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ABSTRACT
We have previously shown that not only motoneurons and dorsal root ganglion cells but

also small neurons, presumably interneurons in the spinal cord, may undergo apoptotic cell
death as a result of neonatal peripheral nerve transection in the rat. With the aid of electron
microscopy, we have here demonstrated that apoptosis in the spinal cord is confined to
neurons and does not involve glial cells at the survival time studied (24 hours). To define the
relative importance of the loss of a potential target (motoneuron) and a potential afferent
input (dorsal root ganglion cell) for the induction of apoptosis in interneurons in this
situation, we have compared the distributions and time courses for TUNEL labeling, which
detects apoptotic cell nuclei, in the L5 segment of the spinal cord and the L5 dorsal root
ganglion after sciatic nerve transection in the neonatal (P2) rat. In additional experiments,
we studied the effects on TUNEL labeling of interneurons after treatment of the cut sciatic
nerve with either ciliary neurotrophic factor (CNTF) to rescue motoneurons or nerve growth
factor (NGF) to rescue dorsal root ganglion cells. The time courses of the TUNEL labeling in
motoneurons and interneurons induced by the lesion show great similarities (peak at 8–48
hours postoperatively), whereas the labeling in dorsal root ganglion cells occurs later (24–72
hours). Both CNTF and NGF decrease the number of TUNEL-labeled interneurons, but there
is a regional difference, in that CNTF preferentially saves interneurons in deep dorsal and
ventral parts of the spinal cord, whereas the rescuing effects of NGF are seen mainly in the
superficial dorsal horn. The results are interpreted as signs of a trophic dependence on both
the target and the afferent input for the survival of interneurons neonatally. J. Comp. Neurol.
447:381–393, 2002. © 2002 Wiley-Liss, Inc.
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During development of the nervous system, neurons are
generated in larger numbers than needed. As a conse-
quence, many neurons die, undergoing programmed cell
death (PCD) during the period when contact with target
cells is established (Oppenheim, 1991; Pettmann and
Henderson, 1998). This death is probably, at least in part,
the result of a competition among neurons for target-
derived neurotrophic factors during this critical period
(Hamburger, 1958; Levi-Montalcini, 1987; Oppenheim,
1991). In the rat, the PCD of spinal motoneurons occurs
between embryonic days 15 (E15) and 17 (E17; Harris and
McCaig, 1984), whereas primary afferent neurons in dor-
sal root ganglia (DRG) die between E17 and E19 (Cogge-
shall et al., 1994). Lawson et al. (1997) showed that rat
spinal cord interneurons also undergo PCD, but in this
case death occurs around birth [E20 to postnatal day (P)4].

It is well established that a peripheral nerve lesion in
neonatal rats leads to an extensive death of axotomized
neurons (Romanes, 1946; Schmalbruch, 1987, 1988; Low-
rie and Vrbová, 1992). One possible explanation for the
fatal response to axon injury in neonatal neurons is that
the disconnection between the neuron cell body and the
target organ leads to a deficit in the neurotrophic supply.
This is supported by the fact that delaying the reinnerva-
tion can increase the magnitude of neuronal death after
axotomy (Kashihara et al., 1987). Also, the administration
of different neurotrophic factors to cut axons can rescue
specific types of neurons (Ip and Yancopoulos, 1995; Lewin
and Barde, 1996). Thus, treatment with nerve growth
factor (NGF) after axotomy counteracts cell death among
DRG neurons, whereas application of brain-derived neu-
rotrophic factor (BDNF), ciliary neurotrophic factor
(CNTF), and neurotrophin-3 (NT-3) separately or in com-
bination rescues axotomized spinal motoneurons (Sendt-
ner et al., 1990, 1992; Oppenheim et al., 1991, 1992; Yan
et al., 1992; Vejsada et al., 1995). However, it is still
unclear why different neuronal populations and even neu-
rons from the same pool respond differently to injury and
do not have the same regenerative capacity (Fawcett,
1992).

