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Introduction
Successful reconstruction of segmental nerve defects has 
been a challenging surgical hurdle for reconstructive sur-
geons. Although many surgical strategies have been attempt-
ed for the reconstruction of nerve defect, nerve autografts 
are still accepted as the most effective method when primary 
repair is impossible; however, donor site morbidity is an in-
evitable drawback. To eliminate or minimize the donor site 
morbidity, various nerve graft substitutes have been used, 
and nerve conduits made from autogenous tissues such as 
muscle, artery, or vein have been applied to a small nerve de-
fect. Various synthetic nerve conduits have also been tested 
experimentally as alternatives to nerve autografts; however, 
these synthetic conduits have not been demonstrated to be 
clinically effective replacements for nerve autografts.

Recently, autogenous or synthetic conduits have been 
combined with cell-level therapy to replace damaged nerve 
cells, and research on a variety of factors that promote 
nerve regeneration has increased. As a part of these efforts, 

platelet-rich plasma (PRP) has been tested to promote re-
generation of injured nerve, due to its high concentration 
of various growth factors such as platelet-derived epidermal 
growth factor, platelet-derived growth factor, transforming 
growth factor, insulin-like growth factor, vascular endothelial 
growth factor, endothelial cell growth factor, and basic fibro-
blast growth factor that aid tissue regeneration (Farrag et al., 
2007; Elgazzar et al., 2008; Sariguney et al., 2008; Ding et al., 
2009; Piskin et al., 2009; Cho et al., 2010; Kaplan et al., 2011). 
PRP is concentrated plasma with approximately five times 
the platelet concentration of normal plasma and has been 
used in various fields to regenerate damaged tissue (Everts et 
al., 2012). Accumulating data have revealed that the growth 
factors in PRP promote recovery of damaged target cells or 
tissues, such as blood vessels, fibroblasts, muscles, bone, and 
skin, resulting in cellular proliferation, differentiation, col-
lagen synthesis, chemotaxis, and angiogenesis (Farrag et al., 
2007; Foster et al., 2009; Smith and Smith, 2011; Taylor et al., 
2011).

Abstract
Platelet-rich plasma containing various growth factors can promote nerve regeneration. An in-
side-out vein graft can substitute nerve autograft to repair short nerve defects. It is hypothesized 
that an inside-out vein graft filled with platelet-rich plasma shows better effects in the repair 
of short sciatic nerve defects. In this study, an inside-out vein autograft filled with platelet-rich 
plasma was used to bridge a 10 mm-long sciatic nerve defect in rats. The sciatic nerve function 
of rats with an inside-out vein autograft filled with platelet-rich plasma was better improved 
than that of rats with a simple inside-out vein autograft. At 6 and 8 weeks, the sciatic nerve 
function of rats with an inside-out vein autograft filled with platelet-rich plasma was better 
than that of rats undergoing nerve autografting. Compared with the sciatic nerve repaired with 
a simple inside-out vein autograft, the number of myelinated axons was higher, axon diameter 
and myelin sheath were greater in the sciatic nerve repaired with an inside-out vein autograft 
filled with platelet-rich plasma and they were similar to those in the sciatic nerve repaired with 
nerve autograft. These findings suggest that an inside-out vein graft filled with platelet-rich 
plasma can substitute nerve autograft to repair short sciatic nerve defects.
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Though limited, early experimental data show promising re-
sults that PRP promotes nerve regeneration (Eccleston et al., 
1993; Welch et al., 1997; Chen et al., 1999; Allamargot et al., 
2001; Oya et al., 2002). Much experimental and clinical work 
has shown evidence that vein grafts, including inside-out 
vein graft, can be used as an alternative for a nerve autograft 

in short segment nerve defects (Wang et al., 1995; Ferrari et 
al., 1999; Gravvanis et al., 2004; Jeon et al., 2011).

The aim of this study was to investigate the effects of in-
side-out vein grafts filled with PRP on peripheral nerve re-
generation in a rat sciatic nerve defect. 

Materials and Methods
Animals 
Thirty male Sprague-Dawley (SD) rats (provided by SLC, 
Inc.), weighing 250–300 g, aged 6–8 weeks, were randomly 
and evenly divided into three groups: nerve autograft group, 
vein autograft group, and vein autograft-PRP group. The 
animals were handled in compliance with the guidelines for 
the use and care of animals of KUMC-IACUC. The study 
protocol was approved by institutional animal care and use 
committee.

