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Repairing whole facial nerve defects with xenogeneic 
acellular nerve grafts in rhesus monkeys 

Guo-Chen Zhu1, 2, *, Da-Jiang Xiao1, 2, *, Bi-Wen Zhu3, Yan Xiao4

Abstract  
Acellular nerve allografts conducted via chemical extraction have achieved satisfactory results in bridging whole facial nerve defects clinically, 
both in terms of branching a single trunk and in connecting multiple branches of an extratemporal segment. However, in the clinical 
treatment of facial nerve defects, allogeneic donors are limited. In this experiment, we exposed the left trunk and multiple branches of the 
extratemporal segment in six rhesus monkeys and dissected a gap of 25 mm to construct a monkey model of a whole left nerve defect. Six 
monkeys were randomly assigned to an autograft group or a xenogeneic acellular nerve graft group. In the autograft group, the 25-mm 
whole facial nerve defect was immediately bridged using an autogenous ipsilateral great auricular nerve, and in the xenogeneic acellular 
nerve graft group, this was done using a xenogeneic acellular nerve graft with trunk-branches. Examinations of facial symmetry, nerve-muscle 
electrophysiology, retrograde transport of labeled neuronal tracers, and morphology of the regenerated nerve and target muscle at 8 months 
postoperatively showed that the faces of the monkey appeared to be symmetrical in the static state and slightly asymmetrical during facial 
movement, and that they could actively close their eyelids completely. The degree of recovery from facial paralysis reached House-Brackmann 
grade II in both groups. Compound muscle action potentials were recorded and orbicularis oris muscles responded to electro-stimuli on the 
surgical side in each monkey. FluoroGold-labeled neurons could be detected in the facial nuclei on the injured side. Immunohistochemical 
staining showed abundant neurofilament-200-positive axons and soluble protein-100-positive Schwann cells in the regenerated nerves. 
A large number of mid-graft myelinated axons were observed via methylene blue staining and a transmission electron microscope. Taken 
together, our data indicate that xenogeneic acellular nerve grafts from minipigs are safe and effective for repairing whole facial nerve defects 
in rhesus monkeys, with an effect similar to that of autologous nerve transplantation. Thus, a xenogeneic acellular nerve graft may be a 
suitable choice for bridging a whole facial nerve defect if no other method is available. The study was approved by the Laboratory Animal 
Management Committee and the Ethics Review Committee of the Affiliated Wuxi No. 2 People’s Hospital of Nanjing Medical University, China 
(approval No. 2018-D-1) on March 15, 2018.
Key Words: acellular nerve; compound muscle action potentials; facial nerve defect; facial symmetry; monkey; nerve graft; nerve 
regeneration; retrograde labeling test; synaptophysin; xenogeneic

Chinese Library Classification No. R459.9; R363; R364

https://doi.org/10.4103/1673-5374.324853

Date of submission: January 27, 2021 

Date of decision: January 29, 2021 

Date of acceptance: March 30, 2021 

Date of web publication: September 17, 2021 

Introduction 
Facial nerve defects involving the extratemporal common 
facial trunk and its bifurcation or trifurcation have been 

described by Hu et al. (2010) as whole facial nerve defects. 
Whole facial nerve defect can lead to paralysis of all of the 
facial mimetic muscles, leading to impaired eyelid closure and 
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Graphical Abstract Application of the xenogeneic acellular nerve grafts to bridge whole 
facial nerve defects may be a suitable choice, if no other method is 
available
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oral commissure elevation, as well as deviation of the nasal 
bridge and lower lip. To date, autologous nerve grafting, such 
as that of the great auricular nerve (Altafulla et al., 2019; Li et 
al., 2021) or sural nerve (Lee et al., 2015; Yi et al., 2020; Li et 
al., 2021), remains the gold standard of surgical treatment for 
bridging such facial nerve defects, although it is sometimes 
necessary to split the grafts into several strands (Prasad et 
al., 2018), choose multiple autologous nerves (Beutner and 
Grosheva et al., 2019), or create a free vascularized nerve 
flap (Mangialardi et al., 2021). However, there are some 
disadvantages of autografting in this area, such as the 
shortage of appropriate graft sites (trunk-branch type), donor 
site loss of function, and donor-recipient structural mismatch. 
Hence, there is increasing demand for alternative scaffolds. 
Although synthetic biomaterials, such as chitosan, silicone, 
polyglycolic acid, and poly (lactic-co-glycolic acid) (Wu et al., 
2018; Neubrech et al., 2018; Niimi et al., 2019; Dolkhani et al., 
2020), may guide nerve regeneration, it is difficult to direct 
them to form in the shape of trunk-branches (in terms of stem 
and branch diameters, lengths, and angles) that resemble the 
extratemporal facial nerve. Hence, this approach can only be 
applied for repairing a nerve defect in a single branch model. 