Cell death can be induced via necrosis or apoptosis.
Necrosis is characterized by rapid cell disintegration, cel-
lular swelling, organelle dysfunction, and passive cell dis-
assembly (Walker et al., 1988). These events activate the
immune system, leading to macrophage invasion and local
inflammation. In contrast, apoptosis is an active process,
accomplished by a specialized and highly conserved cellu-
lar machinery, leading to a series of morphological alter-
ations. Thus, it is characterized by early chromatin con-
densation, followed by internucleosomal DNA cleavage,
cell shrinkage, reorganization of the cytoskeleton, or-
ganelle relocation, and production of apoptotic bodies
(Wyllie et al., 1980). Apoptosis requires the activation of
certain genes and is carried out by a family of cysteine
proteases called caspases. The entire process ends in a
silent and quick cell self-destruction without detectable
inflammation. Members of the Bcl-2 protein family seem
to be key regulators of apoptosis by inhibiting or enhanc-
ing activation of the caspases (for references see Adams
and Cory, 1998; Ashkenazi and Dixit, 1998; Thornberry
and Lazebnik, 1998). In the nervous sytem, cell death may
involve aspects of both apoptosis and necrosis (Li et al.,
1998; Pettmann and Henderson, 1998). Moreover, as has
been shown recently, PCD of motoneurons may occur in
the absence of caspases, although the characteristic mor-

phological changes and the time course differ from what is
ordinarily found during PCD (Oppenheim et al., 2001).

We have shown that apoptotic death may underlie the
loss of spinal motoneurons, DRG neurons, and interneu-
rons in the spinal cord after neonatal sciatic nerve tran-
section (Oliveira et al., 1997). In this situation, the loss
of interneurons coincides with the programmed apopto-
tic death of such neurons, which occurs from birth up to
the sixth postnatal day in the rat (Lawson et al., 1997),
whereas PCD of motoneurons and DRG neurons takes
place prenatally (Harris and McCaig, 1984; Oppenheim,
1991; Coggeshall et al., 1994). Thus, the damage caused
by a neonatal peripheral nerve transection involves not
only death of directly injured motoneurons and DRG
neurons but also, indirectly, a loss of spinal interneu-
rons. The aim of this study was to weigh the roles of
motoneurons and DRG neurons, respectively, in the
deleterious outcome of the interneurons. This was done
by comparing the time courses of the apoptosis, as re-
vealed by use of the TUNEL technique (Gavrieli et al.,
1992) among motoneurons, DRG cells, and interneurons
after neonatal sciatic nerve transection and by studying
the effects of CNTF and NGF, which rescue motoneu-
rons and DRG neurons, respectively, in the TUNEL
labeling pattern of interneurons.

MATERIALS AND METHODS

Animals, surgery, and tissue preparation

For this study, 42 neonatal Sprague-Dawley rats were
used. The animals were collected in two main groups
(operated and unoperated) of 21 animals in each group. In
the operated group, 2-day-old pups were anesthetized by
use of deep hypothermia, and the left sciatic nerve was
exposed and cut at the sciatic foramen level. After survival
times of 4, 8, 12, 24, 48, and 72 hours and 7 days, the rats
were killed by intraperitoneal administration of an over-
dose of chloral hydrate (0.6 mg/kg) and transcardially
perfused with 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (PBS), pH 7.4. In the unoperated groups,
the rats were killed at the same age as the pups in the
operated groups. The L4, L5, and L6 spinal cord segments
and L5 DRG were dissected out and left in the same
fixative for 24 hours, washed in PBS, and kept in PBS
with 10% sucrose overnight at 4°C. Cryostat transverse
sections of the spinal cords (18 �m) and the DRG (12 �m)
were obtained and transferred to chrome alum gelatin-
coated slides, dried at room temperature (RT) for 30 min-
utes, and stored at –20°C until utilization. Three neonatal
rats had their sciatic nerves transected and were sacri-
ficed 24 hours after operation. Such animals were used for
an ultrastructural study of the spinal cord and DRG. The
experimental procedures were approved by the local eth-
ical committee at the Karolinska Institutet (project N57/
96).

Electron microscopy

Twenty-four hours after the operation, the rats were
sacrificed with an overdose of chloral hydrate and tran-
scardially perfused with 20 ml of a solution containing
glutaraldehyde 2% and paraformaldehyde 1% in PBS 0.1
M, pH 7.4. The lumbar intumescence and the L5 DRG
were dissected out, postfixed with osmium tetroxide (2%),
buffer rinsed, and acetone dehydrated for embedding in
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Vestopal. Transverse semithin (0.5 �m) sections were ob-
tained and stained with toluidine blue for light micro-
scopic analysis. Ultrathin sections were then obtained for
ultrastructural analysis.

Staining of apoptotic nuclei
(TUNEL labeling)

The sections were postfixed in ethanol/acetic acid (2:1)
for 5 minutes at –20°C and rinsed twice for 5 minutes in
PBS. The slides were transferred to a humidified chamber,
and the equilibration buffer solution was applied (Oncor,
Gaithersburg, MD; s7110-1) and incubated for 5 min at
RT. The equilibration buffer was shaken off, and the TdT
enzyme solution (Oncor; s7110-2 and -3) was applied for
60 min at 37°C. The reaction was stopped with the stop/
wash solution (Oncor; s7110-4) for 30 min at 37°C. After
washing in PBS for 10 minutes, the sections were incu-
bated with the fluorescein solution (Oncor; s7110-5 and -6)
for 30 minutes. The slides were rinsed in PBS and
mounted with glass coverslips in 30% glycerol solution.

