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Abstract  
Quantitative assessment of the recovery of nerve function, especially sensory and autonomic nerve function, remains a challenge in the field 
of nerve regeneration research. We previously found that neural control of vasomotor activity could be potentially harnessed to evaluate nerve 
function. In the present study, five different models of left sciatic nerve injury in rats were established: nerve crush injury, nerve transection/
suturing, nerve defect/autografting, nerve defect/conduit repair, and nerve defect/non-regeneration. Laser Doppler perfusion imaging was 
used to analyze blood perfusion of the hind feet. The toe pinch test and walking track analysis were used to assess sensory and motor func-
tions of the rat hind limb, respectively. Transmission electron microscopy was used to observe the density of unmyelinated axons in the 
injured sciatic nerve. Our results showed that axonotmesis-evoked vasodilatation in the foot 6 months after nerve injury/repair recovered to 
normal levels in the nerve crush injury group and partially in the other three repair groups; whereas the nerve defect/non-regeneration group 
exhibited no recovery in vasodilatation. Furthermore, the recovery index of axonotmesis-evoked vasodilatation was positively correlated 
with toe pinch reflex scores and the density of unmyelinated nerve fibers in the regenerated nerve. As C-fiber afferents are predominantly 
responsible for dilatation of the superficial vasculature in the glabrous skin in rats, the present findings indicate that axonotmesis-evoked 
vasodilatation can be used as a novel way to assess C-afferent function recovery after peripheral nerve injury. This study was approved by the 
Ethics Committee for Laboratory Animals of Nantong University of China (approval No. 20130410-006) on April 10, 2013.
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Graphical Abstract   

Axonotmesis-evoked plantar vasodilatation as a novel assessment of C-fiber afferent function recovery 
after peripheral nerve injury
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Introduction 
Comprehensive assessment of peripheral nerve function is 
important for the diagnosis and monitoring of treatment 
efficacy for peripheral neuropathy, as seen in diabetes, nerve 
trauma, autoimmune diseases, and adverse effects of che-
motherapy and radiation therapy. A variety of assessments 
to evaluate motor and sensory nerve functions have been 
developed in experimental studies on traumatic nerve in-
jury and other neuropathies (Hare et al., 1992; Geuna and 
Varejão, 2008; Griffin et al., 2010; Wood et al., 2011; Wang 
et al., 2015). However, approaches that allow quantitative 
assessment of autonomic and/or C-fiber afferent functions, 
such as sweating (Hilz, 2002; Fan et al., 2008) and pain sen-
sation (Beltramini et al., 2017; Horgas, 2017), are limited and 
remain to be standardized for clinical use. For experimen-
tal studies involving rodents, the evaluation of autonomic 
and/or C-afferent functions is sweating-based and rarely 
conducted (Sato and Sato, 1978; Michniak-Mikolajczak, 
1984); the evaluation is especially challenging in the case of 
neurotmesis or loss of continuity of the nerve trunk, where 
misdirection of regenerating axons is unavoidable and func-
tional recovery is generally incomplete (Allodi et al., 2012; 
Liu et al., 2018), since the target is unevenly re-innervated. 
In cases of incomplete and misdirected re-innervation or 
uneven small-diameter nerve fiber degeneration (Lundborg 
and Rosen, 2007; Hamilton et al., 2011; Singh et al., 2014), it 
is preferable to assess the autonomous skin region of a given 
nerve as a whole rather than focally, as the results might not 
be representative due to uneven re-innervation.  

