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Abstract  
Dark Agouti rat donor hind limbs were orthotopically transplanted into Lewis rat recipients to verify 
the effects of bone marrow mesenchymal stem cells on neural regeneration and functional recovery 
of allotransplanted limbs in the microenvironment of immunotolerance. bone marrow mesenchymal 
stem cells were intramuscularly (gluteus maximus) injected with FK506 (tacrolimus) daily, and were 
transplanted to the injured nerves. Results indicated that the allograft group not receiving therapy 
showed severe rejection, with transplanted limbs detaching at 10 days after transplantation with 
complete necrosis. The number of myelinated axons and Schwann cells in the FK506 and FK506 + 
bone marrow mesenchymal stem cells groups were significantly increased. We observed a lesser 
degree of gastrocnemius muscle degeneration, and increased polymorphic fibers along with other 
pathological changes in the FK506 + bone marrow mesenchymal stem cells group. The FK506 + 
bone marrow mesenchymal stem cells group showed significantly better recovery than the autograft 
and FK506 groups. The results demonstrated that FK506 improved the immune microenvironment. 
FK506 combined with bone marrow mesenchymal stem cells significantly promoted sciatic nerve 
regeneration, and improved sensory recovery and motor function in hind limb allotransplant. 
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Research Highlights 
(1) FK506 and bone marrow mesenchymal stem cells significantly improved sensory function in rat 
hind limbs and sciatic function index.  
(2) FK506 and bone marrow mesenchymal stem cells increased the number of myelinated axons 
and Schwann cells, and improved pathological changes in gastrocnemius muscle.  
(3) Effects of FK506 and bone marrow mesenchymal stem cells on hindlimb allografts were better 
than autograft and FK506 use alone. 
 
Abbreviation 
BMSCs, bone marrow mesenchymal stem cells 
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INTRODUCTION 
    
The first human hand transplant in this era of 
immunosuppression was performed in September 1998 
in Lyon, France, by a team led by Jean-Michel 
Dubernard[1-2]. Some patients have had successful hand 
allografts, but others have failed[3-5]. Until now it is difficult 
to predict the functional recovery of transplanted hands. 
Hand transplantation is quite different from visceral organ 
transplantation. Several years are required to recover 
grafted hand function. Many animal experiments have 
been performed, but most of them have focused on the 
control of acute rejection[6-10]. Finding an effective way to 
improve hand function after transplantation is very 
important, but currently only a few studies have focused 
on limb functional recovery.  
 
FK506 (tacrolimus) is a neutral macrolide with 
immunosuppressive properties, and is isolated from 
Streptomyces tsukubaensis[11]. FK506 selectively and 
rapidly inhibits the accumulation of interleukin-2 mRNA, 
as well as the accumulation of genes such as 
interleukin-3 and interleukin-4[12]. FK506 was proven to 
be 10–100 times more effective as an 
immunosuppressant than cyclosporine. A previous study 
showed that use of FK506 alone cannot effectively 
recover motor function[13].  
 
Bone marrow mesenchymal stem cells (BMSCs) are 
pluripotent stem cells that can be easily harvested, 
cultured and used in autologous transplantation. They 
have the potential to differentiate into muscle, cartilage, 
bone and adipose tissue. They also act as support cells 
by producing an array of trophic factors and cytokines[14]. 
This study is designed to evaluate the effect of FK506 
combined with BMSCs on the recovery of sensory and 
motor function in allograft rats.    
 
 
RESULTS 
 
Quantitative analysis of experimental animals 
A total of 35 hind limb transplantation Lewis rats were 
divided into the allograft (n = 5), autograft (n = 10), 
FK506 (n = 10) and FK506 + BMSCs groups (n = 10). 
Dark Agouti rat donor hind limbs were orthotopically 
transplanted into Lewis rat recipients in the allograft, 
FK506 and FK506 + BMSCs groups. Rats from the 
FK506 and FK506 + BMSCs groups were 
intramuscularly injected with FK506 daily. 
Simultaneously, rats in the FK506 + BMSCs group were 

injected with BMSCs in the same region. Severe rejection 
appeared in the allograft group, and the allograft limbs 
showed complete necrosis and finally detached at 10 days 
after surgery. None of the recipients from the other three 
groups showed acute rejection. Three rats in the FK506 
group and two rats in the FK506 + BMSCs group died 
from hemorrhage and operative infection, and were 
supplemented with new rats. Ten rats each from the 
autograft, FK506 and FK506 + BMSCs groups were 
included in the final analysis.  
 