Analysis of TUNEL-positive cells

In each animal, six alternate sections of the L4–L6
spinal cord segments and four sections of the L5 left and
right ganglia were stained with the fluorescein-based
TUNEL protocol and used for mapping and counting of
apoptotic cells. All TUNEL-positive nuclei in each studied
section of the spinal cord were examined in a Leitz DM
RBE microscope at 400� and plotted in a drawing of a
representative section with a digital tablet (Wacon Ultra-
pad). For each survival time and treatment, TUNEL-
labeled profiles in 18 (spinal cord) or 12 (DRG) sections
from three separate animals were indicated in a single
representative drawing. The mapped profiles were then
digitized to Adobe Illustrator 7.0 software for PC. The
numerical data are presented as means � SD. For statis-
tical analysis, the ANOVA and Newmann-Kuels tests
with Primer 1.0 software were used at the 5% level to
assess differences between means.

Treatment with neurotrophic factors
(CNTF, NGF, and CNTF � NGF)

Nine neonatal (P2) Sprague-Dawley rats were sub-
jected to sciatic nerve transection on the left side, as
previously described. Immediately after the lesion, a
piece of gelfoam soaked with 15 �l of CNTF (human
recombinant, 2.5 �g/�l in PBS) or NGF (Sigma, St.
Louis, MO; 10 �g/�l; n � 3) or a mixture of NGF plus
CNTF (concentrations as above; n � 3) was placed in
direct relation to the proximal nerve stump in three
animals. After 24 hours, the animals were killed and
subjected to tissue fixation, sectioning, and TUNEL la-
beling as described above. The numerical data were
obtained as described above, but, in the case of the
interneurons, ratios between the ipsi- and the contralat-
eral sides were calculated. Statistically significant dif-
ferences between ratios were assessed using the Mann-
Whitney test with Statview 4.0 software at the 5% level.

RESULTS

Ultrastructural analysis

The ultrastructural study of the lumbar intumescence
24 hours after the sciatic nerve transection revealed a

number of neurons undergoing a degenerative process. In
lamina IX, a few dying motoneurons were observed among
normal cells. Such neurons were undergoing chromatoly-
sis and showed the basic characteristics of the apoptotic
process (Fig. 1). Thus, with regard to the nucleus content,
different degrees of chromatin condensation were ob-
served, resulting in an increased electron density. The
nuclear envelope was fragmented, allowing contact be-
tween the nuclear and the cytoplasmic contents. Another
characteristic of the apoptotic motoneurons was the pres-
ence of membrane bubbling, resulting in the formation of
apoptotic bodies. The cytoplasm displayed different de-
grees of electron density, and usually organelles such as
mitochondria and endoplasmic reticulum could be identi-
fied as unusually collected in electron-dense cores that
might generate apoptotic bodies. Some of these structures
were in close relation to the nuclear contents. In this way,
it is possible that, at later stages of degeneration, apopto-
tic bodies containing chromatin or not could be found in
the ventral horn.

Small neurons undergoing degeneration were observed
in different locations of the spinal cord, being more abun-
dant on the ipsilateral side of the lesion. We believe that
neurons in different degrees of degeneration could be iden-
tified, from early to late stages of apoptosis. Those consid-
ered to be in the early stage of apoptosis showed slight
nuclear and cytoplasm alterations, such as early chroma-
tin condensation, and minor organelle compactness. Also,
in some cases, membrane bubbling could be observed,
indicating initial loss of membrane integrity.

Small neurons considered to be in an intermediate stage
of apoptosis displayed the classical characteristics of a cell
death process. In these cases, both the nucleus and the
cytoplasm compartments have an altered electron density.
Chromatin compactness and membrane bubbling were
also observed. Neurons regarded as being in an advanced
stage of apoptosis showed lack of nuclear integrity and
nuclear envelope. Also, chromatin compactness was very
high. Cytoplasm contents displayed different electron den-
sity patterns, and apoptotic body formation was frequent.
In some cases, cell fragments were identified as being
phagocytized by glial cells without presence of inflamma-
tion (Fig. 2).

