
method, we could evaluate the mobility of Schwann cells which are thought to play an 
important role in axonal regeneration. 
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Introduction 

Peripheral nerve (PN) grafting is a widely accepted 
method of investigating axonal regeneration in the 
mammalian central nervous system (CNS).1-23 PN 
grafts are thought to provide the central neurons with 
supportive structures that allow axonal elongation, 
However such experiments have not revealed the 
underlying mechanisms that are responsible for the 
expression of the regenerative potential of central 
neurons. It has been hypothesised that the PN grafts 
are sources of neurotrophic factors4,14,16-21,24-26 and that 
Schwann cells play an important role in the projection 
of PN axons into the host spinal cord as well as in the 
projection of CNS axons into the transplants. For 
investigation of the survival of transplanted peripheral 
nerves as well as development integration and axonal 
interaction with the spinal cord, three major methods 
have been used: histological techniques at the light and 
electron microscopic levels, use of axonal tracers 
(horseradish peroxidase, fluoro-gold, and Phaseolus 
vulgalis leucoaggultinin), and immunocytochemical 
techniques. In the present study, we used the poly
merase chain reaction (PCR) method and CEA-trans
genic mice27•28 to evaluate more clearly transplanted 
syngenic, allogenic and xenogenic peripheral nerve 
rejection or acceptance as well as how far Schwann cells 
migrate into the host spinal cord. 

Materials and methods 

C57BL/6(B6/H-2b) mice, BALB/C(H-2d) mice, and 
Wistar rats were purchased from Shizuoka Laboratory 
Animal Center (Shizuoka, Japan), and human carcino
embryonic antigen transgenic mice (B6-CEA) estab
lished by T Hasegawa in our laboratory were bred at 
the Institute for Laboratory Animal Research, Nagoya 
University School of Medicine. C57BL/6 mice, 
BALB/C mice, and Wistar rats, at 8 weeks of age, were 
used as the recipients while human carcinoembryonic 
antigen transgenic mice of the same age were used as 
the donors in all experiments. 

Syngenic transplantation group Sciatic nerve grafts 
from B6-CEA mice were transplanted into the hemi
sected spinal cords of C57BL/6 mice. 

Allogenic transplantation group Sciatic nerve grafts 
from B6-CEA mice were transplanted into the hemi
sected spinal cords of BALB/C(H-2d) mice. 

Xenogenic transplantation group Sciatic nerve grafts 
from B6-CEA mice were transplanted into the hemi
sected spinal cords of Wistar rats. We used four 
C57BL/6 mice as syngenic recipients, four BALB/ 
C(H-2d) mice as allogenic recipients, and four Wistar 
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rats as xenogenic recipients. Eight B6-CEA mice were 
used as sciatic nerve donors. 

Surgical technique (recipient surgery) 
The animals were anaesthetized with 4% chloral 
hydrate (400 mg kg-1), and laminectomies were made 
at T8-:-1O levels. Bleeding from the surrounding bony or 
�oft tissues was controlled with either Gelfoam (Up
John Japan Co Ltd, Osaka, Japan) (soaked in a solution 
of bovine thrombin) or epinephrine-impregnated cot
ton pellets or a microfibriller collagen haemostat. A 
clean longitudinal incision was then made through the 
surrounding meninges with a tapered no. 11 scalped 
blade .. Hemisection of the spinal cord (involving 
resection ?f � � mm lengt� of tissue) was then per
f?rmed uSI�g mdectomy sCissors to cut the spinal cord 
t�ssue

. 
as It was held by suction with an angled, 

flOe-tIpped glass pipette. Haemostasis was subse
quently achieved by sponging the wound with throm
bin-soaked Gelfoam and gentle aspiration. The re
secte.d cavities were then cleared of any blood clots and 
del;)fJs by further sponging with Gelfoam (soaked in 
saline) and gentle suction. Care was taken to limit 
damage to the surrounding meningeal sheaths. 

