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Abstract
Dedifferentiation of Schwann cells is an important feature of the response to peripheral nerve injury and specific negative myelination reg-
ulators are considered to have a major role in this process. However, most experiments have focused on the distal nerve stump, where the 
Notch signaling pathway is strongly associated with Schwann cell dedifferentiation and repair of the nerve. We observed the phenotypic 
changes of Schwann cells and changes of active Notch signaling on the proximal stump during peripheral nerve repair using small gap 
conduit tubulization. Eighty rats, with right sciatic nerve section of 4 mm, were randomly assigned to conduit bridging group and control 
group (epineurium suture). Glial fibrillary acidic protein expression, in myelinating Schwann cells on the proximal stump, began to up-reg-
ulate at 1 day after injury and was still evident at 5 days. Compared with the control group, Notch1 mRNA was expressed at a higher level 
in the conduit bridging group during the first week on the proximal stump. Hes1 mRNA levels in the conduit bridging group significantly 
increased compared with the control group at 3, 5, 7 and 14 days post-surgery. The change of the Notch intracellular domain shared a simi-
lar trend as Hes1 mRNA expression. Our results confirmed that phenotypic changes of Schwann cells occurred in the proximal stump. The 
differences in these changes between the conduit tubulization and epineurium suture groups correlate with changes in Notch signaling. 
This suggests that active Notch signaling might be a key mechanism during the early stage of neural regeneration in the proximal nerve 
stump. 
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Graphical Abstract

Relationship between the phenotypic changes and Notch signaling pathway in Schwann cells on the 
proximal stump based on small gap conduit therapy 

Introduction
Peripheral nerve injuries still present challenges despite 
progress in laboratory and clinical solutions based on evolv-
ing scientific theories. Epineurium neurorrhaphy remains 
the first choice for treating peripheral nerve injury (Lund-
borg, 2000), but results in only partial recovery and limited 

functionality in most patients. Using conduits in therapy for 
nerve injuries and exploring nerve regeneration is a more 
recent, alternative experimental model (Kehoe et al., 2012). 
In previous studies, the small gap sleeve bridging conduit 
method was confirmed to result in superior functional re-
covery to that by epineurium suture and nerve autograft 
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method (Zhang et al., 2008a, b; Yu et al., 2009). In these ex-
periments, the nerve conduit was found to not only offer an 
endoluminal substructure preventing neuroma formation, 
but also provide a relative closed microenvironment for neu-
rotrophic factors to act (Zhang et al., 2008a, b).

During axonal regeneration, Schwann cells have a very 
important role because of their intimate biological, develop-
mental and morphological associations with axons (Zujovic 
et al., 2007; He et al., 2015; Gan and Nan, 2016). Mature 
Schwann cells, which are also called myelinating Schwann 
cells and labelled with S100, can dedifferentiate back to an 
immature state after the loss of axons during peripheral 
nerve injury and thus regain the ability to facilitate the re-
generation of nerve after injury (Jessen et al., 2008). These 
myelinating Schwann cells elevate their glial fibrillary acidic 
protein (GFAP) expression after denervation, a feature of 
non-myelinating Schwann cells. The elevated expression of 
GFAP triggers a shape change of Schwann cells and exten-
sion of the axonal process, enabling the recovery of nerve 
function (Wang et al., 2010).  

Most experiments working on nerve regeneration by 
conduit therapy have focused on the distal nerve stump and 
gaps (Zhang et al., 2008a, b, 2009; Yu et al., 2009). Soon af-
ter injury, there are huge metabolic and structural changes 
in this region, involving macrophage invasion, axon de-
generation, endoneurial collagen production and Schwann 
cell proliferation, as well as other molecular and cellular 
activities. It is believed that loss of contact with neuronal 
cell body is critical to these events during Wallerian de-
generation (Zhang et al., 2010). In the proximal stump of 
transected nerves, the axons are still in contact with their 
cell bodies. The microenvironment of the proximal region 
might be important because this is the center for the first 
reconstructive event. However, less attention has been paid 
to this region in previous research. To redress this we per-
formed conduit therapy for sciatic nerve injury in rats and 
studied the phenotypic changes of Schwann cells in the 
proximal nerve stumps.