A number of apoptotic sensory neurons, present in the
DRG, could be identified after sciatic nerve lesion. This is
in agreement with the TUNEL labeling, showing that a
rather large number of sensory neurons became apoptotic
within the first 24 hours after lesion. In contrast to normal
neurons, which showed a large and central nucleus with
loose chromatin limited by a delicate bilayer envelope,
neurons under degeneration had a rather condensed chro-
matin peripherally distributed and a very electron-dense
core positioned centrally. The nuclear envelope showed a
discontinuity, and, in some cases, membrane interdigita-
tion could be identified as part of a process of fragmenta-
tion. Such characteristics differed somewhat from those in
the spinal cord and may reflect differences in the apoptotic
pattern of these neurons. The cytoplasm of the dying sen-
sory neurons showed extensive bubbling of the cell mem-
brane and an augmented electron density. Generation of
apoptotic bodies could be observed in cases of advanced
degenerative process (Fig. 3).
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Fig. 1. A: Electron micrograph from lamina IX at the level of the
lumbar intumescence, showing an apoptotic motoneuron. Nucleus
and cytoplasm fragmentation can be observed. Note the presence of
membrane bubbling (arrows) and different degrees of augmented
electron density, both in the nucleus and in the cytoplasm (asterisks).
B: Detail of A showing the lack of integrity of the nuclear envelope,

leading to contact between the chromatin and cytoplasm contents
(thin arrows). Note that the chromatin shows different degrees of
compactness (thick arrows). Observe that organelles such as mito-
chondria and endoplasmic reticulum are packed in an electron-dense
core that may generate an apoptotic body without nuclear content
(asterisk). Scale bars � 3 �m.



Location and morphology of TUNEL-labeled
cells in the normal rat

In normal animals, several TUNEL-labeled nuclei were
found in the spinal cords at all ages studied (Figs. 4A,H, 5,
7A, 8). As observed in counterstained sections, such nuclei
were located in small cells in both the dorsal and the

ventral horns. The numbers of TUNEL-labeled cells in
unoperated animals did not differ between sides, but, at
2.5 days after birth, a transient increase in TUNEL label-
ing among interneurons was observed (Fig. 8). Small num-
bers of motoneurons were detected as TUNEL positive
(Figs. 5, 7A), and the L5 DRG showed very few TUNEL-
labeled cells (Figs. 6A,H, 7B). TUNEL-labeled cells
showed the basic characteristics of apoptosis, which were
chromatin condensation and fragmentation and cell
shrinkage and disintegration. Attempts to identify
TUNEL-labeled cells as neurons or glial cells by the use of
neuron- or glia-specific markers failed; in our hands, the
vast majority of TUNEL-labeled cells had lost their neu-
ronal or glial phenotype. In no instance, however, could
TUNEL-labeled cells be identified as glial cells in the
spinal cord, supporting our ultrastructural data.

Time course of TUNEL labeling of neurons
after sciatic nerve lesion

At the first time interval studied after the lesion (4
hours), the number of TUNEL-labeled motoneurons was
still normal. However, at 8 hours, there was a sharp
increase in the number of labeled motoneurons (Figs. 5,
7A). This increase was maintained up to 48 hours and
then decreased to normal levels. No increase in TUNEL
labeling of motoneurons could be detected on the unoper-
ated side.

The number of TUNEL-labeled cells on the lesion side of
the spinal cord outside the lateral motor column was
about twice normal at 8 hours after the lesion. This in-
crease was maintained at high levels up to 24 hours after
lesion, then gradually returned to normal at 72 hours
postoperatively. As shown in Figures 5 and 8, the lesion-
induced pattern of TUNEL labeling among interneurons in
the superficial dorsal horn (approximately laminae I–III)
and in medial part of deeper laminae (approximately lami-
nae IV–VI) showed a large degree of similarity, with a pos-
sible quicker return to normal in the superficial laminae.
The remaining part of the spinal gray matter outside the
lateral motor column (Fig. 8D) showed only minor differ-
ences from normal. This part may also include ventrally
located motoneurons. On the contralateral side, there was a
50–100% increase in TUNEL labeling between 8 and 12
hours postoperatively in the superficial dorsal horn, whereas
no such increase was seen in the medial part of deeper
laminae.

