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Non-neuronal cells are not the limiting
factor for the low axonal regeneration
in C57BL/6J mice
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Abstract

Peripheral axonal regeneration was investigated in adult male mice of
the C57BL/6J (C), BALB/cJ (B) and A/J (A) strains and in their F1
descendants using a predegenerated nerve transplantation model. Four
types of transplants were performed: 1) isotransplants between ani-
mals of the C, B and A strains; 2) donors of the C strain and recipients
of the C x B and C x A breeding; 3) donors of the B strain and
recipients of the C x B breeding, and 4) donors of the A strain and
recipients of the C x A breeding. Donors had the left sciatic nerve
transected and two weeks later a segment of the distal stump was
transplanted into the recipient. Four weeks after transplantation the
regenerated nerves were used to determine the total number of regen-
erated myelinated fibers (TMF), diameter of myelinated fibers (FD)
and myelin thickness (MT). The highest TMF values were obtained in
the groups where C57BL/6J mice were the donors (C to F1 (C x B) =
4658 ± 304; C to F1 (C x A) = 3899 ± 198). Also, A/J grafts led to a
significantly higher TMF (A to F1 (C x A) = 3933 ± 565). Addition-
ally, isotransplant experiments showed that when the nerve is previ-
ously degenerated, C57BL/6J mice display the largest number of
myelinated fibers (C to C = 3136 ± 287; B to B = 2759 ± 170, and A
to A = 2835 ± 239). We also observed that when C57BL/6J was the
graft donor, FD was the highest and MT did not differ significantly
when compared with the other groups. These morphometric results
reinforce the idea that Schwann cells and the nerve environment of
C57BL/6J provide enough support to the regenerative process. In this
respect, the present results support the hypothesis that the non-neu-
ronal cells, mainly Schwann cells, present in the sciatic nerve of
C57BL/6J mice are not the main limiting factor responsible for low
axonal regeneration.
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Introduction

After axotomy, a sequence of events oc-
curs distally to the lesion, resulting in nerve
degeneration (1-4). This process, called
Wallerian degeneration, is initiated by a lo-
cal inflammation when several signal mol-

ecules such as cytokines are produced (5-7).
As a result, there is a massive macrophage
invasion, mainly into the microenvironment
of the distal stump of the nerve, where they
are responsible for myelin sheath and nerve
fiber phagocytosis (8-11). Another essential
cell type is the Schwann cell, which also
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participates in the myelin and axonal clear-
ance. Finally, the Schwann cells will support
and guide the regenerating axons to the tar-
get organs by lining themselves up, forming
the bands of Büngner (8,9,12,13). They also
produce neurotrophic factors such as NGF,
BDNF, NT-3, NT-4 and CNTF that support
neuronal survival (14-18).

In the literature concerning nerve regen-
eration, the importance of non-neural cells,
such as Schwann cells and macrophages, has
been emphasized (19-23). Less attention has
been given to the intrinsic regenerative neu-
ronal characteristics, which are also an impor-
tant limiting factor for the nerve regenerative
process (24,25). In this regard, neuronal sur-
vival after axotomy is a prerequisite for regen-
eration and is facilitated by various trophic
factors (21). Also, axotomized neurons must
switch from a transmitting mode to a growth
mode, expressing growth-associated proteins,
such as GAP-43, as well as different neu-
ropeptides and cytokines (26). Axonal sprouts
must reach the distal nerve stump at a time
when its growth support is optimal (27,28). If
such coordination does not occur, nerve re-
generation may be diminished and neuronal
death may occur. In this respect, an interesting
example is the C57BL/6J mouse strain, which
shows delayed axonal regeneration after a
peripheral lesion (29-31).

Lu et al. (29,30) observed that C57BL/6J
mice have a lower axonal regeneration po-
tential after a crush lesion compared with
BALB/cJ, A/J, C3H/HeJ and DBA/1J mice.
These results were confirmed by Lainetti et
al. (31) in a study of axonal regeneration in
the same strains, using the nerve tubulization
technique. They also observed that C57BL/
6J displays extensive dorsal root ganglion
death after lesion.