Recent studies by our group and others have suggested 
that neural control of vasomotor function in the skin could 
be used to evaluate nerve function recovery (Hu et al., 2012; 
Deng et al., 2016; Kubasch et al., 2017). Neural regulation of 
cutaneous blood perfusion is orchestrated by postganglionic 
sympathetic efferents and C-fiber afferents, with the former 
likely to be mainly responsible for vasoconstriction and the 
latter for vasodilatation (Habler et al., 1998; Charkoudian, 
2003). One previous study (Hu et al., 2012) suggested that 
cutaneous vasculature in the plantar aspect of the hind foot 
was markedly dilated immediately after immersion of the 
hind foot in icy water, and this response was compromised 
when the sciatic nerve innervating that foot was injured; 
however, the foot with a permanently defected sciatic nerve, 
where no sciatic nerve function was expected, still exhibit-
ed an increase in blood perfusion after cold stress, despite 
a significantly lower level than observed in the foot with a 
repaired sciatic nerve injury. This limitation diminishes the 
value of post-cold vasodilatation in the foot for assessing 
nerve repair outcomes. Therefore, establishing a neurovascu-
lar response-based measurement that can facilitate better dis-
crimination between different nerve repair groups remains 
a challenge. In the present study, we investigated whether 
axonotmesis (or nerve crush)-evoked vasodilatation (AEVD) 
quantitatively reflects the recovery of C-afferent nerve func-
tion after different types of nerve injury/repair in rats.

Materials and Methods
Animals
Sixty-two adult female Sprague-Dawley rats aged 3–4 
months were used. The rats were bred in a specific-patho-
gen-free facility in the Laboratory Animal Research Center 
of Nantong University, China (breeding license No. SCXK 
(Su) 2008-0010 and SCXK (Su) 2014-0001; animal use li-
cense No. SCXK (Su) 2012-0031). The animals were housed 
under a 12-hour light/dark schedule with free access to food 
and water. All animal procedures were carried out under the 
approval of the Ethics Committee for Laboratory Animals of 
Nantong University, China (approval No. 20130410-006) on 
April 10, 2013 and in accordance with US National Institutes 
of Health Guide for the Care and Use of Laboratory Animals 
published by the US National Academy of Sciences. 

Nerve injury and immediate repair
A first cohort of naive rats was subjected to different injuries 
to the left sciatic nerve and immediate repair, and was sacri-
ficed after a 6-month recovery period. Fifty rats, randomized 
into 5 groups (10 rats each), were anesthetized with intraper-
itoneal injection of 3% sodium pentobarbital (Sigma-Aldrich, 
St. Louis, MO, USA; 30 mg/kg body weight). The left sciatic 
nerve was exposed under aseptic condition and subjected 
to one of the five categories of injury/repair described be-
low. These injury models have been well established and 
employed in our previous studies (Hu et al., 2012; Wang et 
al., 2015; Liu et al., 2018), and were as follows: (1) For nerve 
crush injury, the left sciatic nerve was completely crushed 
with a pair of 14-cm hemostatic forceps for 30 seconds at 
the mid-thigh level, and the site of crush was labeled with an 
11/0 nylon suture placed in the epineurium. (2) For nerve 
transection/suturing, the left sciatic nerve was transversely 
cut with a pair of surgical scissors at the mid-thigh level, and 
the two nerve stumps were immediately anastomosed by 
placing three stitches of 11/0 nylon sutures in the epineuri-
um. (3) For nerve defect/autografting repair, a 10 mm-long 
segment of the sciatic nerve was excised from 4 mm caudal 
to the piriformis muscle, and the excised nerve segment was 
immediately interpositioned to repair the nerve defect by the 
epineurial suturing described above. (4) For nerve defect/
conduit repair, the sciatic nerve was subjected to the same 
injury as in nerve defect/autografting except that the 10 mm-
long nerve defect was repaired with a 12 mm-long sterile 
silicone conduit, 1 mm in inner diameter and 0.2 mm in wall 
thickness, with 1 mm each of nerve stumps inserted into the 
conduit and the epineuria secured to the conduit wall with 
9/0 nylon sutures. (5) For nerve defect/no regeneration, a 10 
mm-long segment of the sciatic nerve was excised and the 
defect was left unrepaired, with the proximal nerve stump 
inserted in and secured to the adjacent intermuscular space 
so as to prevent axonal regeneration into the distal nerve 
stump. The incision was closed in layers with 4/0 silk sutures. 
Rats were allowed to completely recover on a soft heating 
pad before being returned to their home cages. 

The rats were subjected to the toe pinch test, walking track 
analysis, and laser Doppler perfusion imaging (LDPI) analy-
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sis, and were sacrificed 6 months after nerve injury/repair. 