In 1998, Sondell et al. reported that decellularizing peripheral 
nerves via chemical extraction could effectively eliminate 
the main immunogenic substances such as Schwann cells 
and myelin sheath and retain the main components of the 
nerve tissue extracellular matrix. Like autologous nerves, 
such allogenic decellularized scaffolds could guide the 
migration of host Schwann cells and support the movement of 
regenerated axons towards the target tissue without signs of 
immune rejection or excessive inflammation (Pan et al., 2019; 
Qiao et al., 2019; Yu et al., 2020). In recent years, allogenic 
acellular nerve grafts using chemical extraction have been 
used successfully to bridge peripheral nerve defects (Zhu et 
al., 2017), especially plexiform nerve defects, such as those 
involving the whole facial nerve (Hu et al., 2016) and brachial 
plexus (Li et al., 2019). 

However, in clinical treatment, allogenic donors are restricted 
for patients with a whole facial nerve defect. Recently, various 
types of acellular matrix scaffolds have been produced from 
the mammalian extracellular matrix via chemical extraction 
(Li et al., 2020). Because they are easy to harvest and have 
low immunogenicity, these scaffolds have been used as 
xenografts in tissue engineering and regenerative medicine 
to reconstruct the human heart, gastrointestinal tract, pelvis, 
musculotendinous junction, and bladder (Holubec et al., 
2015; Wong et al., 2016; Rutegård et al., 2019). However, 
few reports have described the repair of facial nerve defects, 
especially whole facial nerve defects, using xenogeneic 
acellular nerve grafts (XANGs) from a mammalian source (Zhu 
and Luo, 2014; Prest et al., 2018; Chai et al., 2019). 

Although the shape, structure, and extracellular matrix of 
the peripheral nerves of the minipig are similar to those of 
humans (Lin et al., 2018), rigorous animal experiments are 
needed before they can be used clinically. However, Zhu and 
Luo (2014) have confirmed that the chemical extraction of 
XANGs is feasible for bridging facial nerve defects in rats, with 
promising results.

The large animal most suitable for making experimental 
models of whole facial nerve defect has not been determined 
(Wan et al., 2013; Gokce et al., 2016; Xue et al., 2016; Peng et 
al., 2018; Niimi et al., 2020). Beagle canines are docile and can 
collaborate with researchers to complete various experiments 
(Tsujimoto et al., 2017; Peng et al., 2018). However, their 
facial contours make it difficult to observe changes in facial 
expressions, particularly with respect to the symmetry of the 
bilateral oral commissure at rest and the movement of the 

mandible and lower lip while chewing or opening the mouth. 
Furthermore, the facial mimetic muscles of beagles are small 
and thin, making it difficult to perform electromyographical 
tests. Previous studies have indicated that minipigs and 
monkeys may be appropriate animal models for preclinical 
research regarding peripheral nerve injury and repair, 
although these models are associated with substantial costs 
and ethical circumspection (Satoda, 1987; Hontanilla et al., 
2006; Lu et al., 2015; Aycart et al., 2015; Zhang et al., 2019; 
Milner et al., 2020). The buccal division of the facial nerve 
in minipigs is sufficiently thick, straight, and long that it can 
be used to bridge the defect of a single branch of the facial 
nerve. However, the common trunk of the extratemporal 
facial nerve and the origin of its four main divisions are 
located deep in the ramus mandibule, which cannot be 
observed via direct vision. Furthermore, the observation 
methods used to assess facial symmetry in minipigs require 
further development, as is the case with the techniques used 
for electrophysiological evaluation. Compared with minipigs, 
the anatomical characteristics of the monkey facial nerve 
share more similarities with humans, including the length, 
diameter, and types of divisions, although there are subtle 
differences among individuals (Satoda et al., 1987; Hontanilla 
et al., 2006). Therefore, monkeys may be more suitable than 
minipigs as an experimental model of facial nerve defects 
involving the common facial trunk and its main branches, 
and even the entire facial nerve. However, few investigations 
have reported on the application of nerve grafts for whole 
facial nerve defects in a monkey model. To address this in 
the present study, we sought to repair whole facial nerve 
defects in rhesus monkeys using XANGs from minipigs, and to 
observe the outcomes of nerve regeneration functionally and 
morphologically after the bridging operation.
 