Surgical procedure 
All rats were anesthetized with an intramuscular injection of 
ketamine hydrochloride (90 mg/kg, Ketalar; Bayer, Leverku-
sen, Germany) and xylazine (10 mg/kg Rompun; Bayer). 
The right sciatic nerve was exposed through an intergluteal 
approach, and a 10-mm sciatic nerve gap was made in the 
mid portion of the nerve. In the nerve autograft group, the 
removed segment of nerve was everted and grafted into the 
same nerve gap under an operating microscope (M650; Lei-
ca, Wetzlar, Germany) with 8 stiches of 10-0 monofilament 
nylon sutures (Ethicon Inc., Somerville, NJ, USA). In the 
vein autograft group, 15 mm of the left jugular vein was har-

Figure 1 Schematic drawing of experimental groups and intra-operative photograph of a nerve autograft (A), inside-out vein autograft (B), 
and inside-out vein autograft filled with platelet-rich plasma (C).
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Figure 2 Recovery of sciatic functional index (SFI) through 24 weeks 
post-operation.
Group A: Nerve autograft; B: inside-out vein autograft; C: inside-out 
vein autograft-platelet-rich plasma (PRP). The values are expressed 
as mean ± SD. Asterisks indicate statistically significant differences 
between groups B and C (P < 0.05). Changes in SFI were analyzed by 
repeated-measures analysis of variance and the Kruskal-Wallis test.
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vested, everted in an inside-out fashion, and grafted into the 
gap. Both the proximal and distal nerve stumps were insert-
ed about 2–3 mm from the ends of the vein graft. In the vein 
autograft-PRP group, the grafted, inside-out vein was filled 
with approximately 0.15–0.2 mL of prepared PRP. PRP was 
injected into the cavity of vein after anastomosis through the 
space of stiches (Figure 1). 

In all groups, the skin was closed with 4-0 nylon sutures, 
and aminoglycosides (Netromycin; Merck & Co. Inc., Sum-
mit, NJ, USA) were injected intramuscularly to prevent 
wound infection. After the operation, rats were returned to 
their cage and raised in an environment with a 12 hour on-
off light cycle. Food and water were allowed ad libitum.

PRP preparation
Three milliliters of whole blood was collected from each rat 
prior to the operation and treated with 0.35 mL of 3.2% sodi-
um citrate to prevent coagulation. The blood was centrifuged 
at 160 × g at 22°C for 20 minutes. The blood was separated 
into three layers: red blood cells at the bottom; acellular plas-
ma at the top; and platelets, called buffy coat, in the middle. 
The red blood cells in the lower layer were discarded, and the 
acellular plasma and platelets were centrifuged again at 400 × 
g at 22°C for 15 minutes. After the second centrifugation, ap-
proximately 0.3 mL of PRP was pipetted from the bottom of 
the tube. The PRP was mixed with 0.015 mL of 10% calcium 
chloride (activate the growth factors) prior to use. 

Figure 3 Histological change of the sciatic nerve (middle segment of graft level) regenerated with a nerve autograft (A), inside-out vein 
autograft (B), and inside-out vein autograft filled with platelet-rich plasma (PRP) (C) at 16 and 24 weeks post-operation (toluidine blue 
staining, × 400). 
PRP-filled inside-out vein autograft has a larger axon diameter and better-organized fascicles than an inside-out vein autograft.

Figure 4 Neovessels at the midportion of the graft (graft level) at 8 weeks post-operation.
Neovessels are marked with white circles (toluidine blue staining, × 200). (A) A nerve autograft; (B) inside-out vein autograft, (C) and inside-out 
vein autograft filled with platelet-rich plasma.
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Sciatic functional index (SFI) 
The SFI was evaluated using the walking tract test biweek-
ly for 24 weeks. Footprints from the experimental (E) and 
contralateral normal (N) sides were analyzed by measuring 
the lengths of the third toe to heel (PL), the first toe to the 
fifth toe (TS), and the second toe to the fourth toe (IT). The 
SFI was calculated using the following formula described by 
Bain et al. (1989). 