The sciatic nerve transection induced an extensive
TUNEL labeling of ipsilateral DRG cells, which was first

Fig. 2. A: Electron micrograph from laminae IV–VI showing a
neuron suggestive of undergoing apoptosis. Note the chromatin com-
pactness (asterisk) and the cytoplasm alterations, such as membrane
bubbling (thin arrow). A normal glial cell can also be observed (thick
arrow). B: Electron micrograph of a small neuron in laminae IV–VI
considered to be in an advanced stage of apoptosis. Note the presence
of cell compartments with different electron densities (thin arrows).
The nucleus and part of the cytoplasm are packed as a large electron-
dense core that may generate an apoptotic body (thick arrow). An-
other apoptotic body contains only cytoplasm contents (asterisk).
C: Electron micrograph at the level of laminae IV–VI showing a glial
cell containing lysosomes with different degrees of compactness, in-
dicating phagocytosis of apoptotic bodies (arrows). Note the presence
of a normal-appearing neuron (asterisk) and that no sign of inflam-
mation is observable. Scale bars � 3 �m.
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Fig. 3. A: Electron micrograph of a DRG, 24 hours after ipsilateral
sciatic nerve transection. The asterisk shows an apoptotic body, prob-
ably deriving from a neuron, being phagocytized by glial cells. A
macrophage-like cell can also be observed in the surroundings (Mac).
A large sensory neuron showing a slight enhanced electron density
can also be observed. Note that the satellite cell (arrow) related to the
neuron shows some signs of degeneration. Other apoptotic bodies can

also be observed. B: Electron micrograph of a sensory neuron under-
going an advanced stage of apoptotic degeneration. Note the nuclear
envelope discontinuity (thin arrow) as well as different degrees of
chromatin compaction. Nuclear contents are also in contact with the
cytoplasm components (thick arrows). Extensive cytoplasm bubbling
can also be observed (asterisks). Scale bars � 3 �m.



detected at 12 hours after lesion (Figs. 6, 7B). The labeling
frequency peaked at 24 hours, then gradually decreased
after 48–72 hours, reaching normal levels after 1 week.
No increased labeling was seen on the unoperated side.

Treatment with neurotrophic factors
(NGF, CNTF, NGF � CNTF)

The increase in death rate among spinal interneurons
after neonatal sciatic nerve lesion, as suggested here, may
depend on a loss of afferent input to the interneurons and/or
a loss of target cells, such as axotomized motoneurons. To
weigh the relative importance of these two possibilities, the
proximal stump of the cut nerve was treated with neurotro-
phic factors with a reported rescuing effect on motoneurons
(CNTF) and sensory DRG neurons (NGF). These factors
were also used in combination. Twenty-four hours after neu-
rotrophic factor application, the TUNEL method was used to
identify the apoptotic neurons.

In control animals that were treated with PBS, there
were no differences in the number of apoptotic motoneu-
rons and sensory neurons compared with untreated ani-

mals. Similarly, the number and distribution pattern of
TUNEL-positive interneurons in the PBS treated animals
did not differ from those in the untreated group.

The application of CNTF diminished the number of
TUNEL-labeled motoneurons by at least 60% (Fig. 9A). This
cytokine was less effective in reducing the number of
TUNEL-positive sensory neurons, although some rescuing
effect cannot be excluded (Fig. 9B). With regard to the CNTF
effect on interneurons, there was a significant reduction (P �
0.05) in the ratio between numbers of TUNEL-labeled pro-
files on the lesion and control sides outside the lateral motor
nuclei, with the greatest effects seen in the ventral part of
the cord (lateral lamina IV to lamina VII; Fig. 10).

NGF treatment profoundly reduced the number of
TUNEL-labeled DRG neurons after lesion but did not have

Fig. 4. Photomicrographs of transverse sections through the L5
spinal cord segment showing TUNEL-labeled interneurons in an un-
operated P2 rat (A) and after sciatic nerve transection in P2 rats at 8
hours (B), 12 hours (C), 24 hours (D), 48 hours (E), 72 hours (F), and
7 days (G) postoperatively. H shows the same area in an unoperated
P9 rat. DF, dorsal funiculus; CL, contralateral; IL, ipsilateral. Scale
bar � 200 �m. Fig. 5. Distribution of TUNEL-labeled interneurons (circles) and

motoneurons (triangles) after sciatic nerve transection in P2 neonatal
rats at survival times of 8, 12, 24, and 48 hours and 7 days. All
TUNEL-positive neurons found at the lumbar intumescence level
(L4–L6) are plotted in a schematic drawing of a representative trans-
verse section. The distribution of TUNEL labeling displayed by un-
operated rats of the same ages as the operated animals is also shown.
CL, contralateral; IL, ipsilateral.
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any effects on the labeling of spinal motoneurons (Fig. 9B).
Also, NGF exerted effects on the TUNEL labeling of inter-
neurons, with a statistically significant (P � 0.05) decrease
in the ratio between numbers of labeled cells on the lesion
and control sides in treated animals (Fig. 10). In this case,
however, there was a tendency toward greater effects in the
superficial dorsal horn than in deeper laminae.