Materials and Methods
Animals 
The research subjects included six male rhesus monkeys 
and two male minipigs, provided by Suzhou Xishan ZhongKe 
Laboratory Animal Co., Ltd., China (license No. SYXK (Su) 
2016-0042). The study was approved by the Laboratory 
Animal Management Committee and the Ethics Review 
Committee of the Affiliated Wuxi No. 2 People’s Hospital of 
Nanjing Medical University, China (approval No. 2018-D-1) 
on March 15, 2018, which determined that the study design 
properly limited the number of animals used and employed 
an appropriate anesthetic protocol. All studies involving 
animals were reported in accordance with the Animal 
Research: Reporting In Vivo Experiments (ARRIVE) Guidelines. 
All animals were raised in single cages at room temperature 
at Suzhou Xishan Zhongke Pharmaceutical Research and 
Development Co., Ltd., and all surgical operations were 
performed by Guochen Zhu.

Preparation of XANGs 
Segments of limb nerves suitable for bridging whole facial 
nerve defect in rhesus monkeys were harvested aseptically 
from two 4-month-old male minipigs, weighing 18–20 kg. The 
donor nerves included the brachial plexus, median nerve, 
radial nerve, common peroneal nerve, tibial nerve, and their 
branches (Figure 1A). The procedure for isolation of acellular 
nerve grafts (25 mm in length) was based on the method 
described by Sondell et al. (1998). Briefly, the nerves were 
immersed in distilled water for 7 hours, and then treated with 
30 mL/L Triton X-100 (T9284, Sigma-Aldrich, St. Louis, MO, 
USA) in the absence of light for 12 hours. This was followed 
by 40 g/L sodium deoxycholate (D6750, Sigma-Aldrich) with 
agitation for 12 hours at room temperature. The extraction-
procedure was repeated for two cycles. Finally, the extracted 
nerves were soaked in phosphate buffered saline solution (pH 
7.2), sterilized via irradiation using the HFY-YC 60Co irradiation 
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apparatus (Beijing Irradiation Source Science and Technology 
Development Co., Ltd., Beijing, China) for 12 hours at an 
intensity of 12 kilogray, and then stored at 4°C (Figure 1B). 

Surgical procedure 
Six monkeys weighing 5.45 ± 0.64 kg and aged 4.65 ± 0.46 
years were randomly assigned into an autograft group (n 
= 3) and a XANG group (n = 3), with concealed allocation 
and a blinded assessor. All monkeys were anesthetized via 
a muscular injection of ZoletilTM 50 (Virbac Group, Nice, 
France). The left extratemporal facial nerve trunk and its 
main branches was exposed and dissected to create a 25-mm 
gap. In the autograft group (n = 3), this gap was immediately 
bridged using the autogenous ipsilateral great auricular 
nerve, which was folded into multiple strands. In the XANG 
group (n = 3), this was bridged using a trunk-multibranch type 
XANG according to the trunk-branches pattern of the whole 
facial nerve (Figure 2A). All anastomotic sites were sutured 
using 10-0 monofilament microsutures without tension. 
The operation was performed aseptically and assisted by an 
operation microscope (Olympus Optical Co., Tokyo, Japan). 
The opposite side of the body served as the control, enabling 
us to examine the effects of nerve resection and regeneration. 
After transplantation, all monkeys recovered for 8 months. 
All animals received injections of cefradine (North China 
Pharmaceutical Co., Ltd., Shijiazhuang, Hebei Province, China) 
intramuscularly for 5 days postoperatively, and did not receive 
any immunosuppressants during the perioperative period. 