In general, an index of 0 indicates normal function and an 
index of –100 represents complete loss of function. Because 
three rats in each group were sacrificed at weeks 8, 16, and 24, 
SFI was measured from ten rats in each group at 2–8 weeks, 
seven rats at 10–16 weeks, and four rats at 18–24 weeks. 

Histological evaluation 
A 5 mm segment of graft was harvested from the midpor-
tion of the graft (graft level), and another 5 mm segment 

Table 1 Histological results of grafts

Group

8 weeks  16 weeks 24 weeks

G D G D G D

Nerve autograft UC 108±17.4 115±5.2 99±5.6 125±18.2a 93±9.6 113±23.6

MC 383±26.6ab 288±16.4 318±21.6b 345±21.9 305±23.2ab 334±14.9

AD 2.9±0.53 2.9±0.73a 3.2±0.74 3.0±0.68 3.5±0.8 3.0±0.69

MT 0.8±0.27a 0.9±0.21a 0.8±0.19a 0.8±0.21 0.8±0.23a 1.1±0.31a

VC 10±2 15±1 24±4

Inside-out vein autograft UC 108±15.3 125±12.6 102±6.3 91±12.3 101±19.7 122±14.7

MC 314±26.6 309±28.3 291±18.7 298±16.7 262±24.2 276±35.3

AD 3.0±0.67 2.6±0.19 2.9±0.71 2.8±0.71 3.3±0.65 2.9±0.56

MT 0.5±0.07 0.6±0.19 0.7±0.17 0.8±0.22 0.7±0.16 0.9±0.3

VC 8±1 17±1 20±2

Inside-out vein autograft-
  platelet-rich plasma

UC 100±8.7 128±20.5 95±7.9 110±18.9 108±13.5 124±25.4

MC 278±19.1 275±10.4 285±36 314±24.9 284±26.1 323±32.5

AD 3.0±0.66 2.8±0.2c 3.4±0.72c 3.1±0.63 3.4±0.69 3.7±0.78ac

MT 0.7±0.15c 0.8±0.2c 0.8±0.19c 0.8±0.16 0.9±0.19ac 1.2±0.4ac

VC 24±6ac 24±5 24±5

The values are expressed as mean ± SD. aP < 0.05, vs. inside-out vein autograft group; bP < 0.05, vs. inside-out vein autograft-platelet-rich plasma 
group; cP < 0.05, vs. nerve autograft group. The differences between data were analyzed using one-way analysis of variance. UC: Unmyelinated axon 
count; MC: myelinated axon count; AD: axon diameter (µm); MT: myelin thickness (µm); VC: vessel count; G: graft level; D: distal level.

Table 2 The wet weight of gastrocnemius and soleus at 24 weeks
post-operation

Group Experimental 
side (g)

Normal side (g) Ratio 
(%)

Nerve autograft 1.96±0.26 3.02±0.55 65.2
Inside-out vein autograft 1.93±0.61 3.89±0.33 49.6

Inside-out vein autograft-
platelet-rich plasma

1.97±0.37 3.36±0.50 58.6

Results are expressed as a percentage (%) of the muscle weight of the 
normal side. The values are expressed as mean ± SD. The wet muscle 
weight results were analyzed using the Kruskal-Wallis test.

× × ×

was taken 5 mm distal to the graft site (distal level). The 
nerve specimens were fixed with 2.5% glutaraldehyde in 
0.1mol/L phosphate buffer (pH 7.4) for 48 hours at room 
temperature and post-fixed with 1% osmium tetroxide. The 
nerve specimens were embedded in epoxy resin, cut into 
1-µm, semi-thin sections with an ultramicrotome (Leica, 
Ultracut, UCT, Austria), and stained with 1% toluidine 
blue for light microscopy (BX46, Olympus, Japan). Im-
ages were digitized with a charge-coupled device camera 
(DP21, Olympus, Japan) and analyzed by standard image 
processing at a magnification of × 200. The myelinated and 
unmyelinated axons were counted, myelin thickness and re-
generated axon diameter were measured, and the number of 
regenerated vessels was counted at both the graft and distal 
levels every 8 weeks. Ten random fields of view from each 
semi-thin section were analyzed with imaging software (Im-
age Pro Plus™, MediaCybernetics, Silver Spring, CA, USA). 
A nerve counting grid was overlaid on the photographs, and 
the sample area was chosen in a systemic, uniform, random 
manner ensuring that all locations in the nerve cross-sec-
tion were equally represented. The observer was blinded to 
each group. The number of regenerated vessels was counted 
in the whole area of each specimen with appropriate digital 
magnification which is large enough to identify vessels from 
the other tissues. The histological evaluation was performed 
on three rats in each group at 8 and 16 weeks and on four 
rats at 24 weeks.