The toe pinch test
The toe pinch test was performed at both 2 days and 6 
months after nerve injury/repair using a modified version 
of previously described protocol (Kovacic et al., 2004; Ma et 
al., 2011). Briefly, the awake rat was gently restrained and the 
volar aspect of the fifth toe was gently pinched with a pair of 
eye dressing forceps. The pain perception response to pinch 
was scored based on the extent of hind limb withdrawal us-
ing a three-tier scoring paradigm, as follows: 0: no response; 
1: decreased response compared with normal; 2: strong and 
prompt withdrawal of the hind limb that is indistinguishable 
from the response of the counterpart on the contralateral 
normal side. The assessment was repeated three times and 
the highest score was selected to represent the response 
level. The naive fifth toe on the contralateral side was also 
assessed as a reference. Three of ten rats with nerve regen-
eration-preventing defect lost their fifth toe on the injured 
side 6 months after injury, and the fourth toe was therefore 
assessed instead.

Walking track analysis
Rats were subjected to walking track analysis to evaluate 
sensorimotor function at 2 months and 6 months after nerve 
injury/repair using well-established protocol (Hare et al., 
1992). Briefly, the plantar aspects of both hind feet were 
painted with non-toxic red ink, and rats were allowed to 
walk and pass a 42 cm × 8.2 cm track, leaving foot prints on 
the paper. Three parameters, namely print length (PL), toe 
spread (TS), and intermediate toe spread (IT), were mea-
sured from both experimental (E) and contralateral normal 
(N) sides. The sciatic function index (SFI) was calculated 
using the following formula: 

SFI = –38.3 × [(EPL–NPL)/NPL] + 109.5 × [(ETS–NTS)/
NTS] + 13.3 × [(EIT–NIT)/NIT] – 8.8. 

An SFI value of –100 represents complete loss of sciatic 
nerve function, and 0 represents normal nerve function. In 
the case of chronic flexion contracture or loss of toes that 
made measurement of any of the parameters impossible, the 
rat was excluded from analysis.  

Bilateral nerve crush for blood perfusion analysis
To study whether both hind feet are equally responsive to 
AEVD and to determine the optimal time frame for LDPI 
analysis after bilateral nerve crush, a second cohort of naive 
rats (n = 6) was subjected to surgery. The bilateral sciatic 
nerves were crushed using the same surgical protocol de-
scribed above; the right sciatic nerve was crushed immedi-
ately (~5 minutes delay) after crushing of the left one (Figure 
1). LDPI analysis of the hind feet was performed prior to 
surgery (baseline perfusion) and 10, 20, and 40 minutes 
after completion of the surgery, and the rats were sacrificed 
thereafter.  

To validate complete disruption of axons in the sciatic 
nerve by the crush procedure described above, we included a 
third cohort of rats (n = 6). In these animals, the right sciatic 

nerve was transected using surgical scissors as an internal 
control to nerve crush injury to the left sciatic nerve (Fig-
ure 1E). LDPI analysis was performed 10 minutes after the 
crush/transection injury and rats were sacrificed immediate-
ly after the analysis. 

Six months after nerve injury/repair and one day after the 
toe pinch test, rats of the first cohort were first subjected 
to LDPI analysis of the hind feet and then bilateral sciatic 
nerve crush (assessment crush) followed by LDPI analysis. 
Rats were anesthetized as described above. After the base-
line perfusion of the hind feet had been measured, the left 
sciatic nerve was re-exposed and completely crushed at 2 
mm proximal to the previous injury/repair site with a pair 
of 14-cm hemostatic forceps for 30 seconds. The right sci-
atic nerve was also completely crushed in the same way im-
mediately after crushing of the left one. The skin incisions 
were closed and both hind feet were subjected to LDPI 
analysis as described below at 10 minutes after bilateral 
nerve crush. 