Functional and morphological assessment
Facial symmetry
Each monkey was photographed and videotaped using a 
digital camera (Canon LEGRIA HF G50, Tokyo, Japan) before 
injury, immediately after surgery, and at 1, 3, 5, and 8 months 
postoperatively. Changes in facial symmetry at rest were 
manually evaluated by surveying the α and β angle in each 
monkey at the different time points. As shown in Figure 3, in 
the resting state, line A connected the bilateral outer canthi; 
line B was the nasal bridge; line C was perpendicular to line 
A; and line D linked the bilateral oral commissure. The α angle 
was that intersected by line A and line B, while the β angle was 
defined as the angle between line C and line D. We calculated 
the value of the angle at the preoperative assessment minus 
that at the various postoperative time points. Additionally, 
we assessed the differences between the two groups in 
terms of facial symmetry, palpebral occlusion, and synkinetic 
movement during eye closure, opening of the mouth, and 
chewing (Socolovsky et al., 2016).

Electrophysiology 
We performed electrophysiological evaluations of each 
monkey before dissection of the facial nerve and 8 months 
after the operation. Under general anesthesia (administered as 
mentioned above), a stimulating electrode was applied at the 
proximal end of the graft, and two bipolar needle electrodes 
were inserted into the orbicularis oris muscle of the ipsilateral 
lower lip. The compound muscle action potentials were 
recorded using a 16-channel electrophysiological instrument 
(MP150, BIOPAC System, Inc., Goleta, CA, USA). The measured 
parameters included the peak-to-peak amplitude and onset 
latency of the evoked compound muscle action potentials 
responses, and the data were analyzed using AcqKnowledge® 
4.1 data acquisition and analysis tools (BIOPAC Systems, Inc., 
Goleta, CA, USA). To calculate the recovery ratios, we referred 
to the previous report by Zhu et al. (2014). Briefly, the onset 
latency recovery ratio of each monkey (%) was equal to the 
preoperative onset latency/postoperative onset latency of the 
left side × 100, and the peak-to-peak amplitude recovery ratio 
of each monkey (%) was equal to the postoperative peak-to-
peak amplitude / preoperative peak-to-peak amplitude of the 
left side × 100.

Retrograde labeling test
We used the neural tracer FluoroGold as a retrograde marker 
of axonal regeneration of the facial nerve. Immediately 
after  e lectrophys io log ica l  monitor ing at  8  months 
postoperatively, 15 μL of 5% FluoroGold solution (F4040, 
US EVERBRIGHT®INC., Suzhou, Jiangsu Province, China) was 
injected at multiple points into the buccal division of the facial 
nerve, distal to the nerve graft. One week later, the monkeys 
received an overdose of anesthetic, and the upper part of 
the body was transcardially perfused with isotonic saline and 
4% paraformaldehyde (pH 7.2) solution in turn. The pons 
was soaked in the same fixative for 36 hours and transferred 
to 30% sucrose at 4°C until sedimentation. Samples were 
sliced into 30-μm-thick frozen cross-sections using a Leica 
CM1950 freezing microtome (Leica Biosystems, Wetzlar, 
Hessen, Germany) at −20°C. Finally, the slices were examined 
using an inverted fluorescence microscope (Olympus IX51). 
The number of FluoroGold-labeled motor neurons was 
determined in accordance with a modified version of the 
method described by Fernandes et al. (2018). 

Tissue analysis 
After the animals were perfused at 8 months postoperatively, 
extratemporal facial nerve and facial mimetic musculature 
were harvested for histological examination. The mid-portions 
of the regenerative facial nerve trunk were harvested before 
perfusion and cut into 2 mm sections. The samples were 
immersed in 40 g/L neutral glutaraldehyde for 24 hours 
and then rinsed with 0.1 M sodium phosphate buffer at 
4°C for 24 hours. The samples were post-fixed with 10 g/L  
osmium tetroxide at 4°C for 75 minutes and then rinsed 
with 0.1 M sodium phosphate buffer at 4°C for 40 minutes. 
After dehydrating the tissue using an acetone gradient, the 
specimens were embedded in Epoxy resin. Finally, semi-
thin sections (1-μm thick) were stained with methylene 
blue to count the number of myelinated nerve fibers, while 
ultrathin sections (50-nm thick) were double stained with 
uranyl acetate and lead citrate to reveal the ultrastructure 
of the axons and myelin sheaths, viewed under a JEM-1230 
transmission electron microscope (TEM, JEOL Ltd., Tokyo, 
Japan). Briefly, the mean values of the number of myelinated 
axons stained with methylene blue in each photo (×200, three 
photos per animal) were obtained from five different 104-µm2 
areas. All intact myelinated fibers were randomly selected 
from each TEM photomigraph (×1200, three photos per 
animal), and the mean value of the shortest distance and the 
longest distance passing through the center of each axon was 
regarded as the axon diameter. The main chemical reagents 
were purchased from Sigma-Aldrich (China) Biotechnology 
Co., Ltd. (Shanghai, China).  