FK506 and BMSCs recovered hindlimb sensation in 
allograft rats  
The pinch test revealed that sensory recovery improved 
gradually in the autograft, FK506 and FK506 + BMSCs 
groups over 1 year after surgery. The FK506 + BMSCs 
group showed significantly better recovery than the 
autograft and FK506 groups (P < 0.05). There were no 
significant differences between the FK506 and autograft 
groups (P > 0.05; Figure1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Recovered sciatic nerve function in limb transplant rats  
In all groups, the sciatic function index showed significant 
improvement at 1–6 months after transplantation, and 
thereafter the value reached a plateau. At 12 months 
after transplantation, sciatic function index for all groups 
had increased to approximately 60 points. No significant 
difference in sciatic function index was detected between 
groups (P > 0.05; Figure 2).  
 
FK506 and BMSCs inhibited hind limb muscle 
atrophy in allograft rats  
In the autograft, FK506 and FK506 + BMSCs groups, 

Figure 1  Effects of FK506 and bone marrow 
mesenchymal stem cells (BMSCs) on sensory function in 
rat hind limb after allotransplantation.  

Results of sensory recovery using cutaneous pain 
reaction: grade 0: no reaction; grade 1: little reaction; 
grade 2: strong pain reaction; grade 3: normal reaction. 
Data were expressed as mean ± SD. In each group, six 
rats were tested (Student’s t-test. aP < 0.05, vs. autograft 
and FK506 groups). 
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muscle atrophy was obvious on the experimental side. At 
12 months, muscle weight was significantly greater in the 
FK506 + BMSCs group than the autograft group (P < 
0.05). There was no significant difference between the 
FK506 and FK506 + BMSCs groups (P > 0.05; Figure 3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FK506 and BMSCs increased the number of 
myelinated axons and Schwann cells in the sciatic 
nerve of allograft rats  
At 12 months after surgery, quantitative analysis of 
myelinated axons revealed a significant difference 
between the FK506 and FK506 + BMSCs groups (P < 
0.05). There were significant differences (P < 0.05) 
between the FK506 and FK506 + BMSCs groups in the 
total number of Schwann cells in nerves, and also between 
FK506 and the autograft groups (P < 0.05; Figures 4–6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FK506 and BMSCs improved gastrocnemius 
appearance in allograft rats 
At 12 months after surgery, histological studies of 
gastrocnemius muscle revealed varying degrees of 

Figure 2  Effects of FK506 and bone marrow 
mesenchymal stem cells (BMSCs) on sciatic function 
index in allograft rats.  

A score of “0” using these indices indicated normality, 
whereas a score of “–100”corresponded to total loss of 
function. In all groups, sciatic function index showed 
significant improvement between 1 to 3 and 3 to 6 months, 
and thereafter the value reached a plateau at 1 year after 
transplantation. Data were expressed as mean ± SD. Six 
rats were tested in every group (Student’s t-test). 
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Figure 3  Effects of FK506 and bone marrow 
mesenchymal stem cells (BMSCs) on wet weight of rat 
hind limbs.  

Wet weight of muscle was expressed as a percentage of 
that of the normal contralateral muscle. Data were 
expressed as mean ± SD. 10 rats were used in every 
group. aP < 0.05, vs. autograft group (Student’s t-test). 
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Figure 4  Myelinated axons and Schwann cells in sciatic 
nerve of rats at 12 months after transplantation 
(immunofluorescence staining, fluorescence microscope, 
× 400).  

The quantity of myelinated axons and Schwann cells in 
sciatic nerve of rats from highest to lowest was FK506 + 
bone marrow mesenchymal stem cells (BMSCs) group  
(A) > FK506 group (B) > autograft group (C). S-100 is a 
tumor marker of Schwann cells[15], fluorescein 
isothiocyanate (FITC) as fluorescence indicator, green; 
neurofilament 200 as a tumor marker of myelinated 
axons[16], Cy3 as a fluorescence indicator, red. 
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Figure 5  Effects of FK506 and bone marrow mesenchymal 
stem cells (BMSCs) on number of myelinated axons in 
sciatic nerve of rats at 12 months after transplantation.  

Data were expressed as mean ± SD. 10 rats were used in 
each group. aP < 0.05, vs. autograft group; bP < 0.05, vs. 
FK506 group (Student’s t-test). 
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Figure 6  Effects of FK506 and bone marrow mesenchymal 
stem cells (BMSCs) on number of Schwann cells in sciatic 
nerve of rats at 12 months after transplantation.  

