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Graphical Abstract

Y-tube conduits combined with human umbilical cord stem cells are effective to repair a mixed nerve 
defect at its bifurcation point 

Abstract
Given the anatomic complexity at the bifurcation point of a nerve trunk, enforced suturing between stumps can lead to misdirection of 
nerve axons, thereby resulting in adverse consequences. We assumed that Y-tube conduits injected with human umbilical cord stem cells 
could be an effective method to solve such problems, but studies focused on the best type of Y-tube conduit remain controversial. There-
fore, the present study evaluated the applicability and efficacy of various types of Y-tube conduits containing human umbilical cord stem 
cells for treating rat femoral nerve defects on their bifurcation points. At 12 weeks after the bridging surgery that included treatment with 
different types of Y-tube conduits, there were no differences in quadriceps femoris muscle weight or femoral nerve ultrastructure. However, 
the Y-tube conduit group with longer branches and a short trunk resulted in a better outcome according to retrograde labeling and electro-
physiological analysis. It can be concluded from the study that repairing a mixed nerve defect at its bifurcation point with Y-tube conduits, 
in particular those with long branches and a short trunk, is effective and results in good outcomes. 

Key Words: nerve regeneration; peripheral nerve injury; nerve conduit; selective nerve regeneration; chemotaxis; human umbilical cord blood 
stem cell; stem cell transplantation; neural regeneration
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Introduction
The current gold standard for treating nerve defects is 
treatment with autologous nerve grafting, which requires 
more surgery time and leads to donor site morbidity. Ad-
ditionally, the direct nerve suturing methods can inevitably 
cause misdirection of newly grown axons, which results 
in inadequate functional recovery (Shapira et al., 2015). 
Although the development of microsurgical techniques 
has greatly improved the accuracy of peripheral nerve su-
turing after injury, total functional recovery has never been 
achieved (Eser et al., 2009). This is likely because the regen-
erating axons cannot reach their prospective target organs 
(Brushart et al., 1998). Because of the anatomic complexity 
at the bifurcation point of a nerve trunk, regenerating ax-
ons from the nerve trunk can easily grow into the wrong 
pathways of the distal nerve stump, resulting in poor out-
comes (de Ruiter et al., 2013).

As the theory of chemotactic peripheral nerve regeneration 
has become widely accepted, some scholars have suggested 
that nerve defects bridged by nerve conduits with a little space 
between the stumps may accelerate the selective and more ac-
curate axonal regeneration that would lead to better functional 
recovery (Jiang et al., 2006). Injecting stem cells into the nerve 
conduits can provide the necessary neurotropic support and 
accelerate axonal regeneration after peripheral nerve injury 
(Mosahebi et al., 2002). Human umbilical Wharton jelly mes-
enchymal stem cells (hWJMSCs) have been shown to provide 
regenerating axons with the necessary cellular and neurotropic 
support in in vivo and in vitro studies (Koh et al., 2008).

It is assumed that if peripheral nerve injury is bridged by 
Y-tube conduits at the bifurcation point, neurotrophic factors 
secreted from a specific distal nerve stump can be concentrat-
ed to a relatively high level to better guide axons sprouting 
from the proximal nerve stump and regain functional recov-
ery of the target tissue. However, to the best of our knowl-
edge, few studies have focused on the therapeutic efficacy of 
Y-tube conduits on peripheral nerve injury at the bifurcation 
point in terms of chemotactic nerve regeneration. To deter-
mine whether Y-tube conduits can facilitate peripheral nerve 
regeneration after injury, as well as to establish a better Y-tube 
conduit design to bridge peripheral nerve defect, the current 
study tested the efficacy of different Y-tube conduits to repair 
the rat femoral nerve following its bifurcation point. 