Notch is a transmembrane receptor protein. When it 
binds to a ligand and is cleaved, it generates an intracellular 
fragment called the Notch intracellular domain (NICD). In 
the nucleus, NICD acts as a transcriptional regulator. It is 
also a key factor in determining whether a cell responds to 
Notch signal or not (Thomas et al., 2005; Geng et al., 2015). 
In developing embryonic nerves, Notch signaling regulates 
the correct timing of the generation of immature Schwann 
cells for Schwann cell precursors and controls Schwann 
cell proliferation (Zujovic et al., 2007). Notch is selectively 
down-regulated in nerves that begin myelination, which is 
a characteristic of negative myelination regulators. Notch 
can also be suppressed by Krox-20, a positive myelination 
regulator, in vitro (Jessen and Mirsky, 2008). In the distal 
stump of transected nerves, the expression of NICD is 
strongly elevated and its dysregulation results in demyelin-
ation (Woodhoo et al., 2009). In this study, we will measure 
changes in the Schwann cells and of Notch signaling in 
proximal stumps during peripheral repair using small gap 

conduit therapy. The results will provide evidence for the 
role of Notch signaling in neuronal repair. 

Materials and Methods
Animal preparation and surgery
Eighty 3-month-old male Sprague-Dawley rats, weigh-
ing 250–350 g, were provided by Shandong University of 
China (SCXK (Lu) 2013-0009). The study protocol was 
approved by Animal Ethics Committee of Qilu Hospital of 
Shandong University of China (No. KLYY-2014-018). The 
experimental procedure followed the United States Na-
tional Institutes of Health Guide for the Care and Use of 
Laboratory Animals (NIH Publication No. 85-23, revised 
1986).

The rats were randomly assigned to either the conduit 
bridging group or the control group (epineurium suture) 
with 40 rats in each group. In both groups, the right sciatic 
nerves of rats were exposed and cut off at 1 cm above sciatic 
nerve bifurcation under pentobarbital anesthesia (30 mg/kg) 
in accordance with a previous study (Zhang et al., 2010). In 
the conduit bridging group, the biological conduit of 4 mm 
was used to bridge both stumps of the nerve defects. About 1 
mm of each of the distal and proximal ends of the nerve was 
inserted into the conduit, leaving a gap of 2 mm between the 
nerve stumps. Rats in the control group received conven-
tional epineurium suture. 

After surgery, a 3–4 mm length of nerve proximal to the 
transected tip was cut for immunohistochemical staining 
and real-time polymerase chain reaction at selected time 
points (1, 3, 5, 7, 14, 21, 28, and 60 days postoperatively) in 
rats of both groups as a previous study (Zhang, 2010). 

The conduit used in this experiment was a de-acetyl chitin 
conduit with inner diameter of 1.5 mm provided by People’s 
Hospital of Peking University of China (Yu, 2009). 

Immunohistochemical staining
At each selected time point, five rats were obtained from 
each group and intraperitoneally anesthetized with 2% sodi-
um pentobarbital. After exposing the thoracic cavity, an in-
fusion needle was inserted in the cardiac apex. Perfusion of 
saline was conducted until the liver became white. The prox-
imal stump of injured sciatic nerve was collected and fixed in 
paraformaldehyde for 5 hours. Three specimens were collect-
ed from each rat. Specimens were then immersed in sucrose 
solution at 4°C overnight, embedded in an optimal cutting 
temperature compound (OCT, Sakura Finetek, Torrence, 
CA) and sliced into 7-μm frozen sections. These sections 
were dried at room temperature for 24 hours and stored in 
a refrigerator. Before staining, the sections were fixed in ac-
etone at −20°C for 20 minutes and washed three times with 
0.3% Triton X-100/phosphate buffered saline (PBS), each for 
5 minutes. 

Axons were labeled with mouse monoclonal anti-neu-
rofilament 200 (NF200) (1:200; Sigma-Aldrich, St. Louis, 
MO, USA). Schwann cells were labeled with rabbit poly-
clonal anti-cow GFAP (1:200; Sigma-Aldrich), and mouse 
monoclonal anti-S100 (1:100). Myelin sheaths were la-
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belled with mouse anti-myelin basic protein (MBP) mono-
clonal antibody (1:160; Chemicon, Rolling Meadows, 
IL, USA). Notch-positive cells were labeled with rabbit 
polyclonal anti-NICD (1:100; Cell Signaling Technolo-
gy, Danvers, MA, USA). 4′,6-Diamidino-2-phenylindole 
(DAPI; Wako, Osaka, Japan) was used for nuclear label-
ing. Secondary antibodies were fluorescein isothiocyanate 
(FITC)-conjugated goat anti-rabbit immunoglobulin G 
(IgG) (1:50; Tiangen, Beijing, China), sheep anti-mouse 
IgG CY2 and CY3 conjugate (1:200; Friendship Biotech-
nology, Beijing, China).

Cover slips were mounted with bicarbonate-buffered glyc-
erol (pH 8.6) and slides were observed using a fluorescent 
microscope (Olympus, Tokyo, Japan). 