The mid-portions of the regenerative buccal branches of the 
facial nerve were fixed in 10% formalin, cut longitudinally 
or transversely into 4-μm-thick slices, and then stained with 
hematoxylin-eosin (Solarbio Life Sciences, Beijing, China). We 
then conducted immunohistochemistry to assess levels of 
soluble protein-100 (S100) and neurofilament 200, according 
to the MaxVisionTM3 kit (Maxim.Bio, Fuzhou, Fujian Province, 
China) manufacturer’s protocol. The slides were deparaffinized 
in xylene, rehydrated in graded alcohol, and washed in 
tap water. Antigen retrieval was performed via treatment 
with ethylene diamine tetra-acetic acid (pH 8.0, Sangon 
Biotech Co., Ltd., Shanghai, China) for 15 minutes. Sections 
were incubated with mouse anti-human S100 monoclonal 
antibody (ab14849, Neomarkers, Fremont, CA, IL, USA) and 
mouse anti-human neurofilament 200 monoclonal antibody 
(MAB5262, Neomarkers) at a dilution of 1:100 for 1 hour 
at room temperature, respectively, and then washed three 
times with phosphate buffered saline-Tween 20 for 3 minutes.  
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The sections were then incubated with HRP-Polymer anti-
Mouse/Rabbit IgG for 30 minutes, and washed three times 
with phosphate buffered saline-Tween 20 for 3 minutes. 
The antigen-antibody complexes were visualized using 
diaminobenzidine with the same developing time, and 
counterstained with hematoxylin.

We  co n d u c te d  i m m u n o h i sto c h e m i ca l  s ta i n i n g  fo r 
synaptophysin in the paraffin sections of the orbicularis oris 
muscle to observe the distribution of the presynaptic terminals 
in the neuromuscular junction (Rosko, 2018). We used the 
MaxVisionTM3 kit (Maxim.Bio) for immunohistochemistry as 
described above, and primary antibody synaptophysin (MS-
1150-R1, Neomarkers) was diluted at a ratio of 1:100. 

We conducted Masson’s trichrome staining of the paraffin 
sections of the orbicularis oris muscle to assess morphological 
changes in muscle fibers. We followed the Masson’s Trichrome 
Stain Kit (G1340; Solarbio Life Sciences) manufacturer’s 
protocol. Sections were deparaffinized and hydrated, treated 
with Weigert’s hematoxylin for 5 minutes to dye the cell 
nuclei, and then rinsed with distilled water. The sections 
were differentiated via application of 1% hydrochloric acid 
alcohol for 2 minutes and rinsed with tap water for 3 minutes. 
Afterwards, the tissues were stained using Masson complex 
solution (100 mL solution contains 0.7 g ponceau, 0.3 g acid 
fuchsin, 1 mL glacial acetic acid, and 99 mL distilled water) 
for 10 minutes, and rinsed with distilled water. The sections 
were differentiated via phosphomolybdic acid solution for 
5 minutes, stained with 2% aniline blue dye solution for 5 
minutes, and rinsed in 1% glacial acetic acid for 1 minute. 
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Figure 1 ｜ Acellular nerve graft from minipig. 
(A) Segment of fresh limb nerves; (B) acellular trunk-multibranch-type nerve 
graft.  

A B
Figure 2 ｜ Gross view of 
the transplantation during 
the operation (A) and the 
regenerative nerves 8 months 
postoperatively (B) in the 
xenogeneic acellular nerve graft 
group. 

A B

Figure 3 ｜ Observation and calculation of the α angle (left) and β angle 
(right) in the resting state (before nerve injury).  
Line A connected the bilateral outer canthi; line B was the nasal bridge; line C 
was perpendicular to line A; and line D linked the bilateral oral commissure. 
The α angle was that intersected by line A and line B, while the β angle was 
defined as the angle between line C and line D.

