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Abstract
Neurotrauma is among the main causes of human disability and mortality. Nerve injury impairs not only neurons but also causes
death of satellite glial cells remote from the injury site. We studied the dynamics of expression of different proapoptotic proteins
(E2F1, p53, caspase 3) in the dorsal root ganglia (DRG) of a rat after sciatic nerve transection. TUNEL staining and immuno-
blotting were used for analysis of cell apoptosis and axotomy-induced biochemical changes. Apoptosis of glial cells was
observed at 24 h after sciatic nerve transection and increased on day 7, when apoptosis of some neurons only started. The earliest
proapoptotic event in the injured DRGwas overexpression of transcription factor E2F1 at 4 h after sciatic nerve transection. This
preceded the induction of p53 and cleavage of caspase 3 at 24-h post-axotomy. The nerve injury marker amyloid precursor
protein and the nerve regeneration marker GAP-43 were overexpressed in DRG on day 7 after sciatic nerve transection. We also
developed a novel fluorescence method for differential visualization of the rat DRG and nerves by means of double staining with
propidium iodide and Hoechst 33342 that impart red and blue-green fluorescence, respectively. The present experiments showed
that glial cells remote from the nerve transection site were more vulnerable to axotomy than DRG neurons. E2F1 and p53 may be
considered promising molecular targets for development of potential neuroprotective agents.
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Introduction

Neurotrauma is among the main causes of human disability
and mortality, especially for young and middle age men.
Peripheral nerve injury accounts about 10% cases of
neurotrauma. Unfortunately, cl inical ly effect ive
neuroprotectors that can rescue the damaged neurons are ab-
sent yet (Hill 2016; Laskowitz and Grant 2016; Witiw and
Fehlings 2015). In the central nervous system, the injured
neurons do not regenerate and die. However, in the peripheral
nervous system, a significant fraction of motor and sensory
neurons (about 30%) survive axotomy, regenerate, and restore
nerve connections (Dubový et al. 2018; Hill 2016; Patodia and
Raivich 2012; Rishal and Fainzilber 2014). Severe nerve in-
jury such as complete nerve transection, i.e., axotomy leads to
either necrosis or apoptosis. The previous studies showed that
dozens of cellular proteins are up- or downregulated in the
axotomized neurons of invertebrate and vertebrate animals

(Casas et al. 2015; Demyanenko et al. 2019; Melle et al.
2009; Mulder et al. 2007; Perlson et al. 2004). Nevertheless,
the signaling pathways and most reactive target proteins that
mediate cell survival or death are not well known.

The sciatic nerve transection (SNT) in rodents is a popular
experimental model of neurotrauma. Its advantages include good
nerve accessibility for surgical dissection and moderate animal
stress (Savastano et al. 2014). The sciatic nerve contains neurites
of sensory, somatic, and motor neurons. The bodies of motor
neurons are located inside the vertebrae in the spinal cord, where-
as the bodies of sensory neurons form the dorsal root ganglia
(DRG) outside the spine. The sensory nerve fibers transmit the
information on animal position and movements, on mechanical
and thermal damage, and on pain to the central nervous system.

The life and functioning of neurons depends on surround-
ing glial cells. Satellite glial cells support the neuronal metab-
olism and protect neurons from the damaging and pathogenic
influences (Faulkner et al. 2004; Liu et al. 2017; Verkhratsky
et al. 2019). On the other hand, neurons maintain survival of
surrounding glial cells (Kolosov and Uzdensky 2006). It was
shown recently that axotomy induces death not only neurons
and glial cells located in the vicinity of the transection site but
also glial cells remote from the damaged region (Berezhnaya
et al. 2017; Khaitin et al. 2015, 2018; Uzdensky 2018).
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In the present work, we studied apoptosis of the sensory
neurons and satellite glial cells in the rat DRG after transection
of the sciatic nerve. Importantly, apoptosis was observed in
the glial cells located distantly from the site of sciatic nerve
transection and much earlier than in the neurons. We investi-
gated the post-SNT dynamics of the expression of
proapoptotic transcription factors p53 and E2F1, caspase 3
and its active form, neuron degeneration marker APP (amy-
loid precursor protein), and a marker of the post-traumatic
nerve regeneration GAP-43 (growth-associated protein-43)
in the DRG of a rat. We also developed the novel method of
differential visualization of the rat ganglia and nerve fibers
using double labelling with propidium iodide and Hoechst
33342, which imparts red and green fluorescence,
respectively.