Materials and Methods
Preparation of Y-tube conduits and hWJMSC culture
Silicon Y-tube conduits with an inner diameter of 1.0 mm, 
outer diameter of 1.2 mm, 4-mm-long nerve trunk, and 
4-mm-long branches were provided by YTGX Biotechnology 
Ltd., Beijing, China. The Y-tube conduits were cut into two 
different shapes: (1) a 4-mm-long nerve trunk with 3-mm-
long branches; (2) a 3-mm-long nerve trunk with 4-mm-long 
branches (Figure 1). hWJMSCs were isolated from a mature 
umbilical cord retracted from the medical waste of the Fifth 
Affiliated Hospital of Xinjiang Medical University in China. 
All procedures were approved and monitored by the Ethics 
Committee of the Fifth Affiliated Hospital of Xinjiang Medical 

University, and the procedures conformed to the guidelines of 
the Helsinki Declaration. Briefly, with the consent of the par-
ents, the umbilical cord of a healthy baby born at full term 
was washed in Hank’s Balanced Salt Solution, the umbilical 
cord artery and vein were removed, and the Wharton jelly 
was cut into 1 mm × 1 mm × 1 mm tissue pieces. The tissue 
was then cultured in a culture dish with 10% fetal bovine se-
rum (FBS, Lonza, Verviers, Belgium) in Dulbecco’s Modified 
Eagle’s medium (DMEM) in a 5% CO2 incubator at 37°C. 
The culture medium was changed every 3–4 days. When the 
cells reached 80–90% confluency, they were detached using 
PBS with 0.05% trypsin (Life Technologies, Grand Island, 
NY, USA) and 0.04% EDTA (Sigma-Aldrich, St. Louis, MO, 
USA), and the cells were re-plated at 5,000 cells/cm2. Passage 
3 cells were used for transplantation. 

Ethics statement and experimental animals
The animal studies were approved by the Ethical Committee 
of Tsinghua University in China and performed in accor-
dance with the Guide for the Care and Use of Laboratory 
Animals, the National Institutes of Health. Precautions were 
taken to minimize the number of animals used in each ex-
periment and their suffering. A total of 50 female, specific 
pathogen-free, Sprague-Dawley rats (8 weeks old, 250–300 
g) were housed with standard rodent food and unlimited 
water for 1 week before surgery. Experimental animals were 
provided by the Experimental Animal Center of Tsinghua 
University (License No. SYXK (Jing) 2009-0022).

Preparation of a rat model of femoral nerve injury and 
nerve injury treatment
The rats were anesthetized with 10% chloral hydrate (0.3 
mL/100 g) and were placed on an operating table in a supine 
position. The right femoral nerve was exposed, and the rats 
were treated with different methods and divided into dif-
ferent experimental groups accordingly. Group A (n = 10): 
sham surgery was performed, and no injury was brought 
to the femoral nerve and its branches. Group B (n = 20): a 
5-mm-long nerve defect was created by cutting 3 mm of the 
femoral nerve trunk and 2 mm of each of its branches with 
microscissors. The defect was bridged using a Y-tube conduit 
with a 4-mm-long nerve trunk and 3-mm-long branches by 
inserting each nerve stump 1 mm into the conduit (Figure 
1A). A total of 5 μL passage 3 hWJMSCs (5 × 107/mL) (Figure 
2) was injected into the conduit with a microsyringe. Group 
C (n = 20): a 5-mm-long nerve defect was created by cut-
ting 3 mm of femoral nerve trunk and 2 mm of each of its 
branches with microscissors. The defect was bridged using a 
Y-tube conduit with a 3-mm-long nerve trunk and 4-mm-
long branches by inserting each nerve stump 1 mm into the 
conduit (Figure 1B). A total of 5 μL hWJMSCs was injected 
into the conduit using a microsyringe.

Following surgery, the incisions were sutured and the rats 
were housed in standard conditions for 12 weeks. All animals 
were intraperitoneally injected with cyclimycin A (YTGX 
Biotechnology, Beijing, China) starting from 3 days before 
surgery until 2 weeks after surgery. 

Twelve weeks after surgery, one animal died in group B 
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and one in group C because of incision infection. The re-
maining rats were included in the final evaluation.  