Transplantation procedures 
Donor tissue preparation CEA transgenic mice were 
anaesthetised with chloral hydrate and the right sciatic 
nerve was exposed under the biceps femoris muscle. 
After epineurectomy, a 4 mm long segment of the 
sciatic nerve was removed and approximated to the 
transected spinal cord. 

Finally, the sciatic nerve segment was placed into the 
gap in the hemisected spinal cord of the recipient. 
<;o�ptation to the spinal cord stumps was secured by 
flbnn sealant. The leptomeninges and pachimeninges 
were separately closed with microsurgical nylon sutures 
(respectively 10-0) and the wounds were closed layer 
by layer. 

DNA primer A pair of DNA primers, 5'-AGCTCAC
TAITGAATCCACG-3' (primer a) and 5'-TCTCTC
GACCACTGTATGCG-3' (primer b), was used to 
amplify the 194-bp CEA-specific fragment. 

Polymerase chain reaction (peR) 
Recipient mice and rats were anaesthetised with an 
overdose of 4% chloral hydrate, and the original 
wound was reopened. The grafted region was identified 
by virtue of the non-resorbable sutures, and a second 
laminectomy was made to expose the spinal cord at 
various distances either rostral or caudal to the trans
plant. Then the grafts and the adjacent rostral and 
caudal stumps of the spinal cord were removed. We 
perf�rmed all surgical procedures under microscopy, so 
th�t .It was easy to find the boundary between grafted 
SCiatIc nerve and host spinal cord. We defined the 
spinal cord specimens obtained 4 mm rostral to the 

graft as A, 2 mm rostral to the graft as B, 2 mm caudal 
to the graft as C, and 4 mm caudal to the graft as D 
(Figure 1). Spinal cord specimen was placed into 1.5 ml 
microfuge tubes containing 700 {II buffer respectively 
(50 mM Tris, pH 8, 100 mM EDTA, 100 mM NaCl, 
and 1 % SDS). After mincing the tissue using a pair of 
scissors, 10 ml of a 10 mg ml-1 solution of Proteinase K 
dissolved in H20 (Merck 24568, EM Biochemicals, 
obtained from American Scientific Products) was 
added, and the sample was incubated at 55°C over
night. The tubes were then removed from the incuba
tion, 5 {II RNase (Worthington 5679, 5 (lg{ll-l) was 
added, and incubated at 37°C for 2 h to eliminate any 
contamination of RNA. The tubes were then filled with 
phenol/chloroform (1:1) and rotated for 5 min. After 
the 5 min spin, the aqueous phase was transferred to 
fresh tubes. This treatment was then repeated. Next an 
equal volume of 100% ethanol was added into the 
tubes, well mixed and spun at 10 000 rpm for 5 min. 
Then the supernatant was removed and washed with 
70% ethanol. The DNA was dried and dissolved with 
H20. The samples were amplified with primer a, b and 
Taq DNA polymerase (Promega, USA). PCR amplifi
cation products were evaluated by 2% agarose gel 
electrophoresis. 
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Figure 1 We designated the spinal cord specimens obtained 
4 mm rostral to the graft as A, 2 mm rostral to the graft as 
B, 2 mm caudal to the graft as C, and 4 mm caudal to the 
graft as D. The sciatic nerve graft site was designated as T. 



Results 

Migration of Schwann cells into the host spinal cord 
Syngenic transplantation group Using the PCR 
method, we evaluated Schwann cell migration into the 
host spinal cord. Three days after transplantation, a 
CEA band was detected only in the area T. All four 
mice showed the same result. At 7 days, 14 days, and 21 
days after transplantation, a CEA band was detected in 
areas B, T, and C. At these three times, all four mice in 
each subgroup showed the same result. A CEA band 
was detected not only in areas B, T, and C, but also in 
the area D at 28 days after transplantation in three of 
the four mice (Figure 2, Table 1). 