The first hypothesis to explain the low
axonal regeneration of C57BL/6J mice was
to relate it to its intrinsic deficiency in mac-
rophage response to injury. Nevertheless,
this was not experimentally confirmed (29).
Also, Lu et al. (30) investigated the genetics

of this deficiency in recombinant mouse
strains, and proposed that it could be a result
of a temporary deficiency rather than a per-
manent neuronal impairment, which seems
to involve mainly sensitive neurons.

Based on the facts reported above, it is
still not well understood if the regenerative
deficiency of C57BL/6J mice is mainly a
result of the intrinsic neuronal characteris-
tics or if it is due to the nerve microenviron-
ment and non-neural cell features. In the
present study we propose an in vivo model
based on predegenerated allo- and isograft
transplants using the C57BL/6J (C), A/J (A),
BALB/cJ (B) strains, and their F1 descen-
dants. This method was used in order to
determine the relative importance of neu-
ronal and non-neuronal C57BL/6J cells in
peripheral nerve regeneration after sciatic
nerve transection.

Material and Methods

Animals

In this study, fifty-one 8 to 10-week-old
male mice were used. These mice were from
C57BL/6J (N = 15), BALB/cJ (N = 12), A/J
(N = 12) isogenic strains, and their F1 de-
scendants: F1 (C57BL/6J x A/J) [F1 (C x A)]
(N = 6) and (C57BL/6J x BALB/cJ) [F1 (C x
B)] (N = 6). Three additional male mice from
C57BL/6J, A/J and BALB/cJ isogenic strains
were used for the predegenerated nerve graft
morphological study.

Two main groups were studied: the first
was based on sciatic nerve allotransplants
and C57BL/6J mice were used as graft donor
for both F1 (C x A) (N = 3) and F1 (C x B) (N
= 3). Also, A/J and BALB/cJ mice were used
as donors for F1 (C x A) (N = 3) and F1 (C x
B) (N = 3), respectively.

The second main group was based on
sciatic nerve isotransplants and, in this case,
the donor and recipients were from the same
strain: C57BL/6J (N = 6), A/J (N = 6) and
BALB/cJ (N = 6).



1469

Braz J Med Biol Res 33(12) 2000

Low axonal regeneration in C57BL/6J mice

Surgical procedures (Figure 1)

Under deep anesthesia (pentobarbital, 50
mg/kg, ip), donors received a left sciatic nerve
transection at the obturator tendon level and
the proximal stump was ligated to avoid regen-
eration. Two weeks later, the donor transected
nerve was exposed and the distal stump was
dissected out for transplantation. One milli-
meter of the proximal end of the predegenerated
donor nerve was introduced and attached to a
3-mm long polyethylene tube. At the same
time, the recipient�s sciatic nerve was exposed
and transected at the mid-thigh level and its
proximal stump was inserted and sutured into
the polyethylene tube containing the donor
predegenerated nerve, with a 1-mm gap left
between the stumps.

Specimen preparation and morphologic and
morphometric analysis

Four weeks after transplantation, recipi-
ents were perfused transcardially with Kar-
novsky solution (2% glutaraldehyde and 1%
paraformaldehyde) and the regenerated sci-
atic nerves were dissected out. The speci-
mens were post-fixed with 2% osmium tetrox-
ide and processed for Araldite embedding.
Transverse semithin sections (0.5 µm thick)
were obtained at the midpoint of the polyeth-
ylene tube and stained with toluidine blue
and the total number of regenerated axons
(TMF) was counted. Also, the TMF in the
contralateral sciatic nerve (CL) was obtained
and a regeneration rate (RR) was calculated
(RR = TMF/CL). Transverse ultrathin sec-
tions were obtained and 4 fields of each
specimen were photographed with the elec-
tron microscope (2000X) covering an area
of at least 30% of the cross-sectional area of
the nerve. Sampling bias was avoided by
spreading the micrographs systematically
over the entire cross-section according to the
scheme proposed by Mayhew and Sharma
(32). The negatives were copied (X3) and
the diameter of myelinated fibers and myelin

thickness were measured on a digitizing table
(SummaSketch® II Professional) using Sigma
Scan Measurement® software. Axon diam-
eter (D) was calculated from the perimeter
(P) by applying the formula D = P/p. Data
are reported as means  ±  SD. One-way
ANOVA and the Newman-Keuls test
(P<0.05) were used for statistical analysis.