Materials and Methods

Animals and Ethical Approvement

The experiments were carried out on adult Wistar male rats
(200–250 g) that were kept in standard cages in groups of 4–5
animals with free access to food and water. The animal hold-
ing room was maintained in standard conditions: 12 light/12
dark cycle, 22–25 °C, and an air exchange rate of 18 changes
per hour. All applicable international, national, and/or institu-
tional guidelines for the care and use of animals were follow-
ed. The experimental procedures were carried out in accor-
dance with the European Union guidelines 86/609/ЕЕС for
the use of experimental animals and local legislation for ethics
of experiments on animals. The animal protocols were evalu-
ated and approved by the Animal Care and Use Committee of
the Southern Federal University (Approval No 08/2016). No
special randomization was performed to allocate subjects in
the study.

Sciatic Nerve Transection

The rat dorsal root ganglia (Fig. 1) contain bodies of sensory
neurons. Their neurites are included into the sciatic nerve that
innervates the hind limb. General anesthesia of animals was
carried out using the intramuscular injection of 0.75 ml of the
2:1 mixture of Xyla (2% xylazine hydrochloride solution;
produced by Interchemie Werken “de Adelaar” BV, the
Netherlands) and Telazol (a mixture of tiletamine hydrochlo-
ride and zolazepam hydrochloride; produced by Zoetis, USA).
The sciatic nerve transection was performed according to the
protocol described by Savastano et al. (2014). Decapitation of
anesthetized rats was performed using a guillotine at 1, 4, and
24 h or 7 days after the unilateral transection of the right sciatic
nerve. The undamaged contralateral (left) DRG was used as a
control.

DRG Visualization

The right DRGs of the 4th and 5th lumbar nerves were
isolated at different time intervals after sciatic nerve tran-
section and decapitation of the anesthetized rat, as de-
scribed by Savastano et al. (2014). Isolated ganglia were
fixed for 6 h by 4% paraformaldehyde dissolved in phos-
phate buffer (PBS; pH 7.2). They were triple washed by
PBS and placed in a 30% sucrose solution. The fixed
ganglia were then immersed in 7% agarose gel (low-melt-
ing agarose, Sigma-Aldrich) and sectioned on the
vibratome Leica VT 1000 S (Leica Biosystems,
Germany). The thickness of the sections was about
30 μm.

To visualize the DRG cells (Fig. 1), the fixed 30-μm sec-
tions were incubated 2 min with propidium iodide (20 μM)
andHoechst 33342 (20μM) and triple washed in PBS at room
temperature. The sections were then immersed in glycerol
under cover glass and examined on the fluorescence micro-
scope AxioLab A1 (Carl Zeiss, Germany).

Fig. 1 An isolated rat dorsal root ganglion labeled with propidium iodide
and Hoechst 33342, which visualize the neuronal bodies (n, red
fluorescence) and nerves (N, blue-green fluorescence), respectively. The
nuclei of numerous satellite glial cells that surround neurons fluoresce in
blue. a Objective lens 10×. b Objective lens 40×. Small arrowhead, neu-
ronal nucleolus; big arrowhead, neuronal nucleus. Scale bar 1 mm on a,
30 μm on b, and 15 μm in the inset
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Cell Death Visualization

