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Abstract

The rate of axonal regeneration, after sciatic nerve lesion in adult
C57BL/6] mice, is reduced when compared to other isogenic strains.
It was observed that such low regeneration was not due just to a delay,
since neuronal death was observed. Two general mechanisms of cell
death, apoptosis and necrosis, may be involved. By using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) tech-
nique, we demonstrated that a large number of sensory neurons, as
well as satellite cells found in the dorsal root ganglia, were intensely
labeled, thus indicating that apoptotic mechanisms were involved in
the death process. Although almost no labeled neurons or satellite
cells were observed one week after transection, a more than ten-fold
increase in TUNEL labeling was detected after two weeks. The results
obtained with the C57BL/6]J strain were compared with those of the
A/J strain, which has a much higher peripheral nerve regeneration
potential. In A/J mice, almost no labeling of sensory neurons or
satellite cells was observed after one or two weeks, indicating the
absence of neuronal loss. Our data confirm previous observations that
approximately 40% of C57BL/6J sensory neurons die after sciatic
nerve transection, and indicate that apoptotic events are involved.
Also, our observations reinforce the hypothesis that the low rate of
axonal regeneration occurring in C57BL/6J mice may be the result of
a mismatch in the timing of the neurons need for neurotrophic sub-
stances, and production of the latter by non-neuronal cells in the distal
stump.
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Subsequent to a peripheral lesion, a broad
range of events is initiated, both in the proxi-
mal and distal stump of the nerve (1). In the
distal stump, a process called Wallerian de-
generation starts as a local inflammation,
being characterized by an extensive recruit-
ment of macrophages which scavenge axon
and myelin debris, stimulate Schwann cell
proliferation and produce several signaling
molecules such as cytokines (2-4). At the

same time, the damaged neurons display a
series of cytoplasmic alterations character-
ized as chromatolysis (5). It is known that
such a process is the initial morphological
step in a cascade of events which will be
responsible for neuronal survival as well as
axonal regeneration, or for neuronal death,
which can occur by apoptosis or necrosis (6).
Necrosis is characterized by rapid cell disin-
tegration, cellular swelling, organelle dys-
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function and passive cell disassembly (7).
The products of cytoplasmic leakage acti-
vate the immune system, leading to macro-
phage invasion and local inflammation. In
contrast, apoptosis is an active process, ex-
tensively identified under electron micros-
copy by a series of morphological alterations
(7). It is characterized by early chromatin
condensation followed by internucleosomal
DNA cleavage, cell shrinkage, reorganiza-
tion of the cytoskeleton, organelle relocation
and production of apoptotic bodies. Apopto-
sis also requires the transcription of certain
genes, protease and endonuclease activation
and the expression of phagocytic signals on
the cell surface. The entire process ends as a
silent and quick cell self destruction, without
detectable inflammation (8-10).

It has been reported in the literature that
C57BL/6J mice have a lower axonal regen-
eration potential after a crush lesion when
compared to other isogenic strains. Although
Lu et al. (11) proposed that such a defect
would be a delay rather than a permanent
neuronal impairment, Lainetti et al. (12) ob-
served a large percentage of sensitive neuron
death four weeks after axotomy. It has been
proposed that such neuronal death may be
the result of a mismatch in the timing of the
neuronal need for trophic substances and
their production by the non-neuronal cells in
the nerve (13). In this respect, apoptotic
mechanisms may be involved, and may be
related to the previously described loss of
C57BL/6J dorsal root ganglion (DRG) neu-
rons. Taking into account the facts reported
above, the aim of the present study was to
characterize neuronal loss in C57BL/6J mice
using the terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL)
method for the detection of apoptosis.