Data were expressed as mean ± SD. 10 rats were used in 
each group. aP < 0.05, vs. autograft group; bP < 0.05, vs. 
FK506 group (Student’s t-test). 
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muscle degeneration. Polymorphic fibers and connective 
tissue increased, instead of normal muscle fibers. A 
lesser degree of these changes was found in FK506 + 
BMSCs group compared with FK506 and autograft 
groups (Figure 7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
DISCUSSION 
 
This study confirmed that all rats treated with FK506 
showed no acute rejection. FK506 accelerates neural 
regeneration in vivo and increases neurite elongation in 
vitro [17-21]. In the present study, Schwann cells in nerves 
from the FK506 group were significantly greater in 
number than the autograft group. FK506 is inactive on its 
own and requires binding to an FK506 binding protein-12, 
or immunophilin, for activation. In this regard, FK506 is 
analogous to cyclosporin A, which must bind to its 
immunophilin (cyclophilin A) to display activity. This 
FK506-FK506 binding protein-12 complex inhibits the 
activity of the serine/threonine protein phosphatase 2B 
(calcineurin), which is the basis for the 
immunosuppressant action of FK506. The discovery that 
immunophilins are also present in the nervous system 
introduces a new level of complexity in the regulation of 
neuronal function[22-23]. Immunophilins are a group of 
proteins that serve as receptors for the 
immunosuppressant drugs cyclosporin A and FK506. 
The level of immunophilin designated FK-506 binding 
protein-12 is more than 10 times higher in the brain than 
in immune tissues. Crushing the sciatic nerve markedly 
augments expression of FK506 binding protein-12 
mRNA in lumbar motor neurons and dorsal root ganglia 
neuronal cells. Increased FK506 binding protein-12 
expression appears linked to regeneration[24-27].   
 
Grand et al [28] indicated that the combination of FK506 

treatment with cold preservation of nerve allografts 
resulted in functional and histomorphometric recovery 
superior to that with nerve autograft alone. Furthermore, 
daily administration of low dose FK506 enhances 
peripheral nerve recovery after transection injury[29]. 
Additionally, treatment with FK506 improved the rate of 
functional recovery after nerve resection and autograft 
repair[21, 30-31].  
 
BMSC transplantation was well studied, indicating that 
the nerve system had some immune tolerance and was a 
relatively immune privileged site. Excessive immune 
response is an important factor hindering neural 
regeneration[32-38].  
 
In the present study, the FK506 + BMSCs group showed 
better functional recovery than the FK506 and autograft 
groups. The FK506 + BMSCs group also showed 
significantly greater muscle weight than the autograft 
group. Results implied that FK506 helped improve the 
microenvironment, creating surroundings favoring neural 
regeneration in the limb allograft. These findings were 
consistent with previous studies[39-40]. Many studies 
confirmed that with immunosuppressant intervention, 
inflammatory cell infiltration decreased and limb function 
recovery improved, which may explain the above 
mechanism. However, further experiments are needed to 
verify the specific mode of action. 
 
Rat limb allografts treated with FK506 showed no acute 
rejection and the same functional recovery as autografts. 
Combining FK506 with BMSCs produced a synergistic 
effect, potentially paving the way for future research and 
demonstrating possible implications for clinical use. 
 
 
MATERIALS AND METHODS 
 
Design 
A randomized, controlled animal study. 
 
Time and setting 
Experiments were performed at the Affiliated Hospital of 
Chengde Medical College in China from October 2010 to 
November 2011. 
 
Materials 
Animals 
Genetically inbred rats with the major histocompatibility 
complex were used. Graft donors were adult Dark Agouti 
rats (genetic expression, RT1a; Seiwa Experimental 
Animals, Beijing, China; SCXK 2006-0009). Rats were 

Figure 7  Morphology of gastrocnemius muscles in rats at 
12 months after transplantation (hematoxylin and eosin 
staining, light microscope, × 200).  

Varying degree of muscle degeneration, where polymorphic 
fibers and connective tissue increased, is seen instead of 
normal muscle fibers. Pathological changes in order of 
magnitude were as follows: FK506 + bone marrow 
mesenchymal stem cells group (A) > FK506 group (B) > 
autograft group (C). 
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specific pathogen free, male, aged 12 weeks old, and 
weighed 200–250 g. Recipients were 12 weeks old, male 
Lewis rats (genetic expression, RT1l; Seiwa 
Experimental Animals, Beijing, China, SPF level, SCXK 
2006-0009), and weighed 200–250 g. Experimental 
procedures were performed in accordance with the 
Guidance Suggestions for the Care and Use of 
Laboratory Animals, formulated by the Ministry of 
Science and Technology of China[41].   
 