Apoptosis was determined using the “In Situ Cell Death
Detection Kit, TMR red” (Sigma-Aldrich), in which single-
strand DNA breaks are marked by the TUNEL method
(Transferase-mediated dUTP Nick-End Labeling). The re-
agent mixture was prepared ex tempore and kept on ice. The
fixed sections were transferred onto a glass slide and, after
triple washing in PBS, were permeabilized by 2-min incuba-
tion with 0.1% sodium citrate supplemented by 0.1% Triton
X-100 at 4 °C. After following double washing in PBS and
drying, 50 μl of the TUNEL mixture was added to each sam-
ple and incubated 60 min in the dark in a humid chamber at
37 °C. Then the samples were triple washed in PBS, dried, and
mounted in glycerol. Positive control: 10-min incubation of
the permeabilized sections with nuclease benzonase, which
makes numerous DNA breaks that are detected by the
TUNEL staining (1500 U/ml in 50 mM Tris-HCl buffer,
pH 7.5) (Fig. 2a). The sections were counterstained with
Hoechst 33342 that imparts blue fluorescence to the nuclear
chromatin and reveals all cell nuclei (Whiteside andMunglani
1998). The preparations were studied using a fluorescent mi-
croscope Olympus BX51WI (Japan) equipped with a digital
camera ORCA-Flash4.0 V3 (Hamamatsu, Japan). The fluo-
rescence excitation range was 570–620 nm. The TUNEL-
positive cells were counted in 3 sections of the 5th right
(injured) and left (control) DRG obtained from 3 animals at
24 h or 7 days after sciatic nerve transection.

Immunoblotting

To obtain a sufficient material amount for immunoblotting,
DRGs from 4th and 5th lumbar nerves from 3 rats were com-
bined at each post-SNT interval: 1, 4, or 24 h. The experimental
and control samples were homogenized on ice by an ultrasonic
homogenizer Vibra-Cell VCX 130 (Sonics, USA) in the
Extraction/Labeling lysis buffer (E0655, Sigma-Aldrich) sup-
plemented with nuclease benzonase (E1014, Sigma-Aldrich)
and protease and phosphatase inhibitor cocktail (PPC1010,
Sigma-Aldrich). Then, the samples were centrifuged 10 min
at 10000g at 4 °C. The samples containing 10–20 μg of the
protein in 15 μl were electrophoretically separated in a poly-
acrylamide gel in the presence of sodium dodecyl sulfate using
Mini-PROTEAN Tetracell (Bio-Rad). To quantify the tested
proteins, the protein standard Color Burst Electrophoresis
Marker (C1992, Sigma) was used. Then the proteins were
electrotransferred to the Immuno-Blot PVDFMembrane (poly-
vinyl difluoride membrane 162-0177, Bio-Rad) using the
Trans-Blot® Turbo™ Transfer System (Bio-Rad, USA).
After washing in PBS, the membrane was incubated 1 h in
the 1% casein blocking buffer (TBS: 161-0782, Bio-Rad), re-
peatedly washed, and incubated overnight at 4 °C with the
primary antibodies. We used the following antibodies (all

from Sigma-Aldrich) against caspase 3 (C9598, 1:500), cas-
pase 3 active (cleaved) form (AB3623, 1:500), p53 (P5813,
1:400), E2F1 (SAB2103144, 1:1000), amyloid precursor pro-
tein, C-terminal (A8717; 1:500), growth-associated protein
Gap-43 (SAB4300525, 1:500), and β-actin (A5441, 1:5000).
After incubation, the membranes were washed in Tris buffer
supplemented with 0.1% Tween-20 (TTVS, 10 mM; pH 8) and
incubated 1 h at room temperature with the secondary antibody
anti-rabbit IgG-PEROXIDASE (A6154, Sigma-Aldrich,
1:1000). Protein detection was carried out on Сlarity Western
ECL Substrate (Bio-Rad). The chemiluminescence was ana-
lyzed using the gel-documentation system Fusion SL (Vilber
Lourmat, France). The resulting images were processed using
the software package “ImageJ.”

Statistical Analysis

Statistical analysis was performed using one way analysis of
variance (ANOVA) with Dunnett’s post hoc test. Differences
were considered significant at p < 0.05 and n = 5. Mean ±
SEM are shown.

Results

Differential Fluorescence Visualization of DRG and the
Sciatic Nerve

Using two fluorochromes propidium iodide and Hoechst
33342, it was possible to differentially visualize the ganglia
and nerves in the isolated rat DRG (red and blue-green fluo-
rescence, respectively; Fig. 1). The neuronal cytoplasm and
the nucleoli fluoresced in red (Fig. 1b, inset). The perikaryon
cytoplasm consisted of large red granules (Fig. 1b, inset),
presumably Nissl bodies. In contrast, Hoechst 33342 imparted
the blue-green fluorescence to the nerve. The small nuclei of
numerous satellite glial cells that surround the axons and neu-
ronal bodies fluoresced in blue (Fig. 1a, b).