LDPI analysis
Blood perfusion of the hind feet was measured by LDPI 
using the PeriScan PIM 3 system (Perimed AB, Järfälla, Swe-
den) as previously described (Hu et al., 2012, 2013). Briefly, 
rats acclimatized to the test room, 23°C and 60% humidity, 
for at least 30 minutes before LDPI analysis. Rats were anes-
thetized as described above and placed in a prone position 
on a soft green pad, leaving the plantar aspect of both hind 
feet exposed to the laser beam overhead. The plantar aspect 
of the hind feet was then scanned twice with the repeated 
scan mode at a distance of ~18 cm. The arbitrary perfusion 
units measured from the two scanned images for each foot 
were averaged. In some cases, the relative perfusion level 
was calculated as the ratio of the injured side over the con-
tralateral normal side. For the first cohort of rats in which 
LDPI analysis was performed to assess functional recovery 
6 months after nerve injury/repair, a relative perfusion in-
crease (or recovery ratio) was calculated using the following 
formula: Recovery index = (IUa – IUb) / (CUa – CUb) × 100%, 
where I and C stand for ipsilateral and contralateral sides 
of the previous injury/repair, respectively, U stands for ar-
bitrary perfusion units, and a and b for measures after and 
before the bilateral nerve crush, respectively. 

Electron microscopy
Three randomly selected rats from each group in the first 
cohort, which had received nerve injury/repair 6 months 
before, were transcardially perfused with saline followed by 
1% paraformaldehyde plus 1.25% glutaraldehyde in 0.1 M 
phosphate buffer. A 2 mm-long segment of the sciatic nerve 
2 mm distal to the previous injury/repair was excised and 
immediately soaked in 4% glutaraldehyde overnight at 4°C. 
The nerve specimens were post-fixed with 1% osmium te-
troxide, dehydrated in ethanol, and embedded in Epon 812 
epoxy resin. Ultrathin transverse sections of the nerve cut 
on a microtome were stained with lead citrate and uranyl 
acetate. Photomicrographs of 5–6 randomly selected visual 
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fields at 3000× magnification were taken on a JEM-1230 
transmission electron microscope (JEOL Ltd., Tokyo, Japan). 
Unmyelinated axons were counted and their density for each 
group was estimated.  

Statistical analysis
All quantitative data were analyzed with GraphPad Prism 
5.0 software package (GraphPad Software, San Diego, CA, 
USA). Between-group differences were compared with 
paired t-tests, repeated measures two-way analysis of vari-
ance (ANOVA) followed by Bonferroni’s post hoc test, one-
way ANOVA followed by Tukey’s multiple comparisons or 
non-linear regression or one-sample t test, as detailed in leg-
ends to figures. Non-parametric Spearman correlation was 
employed. For non-linear regression, the Michaelis-Menten 
model was chosen for best fit of the data. P < 0.05 was con-
sidered statistically significant.

Results
There are similar AEVD levels in both hind feet
Bilateral sciatic nerve crush and LDPI analysis of the hind 
feet in naive rats were performed to test whether the two feet 
show equal levels of AEVD (Figure 1A and B). As expected, 
no significant difference (F = 0.3271, P = 0.5800, repeated 
measures two-way ANOVA) in the increase of blood perfu-
sion in the two feet was detected 10–45 minutes after bilat-
eral nerve crush, despite a 5-minute delay for the injury to 
the right sciatic nerve (Figure 1C and D). To validate that 
the crush procedure we employed resulted in complete axo-
nal disruption in the sciatic nerve, the left sciatic nerve was 
crushed and the right one was transected in an additional 
cohort of rats (Figure 1E). We detected no statistically sig-
nificant difference (t = 0.51861, P = 0.6262, paired t-test) in 
axonal damage-evoked perfusion increase between foot with 
nerve crush and that with nerve transection (Figure 1F and 
G), which was indicative of complete disruption of axons in 
the sciatic nerve by the crush procedure. Collectively, these 
data indicate that AEVD in one hind foot can be used as an 
internal control for the other.

Varying levels of AEVD in rats with different types of 
nerve injury/repair  
To test the ability of AEVD to reflect nerve function recovery 
after injury, we performed five different types of nerve inju-
ry/repair that are known to exhibit varying levels of regener-
ation and functional recovery. These injury/repair methods 
were applied to the left sciatic nerve in adult rats. At 2 days 
and 6 months after nerve injury/repair, the recovery of 
sensory function and sensorimotor function was evaluated 
using the toe pinch reflex and walking track analysis (Figure 
2A). The baseline blood perfusion was detected in the hind 
feet (Figure 2A and B). LDPI analysis showed a similar level 
of baseline perfusion in the foot with a previous nerve inju-
ry/repair and the contralateral normal foot (F = 0.3271, P = 
0.9494, one-way ANOVA) regardless of the type of injury/
repair (Figure 2D and E).  