Finally, the slices were observed under a light microscope 
after being dehydrated with 95% ethanol and anhydrous 
ethanol. After Masson’s trichrome staining, the muscle fibers 
were labeled in red and the collagen fibers in blue.

Statistical analysis
Data were expressed as the mean ± SD. Statistical analysis 
was carried out using SPSS 24.0 Software (IBM, Armonk, NY, 
USA). After analyzing the homogeneity of variance and normal 
distribution, we used independent samples t tests to compare 
the means between the two groups and compared the 
difference between the preoperative angle and postoperative 
angle at different time points via a repeated measures analysis 
of variance. P < 0.05 was considered statistically significant. 

Results
General status of the monkeys after the operation
All monkeys survived the operation and recovery process. The 
wounds of each monkey exhibited swelling within one week 
postoperatively, but none were infected, ulcerous, or cracked. 
At 8 months postoperatively, the XANGs were degraded and 
well integrated into the host tissue. The length of the graft 
segment had slightly decreased, and the proximal anastomosis 
was slightly coarser, but we observed neither dislocation of 
the grafts nor formation of neuroma in all monkeys (Figure 
2B). 

Recovery of facial symmetry in all groups 
Before the operation, the degree of both the α angle and 
β angle at rest was an approximate right angle. These two 
angles generally increased after surgery, but this change was 
not statistically significant at 3 months (P > 0.05) (Figure 4). 
At 8 months postoperatively, each monkey appeared to have 
static facial symmetry, and the degree of these two angles at 
rest had recovered to an approximate right angle. As shown 
in Table 1, we found no statistically significant differences 
between the two groups in terms of the preoperative and 
postoperative angles at different time points (P > 0.05).

Table 1 ｜ Difference in the differential value between the preoperative 
angle (°) and the postoperative angle (°) at different time points and values 
in each group

Group 1 mon 3 mon 5 mon 8 mon

Autograft
Differential value of the 
α angle

5.03±0.57 4.92±0.50 2.90±0.26 0.97±0.21

Differential value of the 
β angle

20.27±2.00 19.05±1.95 6.47±0.31 0.97±0.47

XANG
Differential value of the 
α angle

5.33±0.45 5.04±0.42 3.17±0.35 0.87±0.23

Differential value of the 
β angle

20.63±1.72 20.07±1.47 6.30±0.56 1.00±0.20

Data are expressed as the mean ± SD with three monkeys in each group. 
XANG: Xenogeneic acellular nerve graft.

Immediately after the operation, each monkey could not 
completely close the left eyelid, and the oral commissure 
was clearly deviated. At 3 months postoperatively, there was 
partial recovery of the blink reflex and the oral commissure 
excursion on the paralyzed side. At 8 months after surgery, 
each monkey could actively close the eyelid completely. While 
opening the mouth or chewing fruit, mild oral commissure 
excursion and deviation of the mandible and lower lip was 
observed in both groups (Figure 4). There was one case of 
synkinesis in each group postoperatively. 



NEURAL REGENERATION RESEARCH｜Vol 17｜No. 5｜May 2022｜1135

A B

C D

Figure 4 ｜ Postoperative facial 
photographs in the xenogeneic 
acellular nerve graft group.   
(A) The oral commissure was 
clearly deviated at rest 1 month 
postoperatively. (B) The oral 
commissure was still deviated 
obviously at rest 3 months 
postoperatively. (C) The oral 
commissure was excursed and 
the mandible and lower lip 
were deviated while opening 
the mouth at 5 months 
postoperatively. (D) The oral 
commissure was mildly excursed 
and the mandible and lower 
lip were mildly deviated while 
opening the mouth wide at 8 
months postoperatively.

Figure 5 ｜ Morphological assessment at 8 months postoperatively. 
The Retrograde Labeling Test (original magnification, 400×; A, B) revealed 
FluoroGold-labeled neurons with multipolar dendrites in the facial nerve 
nuclei. Hematoxylin-eosin staining (original magnification, 200×; C, D) and 
S100 immunohistochemical staining (original magnification, 200×; E, F) 
showed the regenerated nerve fibers, and S100-positive Schwann cells and 
myelin sheaths were densely clustered, with different sizes, in the transverse 
section. Transmission electron micrographs (original magnification, 1200×; 
G, H) showed that most myelin sheaths were arranged in the mature and 
uniform lamellar pattern, and that the Schwann cells had perfect basement 
membranes. Synaptophysin immunohistochemical staining (original 
magnification, 200×; I, J) of the orbicularis oris muscle showed that some 
motor endplates were reinnervated in the muscle. (A, C, E, G, I) The autograft 
group; (B, D, F, H, J) the xenogeneic acellular nerve graft group. 