Cell Death in the DRG after Transection of the Sciatic
Nerve

Numerous bright nuclei of glial cells that surround the bodies
of the DRG neurons fluoresced in blue in the DRG sections
labeled with Hoechst 33342. The nuclei of the Hoechst-
stained DRG neurons were larger and fluoresced weaker
(Fig. 2, middle images). Their fluorescence, size, and location
allowed us to easily distinct the neuronal nuclei from the glial
ones. In the control DRG treated by nuclease benzonase,
which induces multiple DNA breaks (positive control), nu-
merous TUNEL-labeled cell nuclei were observed (Fig. 2b).
Their number was of the same order as the total number of the
nuclei labeled by Hoechst 33342.
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At 24 h after SNT, in the undamaged contralateral DRG
(control) the percent of TUNEL-positive apoptotic glial cells
was as low as 6.4 ± 1.2% (Fig. 2a, Table 1). However, in the
axotomized right DRG the percent of apoptotic glial cells was
significantly higher: 18 ± 2% (Fig. 2c, Table 1), and no apo-
ptotic neurons were observed (Fig. 2c, Table 1). On day 7, the
percent of TUNEL-positive apoptotic glial cells in the injured
ganglion increased to 37 ± 6% compared with that of the con-
trol DRG (11 ± 3%) (Fig. 2d, Table 1). Only single apoptotic
neurons (3 from 45 neurons were observed in 9 sections)
appeared on day 7 (Fig. 2e, filled arrowhead; Table 1).
Thus, glial cells were much more vulnerable to sciatic nerve

transection than the DRG neurons. It should be noted that
these glial cells were 2–3 cm distant from the nerve transec-
tion site and could not be damaged directly.

Protein Expression in the Rat DRGAfter Transection of
Sciatic Nerve

Using western blotting, we studied the changes in expression
of proteins that control apoptosis and different cell functions:
proapoptotic proteins caspase 3 and its active cleaved form,
transcription factors p53 and E2F1, amyloid precursor protein
(APP), and growth associated protein 43 (Gap43) in the rat

Fig. 2 TUNEL visualization of
the nuclei of apoptotic cells with
DNA breaks in the rat dorsal root
ganglion (DRG). Left column:
TUNEL staining of cells with
DNA breaks. Middle column:
Hoechst 33342 staining that
visualizes the nuclei of all
neurons and glial cells. Right
column Merged images. a
Control undamaged DRG. Only
rare nuclei of apoptotic cells are
observed. b Positive control:
numerous red nuclei of apoptotic
neurons and glial cells stained by
TUNEL in the DRG that
was incubated with the nuclease
benzonase, which induces DNA
breaks. c Many nuclei of
apoptotic glial cells are observed
in the injured DRG at 24 h after
sciatic nerve transection. d The
numerous nuclei of apoptotic glial
cells are observed in the injured
DRG 7 days after sciatic nerve
transection. e The single apoptotic
neuron (arrow) in the injured
DRG at 7 days after transection of
sciatic nerve. Stroked arrow-
heads: the nuclei of DRG neu-
rons. Empty arrowheads: the nu-
clei of apoptotic neurons. Scale
bar 100 μm
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DRG at different time intervals after sciatic nerve transection.
The untreated left DRG of the same animal served as control.