Six adult male mice of the C57BL/6J and
A/) strains were used. The animals were
anesthetized (0.25 g ketamine and 0.02 g
xylazine dissolved in 5 ml of distilled water,
0.2 ml/25 g body weight, ip) and the left
sciatic nerve was exposed and transected at
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the midthigh level. The proximal stump was
ligated with an 8-0 Ethicon stitch and a 2-
mm segment of the distal stump was resected
in order to avoid regeneration. After one and
two weeks (N = 3 for each strain and survival
time) the animals were sacrificed with an
overdose of chloral hydrate (0.6 mg/kg, ip)
and perfused transcardially with 150 ml of
4% paraformaldehyde in 0.1 M PBS. The
L4, L5 and L6 spinal cord segments and L5
DRG were dissected out, left in the same
fixative for 24 h, washed in PBS and pro-
cessed for paraplast embedding. Transverse
sections of the spinal cords (7 pum) and DRG
were obtained, transferred to albumin-coated
slides and stored until use. After deparaffini-
zation, endogenous peroxidase was inacti-
vated with 3% H,O, in distilled water for 5
min at room temperature. The slides were
transferred to a humidified chamber, the
equilibration buffer solution was applied
(Oncor, s7110-1) and the slides were incu-
bated for 5 min at room temperature. The
equilibration buffer was shaken off and the
TdT enzyme solution (Oncor, s7110-2 and
3) applied for 60 min at 37°C. The reaction
was stopped by applying the stop/wash solu-
tion (Oncor, s7110-4) for 30 min at 37°C.
The sections were incubated with 2% BSA
(Sigma Chemical Co., St. Louis, MO, USA)
for 10 min and covered for 30 min with an
anti-digoxigenin peroxidase complex (Dako
ABC kit, Dako A/S, Glostrup, Denmark).
The peroxidase was detected with a 3,3',5,5'-
diaminobenzidine solution, washed in dis-
tilled water, counterstained with hematoxy-
lin and mounted in Entelan (Merck, Darm-
stadt, Germany). The number of TUNEL-
positive neurons and satellite cells in the
DRG was obtained by counting four alter-
nating sections from each animal. In this
way, six fields of each selected section were
captured using a video camera (Olympus U-
CMAD-2) connected to an Olympus BX60
microscope (objective, 100X), and the
TUNEL-positive cells counted with the Im-
age Pro Plus 3.0 software (Media Cybernet-
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ics, Baltimore, MD, USA). The total number
of neurons and satellite cells of each section
was obtained as the sum of the number
counted in the six sample areas of each
section.

For the spinal motoneurons, alternate sec-
tions of the lumbar intumescence were used
and processed as described above. The nu-
merical data are reported as mean + SD.

One week after sciatic nerve transection,
almost no TUNEL labeling was detected in
the DRG sections from A/J mice. Also, coun-
terstaining revealed no signs of neuronal or
satellite cell degeneration. The same pattern
was observed two weeks after lesion (Figure
1). With respect to the spinal motoneurons
found in the ventral horn of the lumbar spi-
nal cord, no labeling was observed after one
or two weeks.

Analysis of sections from C57BL/6J mice
obtained one week after transection revealed
the absence of neuronal labeling on the con-
tralateral side. Also, a reduced number of
TUNEL-positive neurons (18.7 + 6.1) and
satellite cells (16.7 + 6.1) was found in the
lesioned side. For the neurons, the number
of labeled profiles represented 3% of the
sampled cells. However, two weeks after
lesion, a marked increase in TUNEL-labeled
sensory neurons (237.3 + 13.6) was observed
on the ipsilateral side, representing approxi-
mately 45% of the population studied. Such
an increase in labeling occurred simulta-
neously in the satellite cells (232.7 + 41.7;
Figures 1 and 2). No labeling was detected
on the contralateral side and the number of
normal neurons (508.0 +21.2) was similar to
that found one week after lesion (509.1 +
10.1).

Although a number of labeled cells
showed the basic characteristics of apopto-
sis, i.e., chromatin condensation, cell shrink-
age and fragmentation, some of the TUNEL-
positive neurons and satellite cells were mor-
phologically normal. No TUNEL labeling
was found in the motor nuclei of the lumbar
intumescence from C57BL/6J mice after one

or two weeks.

Peripheral nerve transection in neonatal
rats induces an extensive death of lesioned
motoneurons in the spinal cord and primary
afferent sensory neurons inthe DRG (14,15).
However, this kind of lesion in adult animals
does not result in extensive neuronal death,
although a series of alterations known as
chromatolysis take place in the cell body
(14). In fact, Ekstrom (16) reported that only
a small proportion of the lesioned neurons
became apoptotic after sciatic nerve crush in
vivo. Also, Schwann cells at the site of injury
became TUNEL labeled in the first 2 h after
injury.

The survival rate of adult neurons after
disconnection from the target is probably
due to the relative independence of certain
neurotrophic molecules produced by the non-
neuronal cells and target organ. This also
means that the neurons from adult individu-
als have an intrinsic regenerative potential,
which is triggered by their disconnection
from the target. In this respect, after lesion,
adult neurons are able to switch from a trans-
mitting to a growth mode, producing cyto-
skeleton proteins such as neurofilaments,
CGRP and GAP-43 (17). Later, the timing
between axonal elongation and the genera-
tion of a supportive microenvironment dis-
tally to the lesion seems to be essential for
neuronal survival and the success of regen-
eration (18).