Wet weight of the gastrocnemius and soleus 
The wet weights of the gastrocnemius and soleus were mea-
sured using Sartorius Entris® 8201-1S balance (Sartorius, 
Germany) at 24 weeks to determine the severity of denervated 
muscle atrophy in both lower limbs. Results are expressed as a 
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percentage (%) of the muscle weight of the normal side.

Statistical analysis
All results are expressed as mean ± standard deviation (SD), 
and the statistical analyses were performed using SPSS 18.0 
(SPSS, Chicago, IL, USA). Changes in SFI and histological re-
sults were analyzed by repeated-measures analysis of variance 
(ANOVA). The SFI, vessel count, and wet muscle weight were 
analyzed using the Kruskal-Wallis test. The numbers of my-
elinated and unmyelinated axons, regenerated axon diameter, 
and myelin thickness were analyzed using one-way ANOVA. 
The statistical significance level was at P < 0.05.

Results
SFI
Sciatic function of all groups progressively improved over 24 
weeks (Figure 2). The SFI in the vein autograft-PRP group 
recovered faster than that in the vein autograft group at 6 (P = 
0.002), 8 (P = 0.011), and 12 weeks (P = 0.043). The SFI at 
24 weeks was highest in the nerve autograft group, however, 
and there was no statistically significant difference among 
groups (P = 0.181). 

Histological results
Histological results are shown in Figures 3, 4 and Table 1. 
Myelinated axons at the graft level in the nerve autograft 
group were more abundant than in the vein autograft group 
and vein autograft-PRP group at all time points (P < 0.05). 
However, the number of unmyelinated axons did not differ 
significantly among groups (P > 0.05). At the distal level, the 
number of myelinated and unmyelinated axons increased 
progressively over time in the nerve autograft group and vein 
autograft-PRP group but not in the vein autograft group 
(P > 0.05). Myelin in the nerve autograft group and vein 
autograft-PRP group was thicker than in the vein autograft 
group both at the graft level and at the distal level at all time 
points, but there was no significant difference between the 
nerve autograft group and vein autograft-PRP group. Regen-
erated axons became progressively thicker over time at both 
the graft level and distal level. The axon diameter at the graft 
level in the vein autograft-PRP group was greater than that 
in the vein autograft group at 16 weeks (P < 0.05). The axon 
diameter at the distal level in the nerve autograft group and 
vein autograft-PRP group was greater than in the vein auto-
graft group, but there was no significant difference between 
nerve autograft group and vein autograft-PRP group. The 
neoangiogenesis was more active in the vein autograft-PRP 
group than that in the nerve autograft group and vein auto-
graft group at 8 weeks (P < 0.05). The vessels in the vein au-
tograft-PRP group were twice as many as those in the nerve 
autograft group and three times as many as those in the vein 
autograft group at 8 weeks. The number of regenerated ves-
sels did not differ significantly among the groups at 16 and 
24 weeks (P > 0.05). 

Wet weight of the gastrocnemius and soleus
Wet weight of the gastrocnemius and soleus was slightly, but 

not significantly, greater in the nerve autograft group and 
vein autograft-PRP group than in the vein autograft group 
at 24 weeks (Table 2).

Discussion
This study showed that the inside-out vein autograft filled 
with PRP enhanced axonal regeneration compared with the 
inside-out vein autograft alone. We suggest that the earlier 
neoangiogenesis and faster regeneration of myelinated axons 
improved sciatic function. 

PRP is now convenient to prepare for clinical use due to 
the number of commercially available kits. However, the 
optimum PRP concentration in experimental studies with 
rats has not been confirmed. To obtain an appropriate PRP 
concentration from the whole blood and establish our ex-
perimental protocol, we performed several pilot studies to 
achieve a PRP concentration of 4–5 times that of whole 
blood. By optimizing the speed and duration of centrifuga-
tion, we generated PRP with an average platelet count of 2.5 
× 106 ± 5 × 105/µL from 3 mL of whole blood, which was ap-
proximately 5–6 times the mean platelet count in whole rat 
blood (4 × 105/µL) (Zheng et al., 2013). 