Caspase 3

The caspase 3 level did not change in both, the axotomized right
and control left DRGs at 4 h after sciatic nerve transection, but
increased similarly in both DRGs at 24 h (Fig. 3a). Possibly, this
was the result of the nonspecific rat organism response to the
neurotrauma. The level of activated (cleaved) caspase 3 in the
axotomized right DRG was, however, higher than in the contra-
lateral ganglion, and increased compared with its level in the
injured DRG 4 h after SNT (Fig. 3b) (Fig. 3b). This could be
due to the development of glial apoptosis at this time.

p53

The levels of the proapoptotic protein p53 in the nuclear and
cytoplasmic fractions of the injured right DRG changed dif-
ferently relative to the undamaged contralateral DRG. It did

not change in the DRG nuclear fraction during the first 4 h
after sciatic nerve transection, but decreased twofold at 24 h
after SNT (p < 0.01, Fig. 4a). However, its level in the cyto-
plasmic fraction increased significantly at 24 h after sciatic
nerve transection (p < 0.05, Fig. 4b). This corresponded to
the enhancement of apoptosis by this time. Such redistribution
of p53 between the nucleus and the cytoplasm could reduce its
transcriptional activity, and enhance the proapoptotic interac-
tions of p53 with the mitochondria.

E2F1

The expression of p53, caspase 3, and other proapoptotic pro-
teins (caspases 7, 8, 9, SMAC/DIABLO, Apaf-1, et al.) is
controlled by the transcription factor E2F1 (Engelmann and
Pützer 2010; Meng and Ghosh 2014). The level of E2F1 in
both, axotomized and control DRG, increased significantly at
4 and 24 h relative to the level determined at 1 h after SNT
(p < 0.05; Fig. 5). At 4 h after SNT, the level of E2F1 in the
injured DRGwas higher than in the control but returned to the

Fig. 3 The effect of transection of the right sciatic nerve on the level of
caspase 3 a and activated (cleaved) caspase 3 b in the ipsilateral right
DRG (ipsi) and in the undamaged contralateral (left) DRG (contra) at

different time intervals after injury. One way AVOVA; M ± SEM; n =
5. *р < 0.05 relative to control; # p < 0.05 relative to the indicated bars in
the ipsilateral or contralateral ganglia

Table 1 The number of TUNEL-
positive apoptotic neurons
(counted on 9 sections) and per-
cent of apoptotic glial cells in the
5th DRG of rats after sciatic nerve
transection

24 h after sciatic nerve transection 7 days after sciatic nerve transection

Control Sciatic nerve transection Control Sciatic nerve transection

Number of apoptotic neurons

0 0 0 3

Percent of apoptotic glial cells

6.4 ± 1.2 18.2 ± 2.3* 10.8 ± 3.1 36.6 ± 6.3#*

Control, undamaged contralateral DRG of the same rat. One way ANOVA. n = 9. M ± SEM; *p < 0.05 and **
p < 0.01 relative to control
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control values by 24 h after transection (p < 0.05; Fig. 5).
Thus, the overexpression of E2F1 preceded the activation of
caspase 3 and the changes in the p53 level in the axotomized
rat DRG.

APP and GAP-43

The level of amyloid precursor protein (APP), a marker
of traumatic nerve injury and disruption of fast axonal
transport (Maxwell et al. 1999; Wang et al. 2011), did
not change in the axotomized rat DRG on day 1 after
sciatic nerve transection. However, APP was upregulat-
ed relative to the control contralateral ganglia at day 7
(Fig. 6a). Possibly, the interruption of APP transport
along the cut axon caused its accumulation in the neu-
ron bodies and proximal axon parts.

Like APP, growth-associated protein-43 (GAP-43) was
significantly overexpressed in the axotomized DRG at the
seventh, but not the first day after SNT (Fig. 6b). This indi-
cated the delayed neuron regeneration in the axotomized dor-
sal root ganglia.

Discussion

In the present work, we developed a novel method of differ-
ential fluorescent visualization of the dorsal root ganglion and
sciatic nerve in a rat.We also showed that transection of the rat
sciatic nerve induced apoptosis of DRG glial cells remote
from the axotomy site at 24 h after axotomy, whereas

apoptosis of DRG neurons started in 7 days. Apoptotic cell
death was associated with the overexpression of transcription
factors E2F1 and p53 at 4 and 24-h post-injury, respectively.
Both, the nerve injury marker APP and the nerve regeneration

Fig. 4 The effect of transection of the right sciatic nerve on expression of
p53 in the ipsilateral right DRG (ipsi) and in the undamaged contralateral
(left) DRG (contra) at different time intervals after injury. a nuclear

fraction; b cytoplasmic fraction. One way AVOVA; M ± SEM; n = 5. *
p < 0.05 and ** p < 0.01 relative to control. # p < 0.05 relative to 4 h value
in the ipsilateral ganglion