We next performed complete crush injury (assessment 

crush/axonotmesis) of both the left and the right sciatic 
nerves in anesthetized rats and detected AEVD in the hind 
feet (Figure 2A, and C). We found that blood perfusion in 
the left foot with a previous nerve injury/repair increased in 
response to acute axonotmesis, and the levels of response in 
varying nerve injury/repair groups were different (F = 142.1, 
P < 0.0001, one-way ANOVA; Figure 2D and F). For in-
stance, the axonotmesis-evoked increase of blood perfusion 
in the left foot that had received a crush injury 6 months be-
fore was not significantly different to that of the contralateral 
side (t = 0.09817, P = 0.9240 compared with a theoretical 
mean of 100, one-sample t test), which served as an internal 
control; the foot with a previous sciatic nerve defect (no re-
generation) did not show significant AEVD (t = 0.7473, P = 
0.4739 compared with a theoretical mean of 0, one-sample 
t-test) when the proximal sciatic nerve was crushed (Figure 
2D and F). However, the left feet with previous nerve tran-
section/suturing, nerve defect/autografting, or nerve defect/
conduit repair showed mean axonotmesis-evoked increases 
of blood perfusion as normalized with that on the contralat-
eral normal side (recovery index) of 63.3–75.9%; the nerve 
transection/suturing group showed a significantly greater 
recovery index of AEVD compared with the nerve defect/
conduit repair group (q = 4.130, P < 0.05, Tukey’s multiple 
comparison test; Figure 2D and F). 

The AEVD recovery index is positively correlated with 
sensory function
We detected complete loss of the pinch reflex in the fifth 
toe and complete loss of sciatic nerve function in rats of all 
groups 2 days after nerve injury/repair, as evidenced by the 
toe pinch test and walking track analysis, respectively (Figure 
3A and 3B). These results further confirmed that there had 
been a complete disruption of axons in the sciatic nerve by 
the crush procedure. 

When rats were subjected to toe pinch test 6 months af-
ter nerve injury/repair, those in the nerve crush and nerve 
defect/no regeneration groups showed normal sensibility 
and no sensation in the toe, respectively (Figure 3A). No 
significant difference was observed in toe pinch scores 
between nerve suturing, nerve autografting, and conduit 
repair groups (P = 0.4706; Figure 3A). However, the AEVD 
recovery index showed strong positive correlation with toe 
pinch scores when all five groups were included (P < 0.0001, 
Spearman correlation; R2 = 0.9330, Michaelis-Menten’s curve 
fit; Figure 3C). We also performed walking track analysis 6 
months after nerve injury/repair, but calculation of SFI was 
impossible due to inevitable chronic flexion contracture of 
the paw in all groups other than crush and defect/no regen-
eration; complete recovery of SFI (t = 1.143, P = 0.2827 com-
pared a theoretical mean of 0, one-sample t-test) and loss of 
function (t = 0.1573, P = 0.8785 compared with a theoretical 
mean of –100, one-sample t-test) were observed in the crush 
and defect/no regeneration groups, respectively (Figure 3B). 

The AEVD recovery index is positively correlated with the 
density of unmyelinated nerve fibers
Transmission electron microscopy of the nerve distal to inju-
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ry was performed to identify the association between AEVD 
and regenerated unmyelinated nerve fibers. Transmission 
electron microscopy showed numerous unmyelinated nerve 
fibers, in addition to myelinated axons with a thinner myelin 
sheath than the normal control nerve, in all groups except 
for the nerve defect/no regeneration group (Figure 4A). 
Although the difference in the estimated density of unmy-
elinated nerve fibers between repair groups did not reach 
significance (F = 0.4583, P = 0.7649, one-way ANOVA; 
Figure 4B), there was a strong positive correlation between 
the AEVD recovery index and the density of unmyelinated 
nerve fibers (P = 0.0006, Spearman correlation; R2 = 0.8714, 
Michaelis-Menten’s curve fit; Figure 4C). These data indicat-
ed that the AEVD level was well correlated to nerve function 
recovery and nerve regeneration. 