Results

Morphological observations

Predegenerated nerves (Figure 2). Two
weeks after transection, predegenerated sci-
atic nerves from the three isogenic mice
strains showed slight morphologic differ-
ences. The endoneural microenvironment
was characterized by the presence of many
groups of myelinated fibers undergoing
Wallerian degeneration. These degenerating
fibers showed accumulated mitochondria and
membranous electron-dense bodies shrunk
together with the disorganized myelin sheath
in the Schwann cell cytoplasm. The Schwann
cells were lined up into the so-called bands
of Büngner, identified ultrastructurally by

P

PT

G

D

Figure 1 - Experimental model
employed for the allo- and iso-
transplants. The proximal stump
(P) and the predegenerated graft
(G) were inserted into a 3.0-mm
long polyethylene tube (PT) with
a 1.0-mm gap left. The recipient
distal stump (D) was left free.
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ously transplanted graft. Transverse semi-
thin sections of the regenerated nerves at the
tube midpoint showed regenerated myeli-
nated fibers organized into small bundles
surrounded by perineural-like cells and fi-
broblasts. Both isografts and allografts
showed the same morphologic aspect when
examined with the electron and light micro-
scopes. The epineurium was composed of
multiple layers of flattened cells separated
by collagen fibrils. These cells resembled
those of the bundles but did not have a basal
lamina. The myelinated fibers were of dif-
ferent dimensions typically associated with
just one Schwann cell, while the nonmyeli-
nated axons were surrounded by several
Schwann cell cytoplasmic projections. In
the endoneural microenvironment we iden-
tified fibroblasts, macrophages and eventu-
ally mast cells. No immunological reaction
resembling graft rejection was observed.

Morphometric results

Number of regenerated axons (Table 1,
Figure 5). The TMF 4 weeks after graft
transplantation surgery is shown in Table 1.
The allotransplant group in which C57BL/6J
was the donor and F1 (C x B) the recipient
showed the highest number of regenerated
axons, followed by the groups in which
C57BL/6J and A/J were donors (P<0.05,
Newman-Keuls test). On the other hand,
when contralateral myelinated fiber num-
bers were computed for RR calculation, no
statistical difference was observed between
groups 1, 2 and 3 (P>0.05, Newman-Keuls
test). The other groups did not differ con-
cerning the number of regenerated axons.

Axonal diameter and myelin thickness (Table 2)

The diameters of myelinated fibers dif-
fered significantly between groups 4 weeks
after graft transplantation (P<0.05, Newman-
Keuls test). When C57BL/6J was the al-
lograft donor (groups 1 and 3), a significant-

Figure 2 - A, Transverse section
of a predegenerated nerve 2
weeks after sciatic nerve tran-
section. The endoneural mi-
croenvironment is enlarged and
there are many degenerating
axons (DEG). A blood vessel is
also observed (V). Bar = 10 µm.
B, Electron microscopic trans-
verse section of a sciatic nerve 2
weeks after transection. A mac-
rophage (MAC) is observed de-
grading a myelinated fiber (AX)
in the endoneural microenviron-
ment. Also, many Schwann cell
projections (arrowheads) sur-
rounded by the basal lamina are
observed between the endoneu-
ral collagen fibrils (*). Bar = 1
µm. C, Detail of a Schwann cell
(SC) with its cytoplasmic projec-
tions (arrowheads). The whole
cell is surrounded by the basal
lamina and endoneural collagen
fibrils (*). Bar = 1 µm.

their characteristic basal lamina. Also mac-
rophages were observed and distinguished
from Schwann cells by their lack of basal
lamina. These cells were usually associated
with myelin debris and degenerating axons.
The dimensions of the epineurium, perineu-
rium and endoneurium were increased mainly
due to cell proliferation and overproduction
of extracellular matrix components such as
collagen fibrils.