Allogenic transplantation group A CEA band was 
detected only in area T of the spinal cord at 7 and 14 
days after transplantation and no band was detected at 
21 days after transplantation in any area of the cord 

Figure 2 The CEA band-positive area indicates migration 
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Table 1 This table shows the CEA band-positive rate of 
each time. A-D and T are different sites in the spinal cord. 
At 28 days after transplantation, three of four mice (78%) 
were positive in area D 

Sites in Time after transplantation 
spinal cord 

3 7 14 21 28 
days days days days days 

A 0/4 0/4 0/4 0/4 0/4 
B 0/4 4/4 4/4 4/4 4/4 
T 4/4 4/4 4/4 4/4 4/4 
C 0/4 4/4 4/4 4/4 4/4 
D 0/4 0/4 0/4 0/4 3/4 

(Figure 3). These results were identical in all four mice 
of each subgroup (Table 2). 

Xenogenic transplantation group A CEA band was 
only detected in area T of the spinal cord at 5 days after 
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Figure 3 At 7 and 14 days after transplantation, a CEA 
band was only found in area T of the recipient spinal cord. 
This indicated that the allogenic peripheral nerve grafts 
were not rejected by 14 days after transplantation. How
ever, at 21 days after transplantation, no CEA band was 
found in any area of the recipient spinal cord, indicating 
that the allogenic peripheral nerve grafts had been rejected. 

Table 2 Allogenic transplantation group. At 7 and 14 days 
after transplantation, only area T was positive, while no 
area was positive at 21 days after transplantation. The 
results were the same in all four mice 

Sites in spinal cord Time after transplantation 

7 days 14 days 21 days 

of Schwann cells from the CEA transgenic mouse sciatic A 
nerve grafts. Seven, 14, and 21 days after transplantation, B 

0/4 0/4 0/4 
migratory Schwann cells derived from CEA transgenic mice T 
had penetrated into areas B and C of the recipient spinal C 
cord. At 28 days after transplantation, migratory Schwann D 
cells had penetrated into areas B, C, and D. 

0/4 
4/4 
0/4 
0/4 

4/4 4/4 
4/4 4/4 
4/4 4/4 
0/4 0/4 
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xenogenic transplantation, and no band was detected at 
10 days after transplantation in any area of the recipient 
spinal cord (Figure 4). These results were similar in all 
four mice of each subgroup (Table 3). 

Discussion 

It has been reported that migratory Schwann cells serve 
as a gateway in the glial basal lamina for the possible 
passage of axons, when autologous peripheral nerves 
are transplanted into the transected spinal cord.1-23 
These findings were obtained at light and electron 
microscopic levels. In order to clarify how syngenic 
transplanted cells migrate into the recipient spinal cord, 
we used transgenic mice, which carry human CEA 
cDNA. These CEA transgenic mice were established 
from a C57BL/6 inbred strain. The CEA antigen is 
expressed by every tissue of these animals including the 
neurons. Although CEA antigen on cells induce 
anti-CEA antibody, they do not induce anti-CEA killer 
cells and T cell proliferation.27.28 For these reasons, we 
could use C57BL/6 transgenic mice as syngenic donors 
for C57BL/6 mice in our graft rejection study. Using 

Figure 4 At 5 days after transplantation, a CEA band was 
only found in area T. At 10 days after transplantation, no 
CEA band was found in any area of the recipient spinal 
cord. This indicated that it took only 10 days to reject the 
Xenogenic peripheral nerve grafts. 

Table 3 Xenogenic transplantation group. At 5 days after 
transplantation, only T area was positive, although at 10 
days after transplantation no area was positive. The results 
were the same in all four mice 

Sites in spinal cord 

A 
B 
T 
C 
D 

Time after transplantation 

5 days 

0/4 
0/4 
4/4 
0/4 
0/4 

10 days 

0/4 
0/4 
0/4 
0/4 
0/4 

the sensitive PCR method, we could detect the expres
sion of CEA cDNA in C57BL/6 mice. Because axons 
do not contain a nucleus, we consider that the majority 
of proliferating tissues in areas A, B, C or D  are 
S�w�n�lli. . 