The combined application of CNTF and NGF to the
proximal nerve stump diminished the number of TUNEL-
labeled motoneurons to the same extent as after CNTF
alone (Fig. 9A). In the DRG, the numbers of TUNEL-
positive cells were almost normalized after this treatment
(Fig. 9B). The combination did not seem to affect the
labeling of interneurons to any greater extent than was
seen for either CNTF or NGF alone, with the exception of
the medial part of deep laminae in the dorsal horn, where
the combined treatment almost extinguished the lesion-
induced labeling (Fig. 10).

The administration of CNTF and NGF did not alter the
number of TUNEL-labeled interneurons on the contralat-
eral side of the spinal cord, which should exclude systemic
effects of CNTF and NGF administration. It should be

noted, though, that the effects of these substances were
studied only at one time point (24 hours), when no in-
crease in TUNEL labeling is seen contralaterally after
sciatic nerve lesion without treatment.

DISCUSSION

Cell types undergoing apoptosis and labeled
with the TUNEL technique

One crucial question regarding the interpretation of the
TUNEL labeling data regards the extent to which it rep-

Fig. 6. Photomicrographs of transverse sections through the L5
DRG showing the TUNEL-labeled sensory neurons in an unoperated
P2 rat (A) and after sciatic nerve transection in P2 rats at 8 hours (B),
12 hours (C), 24 hours (D), 48 hours (E), 72 hours (F), and 7 days (G)
postoperatively. H shows the same area in an unoperated P9 rat.
Scale bar � 50 �m.

Fig. 7. A: Graph showing the time course for TUNEL labeling of
motoneurons after neonatal (P2) sciatic nerve transection. The num-
bers of motoneurons found on the contralateral side of the spinal cord
in operated animals and on the left and right sides of unoperated rats
are also shown. B: Graph showing the time course for TUNEL label-
ing of DRG sensory neurons after neonatal sciatic nerve transection.
The numbers of sensory neurons found on the contralateral side of the
spinal cord in operated animals and on the left and right sides of
unoperated rats are also plotted. Asterisks indicate values in operated
animals that are significantly (P � 0.05) different from normal values.
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resents labeling of neurons and not supporting cells that
could be affected secondarily, as a consequence of the
removal of neurons with their axons. As for the DRG, such
secondary effects have indeed been described from a re-
cent study in the rat (Whiteside et al., 1998). Our ultra-
structural results revealed that motoneurons, sensory
neurons, and spinal interneurons displayed the basic
characteristics of the apoptotic process, which were de-
scribed previously by other authors (Kerr et al., 1972;
McConkey and Orrenius, 1996; Lawson and Lowrie,
1998). In this sense, chromatin compactness and degener-
ation of the nuclear envelope were frequently observed in
the neurons undergoing apoptosis. Also, nuclear alter-
ations, such as chromatin compactation and, in some
cases, contact between nuclear and cytoplasm contents
were observed, as previously described by Clarke and
Hornung (1989) and Clarke (1990). Events related to chro-
matolysis, e.g., migration of the nucleus to the periphery

and Nissl substance dissolution, were observed in our
analysis, in accordance to the classical descriptions (Pe-
ters et al., 1991). In a few cases, glial cells were identified
phagocytizing apoptotic bodies without any sign of inflam-
mation. This has been described as fundamental when
characterizing the apoptotic process (McConkey et al.,
1996). In no case could we detect any apoptotic cells re-
sembling glial cells.

In the study by Whiteside et al. (1998), neonatal sciatic
nerve transection resulted in a significant increase in
TUNEL labeling in the DRG at 1 day postsurgery, which
was due predominantly to labeling of neurons, but, at 3
days of survival, there was a further increase in labeling,
with a strong dominance of glial cells. Our results differ
somewhat, in that the peak of TUNEL labeling frequency
had occurred already at 1 day postlesion, which may fur-
ther support a lower degree of glial labeling in our study.
Anyway, the slower increase of TUNEL labeling in the