Fig. 5 The effect of transection of the right sciatic nerve on expression of
E2F1 in the ipsilateral right DRG (ipsi) and in the undamaged contralat-
eral (left) DRG (contra) at different time intervals after injury. One way
AVOVA; M ± SEM; n = 5. * p < 0.05 relative to control; # p < 0.05
relative to E2F1 level in the right DRG at 1 h after right sciatic nerve
transection; $ p < 0.05 relative to the E2F1 level in the left DRG (control)
at 1 h after the right sciatic nerve transection
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marker GAP-43 were overexpressed in the rat DRG at 7 days
after axotomy.

In the dorsal root ganglia, the pseudo-unipolar sensory neu-
rons contain T-shaped neurites that are the components of
sciatic nerve. Their long distal branches receive signals from
the receptor endings in skin and muscles of the hind limb,
whereas the shorter proximal branches transfer the sensory
information to the spinal cord (Julius and Basbaum 2001).
Each neuron was surrounded by numerous glial cells (Fig. 1)
like described by Lawson (1979).

The double labelling of the isolated rat DRG with
propidium iodide and Hoechst 33342 distinctly visualized
the ganglia (red fluorescence), and nerves (blue-green
fluorescence) (Fig. 1). Propidium iodide imparts usually red
fluorescence to the nuclei of necrotic cells with the compro-
mised plasma membranes. However, in the rat DRG, it im-
parts selectively red fluorescence to the neuronal cytoplasm.
Large red bodies of the sensory neurons fill almost all gangli-
on area (Fig. 1). The similar propidium iodide staining of the
neuronal bodies in the rat DRG has been observed earlier by
Niu et al. (2015). Such red fluorescence belonged possibly to
propidium iodide bound to the cytoplasmic RNA. Neuronal
nucleoli, the ribosome factories, which are rich in RNA, had
red fluorescence as well. The propidium iodide-stained red
granules in the cytoplasm of DRG neurons (Fig. 1b, inset)
were apparently the Nissl granules abundant with ribosomes
and mRNA (Fedorenko and Uzdensky 2009; Niu et al. 2015).
Hoechst 33342 bound to DNA imparts the blue-green fluores-
cence to the nuclear chromatin. The small nuclei of numerous
satellite glial cells that surround neurons had bright blue fluo-
rescence (Fig. 1b, Fig. 2) due to the significant chromatin

condensation (Fedorenko and Uzdensky 2009). This distin-
guished them from the larger neuronal nuclei that fluoresced
much weaker due to chromatin decondensation (Fig. 1b; Fig.
2). The similar fluorescence of Hoechst 33342-stained numer-
ous glial cells surrounding the DRG neurons was observed by
Atlasi et al. (2009).The clear difference in the nuclear size,
brightness, and location of the Hoechst 33342-stained cells
allows to distinct certainly DRG neurons from glial cells
(Figs. 1 and 2). This was confirmed by the simultaneous ap-
plication of the fluorescing neuronal and glial markers that
enable to undoubtedly distinct these cells (Whiteside et al.
1998). The blue-green fluorescence of Hoechst 33342 in the
sciatic nerve was apparently emitted by the numerous nuclei
of glial and connective tissue cells that surround the nerve
fibers. This method provides clear differential visualization
of the dorsal root ganglia and nerves.

In the axotomized DRG, the glial cells were more vulner-
able to injury than the sensory neurons. Rare TUNEL-positive
apoptotic neurons appeared only on day 7 after SNT, whereas
many apoptotic glial cells were observed as early as 24-h post-
injury (Table 1). Liu et al. (1997) also showed that apoptosis
of glial cells in the injured spinal cord was maximal at 24 h
and, repeatedly, at 7 days after injury. The compression injury
of the rat spinal cord was shown to cause apoptosis of oligo-
dendrocytes, the progressive downregulation of the oligoden-
drocyte marker MBP (myelin basic protein) from 3 h to 21-
day post-injury, as well as swelling and breakdown of the
myelin sheaths. These events were associated with the over-
expression of p53, E2F1, cytochrome C, caspase-12, and ac-
tive caspase-3 (Ma et al. 2017). This was consistent with our
data. The delayed death of some neurons in the first week after