Regenerated nerves (Figures 3 and 4).
Four weeks after lesion, a 1.5-mm long tis-
sue cable was observed surrounded by fluid
in the center of the polyethylene tube, con-
necting the proximal stump and the previ-
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Figure 3 - A, Transverse semithin section of a regener-
ated nerve 4 weeks after graft transplantation. Donor:
C57BL/6J, recipient: F1 (C x A). The epineurium (EPI) is
composed of multiple layers of flattened cells and the
regenerated nerve fibers are organized into small
bundles (arrows). Blood vessels (V) are also observed.
Bar = 12.5 µm. B, Electron microscopic view of a
regenerated nerve 4 weeks after graft transplantation.
Donor: BALB/cJ, recipient: F1 (C x B). Detail of a nerve
bundle surrounded by perineural cells organized in con-
centric layers (arrowheads). Myelinated fibers, nonmy-
elinated fibers (arrows) and a fibroblast (FB) are ob-
served in the endoneural microenvironment. Bar = 2
µm. C, Transverse semithin section of a regenerated
nerve 4 weeks after graft transplantation. Donor:
C57BL/6J, recipient: F1 (C x B). The axons are orga-
nized into bundles containing many regenerated nerve
fibers (arrows). Bar = 12.5 µm. D, Electron microscopic
view of a regenerated nerve 4 weeks after graft trans-
plantation. Donor: C57BL/6J, recipient: F1 (C x B). De-
tail of the endoneural microenvironment showing my-
elinated and nonmyelinated regenerated axons (ar-
rows) associated with Schwann cells and surrounded
by collagen fibrils (*). Bar = 1 µm.

Figure 4 - A, Transverse section of a regenerated nerve
4 weeks after BALB/cJ isograft transplantation. The
regenerated fibers are distributed into fascicles bor-
dered by circumferential projections of perineural cells
(arrows). Blood vessels are also observed (V). Bar =
12.5 µm. B, Electron microscopic transverse section
showing a BALB/cJ isograft bundle detail. The endo-
neurium contains collagen fibrils (*) around the myeli-
nated and nonmyelinated fibers. The perineural cells
(arrows) are also observed surrounded by the basal
lamina and containing mitochondria in their cytoplas-
matic projections. Bar = 1 µm. C, Electron microscopic
view of a regenerated nerve 4 weeks after C57BL/6J
isograft transplantation. The endoneural microenviron-
ment shows collagen fibrils and remaining empty basal
lamina debris (arrows). The Schwann cells are associ-
ated with myelinated fibers, showing several mitochon-
dria and a prominent rough endoplasmatic reticulum.
Bar = 2 µm. D, Detail of a regenerated nerve bundle 4
weeks after A/J isograft transplantation. The endoneu-
rium is completely filled with collagen fibrils (*) sur-
rounding the myelinated and nonmyelinated fibers
which are associated with Schwann cells. Bar = 1 µm.



1472

Braz J Med Biol Res 33(12) 2000

A.L.R. Oliveira and F. Langone

Table 1 - Total number of regenerated axons (TMF) obtained at the polyethylene tube
midpoint level 4 weeks after graft transplantation.

The number of myelinated fibers counted in the contralateral nerve (CL) and the
regeneration rate (RR) are also presented. 1) Donor: C57BL/6J (C), recipient: F1 (C x A);
2) donor: A/J (A), recipient: F1 (C x A); 3) donor: C57BL/6J, recipient: F1 (C x B); 4)
donor: BALB/cJ (B), recipient: F1 (C x B); 5) donor: C57BL/6J, recipient: C57BL/6J; 6)
donor: A/J, recipient: A/J; 7) donor: BALB/cJ, recipient: BALB/cJ. The values are
reported as means ± SD. The capital letters indicate the comparison between the
means of the 7 experimental groups, and the small letters show the comparison
between each experimental group and its normal group. Different paired letters
indicate statistical difference (P<0.05, Newmann-Keuls test). N = 3 for all groups.