Immunofluorescence images were overlaid using Pho-
toshop software CS2 V9.0 (Adobe, San Jose, CA, USA). 
Schwann cells and axons were quantified in nerve specimens 
using Image-pro Plus 6.0 software (Media Cybernetics, 
Rockville, MD, USA). The number of positive cells was 
counted in five high-power fields (400×) and five low-power 
fields (5×), randomly selected. 

Quantitative real-time PCR 
Quantitative real-time PCR was conducted to detect the 
Notch1 and Hes1 mRNA levels in the proximal stumps of 
injured sciatic nerve. The primers were purchased from 
AOGCT Inc., China, and the detailed sequences of primers 
are displayed in Table 1. Samples were loaded into 1 mL 
TRIzol reagent (Invitrogen, Waltham, MA, USA) and then 
homogenized. Total RNA was extracted and purified, then 
diluted to 500 ng/μL. cDNA was synthesized with Prime-
Script1 RT reagent kit (Promega, Madison, WI, USA). Quan-
titative real-time PCR was performed with SYBRGREEN 
PCR Master Mix (ABI, New York, NY, USA). Comparative 
CT method (2–ΔΔCt) was used to calculate the gene expression 
(Schmittgen and Livak, 2008). β-Actin was used as the con-
trol housekeeping gene for normalization of RNA added to 
reverse transcription reactions.

Statistical analysis
All data are presented as the mean ± SD. The results were all 
analyzed with SPSS 17.0 software (SPSS, Chicago, IL, USA) 
using independent-sample t-test to examine the difference 
between two groups. A value of P < 0.05 was considered sta-
tistically significant.  

Results
Early changes of GFAP-labeled Schwann cells at the 
proximal stump following injury
The GFAP expression levels began to rise at 1 day and were 
evident at 3, 5 and 7 days after surgery in Schwann cells of 
both groups. On day 5, some rings of GFAP-labeled profiles 
were observed around myelinated fibers, which were not re-
ported in normal nerve samples (Figure 1). This phenotypic 
change of myelinating Schwann cells was further confirmed 
by GFAP and NF200 double-labeling. As displayed in Figure 
1, these Schwann cells labeled with GFAP were observed in 
close contact with myelinated axons labeled with NF200. 
This upregulated GFAP expression lasted for 5 days, then de-
creased to a relative steady value until 28 days. The changes 
of GFAP in Schwann cells and axons of the conduit bridging 
group were similar to those of the control group during the 
experiment. The number of GFAP-labeled Schwann cells in 
the conduit bridging group was slightly higher than that in 
the control group, but only significantly different at 3 and 28 
days (P < 0.05).

Changes of S100-labeled Schwann cells and axon growth 
The nerve fibers on the proximal stump near the injury 
site degraded immediately after surgery and the regenera-
tion into the conduit was only seen on day 7. The number 
of S100-labeled Schwann cells decreased gradually for 7 
days, and then gradually increased. This trend was similar 
for the two different groups (Figure 2). However, very few 
S100-positive Schwann cells were detected in the control 
group at 7 days. In the conduit bridging group, S100-positive 
Schwann cells decreased slowly but half still remained by 
7 days. At 21 days the numbers were almost double that at 
day 1. There were significant differences in the number of 
S100-positive cells between the two groups at 7 and 21 days 
(P < 0.05). The myelin reconstruction, shown by MBP stain-
ing, started around 7 days and the myelin sheath reached 
the center from the proximal stumps at 21 days after injury. 
In the distal stump, the re-myelination occurred when the 
regenerating axons reach Schwann cells in the distal stump. 
The myelin sheath regenerated to the distal end of the con-
duit at 28 days after surgery (Figure 2) and manifested a ma-
ture morphology at 60 days after injury. 

Notch signaling activation during nerve regeneration
In the proximal stump, the number of NICD+/DAPI+ 
Schwann cells increased immediately after surgery, reached 
a high level at 3 days and peaked at 7 days. After that, the 
number of NICD+/DAPI+ Schwann cells decreased gradually 
until 28 days (Figure 3). The number of NICD+/DAPI+ cells 
in the conduit bridging group increased significantly at 3, 5, 
7 and 14 days compared with the control group (P < 0.05). 

The Notch1 mRNA expression increased gradually in both 
groups after injury and peaked at 14 days (Figure 3). How-
ever, the maximal  expression of Notch1 mRNA was signifi-
cantly higher in the conduit bridging group compared with 
the control group (P < 0.05).

There was scant expression of Hes1 mRNA in normal 

Table 1 Oligonucleotide sequences and product sizes of primers

Primers (5′–3′)
Product 
size (bp)

Gene bank 
No.