Accumulative experimental and clinical data show that 
several growth factors in PRP have potential benefits in 
promoting nerve regeneration (Eccleston et al., 1993; Wang 
et al., 1995; Chen et al., 1999; Allamargot et al., 2001; Oya 
et al., 2002). Oya et al. (2002) showed a substantial increase 
in platelet-derived growth factor-β (PDGF-β) chain tran-
scription in injured peripheral nerves. They also showed 
that augmented PDGF-β expression after nerve injury might 
contribute to peripheral nerve regeneration because PDGF-β 
is a Schwann cell mitogen and survival factor with trophic 
activity on neurons. Chen et al. (1999) also suggested that 
endogenous basic fibroblast growth factor not only facilitates 
angiogenesis in a transected facial nerve, but also acts as a 
neurotrophic agent during facial nerve regeneration. The 
healing cascade in nerve fibers is initiated and controlled by 
bioactive proteins in platelets. Increasing the concentration 
of these bioactive proteins may accelerate nerve fiber regen-
eration (Elgazzar et al., 2008). Although the neurotrophic 
growth factors in PRP have not yet been shown to act di-
rectly on nerve regeneration, much evidence indicates that 
PRP can affect nerve regeneration through various indirect 
routes. 

Simply applying the PRP to injured or repaired nerve 
endings improves peripheral nerve remyelination (Farrag et 
al., 2007; Elgazzar et al., 2008; Sariguney et al., 2008; Ding 
et al., 2009; Cho et al., 2010). Farrag et al. (2007) transected 
the facial nerve in rats and performed direct neurorrhaphy. 
PRP infiltration at the neurorrhaphy site improved the func-
tional outcome compared with the use of fibrin sealant or 
a non-bioactive agent. Sariguney et al. (2008) showed that 
applying PRP to a nerve repair site induced earlier remyelin-
ation of the sciatic nerve in rats.

Piskin et al. (2009), however, suggested that platelet gels 
do not improve axon regeneration after microsurgical recon-
struction of a nerve gap using collagen tubes. They suggested 
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that the synthetic collagen conduits might interfere with 
regenerative potential of platelet gels; thus, hindering its ef-
fect. We used inside-out autogenous vein grafts to bridge the 
nerve gap instead of a synthetic nerve conduit. After Chiu et 
al. (1982) reported the use of autogenous vein grafts as con-
duits for nerve regeneration in animals, a number of clinical 
trials demonstrated that short segments of autogenous vein 
can successfully serve as alternative conduits for nerve regen-
eration (Walton et al., 1989; Tang et al., 1993; Lee and Shieh, 
2008). The vein graft provides a favorable environment for 
axonal regeneration, acts as a biological barrier to scar tis-
sue invasion, and contributes to the local accumulation of 
neurite-promoting factors. However, contact between endo-
thelial cells and regenerating axons causes grafts to constrict 
secondary to the development of fibrous connective tissue, 
which eventually impairs axonal regeneration (Heijke et al., 
1993). Inside-out vein grafts emerge to promote axonal re-
generation within vein grafts. Simple eversion of a harvested 
vein brings the laminin and collagen-rich adventitia layer 
in direct contact with nerve ends. The adventitia layer pro-
motes axonal regeneration by generating abundant trophic 
and neurite-promoting factors (Wang et al., 1995; Ferrari et 
al., 1999; Gravvanis et al., 2004; Jeon et al., 2011). We also 
reported good clinical results with the use of inside-out vein 
grafts in patients who had short segment sensory nerve de-
fects at various sites (Jeon et al., 2011).