Table 3 ｜ Regenerated nerve fibers in each group at 8 months after 
surgery

Group
Number of axons, 
fibers (/104 μm2) 

Axon diameter 
(μm) 

Myelin thickness 
(μm)

Autograft 259.1±51.9 3.520±0.860 0.605±0.059
XANG 253.8±57.6 3.400±0.783 0.592±0.045

Data are expressed as the mean ± SD (n = 3). XANG: Xenogeneic acellular 
nerve graft.

Changes in electrophysiological parameters after the 
operation  
Eight months postoperatively, compound muscle action 
potentials were recorded on the surgical side in each monkey. 
We found no significant differences between the two groups 
regarding onset latency recovery ratios or peak-to-peak 
amplitude recovery ratios (P > 0.05; Table 2).

Table 2 ｜ Recovery ratios of compound muscle action potentials in each 
group at 8 months after surgery

Group

Peak amplitude 

Preoperation (mV) Postoperation (mV) Recovery ratios (%)

Autograft 0.99±0.04 0.25±0.02 25.50±1.53
XANG 0.92±0.02 0.21±0.01 22.37±1.53

Group

Onset latency

Preoperation (ms) Postoperation (ms) Recovery ratios (%)

Autograft 1.68±0.25 2.91±0.16 52.47±3.65
XANG 1.43±0.10 2.83±0.14 50.52±3.49

Data are expressed as the mean ± SD (n = 3). XANG: Xenogeneic acellular 
nerve graft.

Changes in neurons in facial nerve tissue in each group via 
the retrograde labeling test
At 8 months after surgery, FluoroGold-labeled neurons with 
multipolar dendrites were seen in the lateral and intermediate 
regions of the facial nerve nuclei in both groups (Figure 5A 
and B). The number of labeled motor neurons was 75.22 ± 5.40 
in the autograft group and 66.40 ± 10.71 in the XANG group (P 
> 0.05).

Histological changes in the regenerated facial nerve 
At 8 months after surgery, the results of hematoxylin-eosin 
(Figure 5C and D), S100 immunohistochemical (Figure 5E and 
F), and neurofilament 200 immunohistochemical staining of 
the regenerated nerve in the two groups revealed abundant 
neovessels in the epineuria and among the perineuria and 
indicated that the regenerated nerve fiber bundles passed 
parallelly through the anastomotic sites. 

The semi-thin sections and ultra-thin sections showed that 
the regenerated fibers were densely clustered with different 
sizes, and that the axons were widely distributed with an 
uneven density. Most of the myelin sheaths were arranged in 
the mature and uniform lamellar pattern, and the Schwann 
cells had perfect basement membranes (Figure 5G and H). 
There was no statistically significant difference in the number 
and diameter of myelinated axons or the myelin thickness 
between the two groups (P > 0.05; Table 3). 

A B C D
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Immunohistochemical staining of synaptophysin revealed that 
some motor endplates were reinnervated in the orbicularis 
oris muscle on the injured side in the two groups (Figure 5I 
and J). Masson staining of the orbicularis oris muscle indicated 
that the muscles had become smaller, with mild atrophy. 

Discussion
In the present study, the distribution pattern and number of 
branches in the extratemporal facial nerve within 20 mm distal 
to the stylomastoid foramen in adult rhesus monkey was one 
trunk with two or three branches, which is similar to that of 
human beings. Facial symmetry in the static state and active 
state (such as blinking, chewing, and opening the mouth) can 
easily be captured via photograph and videotape. Therefore, 
the whole facial nerve defect model in rhesus monkeys is 
suitable for preclinical study, especially for bridging defects 
with acellular nerve scaffolds (Hu et al., 2010).  