Notch1 Forward: CAC CCA TGA CCA 
CTA CCC AGT T

Reverse: CCT CGG ACC AAT 
CAG AGA TGT T

186 NM008714.3

Hes1 Forward: ACA CCG GAC AAA 
CCA AAG AC

Reverse: ATG CCG GGA GCT 
ATC TTT CT

147 NM008235.2
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nerve but it peaked at 7 days after injury, and then gradually 
decreased until 28 days in the conduit bridging group (Fig-
ure 3). Compared with the control group, the expression of 
Hes1 mRNA was significantly higher in the conduit bridging 
group at 3, 5, 7 and 14 days post-operation (P < 0.05). This 
trend of Hes1 mRNA expression was similar to the change in 
expression of NICD. 

Discussion
Over the past few years, a huge number of studies have been 
focused on conduit or tube methods for the repair of pe-
ripheral nerve injuries (Kehoe et al., 2012). This concept was 
based on the idea that a short gap between the nerve stumps 
within the conduit could facilitate the neurotrophic regen-
erative mechanisms and ease reconstruction. Such materials 
include resorbable (Jeans et al., 2007) and non-resorbable 
devices (Oh et al., 2008), seed cells, and growth factors. The 
conduit used in this work was a deacetylated chitin tube 
with confirmed safety in vivo (Wan and Tai, 2013). It has 
been used in a human clinical trial and proved superior to 
the epineurium method for the recovery of nerve function 
(Zhang et al., 2013). To further understand the superiority of 
this therapy, we observed phenotypic changes on the prox-
imal stump of small gap bridging suture after surgery and 
explored the role of Notch signaling in this process. 

Schwann cells undergo different stages during peripheral 
nerve development, from the early neural crest stem cells to 
two mature phenotypes: myelination and non-myelinating 
Schwann cells. During this process, GFAP can be first detect-
ed at embryo day 18 in rat embryo, when nearly all Schwann 
cell precursors have become immature Schwann cells (Zu-
jovic et al., 2007). After that, GFAP expression can only be 
detected in non-myelinating Schwann cells. During periph-
eral nerve injury, axons distal to the injury site undergo 
Wallerian degeneration. After losing contact with axons, the 
myelinating Schwann cells re-expressed GFAP and shift to a 
phenotype resembling non-myelinating Schwann cells. This 
process is called dedifferentiation, which is considered as a 
reversal of differentiation (Wang et al., 2010). In this experi-
ment, the proximal nerve stump was within the conduit and 
degenerating axons in the distal stumps had little influence 
on the proximal stump. However, we also observed elevated 
expression of GFAP in myelinating Schwann cells as well 
as non-myelinating Schwann cells in the proximal stumps. 
GFAP expression began to up-regulate at 1 day after surgery 
and was evident at 5 days in myelinating Schwann cells, even 
when they were still in contact with axons. This was con-
firmed by the decrease of S100-positive Schwann cells. This 
evidence was clear in the conduit bridging group, which may 
suggest a possible reason for the favorable therapeutic results 
of small gap conduit method observed in former experi-
ments (Zhang et al., 2010; Xue et al., 2015). These observed 
changes occurred immediately after injury and lasted for a 
relative short period, suggesting that primary suture surgery 
should be performed as soon as possible after peripheral 
nerve injury. The sooner surgery could be performed, the 
shorter the initial regrowth delay period of axons would be. 

There might be several explanations for the increased ex-
pression of GFAP in Schwann cells that still had contact with 
myelinated axons. Axons would degenerate by several inter-
modal segments after transection, especially in the distal tip 
of the proximal stump (Maki et al., 2005). Such retrograde 
axonal degeneration might trigger the phenotypic change of 
myelin-forming Schwann cells. In this study, we selected the 
part of the nerve most proximal to such an area, aiming to 
minimize its effect. We still detected GFAP expression at a 
remarkable distance proximal to the tip of the stump. Based 
on these results, we believed there might be an alternative 
signal that could trigger the phenotypic changes of Schwann 
cells we observed. Previously quiescent Schwann cells might 
be exposed to humoral proteins and signals because of the 
breakdown of blood-nerve barrier after injury (Echeverry 
et al., 2011). The signals from axotomized cells might trig-
ger phenotypic change and proliferation of Schwann cells 
without the loss of contact with its own axons. It was shown 
in recent studies that this dedifferentiation of Schwann cells 
also depends on the activation of several negative regulators. 
These regulators are specific intracellular signaling molecules 
that should be up-regulated prior to myelination during de-
velopment, suppressed when myelination began and reacti-
vated after injury (Jessen et al., 2008). 