Fig. 8. Graphs showing the time courses for TUNEL labeling of
interneurons after neonatal sciatic nerve transection. The numbers of
interneurons found on the contralateral side of the spinal cord in
operated animals and on the left and right sides of unoperated rats
are also plotted. A shows all labeled neurons outside the lateral motor
column; the other graphs show interneurons in the superficial dorsal

horn, approximately covering laminae I–III (B); the medial part of the
deep dorsal horn, approximately corresponding to medial laminae
IV–VI (C); and all other parts of the gray matter outside the lateral
motor column (D). Asterisks denote values that are significantly (P �
0.05) different from normal values.
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DRG compared with the spinal cord as demonstrated here
should still reflect a true difference in the response of the
involved neurons. The possibility that some TUNEL-
positive cells in the spinal cord following peripheral nerve
lesion could still be secondarily affected glial cells was not
confirmed ultrastructurally. Also, if such cells make up a
large proportion of the labeled profiles, one would expect a
labeling in the dorsal column, which contains large num-
bers of primary afferent axons that are likely to be degen-
erating after the lesion. Such labeling has not been de-
tected here, which indicates that the large majority of
TUNEL-labeled profiles in the spinal cord are indeed neu-
rons.

In this context, it should be noted that developing neu-
rons may die by a TUNEL-negative pathway, as demon-
strated in mice after genetic deletion of caspases (Oppen-
heim et al., 2001). Still, the temporal delay and different
morphological characteristics of dying neurons in such
animals were not seen here and could, therefore, repre-
sent an alternative process that is not normally seen in
PCD in the spinal cord.

Time courses of TUNEL labeling

We have reported previously that, after sciatic nerve
transection in the neonatal rat, not only motoneurons and
DRG cells die but also interneurons in the spinal cord,
which can only indirectly be affected by the peripheral
nerve lesion. We have here tried to weigh the relative
importance of the afferent input vs. the target for the fate
of interneurons in the studied situation. First, we inves-
tigated and compared the time courses of the TUNEL
labeling of spinal motoneurons, interneurons, and DRG
sensory neurons. Our results show a very early response
in both motoneurons and interneurons, with the first
TUNEL-positive labeling induced by the lesion already at
4 hours postoperatively. This increase in TUNEL labeling
was most robust at 8–24 hours after the lesion among the
interneurons and at 8–48 hours among the motoneurons.
In contrast, DRG cells responded later to the axotomy.
Thus, such cells displayed the first signs of an increase in
TUNEL labeling at 12 hours after the lesion, with the
peak at 24 hours, but still, at 72 hours postlesion, there
was a significant increase in TUNEL labeling frequency.

Earlier studies in the neonatal rat have shown that
motoneurons start to die off on the third day after periph-
eral nerve injury, with a peak at 6 days (Lowrie et al.,
1994). Our findings suggest a quicker response, but it
should be noted that the TUNEL technique used here
demonstrates DNA fragmentation in cells that are still
existing. Furthermore, a recent study using the TUNEL
technique has reported a time course for the labeling of
motoneurons similar to that shown here (Lawson and
Lowrie, 1998). Thus, the possibility that some motoneu-
rons die later as a consequence of events that are not
associated with apoptosis should be considered. In this
context, it is of interest that a recent study in the mouse
has demonstrated that the morphological characteristics
of motoneuron death following neonatal axotomy, al-
though accompanied by TUNEL labeling, exhibit both
similarities to and differences from currently accepted
definitions of apoptosis (Li et al., 1998).

With regard to the time course of the lesion-induced
TUNEL labeling of interneurons, our results differ from
another recent study of the apoptosis in the spinal cord
after peripheral nerve lesion in the neonatal rat (Lawson
and Lowrie, 1998). In this study, was detected an increase
in TUNEL labeling outside the motor nuclei that started
as late as 4 days postoperatively, with a peak at 6 days
and a return to normal at 8 days, which gives a consider-
ably slower time course than was found in our study. The
reason for the difference is not clear, but one obvious
discrepancy in methodology between the two studies is
that, in the previous study, the sciatic nerve was crushed,
whereas we transected the nerve. These situations
present large differences in the availability of substances
confined to the distal nerve segment for the lesioned neu-
rons, which may well have consequences for indirectly
affected interneurons. Still, as mentioned above, this dif-
ference in methodological approach did not seem to have a
major influence on the time course of TUNEL labeling of
motoneurons.

The time courses found here may be interpreted as the
interneurons being more strongly dependent on the target
motoneurons than on the afferent input. It should be
noted, however, that cutting the peripheral branch of a
primary afferent neuron induces a number of changes in

Fig. 9. A: Graphs showing the number of TUNEL-positive mo-
toneurons 24 hours after neonatal sciatic nerve transection and treat-
ment with PBS, CNTF, NGF, and a mixture of NGF � CNTF.
B: Graph showing the number of TUNEL-positive L5 dorsal root
ganglia sensory neurons 24 hours after sciatic nerve transection and
treatment with PBS, CNTF, NGF, and a mixture of NGF � CNTF.
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the severed neuron, with a down-regulation of a number of
substances, such as calcitonin gene-related peptide, sub-
stance P, and other neuropeptides (Jessel et al., 1979;
Nielsch et al., 1987; Xu et al., 1990; Dumoulin et al., 1991;
Kashiba et al., 1992; Hökfelt et al., 1994), and an up-
regulation of neurotrophins and their receptors, such as
BDNF and trkB (Ernfors et al., 1993). This may in turn
mean that any trophic influences through this route may
malfunction and provoke interneurons to die before any
death among the afferent neurons themselves is detected.