Earlier reports show that PRP has been successfully used 
for the purpose of enhanced nerve regeneration in experi-
mental trials (Farrag et al., 2007; Elgazzar et al., 2008; Sari-
guney et al., 2008; Ding et al., 2009; Piskin et al., 2009; Cho 
et al., 2010; Kaplan et al., 2011). Elgazzar et al. (2008) report-
ed satisfactory results using a PRP to cover a cyanoacrylate 
reanastomosis. However, most of those studies just sprayed 
PRP over the nerve anastomoses (Farrag et al., 2007; Sari-
guney et al., 2008; Ding et al., 2009; Cho et al., 2010). Despite 
positive results from those studies, simple spraying of PRP 
may waste the efficient growth factors by allowing them to 
rapidly diffuse into surrounding fluid and tissues. To over-
come these shortcomings, we injected PRP into the cavity 
of a grafted inside-out vein, which served as a PRP reservoir 
for sufficient time to allow growth factor release. Platelets 
begin to release the proteins and growth factors within 10 
minutes after activation, and approximately 95% of the pre-
synthesized growth factors are secreted within 1 hour (Kevy 
and Jacobson, 2004). After the initial burst of PRP-related 
growth factors, the platelets synthesize and secrete additional 
growth factors for the remaining 5 to 9 days of their life span 
(Kevy and Jacobson, 2004). We confirmed that PRP gel did 
not leak at all outside of venous conduit, and we think PRP 
remains and acts in the venous conduit for sufficient time 
with meaning amount. 

In this study, neoangiogenesis was more prominent in the 
vein autograft-PRP group than in the nerve autograft group 
and vein autograft group in the early period of axonal regen-
eration. Faster recovery of function in SFI indicates earlier 
axonal regeneration in the vein autograft-PRP group is close-
ly related with prominent neoangiogenesis. The SFI after 14 
weeks did not show statistical difference in each group and 

relatively reached to plateau in the vein autograft group and 
vein autograft-PRP group after 20 weeks. However, more pre-
served gastrocnemius and soleus in the vein autograft-PRP 
group at 24 weeks indicates earlier regeneration of axons 
and decreased denervated muscle atrophy. The increased cir-
culation during initial period of axonal regeneration might 
be positive effect in Schwann cell proliferation and axonal 
sprouting. A recent study also showed that PRP enhanced 
neurotrophic function and Schwann cell migration in pe-
ripheral nerve regeneration in rats (Zheng et al., 2013).

To the best of our knowledge, no studies have been report-
ed that PRP promotes neoangiogenesis during peripheral 
nerve regeneration. We suggest that vascular endothelial 
growth factor and endothelial cell growth factor, which are 
major growth factors in PRP, promote neoangiogenesis 
in regenerating nerves and may contribute to early axonal 
sprouting and myelination (Sondell et al., 1999; Hobson et 
al., 2000; Pereira Lopes et al., 2011). We did not, however, 
find evidence of a direct relationship between the growth 
factors in PRP and neoangiogenesis in a regenerating nerve. 
Several studies have found meaningful evidence that PRP 
stimulates neovascularization during tendon and bone 
healing (de Mos et al., 2008; Yokota et al., 2008; Bir et al., 
2009; Lyras et al., 2009; Lyras et al., 2010; Bosch et al., 2011). 
Additional immunohistochemical studies, including growth 
factor assays, would help clarify our hypothesis, the lack of 
which is a limitation in this study. 

Recently, Konofaos and Ver Halen (2013) suggested that 
the most important developmental field from a future per-
spective will be tissue-engineered conduits enriched with 
either neuroprophic factors and/or support cells of nerve 
regeneration and the potential to release growth or trophic 
factors inside conduit lumen, to reduce nerve cell death, 
and to improve the outgrowth of axons after nerve injury. 
Our study seems to coincide with the future nerve repair 
by means of tissue-engineered conduits for substitution of 
nerve autografts.

There are some limitations of this study. Although this 
study includes long enough (up to 24 weeks) follow ups, 
serial follow up histological results are lacked in very early 
period of regeneration, i.e., within the first 8 weeks. The 
statistical power in the histologic evaluation is relatively low 
due to limited number of animals at each time point. Re-
vealing the direct relationship between the growth factors in 
PRP and neoangiogenesis in a regenerating nerve is another 
limitation of this study and will be further studied.

In conclusion, this study showed that inside-out vein au-
tografts filled with PRP promoted axon regeneration in rat 
sciatic nerve segmental defects. PRP is suggested to promote 
neoangiogenesis in the early period of axon regeneration 
based on evidence from morphometric analysis and sciatic 
functional assessment. We suggest that this strategy can be 
applied when a venous conduit, instead of a nerve autograft, 
is used to reconstruct a short segment nerve defect. 
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