There is evidence suggesting Notch signaling is a powerful 
regulator of dedifferentiation (Jessen et al., 2008). Elevat-
ed NICD expression hinders myelination and myelin gene 
induction through cAMP (Arthur-Farraj et al., 2011). My-
elination is also delayed when NICD expression in Schwann 
cells is increased shortly after birth (Woodhoo et al., 2009). 
In injured nerves, NICD also rises rapidly and the demy-
elination is promoted in nerves overexpressing NICD by 
gene engineering. However, demyelination after injury is 
suppressed when NICD elevation is hindered (Jessen et al., 
2008). Notch1 belongs to the receptors of Notch signaling 
system, and Hes1 is a Notch target gene that acts in down-
stream notch signaling. In this experiment, we detected the 
NICD level and Hes1 mRNA expression, both of which have 
a very low level of expression in normal nerves. The level of 
Notch1 mRNA increased gradually and peaked at 14 days af-
ter injury. Compared with the control group, the expression 
of Notch1 mRNA in the conduit bridging group was signifi-
cantly higher in the first 14 days. The levels of Hes1 mRNA 
in the conduit bridging group were significantly increased 
as compared with the control group at 3, 5, 7 and 14 days 
post-surgery. The change of NICD, a marker of active Notch 
signaling, shared a similar trend with Hes1 mRNA expres-
sion, as their higher expression occurred mainly in the first 
14 days. These results might serve as a mechanism for the 
phenotypic change we observed in our research. However, 
the expression of Notch1 mRNA was not so consistent with 
these two factors, suggesting a more complex relationship 
between Notch1 and Hes1. Recent studies have suggested 
that during nerve injury, endogenous molecules such as 
the peptide PACAP are secreted from the proximal axonal 
stump to promote Schwann cell dedifferentiation whilst 
stimulating the intracellular accumulation of components of 
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Figure 1 Transverse sections of proximal stumps of injured sciatic nerve labeled with GFAP and NF200 (immunofluorescence staining). 
(A–D) Immunohistochemical labeling for Schwann cells with GFAP. (A, B) Images at 5 days of conduit bridging group (A) and control group (B). 
(C, D) Images at 14 days of conduit bridging group (C) and control group (D). (E–H) Immunohistochemical double labeling for GFAP (CY3, green, 
for Schwann cells) and NF200 (CY2, red, for axons). (E, F) Images at 5 days of conduit bridging group (E) and control group (F). (G, H) Images at 14 
days of conduit bridging group (G) and control group (H). (A–H) Original magnification 400×. (I) Number of GFAP-labeled Schwann cells in conduit 
bridging and control groups. *P < 0.05, vs. control group (mean ± SD, n = 15, independent-sample t-test). GFAP: Glial fibrillary acidic protein; NF200: 
neurofilament 200.

Figure 2 Longitudinal sections of S100 and MBP labeling on the proximal stump of injured sciatic nerve (immunofluorescence staining). 
(A–D) Immunohistochemical labeling for Schwann cells with S100 (yellow) in the conduit bridging group at 1, 7, 21 and 28 days. (E–H) Immuno-
histochemical labeling for MBP (green) in the conduit bridging group at 1, 7, 21 and 28 days. (A–H) Original magnification 5×. (I) The number of 
S100-labeled Schwann cells in the conduit bridging (orange) and control (blue) groups. *P < 0.05, vs. control group (mean ± SD, n = 15, indepen-
dent-sample t-test). MBP: Myelin basic protein. 

Figure 3 Expression of Notch signaling pathway in the proximal stump of injured sciatic nerves.
(A) Ratio of NICD+/DAPI+ Schwann cells. (B) The expression of Notch1 mRNA. (C) The expression of Hes1 mRNA. *P < 0.05, vs. control group (mean 
± SD, n = 15, independent-sample t-test). NICD: Notch intracellular domain; DAPI: 4′,6-diamidino-2-phenylindole. 
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the myelin sheath (Castorina et al., 2015). The same group 
also mentioned that these same peptides act in an autocrine 
fashion in Schwann cell lines to trigger the production and 
release of enzymes that promote clearance of cellular debris. 
These results might suggest some new targets on the mecha-
nisms of Schwann cell dedifferentiation. 

In summary, the small gap conduit tubulization therapy 
was more effective than epineurium suture in producing 
phenotypic changes of Schwann cells in the proximal stump 
leading to faster neural regeneration. The change of active 
Notch signaling might be the main mechanism during the 
early stage of this phenomenon. We hope this study will pro-
vide an experimental basis for further work on engineering 
repair of peripheral nerve injury. 
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