Fig. 6 The effect of transection of the right sciatic nerve on expression of
APP a and GAP-43 b in the ipsilateral right DRG (ipsi) and in the un-
damaged contralateral (left) DRG (contra) at different time intervals after

injury. One way AVOVA; M ± SEM; n = 5. * p < 0.05 and ** p < 0.01
relative to control; # p < 0.05 relative to the GAP-43 level in the
axotomized DRG at 24 h after sciatic nerve transection
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SNT was also reported by other authors (Atlasi et al. 2009;
Schaeffer et al. 2010). However, unlike our data on relative
resistance of DRG neurons to axotomy-induced apoptosis,
Liu et al. (1997) observed apoptosis of some neurons at 4–
24 h after injury (maximum at 8 h). About one-third of neu-
rons and many glial cells died later, during the following
weeks (Atlasi et al. 2009; Barron 2004; McKay Hart et al.
2002; Savastano et al. 2014).

It was of interest that sciatic nerve transection caused apo-
ptosis of DRG glial cells remote for 2–3 cm from the nerve
transection site. Li et al. (1999) and Ma et al. (2017) also ob-
served apoptosis of oligodendrocytes remote for a long distance
from the site of the spinal cord compression. The axotomy-
induced death of remote glial cells implies the transfer of some
apoptosis-inducing signals from the injured axon end to the
remote glia. The proapoptotic signaling pathways from the
nerve transection site to remote glial cells are unclear. As re-
cently shown, in the isolated crayfish mechanoreceptor, apo-
ptosis of satellite glial cells remote from the axon transection
site was mediated by Ca2+, whereas MEK1/2, p38, Akt/GSK-
3β, and mTOR signaling pathways played, oppositely, the pro-
tective role (Berezhnaya et al. 2017; Khaitin et al. 2018).

The first proapoptotic event observed in the present study
was the upregulation of E2F1 in 4 h after SNT. The overex-
pression of p53 and the cleavage/activation of caspase 3 were
observed later, 24-h post-injury when glial apoptosis became
evident. E2F1 is known to regulate DNA synthesis and repair,
cell proliferation, and apoptosis (Pelengaris et al. 2002;
Raimundo et al. 2012). As a transcription factor, it controls
the expression of a variety of proapoptotic proteins such as
p53; p73; caspases 3, 7, 8, and 9; SMAC/DIABLO; and Apaf-
1 (Engelmann and Pützer 2010; Meng and Ghosh 2014). One
can suggest that E2F1 overexpression is a key event in the
initiation of apoptosis of remote glial cells in the axotomized
DRG. The overexpression of E2F1 and p53 was also shown in
the axotomized crayfish ganglia (Demyanenko et al. 2019). A
different time course of proapoptotic events was observed
after compression spinal cord injury in a rat; the overexpres-
sion of p53 at 1-h post-injury was followed by the upregula-
tion of E2F1, caspase 12, the activation of caspase 3 at 3 h, and
the cytochrome C release at 12 h (Ma et al. 2017).

It is known that p53 can initiate apoptosis either by
transcription-dependent or by transcription-independent way.
As a transcription factor, p53 stimulates the expression of
various proapoptotic proteins such as PUMA, Noxa, and cas-
pase 6. The delayed induction of the apoptosis-related genes
p53, c-Jun, and Bax was reported in the degenerating neurons
after ischemia or axotomy (Hughes et al. 1999). The axotomy-
induced death of motor neurons in adult mice was associated
with the overexpression of the p53-controlled proapoptotic
protein Noxa (Kiryu-Seo et al. 2005). The hyperactivation of
the proapoptotic pathway p53/PUMA was observed in the
axotomized retinal ganglion cells in mice (Lebrun-Julien and