Discussion
Quantitative assessment of nerve function recovery, espe-
cially that of sensory and autonomic nerve function, remains 
a challenge in the field of nerve regeneration (Varejao et al., 
2001; Hilz, 2002; Griffin et al., 2010; Wood et al., 2011). The 
perception of nociceptive stimulation in the plantar skin has 
been widely employed in animal studies of pain (Chen et 
al., 2017; Zhao et al., 2017; Jiang et al., 2018). However, the 
assessment of pain sensibility is seldom included in nerve 
regeneration research (Kovacic et al., 2004; Ma et al., 2011), 
and nor is autonomic nerve function (McLean et al., 2002; 

Wang et al., 2005; Yang et al., 2007), possibly due to large 
variation from animal to animal as a result of incomplete and 
uneven axonal regeneration after nerve transection or de-
fect. In the present study, the extent of AEVD recovery was 
strongly correlated with the toe pinch score and estimated 
density of unmyelinated nerve fibers. In addition, the AEVD 
recover index appeared more sensitive than the toe pinch 
test in differentiating functional recovery between different 
nerve injury/repair groups, as seen in the between-group 
comparisons of the AEVD recovery index. These results 
suggest that the AEVD recover index could represent a novel 
and reliable quantitative assessment of C-afferent function 
recovery in nerve regeneration research in rodents.  

Cutaneous vasculature is dilated or constricted in response 
to local warming/cooling and during challenges to thermal 
homeostasis so that the core body temperature can be main-
tained; the modulation of dermal vasomotor activity involves 
neural and non-neural mechanisms (Charkoudian, 2003). 
Both C-fiber afferents and sympathetic nerve fibers are in-
volved in neural vasomotor control in the skin (Hamilton et 
al., 2011; Singh et al., 2014). In the glabrous skin in the rat, 
C-fiber afferents are predominantly responsible for dilatation 
of the superficial dermal vasculature whereas sympathetic 
nerve fibers contribute to constriction of both deep and 
superficial blood vessels (Habler et al., 1998). Resection of 
L2–4 sympathetic paravertebral ganglia, which project with 
their gray rami to L3–5 spinal nerves, results in pronounced 

Figure 1 Crush injury to bilateral sciatic nerves results in a similar extent of vasodilatation in the hind feet.
(A, B) The site of sciatic nerve axonotmesis (crush). The left sciatic nerve was completely crushed, followed by the same injury to the right sciatic 
nerve 5 minutes later. The laser Doppler perfusion imaging analysis of both hind feet was performed at 10, 20, and 40 minutes after the crush of 
the right sciatic nerve. (C) Laser Doppler perfusion imaging images and (D) line chart of perfusion increase in both feet after axonotmesis. (E) The 
sites of axonotmesis (left side) and transection (right side) of the sciatic nerves. (F) Laser Doppler perfusion imaging images and (G) bar chart with 
paired scattered dots showing the vasodilatation response to axonotmesis and nerve transection. Data are expressed as the mean ± SEM [n = 6 rats 
for each surgical paradigm, repeated measures two-way analysis of variance followed by Bonferroni’s post hoc tests (D) or paired t-tests (G)]. No 
significant difference in nerve injury-induced perfusion increase was found between the two feet. The filled arrow and hollow arrowhead indicate 
the side of nerve crush and nerve transection, respectively. s.n.: Sciatic nerve; t.n.: tibial nerve; p.n.: peroneal nerve. 