Electrophysiological testing 
At 12 weeks after surgery, five animals from each group were 
selected and anesthetized with 10% chloral hydrate (0.3 
mL/100 g). The femoral nerves in the normal and surgical sites 
were exposed and the motor-evoked potential of the quadri-
ceps femoris muscle was measured. The stimulating electrode 
(RM6240, Chengdu Instrument Factory, Sichuan, China) was 
placed on the proximal end of the suture, and the recording 
electrode was pierced into the quadriceps femoris muscle. 
The latency period and amplitude of the evoked potential of 
quadriceps femoris were measured using the following electric 
stimulation parameters: 1.0 mA, 0.1 ms, and 1.0 Hz.

Weight of quadriceps femoris muscle
Following electrophysiological testing, the right and left 
quadriceps femoris muscles were excised and weighed on an 
electronic balance (Beijing Liu Yi Instrument Company, Bei-
jing, China). The value obtained after dividing the weight of 
the right and left quadriceps femoris muscles was calculated.

Retrograde labeling
At 12 weeks after surgery, five animals from each group were 
selected. A 2% True Blue solution (Sigma-Aldrich) was pre-
pared with distilled water and stored at 4°C, and a 5% Dil 
solution (Sigma-Aldrich) was prepared with dehydrated al-
cohol and stored at 4°C. The rats were anesthetized by an in-
traperitoneal injection of 10% chloral hydrate (0.3 mL/100 g) 
and were placed on the operation table in a supine position. 

Figure 1 Sketch map of two types of Y-tube conduits.
(A) The 4-mm-long nerve trunk with 3-mm-long branches; (B) the 
3-mm-long nerve trunk with 4-mm-long branches.

Figure 3 Effect of different types of Y-tube conduits injected with 
hWJMSCs on electrophysiological function of rats with a femoral 
nerve defect.  
(A, B) The latency (A) and amplitude (B) of the evoked potential of 
quadriceps femoris. Group A: Sham surgery was performed, and no 
injury was brought to the femoral nerve and its branches. Group B: 
The nerve defect was bridged using a Y-tube conduit with a 4-mm-long 
nerve trunk and 3-mm-long branches by inserting each nerve stump 1 
mm into the conduit. A total of 5 μL passage 3 hWJMSCs was injected 
into the conduit. Group C: The nerve defect was bridged using a Y-tube 
conduit with a 3-mm-long nerve trunk and 4-mm-long branches by in-
serting each nerve stump 1 mm into the conduit. A total of 5 μL hWJM-
SCs was injected into the conduit. Data are expressed as the mean ± SD 
and were analyzed using one-way analysis of variance followed by the 
least significant difference tests. *P < 0.05. hWJMSCs: Human umbilical 
Wharton jelly mesenchymal stem cells. I–III: Groups A–C.

Figure 2 Morphology and identification of hWJMSCs at passage 3.
hWJMSCs at passage 3 were injected into the nerve conduit to sup-
port axonal growth. (A) Morphology of passage 3 hWJMSCs under an 
inverted microscope showing spindle-shaped cells. Scale bar: 100 μm. 
(B) Flow cytometry results showed expression percentages of CD45, 
CD29, CD105, and CD34 as 0.2%, 35.3%, 99.5%, and 0.0%, respective-
ly. Therefore, the cells were identified as hWJMSCs. hWJMSCs: Human 
umbilical Wharton jelly mesenchymal stem cells.
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Table 1 Effect of different types of Y-tube conduits injected with 
hWJMSCs on the femoral nerve in rats with a femoral nerve defect at 
12 weeks after surgery

Group A Group B Group C P value

Thickness of myelin   
sheath (μm)