Drugs 
FK506 (purity 98.7%, powder, used for animals, 
Shengtianyu Company, Wuhan, China) was dissolved in 
saline and kept in a refrigerator at 4°C. 
 
Methods 
Culture of BMSCs  
After sacrifice with ketamine, BMSCs were obtained from 
the thigh bone of Lewis rats (n = 5). The marrow 
suspension was seeded on 100-mm dishes in 
Dulbecco’s modified Eagle’s medium-high glucose 
(Gibco, Grand Island, NY, USA) containing 10% 
heat-inactivated fetal bovine serum (Sigma, St Louis, MO, 
USA). Cultures were maintained at 37°C in a humidified 
atmosphere of 95% air and 5% CO2. Medium was 
replaced every 4 days.  
 
Model establishment of rat hind limb transplantation  
The rat hind limb transplantation model described by 
Muramatsu et al [10] was used. Rats were anesthetized 
with a ketamine/xylazine cocktail and operated upon 
aseptically. The donor’s right hindlimb, including bone, 
muscle, femoral vessels, sciatic nerve and skin, was 
amputated at the midfemoral level. A similar 
amputation was made in the recipient rat. After the 
donor’s hind limb was orthotopically transplanted into 
the recipient, osteosynthesis was performed, using an 
18-gauge needle as an intramedullary rod. The donor 
femoral artery and vein were anastomosed end-to-end 
to the recipient’s femoral artery and vein with 10-0 
nylon using standard microsurgical techniques, 
whereas the sciatic nerve was sutured epineurally with 
8-0 nylon. Thigh muscles were approximated using 4-0 
nylon sutures, and the skin envelope of the recipient 
rats was used to cover the denuded thigh and lower leg 
of the donor limb. For autografts, the right hindlimb of 
Lewis rats was elevated, similarly amputated, and 
returned to the same site, and the femoral vessels and 
sciatic nerve were repaired in a similar manner   
(Figure 8). Recipient rats were inspected daily for one 
year. They were housed in a plastic cage where they 
could walk freely. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FK506 therapy and BMSC transplantation  
After surgery, the allograft groups were treated with 
intramuscular (gluteus maximus) injection of FK506 at a 
dose of 1 mg/kg per day[10, 13] to prevent rejection until 
sacrificed (12 months).  
 
BMSC suspension (1 × 107/µL; 10 µL) was injected into 
the injured nerve. The distal end of the injured nerve was 
injected (5 mm distance from the injured nerve point) at 
four points, the needle was maintained in every point for 
1 minute and removed slowly (Figure 9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cutaneous pain reaction testing for the recovery of 
sensory function in rats  
At 1, 3, 6, 9, and 12 months after surgery, modified pain 

Figure 8  Model establishment of rat limb allotransplant.  

(A) Anastomosed femoral artery and vein with 10-0 nylon, 
using standard microsurgical techniques. (B) Sciatic nerve 
was sutured epineurally with 10-0 nylon.  

(C) Anastomosed artery and vein with 10-0 nylon. (D) The 
skin envelope of the recipient rat was used to cover the 
denuded thigh and lower leg of the donor limb. 

Figure 9  Bone marrow mesenchymal stem cells 
transplantation.  

Cell suspension [A: 1 × 107 cells/μL, (10 μL)] was injected 
into the injured nerve (B). Arrow indicates the transplant 
site. 
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reaction tests[13, 42] were performed in a quiet room. The 
recipient was held in one hand with its hind limbs 
hanging downward. After the rat became quiet and 
stopped struggling, the transplanted hind limb was 
pinched with a towel clip on the middle of the foot. This 
procedure was repeated five times. The grades of pain 
reaction were described according to the following: grade 
0, no reaction to pinch; grade 1, little reaction to pinch, 
with a very slow reaction speed without violent struggling; 
grade 2, strong pain reaction to pinch stimulation with a 
reaction speed faster than grade 1, and violent flouncing 
when pinch was performed; and grade 3,with faster and 
more sensitive pain reaction than grade 2 (normal)[13, 42].   
 