10 minutes

20 minutes

40 minutes

Naive
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Figure 2 Recovery of AEVD differed between the different types of nerve injury/repair 6 months after injury.
(A) Timeline (not proportional) of the experimental schedule. The left sciatic nerve was subjected to one of the following injury/repair protocols: 
(1) crush, (2) transection and direct epineurial suturing (suturing), (3) 10-mm defect repaired with autologous nerve grafting (autograft), (4) 10-
mm defect repaired with a silicone conduit (conduit), and (5) 10-mm defect with a regeneration-preventing procedure (defect). Six months after 
nerve injury/repair, both hind feet were subjected to LDPI analysis to detect baseline blood perfusion, then the sciatic nerves of both sides were 
completely crushed proximal to the previous injury/repair site and LDPI analysis of both hind feet was performed within 20 minutes (min) after the 
bilateral nerve crush. (B, C) The site of the original nerve injury/repair and the bilateral nerve crush. (D) LDPI images of the hind feet before and 
after the bilateral nerve crush. Arrowheads indicate the left side, which was subjected to a previous nerve injury/repair. (E) Quantification of baseline 
perfusion. (F) Quantification of relative response (recovery index) of AEVD. Data are expressed as scattered dots plus the mean ± SEM (n = 10 rats/
group; one-way analysis of variance followed by Tukey’s post hoc test for multiple comparisons). ***P < 0.001, vs. any of the other groups. Each dot 
represents the data from one rat. AEVD: Axonotmesis-evoked vasodilatation; LDPI: laser Doppler perfusion imaging.

vasodilatation and thus an increase in local temperature by 
~5°C in the rat plantar skin (Ringkamp et al., 1999); this 
surgical sympathetomy-induced vasodilatation could be the 
consequence of a loss of sympathetic tone in the dermal vas-
culature (Charkoudian, 2003). However, irritation of C-fiber 
afferents by tropical application of capsaicin, a vanilloid 
receptor subtype 1 (TRPV1) agonist, results in vasodilata-
tion, and repeated application of capsaicin abolishes the an-
tidromic vasodilatation induced by electrical stimulation of 
the severed peripheral nerve (Izumi and Karita, 1990). These 
results suggest that AEVD observed in the present study 
could be the joint effect of a loss of sympathetic tone and the 
antidromic release of vasoactive neuropeptides from C-af-
ferents, but might be mainly attributed to the latter, which 
deserves further investigation. Whatever the underlying 
mechanisms might be, the present results indicate that the 

AEVD recover index is strongly correlated with the recovery 
of pain sensation and regeneration of unmyelinated nerve 
fibers. In addition, unlike the toe pinch reflex and von Frey 
test, which are semi-quantitative, or the Hargreaves test for 
thermal sensibility, which might cause foot burn, the AEVD 
recovery index represents a quantitative assessment of C-fiber 
nerve function after nerve injury. As the whole plantar sur-
face is involved in LDPI analysis, the AEVD recovery index 
may reflect nerve function of the entire autonomic territory, 
regardless of whether the skin area is evenly re-innervated or 
not. 

We recently found that transection of the rat sciatic nerve 
results in a robust increase in blood perfusion in the skin 
territory, namely the glabrous aspect of the foot, and that 
this neurogenic vasodilatation disappears within a few days 
(Hu et al., 2012; Shen et al., 2013). Both neural and humoral 
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mechanisms are involved in vasomotion control and skin 
perfusion is sensitive to ambient temperature (Charkoudian, 
2003). The equal level of perfusion increase in both hind feet 
observed in the present study indicates that the contralateral 
side could serve as an internal control for assessing AEVD 
response in the foot after nerve injury/repair, as both hind 
feet are exposed to the same humoral influence and ambient 
temperature.

Sciatic nerve crush is known to be completely reversible in 
terms of nerve function (Wood et al., 2011), which was also 
evident from the walking track analysis in the present study. 
Six months after sciatic nerve crush injury in rats, the hind 
foot on the injured side showed an AEVD that was 90.5% 
to 112.8% (99.8 ± 7.0%) of that on the contralateral normal 
side. In contrast, rats in the nerve defect group (no regener-
ation) did not show a significant increase in blood perfusion 
in the foot following assessment nerve crush (1.1 ± 4.9% of 
the internal normal control). The AEVD response observed 
in the present study substantially differs from the post-cold 
vasodilatation employed previously (Hu et al., 2012) in that 
the nerve defect/no regeneration group showed a detect-
able response in post-cold vasodilatation. Furthermore, the 
AEVD recovery index could differentiate between the level 
of function recovery after nerve transection/suturing and 
that after repair of a 10-mm nerve defect with a silicone 
conduit; 10 mm is considered a critical defect length in the 
rat sciatic nerve, beyond which no suitable regeneration 
or functional recovery can be ensured by repairing with a 
non-degradable tubular implant (Fields et al., 1989; Chen et 
al., 2000; Gu et al., 2011). In this regard, AEVD appears to 
be a better assessment of nerve function than vasodilatation 
after cold stress (Hu et al., 2012). 