0.84±.0.17 0.49±0.09 0.51±0.11 > 0.05

Axonal density (n/mm2) 13,215±854 8,977±774 9,069±841 > 0.05

Fiber diameter (μm) 6.42±1.85 4.92±1.23 5.06±1.51 > 0.05

Data are recorded as the mean ± SD and were analyzed using one-way 
analysis of variance followed by the least significance difference tests. 
Group A: Sham surgery was performed, and no injury was brought 
to the femoral nerve and its branches. Group B: The nerve defect was 
bridged using a Y-tube conduit with a 4-mm-long nerve trunk and 
3-mm-long branches by inserting each nerve stump 1 mm into the 
conduit. A total of 5 μL passage 3 hWJMSCs was injected into the con-
duit. Group C: The nerve defect was bridged using a Y-tube conduit 
with a 3-mm-long nerve trunk and 4-mm-long branches by inserting 
each nerve stump 1 mm into the conduit. A total of 5 μL hWJMSCs was 
injected into the conduit. hWJMSCs: Human umbilical Wharton jelly 
mesenchymal stem cells.
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Then, an incision was made on the right groin, and the right 
femoral nerve, its muscle branch, and the saphenous nerve 
braches were exposed. The muscle branch was cut from 
where it grew into the quadriceps femoris muscle, and the 
same length of saphenous nerve was cut to prepare for the 
next step. A 10-μL microsyringe was used to inject 5 μL of 
Dil and True Blue into an aseptic plastic chamber prepared 
beforehand. The nerve stumps of the muscle branches were 
inserted into the chamber filled with Dil, and the saphe-
nous branch was inserted into the chamber of True Blue. 
The incision was then sutured. The rats were housed under 
standard conditions for 3 days. At 3 days after retrograde 
labeling, all animals were anesthetized using a previously 
described method (Shapira et al., 2015). The dorsal spinal 
canal was opened and the spinal cord was exposed. The 

L2–4 segment was carefully removed and placed on a –25°C 
freezing microtome (CE1900 Freezing Microtome, Leica, 
Heidelberg, Germany) until it froze, and then it was embed-
ded and sagitally cut. Three 15-μm thick sections were cut 
after the spinal gray matter was reached. The sections were 
immediately observed under a fluorescence microscope with 
a photographic attachment (IX70 fluorescence microscope 
and photographic attachment, Olympus, Tokyo, Japan) for 
neurons in the ventral horn of spinal cord stained with Dil 
and True Blue. Images were collected to quantify the num-
ber of stained neurons. Axons sprouting from neurons that 
only entered the muscle branch were stained red (Dil), and 
the ratio of red-stained neurons within the total number of 
neurons in the ventral horn of spinal cord was calculated to 
estimate the accuracy of axonal regeneration.

Figure 5 Effect of different types of Y-tube conduits injected with hWJMSCs on the ultramicrostructure of the femoral nerve in rats with a 
femoral nerve defect at 12 weeks after surgery.
(A–C) Transmission electron microscope images reveal well-myelinated nerve fibers in the extracted nerves from rats in groups A, B, and C. There 
are no significant differences in myelin sheath thickness (arrows), axonal density, and fiber diameters between groups B and C. Scale bars: 10 μm. 
hWJMSCs: Human umbilical Wharton jelly mesenchymal stem cells.

Figure 4 Effect of different types of Y-tube conduits injected with hWJMSCs on neuronal sprouting in the spinal cord of rats with a femoral 
nerve defect.
(A–C) Under a fluorescence microscope, red, blue and purple neurons are observed in the spinal cord of rats from groups A, B, and C. In rats 
from group A, neurons in the ventral horn of the spinal cord are stained with the red fluorescent marker Dil, indicating that axons sprouting from 
neurons only entered into the muscle branch of the femoral nerve. In rats from groups B and C, neurons in the ventral horn of the spinal cord are 
stained with red (Dil) and/or blue (True Blue) fluorescent markers, indicating that some axons sprouting from neurons entered into muscle and/
or cutaneous branches of the femoral nerve. Scale bars: 200 μm. (D) The ratio of axons sprouting from neurons that only entered into the muscle 
branch in the ventral horn of the spine. Group A: Sham surgery was performed, and no injury was brought to the femoral nerve and its branches. 
Group B: The nerve defect was bridged using a Y-tube conduit with a 4-mm-long nerve trunk and 3-mm-long branches by inserting each nerve 
stump 1 mm into the conduit. A total of 5 μL passage 3 hWJMSCs was injected into the conduit. Group C: The nerve defect was bridged using a 
Y-tube conduit with a 3-mm-long nerve trunk and 4-mm-long branches by inserting each nerve stump 1 mm into the conduit. A total of 5 μL 
hWJMSCs was injected into the conduit. Data are expressed as the mean ± SD and were analyzed using one-way analysis of variance followed by 
the least significant difference tests. *P < 0.05. hWJMSCs: Human umbilical Wharton jelly mesenchymal stem cells.
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Transmission electron microscopy examinations
At 12 weeks after surgery, five animals from each group were 
selected and deeply anesthetized with an intraperitoneal 
injection of 10% chloral hydrate (0.3 mL/100 g). Then, the 
animals were sacrificed by cervical dislocation. The fem-
oral nerves were harvested and fixed in 4% formalin for 
24 hours. A 1-mm3 piece of femoral nerve was obtained 3 
mm distal from the proximal end of the femoral nerve and 
was sent for transmission electron microscopy observation 
(HitachiH-7650, Hitachi High-Technologies, Tokyo, Ja-
pan). The nerve sheath thickness, axonal density, and fiber 
diameter were measured using Image-Pro Plus 6.0 image 
analyzing software (Media Cybernetics, Rockville, MD, 
USA).  