Group TMF CL RR

1 3899.00 ± 198.09Aa 4135.67 ± 104.00d 0.9435 ± 0.061A

2 3933.33 ± 565.35Aa 4052.33 ± 53.27d 0.9857 ± 0.167A

3 4658.33 ± 304.07Bb 4314.47 ± 97.67e 1.0791 ± 0.049A

4 2595.00 ± 30.35Cc 4327.33 ± 46.48e 0.5997 ± 0.007B

5 3136.00 ± 287.00Cc 4120.67 ± 72.57d 0.7615 ± 0.075B

6 2834.67 ± 239.07Cc 4035.00 ± 74.67d 0.7034 ± 0.072B

7 2759.00 ± 169.52Cc 4250.00 ± 68.56d 0.6496 ± 0.048B

Table 2 - Fiber diameter (FD) and myelin thickness (MT) obtained at the polyethylene
tube midpoint 4 weeks after graft transplantation.

Both values obtained for the regenerated and contralateral nerves are presented. 1)
Donor: C57BL/6J (C), recipient: F1 (C x A); 2) donor: A/J (A), recipient: F1 (C x A); 3)
donor: C57BL/6J, recipient: F1 (C x B); 4) donor: BALB/cJ (B), recipient: F1 (C x B); 5)
donor: C57BL/6J, recipient: C57BL/6J; 6) donor: A/J, recipient: A/J; 7) donor: BALB/cJ,
recipient: BALB/cJ. The values are reported as means ± SD. The capital letters indicate
the comparison between the means of the 7 experimental groups, and the small
letters show the comparison between each experimental group and its normal group.
Different paired letters indicate statistical difference (P<0.05, Newmann-Keuls test). N
= 3 for all groups.

Group FD MT

Regenerated Contralateral Regenerated Contralateral

1 2.30 ± 0.88Aa 3.21 ± 1.21c 0.29 ± 0.10Aa 0.66 ± 0.25b

2 2.09 ± 0.86Bb 3.21 ± 1.21c 0.30 ± 0.09Aa 0.66 ± 0.25b

3 2.24 ± 0.92Aa 3.65 ± 1.60d 0.29 ± 0.09Aa 0.72 ± 0.30c

4 2.05 ± 0.86Bb 3.65 ± 1.60d 0.31 ± 0.09Aa 0.72 ± 0.30c

5 1.98 ± 0.86Bb 3.55 ± 1.61d 0.31 ± 0.10Aa 0.70 ± 0.29c

6 2.00 ± 0.76Bb 3.27 ± 1.30c 0.30 ± 0.08Aa 0.68 ± 0.29b

7 1.87 ± 0.81Bb 3.27 ± 1.45c 0.30 ± 0.08Aa 0.67 ± 0.26b
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Figure 5 - Regeneration rate obtained by the division of
total number of axons in the regenerated nerves by the
number in the contralateral nerves. Experimental
groups: C/CA - donor: C57BL/6J, recipient: F1 (C x A);
A/CA - donor: A/J, recipient: F1 (C x A); C/CB - donor:
C57BL/6J, recipient: F1 (C x B); B/CB - donor: BALB/cJ,
recipient: F1 (C x B); C/C - donor: C57BL/6J, recipient:
C57BL/6J; A/A - donor: A/J, recipient: A/J; B/B - donor:
BALB/cJ, recipient: BALB/cJ. *P<0.05 compared to
the other groups (Newman-Keuls test).

ly larger axonal diameter was observed
(P<0.05). The other experimental groups did
not differ significantly from one another. In
all groups, axonal diameter was significantly
smaller than control. Myelin thickness did
not differ between the experimental groups
but was always smaller than control (P<0.05).

Discussion

It has been shown that, following sciatic
nerve crush, C57BL/6J mice have reduced
axonal regeneration compared to other
isogenic strains (A/J, DBA/1J, BALB/cJ and
C3H/HeJ) (29,30). Although the nature of
the diminished regenerative potential has
been studied by different methods, including
breeding and nerve tubulization, it is still not
completely understood. Possibly, both mi-
croenvironmental and neuronal characteris-
tics are of importance during the initial steps
of axonal sprouting and regeneration (33).
Since in the nerve microenvironment macro-
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phage migration and activity in C57BL/6J
was demonstrated not to be statistically dif-
ferent from the other strains, there is the
possibility that Schwann cells may be in-
volved. In this regard, several studies have
emphasized the contribution of Schwann cells
to the degenerative and regenerative pro-
cesses after peripheral nerve injury (9,10,22).