Suter 2015). These examples indicate the involvement of the
transcription-dependent proapoptotic activity of p53 in the
axotomy-induced neuronal apoptosis. However, our experi-
ments showed the twofold downregulation of p53 in the nu-
clear fraction of DRG, and its overexpression in the cytoplas-
mic fraction at 24 h after SNT (Fig. 4). Therefore, the
transcription-dependent activity of p53 did not participate in
SNT-induced apoptosis of DRG cells. Apparently, the
transcription-independent cytoplasmic activity of p53 was
rather involved in apoptosis of glial cells but not neurons at
24 h after SNT. The transcription-independent proapoptotic
action of p53 is known to be associated with its translocation
to mitochondria, impairment of bioenergetic processes, re-
lease of cytochrome c and AIF, which induce activation of
caspase 3, a key proapoptotic proteinase (Yakovlev and
Faden 2001). This finally leads to apoptosis (Aubrey et al.
2018; Wan et al. 2014; Wang et al. 2014). The general level
of caspase 3 did not change in the injured rat DRG at 1–24 h
after sciatic nerve transection. Probably, its existing level in
DRG cells was sufficient for the execution of glial apoptosis.
However, its active cleaved formwas upregulated at 24 h after
SNT that coincided with the development of apoptosis of glial
cells.

Apoptosis of DRG neurons occurred later. The delayed
caspase-mediated apoptosis of the injured rat DRG neurons
was also demonstrated byMomeni et al. (2013). We observed
the accumulation of amyloid precursor protein in the
axotomized DRG on seventh but not the first day after sciatic
nerve transection. APP is a known marker of traumatic nerve
injury and disruption of the fast axonal transport. Therefore,
its accumulation indicated degeneration of DRG neurons.
Ischemic or traumatic damage of the nervous system in the
invertebrate or vertebrate animals was shown to induce axonal
accumulation of APP (Maxwell et al. 1999; Muresan and
Ladescu Muresan 2015; Wang et al. 2011). One can suggest
that the delayed apoptosis of DRG neurons was associated
with the neuroprotective role of APP. Actually, APP and its
soluble fragment sAPPα have been reported to play a protec-
tive role in the injured neurons. Moreover, the neuroprotective
role of APP was shown to be associated with the binding of its
short sequence, APP96–110, to heparan sulfate proteoglycan,
a component of the extracellular matrix (Corrigan et al. 2014;
Plummer et al. 2016). In the injured neurons, APP is intensely
produced and transported along the axon in order to restore the
damaged intercellular contacts. However, axotomy interrupts
the axonal transport that causes APP accumulation.

Simultaneously, the neuron regeneration processes devel-
oped in the axotomized DRG. This was evidenced by the up-
regulation of growth-associated protein-43 on day 7, but not
day 1 after transection of the sciatic nerve. GAP-43 is known to
be intensely expressed in the axon growth cones during early
development, or regeneration of the nervous system. It binds to
the plasma membrane and the cytoskeleton. Being activated by

833J Mol Neurosci  (2021) 71:826–835



protein kinase C, GAP-43 regulates the actin cytoskeleton in
neurons. GAP-43 is often considered as a marker of regenera-
tion in the injured neurons (Bornstein and Poon 2012).

Thus, sciatic nerve transection induced apoptosis of satel-
lite glial cells and some sensory neurons in the dorsal root
ganglion during the first week after the injury. It is of impor-
tance that the glial cells remote for a long distance of several
centimeters from the transection site died from apoptosis after
axotomy. These glial cells were more vulnerable to axotomy
than DRG neurons. In fact, glial apoptosis was observed at
24 h after SNT and increased further on day 7, whereas apo-
ptosis of some DRG neurons started only at 7th day. We
showed that the earliest proapoptotic event in the injured rat
DRG was the overexpression of transcription factor E2F1 ob-
served at 4-h post-SNT. This preceded the induction of p53
and activation of caspase 3 that occurred 24 h after sciatic
nerve transection. The nerve injury marker APP and the mark-
er of nerve regeneration GAP-43 were overexpressed in the
axotomized DRG on day 7 after sciatic nerve transection.
Possibly, the delayed death of DRG neurons was associated
with the neuroprotective activity of APP. Thus, E2F1 and p53
may be considered potential targets for the therapy of nerve
injury. Their inhibitors should be studied as promising neuro-
protective drugs.
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