Statistical analysis
Data were analyzed using SPSS17.0 software (SPSS, Chicago, 
IL, USA) with one-way analysis of variance followed by the 
least significant difference test, and values were recorded as 
the mean ± SD. A level of P < 0.05 represented significance.

Results
Effect of different types of Y-tube conduits injected with 
hWJMSCs on quadriceps femoris muscle weight in rats 
with a femoral nerve defect 
At 12 weeks after surgery, various degrees of quadriceps fem-
oris muscle atrophy were identified in all animals in groups 
B and C. The value obtained by dividing the right quadriceps 
femoris muscle weight by the left quadriceps femoris muscle 
weight was 0.61 ± 0.18 in group B and 0.65 ± 0.20 in group C. 
No significant difference was found between the two groups 
(P > 0.05).

Effect of different types of Y-tube conduits injected with 
hWJMSCs on electrophysiological function of rats with a 
femoral nerve defect 
Results from electrophysiological testing showed that, at 
12 weeks after surgery, the latency period of the quadriceps 
femoris muscle in group C was significantly shorter than 
that in group B (P < 0.05; Figure 3A), although the ampli-
tude was significantly greater than that in group B (P < 0.05; 
Figure 3B). 

Effect of different types of Y-tube conduits injected with 
hWJMSCs on neuronal sprouting in rats with a femoral 
nerve defect 
Retrograde labeling results showed a significantly greater 
ratio of axons sprouting from neurons only into the muscle 
branch of the femoral nerve in group C than in group B (P < 
0.05; Figure 4).

Effect of different types of Y-tube conduits injected with 
hWJMSCs on the ultramicrostructure of the femoral nerve 
in rats with a femoral nerve defect 
At 12 weeks after surgery, transmission electron microscope 
images revealed myelinated nerve fibers in the extracted 
nerves in all groups (Figure 5). No significant difference was 
found in myelin sheath thickness, axonal density, and fiber 

diameters between groups B and C (P > 0.05; Table 1).