Effects of CNTF and NGF on
axotomized neurons

It is well known that by the application of neurotrophic
factors to the proximal stump of the transected nerve in
the lesion model studied here, it is possible to rescue
directly affected motoneurons and DRG neurons. Among
such neurotrophic substances, NGF has been reported to
save DRG neurons after axotomy (Yip et al., 1984), al-
though no trophic effects by NGF have been found on
axotomized motoneurons in the neonatal rat (Yan et al.,
1993), which is consistent with the lack of the high-affinity
NGF receptor trkA in these cells. Still, in the neonatal
mouse, some beneficial effect of NGF on motoneuron sur-
vival after axotomy has been reported (Li et al., 1994).
With regard to CNTF, it has been repeatedly reported to
prevent death of motoneurons after neonatal axotomy, at
least transiently (Sendtner et al., 1991; Oppenheim et al.,
1991; Vejsada et al., 1995; Ikeda et al., 1996; Tan et al.,

1996; Ulenkate et al., 1996). CNTF has also been claimed
to counteract apoptotic death of DRG neurons following
neonatal axotomy in the chick and mouse (Lo et al., 1995).
In our hands and at the time interval studied (24 hours
after lesion), NGF had no effect on the TUNEL labeling
frequency of motoneurons, whereas there was a pro-
nounced reduction of TUNEL labeling of DRG neurons.
With regard to CNTF, some reduction of TUNEL labeling
frequency was indeed seen in the DRG, but the effect on
the motoneurons was much more significant. Thus, we
have concluded that the use of NGF and CNTF in our
lesion model allows us to study in a reasonably selective
way the relative contribution of the afferent input and
target of the interneurons for their survival.

Contribution of afferent input and target
neurons to interneuron survival

After NGF treatment, which rescues a large portion of
the sensory DRG neurons, the number of TUNEL-labeled
interneurons decreased, particularly in the superficial
laminae of the dorsal horn, i.e., in those parts of the spinal
cord that are most densely innervated by primary afferent
fibers (Brown, 1991). CNTF also rescued interneurons,
but in this case the predominant effects were seen in
deeper parts of the dorsal horn and in the ventral horn, for
which it can be anticipated that premotor interneurons
are located (Burke, 1990; Brown, 1991; Jankowska, 1992).
The combined effect of CNTF and NGF was most clearly
demonstrated in the medial parts of laminae IV–VI, which

Fig. 10. A: Graphs showing the effects of PBS, CNTF, NGF, and a
mixture of CNTF and NGF on the induction of TUNEL labeling of
interneurons after sciatic nerve lesion. The bars represent ratios
between the numbers of interneurons on the ipsi- vs. the contralateral
sides of the spinal cord. B–D: Graphs as in A, but selecting TUNEL-

labeled interneurons with a location in the superficial dorsal horn (B),
the medial deep part of the dorsal horn (C), and all other parts of the
gray matter outside the lateral motor column (D). The respective
areas are shown in Figure 5.
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is the location for type Ia and type Ib interneurons, medi-
ating disynaptic activity from primary afferent fibers to
motoneurons (Jankowska, 1992).

Our findings lend strong support to the idea that the
sources for trophic support of a neuron should not be
restricted to the target of the neuron or to the environ-
ment of its axonal pathway but also include the afferent
input to the neuron (see, e.g., Burek and Oppenheim,
1996; Lowrie and Lawson, 2000). This has previously been
most clearly demonstrated in studies in which peripheral
sense organs have been removed. For example, removal of
the eye in newborn mice is followed by a massive degen-
eration of the superior colliculus (DeLong and Sidman,
1962) and lateral geniculate (Heumann and Rabinowicz,
1980). Thus, when studying the mechanisms underlying
cell death among neurons as a consequence of normal
development or after early lesions, it seems necessary to
consider an interaction between the target and the affer-
ent input in control of the cell death process (see, e.g.,
Linden, 1994). The impact of the afferent input in this
sense should be of particular interest when studying neu-
rons with an elaborately developed dendritic system,
which allows a large number of inputs to exert their ef-
fects.
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