After syngenic transplantation (C57BL/6-CEA to 
C57BL/6), CEA DNA persisted in the T area of the 
cord for a long time. However, following allogenic or 
xenogenic transplantation (C57BL/6 CEA to BALB/C 
or C57BL/6 CEA to Wistar rats), we could not 
detect CEA DNA after 21 days (allogenic) or 10 
days (xenogenic). These findings suggested that the 
transplanted neuronal tissue (including neurons and 
Schwann cells) was attacked by the immune system and 
destroyed. Neurons of xenogenic transplant were more 
quickly attacked by the immune system than allogenic 
transplants. The main rejection mechanism of xeno
genic transplants has been shown to be complement 
mediated cytotoxicity, which occurs in the early period 
after grafting. 29 

The syngenic transplantation study suggested that 
migratory Schwann cells served as a gateway in the glial 
basal lamina for the possible passage of axons through 
the cell. Horvat et at reported that a great number of 
neurons located bilaterally between C3 and C7 in most 
laminae of the gray matter extended axons into a PN 
graft. 30 One week after PN transplantation into the 
CNS, migratory Schwann cells had penetrated 2 mm 
into the recipient spinal cord both rostrall� and 
caudally, possibly allowing axonal regeneration. 1 Two 
and 3 weeks after transplantation, the migratory 
Schwann cells had migrated over the same distance 
rostrally and caudally into the recipient spinal cord. 
From 4 weeks after transplantation, migratory 
Schwann cells had penetrated 2 mm rostrally and 4 mm 
caudally into the spinal cord. 

Some interactions between the transplanted neural 
tissue and the recipient spinal cord have been demon
strated by the presence of both anterogradely labelled 
fibres and retrogradely labelled neurons in grafts 
following HRP injection into the recipient spinal cord 
and the presence of retrogradely labelled neurons in 
the recipient spinal cord after HRP injection into the 
graft. Jakerman et at used three anatomical tracers, 
HRP, fluoro-gold, and Phaseolus vulgaris leucoaggluti
nin. 32 They found that axons arising from the trans
plants extended up to 5 mm into the recipient spinal 
cord, and were best revealed by retrograde labeling 
with fluoro-gold. In the present study, we confirmed 
the previous findings and further evaluated the distance 
of Schwann cell migration into the recipient spinal cord 
using CEA transgenic mice and the PCR method. 

Sugar and Gerald,33 Windle,34 Kao et at, 35.36 and 
Richardson et at16-19 devised experimental models of 
axonal regeneration in the adult mammalian spinal 
cord using autologous peripheral nerve transplants 
between the stumps of the transected spinal cord and 
they evaluated the extent of axonal regeneration by 
only light and electron microscopic study. We found 
that migration of Schwann cells into the host spinal 
cord was more accurately evaluated by using the PCR 



method. On the other hand, it remains unclear why the 
migratory Schwann cells were restricted to a distance 
of 4 mm caudal to the graft-host interaction face. 
Schnell37 reported that CNS white matter, oligodendro
cytes, and CNS myelin itself, are strong inhibitors of 
neuronal growth, a property associated with defined 
myelin membrane proteins of relative molecular mass 
(Mr) 35,000 (NI-35) and 250,000 (NI-250). We also 
consider that myelin membrane proteins may be the 
main inhibitors of neural regrowth and migratory 
Schwann cell projection. Consequently we are now 
planning to study axonal regeneration in the presence 
of neurotrophic factors or myelin-associated neurite 
growth inhibitor antibodies by using CEA transgenic 
mice and the PCR method. 

Conclusions 

The purpose of this study was to evaluate more clearly 
transplanted syngenic, allogenic and xenogenic peri
pheral nerve rejection or acceptance as well as how far 
Schwann cells migrate into the host spinal cord. 
Migratory Schwann cells served as a gateway in the glial 
basal lamina for the possible passage of axons. Migra
tion of Schwann cells into the host spinal cord was more 
accurately evaluated using the PCR method. 
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