Discussion
Following peripheral nerve injury and treatment with 
nerve conduits, many factors affect the functional recov-
ery, such as space between stumps and neurotropic and 
structural support of the conduits (Pfister et al., 2007; Zhao 
et al., 2007; Moradzadeh et al., 2008). Since Cajal (1928) 
proposed the hypothesis of chemotactic peripheral nerve 
regeneration, it has been gradually accepted by scholars 
that accurate axonal innervation is vital to achieving full 
functional recovery following peripheral nerve injury. Re-
cent studies (Weber et al., 2000; Taras et al., 2005; Ashley et 
al., 2006) applied degradable nerve conduits and achieved 
satisfactory results. Brushart et al. (1998) showed that the 
microenvironment produced by nerve conduits is beneficial 
for accurate axonal innervation. The theory of chemotaxis 
has provided us with new tools to achieve more accurate 
axonal innervations (de Ruiter et al., 2008). If a small space 
is between the injured nerve stumps, nerve fibers growing 
from the proximal stump have been shown to selective-
ly grow into their own pathways in the distal nerve and 
to their own target tissues (Höke et al., 2006). Another 
study (Jiang et al., 2006) used small gap sleeve bridging 
with nerve conduits to repair rat femoral nerve injury and 
achieved better functional recovery than autologous nerve 
grafting. The space created by the conduits can effectively 
accumulate the neurotropic factors secreted by the cells in 
the distal stump, prevent unnecessary interruption from 
the surrounding tissues, and can be helpful in the elective 
innervation of mixed nerves (Li et al., 2003; Chiu et al., 
2004). We assume that the major reason why full function-
al recovery following injury to large nerve trunks at their 
bifurcation point, such as the brachial plexus nerve and 
femoral nerve, is unsuccessful, even with timely and accu-
rate suturing, is because regenerating nerve axons cannot 
grow into their original nerve pathways and target organs. 
If a nerve conduit is used to reattach the injured nerve with 
a small gap between the stumps, it may create a favorable 
environment to allow axons to regenerate from the proxi-
mal stump to pathways in the distal stump, thereby achiev-
ing better functional recovery than direct nerve suturing. 
However, although many studies have applied the theory of 
chemotaxis to treat peripheral nerve injury (Li et al., 2003; 
Chiu et al., 2004; Höke et al., 2006; Jiang et al., 2006), few 
studies have made attempts to test the efficacy of Y-tube 
conduits to bridge peripheral nerve defects at the bifurca-
tion point.

The current study made the first attempt to use the small 
gap bridging technique to achieve chemotactic nerve re-
generation after peripheral nerve injury at the bifurcation 
point. Results showed that Y-shaped conduits to bridge the 
bifurcation point at the nerve injury are able to guide axons 
sprouting from the proximal nerve stump, ultimately regain-
ing better functional recovery of the target tissues.

Accurate innervation of axons from the proximal nerve 
stump to the original nerve pathways and target organs can be 
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affected by the space between the stumps (Muheremu et al., 
2013). The distal stump and target tissues can guide the axons 
along a gradient of neurotropic factors. If the distance is too 
long, the chemotactic effect will become too weak to guide the 
axons. Conversely, if the distance is too short, axons will grow 
straight along the nearest pathway, which could be the wrong 
innervation pathway. Lundborg et al. (1982) found that when 
there is a distance of 6–10 mm between stumps of rat sciatic 
nerve, the chemotactic effect is most obvious. Politis et al. 
(1982) found that chemotactic nerve regeneration is most ob-
vious in the gastrocnemius nerve when there is 4–5 mm dis-
tance between the stumps. In the current study, we used a gap 
of 4 mm between the stumps, because the femoral nerve and 
its saphenous nerve were much thinner than the sciatic nerve 
and closer to the gastrocnemius nerve. This method yielded 
satisfactory results. 

In this study, two nerve conduits with different designs 
were applied to bridge a mixed nerve defect to the motor 
and sensory branches. To further promote axonal regener-
ation, we injected hUWJSCs to determine whether secreted 
growth factors promote neural regeneration following pe-
ripheral nerve injury (Troyer and Weiss, 2008). At 12 weeks 
after surgery, retrograde labeling and electrophysiological 
testing showed that Y-tube conduits with a shorter trunk 
and longer branches were more effective for selective nerve 
regeneration over the mixed nerve defect at the bifurcation 
point. This could be explained by a gradient of neurotropic 
factors secreted from the distal nerve stump nerve, although 
this was not measured in the current study. Further studies 
are needed to determine the appropriate concentrations of 
these neurotropic factors.

The present study used Y-tube conduits with different 
designs to bridge a peripheral nerve defect at the bifurca-
tion point. The results showed that the Y-tube conduit ef-
fectively promoted accurate innervation when the branches 
were longer than the trunk of the conduit. These findings 
provide a basis for future clinical and animal studies to test 
the efficacy of Y-tube conduits for repairing mixed nerve 
defects (such as brachial plexus and femoral nerves) at the 
bifurcation point. 
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