Functional evaluation of graft materials in terms of facial 
nerve defect repair mainly depends on the functional recovery 
of paralyzed mimetic musculature. In a study by Wan et 
al. (2013), the α angle was used to measure changes in rat 
facial symmetry, and video recording was used to evaluate 
rat behaviors. Hadlock et al. (2012) and Oh et al. (2019) used 
FACEgram to calculate the smile excursion and the angle 
of oral commissure elevation on each side in facial palsy 
patients, and they used the ratio of the excursion distances 
on both sides to assess facial symmetry. We did not use the 
FACEgram program to measure facial movements in monkeys 
because they are aggressive towards humans and not able to 
sufficiently cooperate with researchers. In the present study, 
we calculated the α angle and the β angle for each monkey 
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from the pre-operation period to 8 months after surgery. 
We found that the variation in the α angle after surgery was 
similar to that in facial palsy patients, but not as dramatic as 
that in rats and rabbits (Gokce et al., 2016; Socolovsky et al., 
2016). The degree of the β angle changed significantly after 
surgery in monkeys. Therefore, the authors propose that the 
β angle is a better prognostic parameter than the α angle for 
assessing monkey facial paralysis. At 8 months postoperatively, 
each monkey exhibited restored facial symmetry at rest, with 
only slight asymmetry during facial expressions. Furthermore, 
the monkeys could close the affected eyelid completely. There 
was one case of synkinesis in the XANG group and one case 
in the autograft group. Currently, preventing or alleviating 
facial synkinesis is one of the most important topics in facial 
nerve reconstruction (Mendez et al., 2018). Decreased 
synkinesis in the reinnervated facial nerve may be achieved 
via implantation of additional stem cells or brief electrical 
stimulation. However, studies focused on the repair of facial 
nerve defects have predominantly examined the single branch 
model of the extratemporal segment, and few reports have 
tested bridging of whole facial nerve defects. Thus, there 
are limited data regarding synkinesis (Hu et al., 2010, 2016). 
Both groups in the present study obtained a recovery score 
corresponding to House-Brackmann grade II (Wan et al., 2013; 
Thakar et al., 2018), which suggested that the facial functional 
outcome of the paralyzed side had recovered satisfactorily in 
each monkey. These results were similar to those described by 
Hontanilla et al. (2006). 

Morphological evaluation of facial nerve regeneration can 
include the examination of motor neurons, regenerative 
nerves, and facial mimetic muscles (Ning and Xiong, 2011; Cao 
et al., 2021; Wu et al., 2021). Many studies have reported that 
FluoroGold can be transported to neuronal cell bodies through 
the axoplasm after being absorbed by axons (Hontanilla et 
al., 2006; Aycart et al., 2015; Lu et al., 2015). Compared with 
the horseradish peroxidase retrograde tracing method (Zhu 
and Luo, 2014; Wang et al., 2016), the FluoroGold procedure 
is simple: the frozen brain section can be directly observed 
using a fluorescence microscope after perfusion-fixation and 
complete immersion in sucrose solution. In this study, we 
observed labeled neurons in the inferior part of the pons after 
a microinjection of FluoroGold in each monkey. This procedure 
revealed the structural integrity of the neural pathways and 
recovery of axoplasm transport in the regenerated nerves. 
Additionally, our electrophysiological tests and tissue analyses 
revealed that the regenerated nerves passed through the 
scaffolds and reconstructed the neuromuscular junctions of 
the target muscles. 

Limitations: Our function and morphology data showed that 
XANGs could repair whole facial nerve defects in primates, 
despite the small sample size. While our results would be 
more convincing if there were more animals enrolled in this 
experiment, studies involving large primate populations 
may raise ethical concerns. Further experimental studies in 
large animals are needed to address the length limitation of 
XANGs in repairing whole facial nerve defects, as well as the 
regeneration variance of different branches (Hu et al., 2007; 
Endo et al., 2019). In addition, future studies should examine 
the use of XANGs with autologous or allogeneic seed cells 
to bridge longer nerve gaps (Ee et al., 2017; Gu et al., 2019; 
Saez et al., 2019; Salehi et al., 2019). If these problems are 
addressed, this method could be applied to patients with large 
facial nerve defects.

Conclusion
Bridging whole facial nerve defects of the extratemporal 
segment with XANGs resulted in the functional recovery of 
paralyzed facial muscles in rhesus monkeys. Thus, XANGs may 
be a potential option for repairing whole facial nerve defects 
in humans when other methods are not available. 
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