One way to investigate this hypothesis
would be to transplant segments from a pe-
ripheral nerve of C57BL/6J mice to recipi-
ents from another strain with a higher regen-
erative potential. Nevertheless, the direct al-
lotransplant between strains would result in
graft rejection since they have a different
major histocompatibility complex (34). Con-
sidering this fact, in the present study we
have proposed the utilization of F1 mice
obtained by breeding C57BL/6 with A/J and
BALB/cJ as graft recipients. Also, in order
to have a higher number of Schwann cells in
the graft already organized into the bands of
Büngner, we have performed predegenera-
tion of the donor nerves by transecting them
two weeks before transplantation (5,6,35-
37). The morphologic results obtained two
weeks after transplantation showed no rejec-
tion of the nerve grafts, since immunocom-
petent cells were almost absent.

Myelin thickness did not differ between
experimental groups. Also, axonal diameter
was significantly wider in the allotransplant
groups where the C57BL/6J strain was the
donor. These facts demonstrate that C57BL/
6J Schwann cells do not differ in myelin
synthesis compared to those from the A/J
and BALB/cJ strains. Also, the C57BL/6J
nerve microenvironment is able to support
axonal regeneration.

The TMF was higher in the allotransplant
groups where the C57BL/6J and A/J strains
were donors. Additionally, the group in which
C57BL/6J mice were donors and F1 (C x B)
mice were the recipients showed the highest
TMF. Since the TMF counted for the con-
tralateral nerves was not even for all groups
(Table 1), we calculated the ratio between

the ipsilateral and contralateral sides (RR).
In this regard, no statistical RR differences
were found between F1 recipients that re-
ceived C57BL/6J or A/J grafts. This ratio
was higher than observed in F1 recipients,
which received BALB/cJ grafts.

These results reinforce the hypothesis
that the nerve microenvironment of C57BL/
6J mice does provide support to axonal re-
generation. Nevertheless, the low axonal re-
generation previously reported indicated a
substantial sensory neuron death, a fact that
would contribute to establishing a perma-
nent deficit (31). It is possible that the de-
scribed neuronal death after sciatic nerve
transection is the result of a mismatch in the
timing of the neurons needed for neurotrophic
substances and its production by the cells in
the distal stump. The predegeneration of the
graft used in our model may compensate for
such delay, explaining the higher number of
regenerated axons in the groups where
C57BL/6J mice were donors.

Interestingly, basically using a similar
transplantation model in Trembler mice, Pol-
lard and McLeod (38) have demonstrated
that the Schwann cells were responsible for
the demyelinating neuropathy of this strain
(39,40). Based on the facts reported above,
we believe that the experimental model used
in our study would be able to show eventual
Schwann cell abnormalities, which could be
morphologically and morphometrically ob-
served. In this respect, such cells and the
nerve microenvironment are probably not
the main factor contributing to the low ax-
onal regeneration of C57BL/6J mice.

Complementing the allograft experiment,
we also performed isograft transplantations
using C57BL/6J, A/J and BALB/cJ mice. In
this particular experiment, we investigated
the regeneration capacity of C57BL/6J mice
when the graft microenvironment is already
undergoing Wallerian degeneration. Under
these conditions, the counting and morpho-
metric results showed no statistical differ-
ences between the three strains. Based on
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these data, it is possible that the non-neu-
ronal cell response to injury is delayed in
C57BL/6J mice. Such delay was reduced
because of the isograft predegeneration, al-
lowing early Wallerian degeneration steps to
occur already before transplantation. On the
other hand, soon after injury, the capacity of
C57BL/6J neurons to recognize extracellu-
lar stimuli may be impaired, resulting in an
initial delay in axonal regeneration. In this
respect, apoptotic mechanisms may be in-
volved that might contribute to explaining

the previously described dorsal root gan-
glion death after sciatic nerve transection
(Oliveira ALR, unpublished results).
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