Interestingly, C57BL/6J mice have been
reported as deficient in regenerating myeli-
nated fibers in the peripheral nerves and
DRG (11,12). Although motoneurons are
able to regenerate as efficiently as those
from other isogenic strains suchas A/J, DBA/
1J and C3H/HelJ, poor sensory neuron sur-
vival has been observed. Our results confirm
these observations and indicate that apopto-
tic mechanisms are not present after moto-
neuron axotomy in A/J and C57BL/6J mice.
In this case, the motoneurons probably re-
ceive the necessary amount of trophic sub-
stances, such as brain-derived neurotrophic
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Figure 1 - Transverse sections of
lumbar spinal cord and L5 dorsal
root ganglia after sciatic nerve
transection. A, C57BL/6J mice -
two weeks after lesion. Observe
the number of TUNEL-positive
neurons (arrows). Normal neu-
rons are also seen (asterisks). B,
Detail of the previous picture
showing apoptotic sensory neu-
rons (thick arrows) and satellite
cells (thin arrows). C, C57BL/6J
normal motoneuron (arrow), two
weeks after injury. D, C57BL/6J
TUNEL-labeled sensory neuron
(arrow) found one week after
nerve transection, surrounded
by normal cells. E, F, A/J mice -
one and two weeks after lesion.
Observe the absence of TUNEL
labeling. Bar = 10 pm.
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factor and ciliary neurotrophic factor to as-
sure cell survival during the critical period
without contact with the distal stump and the
target organ.

Despite the fact that, in general, sensory
neuron death is unlikely after peripheral dam-
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age in adult animals, it has been proposed as
a possible explanation for the observations
made in C57BL/6J mice, based on horserad-
ish peroxidase retrograde labeling (12). The
present data confirm this hypothesis and
show that it is a characteristic of C57BL/6J
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mice, since almost no DRG neuron death
was identified after A/J sciatic nerve tran-
section, as reported in the literature for NMRI
mice (16). Also, our observations indicate
that a major proportion of cell death is the
result of apoptosis and that satellite cells are
also affected. By using the TUNEL tech-
nique, it was possible to identify cells with
early chromatin fragmentation before any
morphological sign of cell death could be
noticed. Also, neuronal damage was detected
prior to cell death, at least four weeks before
the previous report (12), showing that neu-
ronal and satellite cell death occurs around
the second week post-lesion. Such timing is
consistently different from that reported by
Ekstrom (16) and reinforces the fact that
adult C57BL/6J mice have a greater neu-
ronal loss after peripheral lesion compared
to other strains.

The low level of TUNEL labeling one
week after axotomy may be explained by the
fact that, soon after lesion, neurons are able
to survive disconnected from the target. Con-
versely, after this period there is an increase
in the need to obtain a certain amount of
trophic factors, such as nerve growth factor
(NGF), synthesized by non-neuronal cells in
the distal stump (19). If such substances are
not available, neuronal death can be trig-
gered, also resulting in the loss of satellite
cells, as observed two weeks after axotomy.
Interestingly, at this point, we found that
approximately 45% of the DRG neurons
were TUNEL positive, indicating that a large
number of labeled neurons would probably
die within a short period of time. This fact
can be confirmed by an analysis of the re-
sults after horseradish peroxidase tracing,
where only about 60% of the neurons sur-
vived (12).

Taken together, our results support the
hypothesis that DRG neuron loss is the result
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of a putative mismatch between the neuronal
need for trophic factors and their production
by the cells in the distal stump. Also, the
possible lack of trophic support results in
apoptotic neuronal death, which also includes
the satellite cells in the DRG. This hypo-
thesis is in agreement with a previous report
which showed that if a predegenerated nerve
was grafted to the proximal stump, C57BL/
6] regenerative performance was greatly en-
hanced (13). Also, if exogenous NGF is
administered after sciatic nerve transection,
sensory neuron death can be partially re-
duced (20). Other studies are underway in
order to identify possible apoptotic mechan-
isms involved in C57BL/6J DRG cell loss
after peripheral nerve lesion.
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Figure 2 - Number of TUNEL-
labeled dorsal root ganglion neu-
rons and satellite cells from
C57BL/6J mice, one and two
weeks after sciatic nerve tran-
section. The number of normal
neurons is also presented. Ob-
serve the reduced number of
TUNEL-positive neurons (3%)
and satellite cells one week af-
ter lesion. Two weeks after in-
jury, the number of apoptotic
neurons (45%) and satellite cells
was greatly enhanced.
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