Walking track analysis of rat sciatic nerve function  
The sciatic nerve functional recovery was assessed 
using the sciatic function index. The procedure was 
repeated when an unsatisfactory result was obtained. 
Bain et al [43] and De Medinaceli et al [44] have described a 
detailed method, but some steps were modified in the 
present experiment. Walking tracks were obtained and 
were 8.2 cm × 42 cm, made of cardboard with walls and 
darkened at one end. Paper was put at the bottom of the 
track to act as film. The model rat’s hind limb was painted 
with black ink and allowed to walk down the track. On 
each piece of paper, several footprints could be seen. 
Footprint was measured for length (PL), the distance 
from the first to the fifth toe (TS) and the distance from 
the second to the fourth toe (IT). These measurements 
were performed for both the experimental and normal 
sides and coded with the prefixes E for experimental and 
N for the normal. The data (NPL, EPL, NSF, ESF, NIT 
and EIT) were fed into the computer. The following 
formula was derived by Bain et al [43], who calculated the 
sciatic function index as follows:  
 
Sciatic function index = –38.3 (EPL – NPL)/NPL + 109.5 
(ETS – NTS)/NTS + 13.3 (EIT – NIT)/NIT – 8.8  
 
A score of “0” using these indices indicated normality, 
whereas a score of “–100” corresponded to total loss of 
function.   
 
Wet weight of rat gastrocnemius muscle  
After an overdose of pentobarbital anesthesia       
(120 mg/kg), animals were perfused through the aorta 
with PBS (pH 7.6), followed by 300–500 mL of fixative 
composed of 4% paraformaldehyde in PBS (pH 7.4). Wet 
weight of gastrocnemius muscle was recorded for each 
group at 12 months after surgery. Gastrocnemius muscle 
was harvested without the tendon and gently blotted with 
absorbent paper to remove any blood or serum, and 

promptly weighed. The results were expressed as a 
percentage of the normal contralateral muscle.  
 
Immunofluorescence staining to determine the 
number of myelinated axons and Schwann cells in 
sciatic nerve of allograft rats 
After rats were sacrificed with a fatal dose of pentobarbital 
sodium (2%) injected in the abdominal cavity, rats were 
fixed in the dorsal position and their sciatic nerves taken. 
Nerve tissues were postfixed in 4% glutaraldehyde in    
0.1 M PBS at pH 7.4 for 12 hours at room temperature. 
After that, each sample was immersed in graded sucrose 
solution (from 15% to 30% in 0.1 M PBS) for 12 hours and 
kept in a refrigerator at 4°C.   
 
After this embedding, a series of 5 µm thick transected 
serial sections were cut on a cryostat microtome 
(Frigocut, Germany) at –20°C. The sections were for 
immunochemistry (dried in room temperature for      
24 hours), and were fixed with freezing acetone for    
20 minutes, then washed with 0.01 M PBS containing 
0.3% Triton X-100 three times, 5 minutes each time. 
Subsequently, sections were incubated in 10% normal 
goat serum for 1 hour at room temperature and 
incubated with rabbit anti-S100 polyclonal (Chemicon) 
and mouse anti-rat neurofilament 200 monoclonal 
antibodies (Sigma) at room temperature (1:200) in 0.01 M 
PBS for over 8 hours in a humidity chamber. Sections 
were washed three times with PBS and 0.3% Triton 
X-100, whereupon they were incubated in fluorescein 
isothiocyanate-conjugated rabbit anti-mouse IgG (1:200; 
Sigma) and Cy3-conjugated rabbit anti-mouse IgG 
(1:200; Sigma) in PBS for 1 hour at room temperature. 
After the same washing procedure, sections were cover 
slipped. The number of Schwann cells (S-100 positive 
cells[15]) and myelinated axons (neurofilament 200 
positive expression[16]) in sciatic nerve tissue samples 
from limbs of transplanted rats was observed using 
fluorescence microscopy (Nikon, Japan, × 400). 
 
Hematoxylin-eosin staining of changes in rat 
gastrocnemius muscle appearance 
The gastrocnemius muscle tissues of rats were taken 
and fixed in 10% buffered formalin. Transected serial 
sections (5 µm) were cut and stained with hematoxylin 
and eosin for light microscopy (Nikon, Japan).  
 
Statistical analysis 
Data were expressed as mean ± SD, and analyzed using 
SPSS 16.0 software (SPSS, Chicago, IL, USA). Possible 
differences between the groups were evaluated using 
one-way analysis of variance. Individual treatments were 
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subjected to multiple comparisons (Student’s t-test) to 
identify specific difference between two groups. A value 
of P < 0.05 was considered statistically significant.  
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