We have recently shown that baseline cutaneous perfusion 
in the palm of humans largely depends on skin innervation; 
denervated skin is markedly hypoperfused, whereas the skin 
blood perfusion gradually recovers to normal levels during 
reinnervation (Deng et al., 2016). However, in the present 
study, we did not observe a markedly reduced baseline 
skin perfusion in the hind foot 6 months after denervation, 
which is consistent with our previous rat study (Hu et al., 
2012). The discrepancy between findings from humans and 
rats could be attributed, at least in part, to higher baseline 
perfusion in the palm of the human as opposed to relatively 
low baseline perfusion in the plantar skin of hind feet in the 
rat. The relatively high baseline perfusion in human hands, 
especially in the finger pulps, seems to correspond to high 
sensitivity of the hand function as a sensory organ (Lundborg 
and Rosen, 2007). The distinct baseline perfusion and its 
dependence on innervation suggest that the cutaneous vaso-
motor control of different species can be remarkably differ-
ent, which should be taken into account when considering 
the clinical implications and applications of data collected 
from animal studies.  

One concern in the use of AEVD to evaluate nerve func-
tion is that the bilateral nerve crush might lead to patho-
physiological alterations in the distal nerve, which may in 
turn compromise histological or immunohistochemical 

assessments of the nerve. However, the vasculature of the 
nerve remains intact after nerve crush, and the assessment 
crush and subsequent LDPI analysis can be completed 
within 30 minutes by a well-trained experimenter. Given 
that the peripheral nerve starts to show signs of Wallerian 
degeneration at the ultrastructural level a few hours after 
nerve transection injury in rodents (Cullen, 1988; Rotshen-
ker, 2011), the AEVD assessment procedure proposed here 
will not significantly change the morphology of the nerve if 
the nerve sample is taken immediately after the procedure. 
In the present study, we tested the correlation between the 
AEVD recovery index and pain sensation and unmyelinated 
nerve fibers because C-afferents are predominantly involved 
in neurogenic vasodilatation in the superficial area of the 
glabrous skin (Habler et al., 1998). 

A limitation of AEVD as an assessment of nerve func-
tion is that it is only suitable in animal studies, and cannot 
apply to clinical practice. However, in the clinic other va-
somotion-based assessments, such as baseline cutaneous 
perfusion, cold-induced vasoconstriction and deep breath-
evoked vasoconstriction, could be utilized, as proposed in 
our previous study (Deng et al., 2016). Whether the AEVD 
recovery index is also correlated with other indicators of 
nerve regeneration and function recovery remains an un-
answered question in the present study. In addition, further 
understanding of how AEVD response changes over time is 
another important issue to address in future studies using 
one or more injury/repair models. 

In summary, the recovery index of AEVD was positively 
correlated with toe pinch reflex scores and estimated density 
of unmyelinated nerve fibers in the regenerated nerve. These 
findings indicate the potential value of AEVD recovery in-
dex in the evaluation of C-afferent function in nerve regen-
eration research. 

Author contributions: Experimental implementation: XSW, XC, TWG, 
YXW; study concept, experimental implementation, data analysis: DGM; 
study concept, design, manuscript writing: WH. All authors approved the 
final version of the paper.
Conflicts of interest: There were no conflicts of interest in this experiment.
Financial support: This work was supported in part by the National Nat-
ural Science Foundation of China, No. 81100939 and 81773713 (to WH), 
No. 81501610 (to XC); the Research Project funded by Jiangsu Provincial 
Government of China, No. BRA2018223 (to DGM); the Public Health 
Center at Jiangnan University of China, No. JUPH201808 (to XSW); the 
Wuxi Commission of Public Health and Family Planning of China, No. 
MS201717 (to XSW); the Project of Academic Development Program by 
Governments of Jiangsu Province and Nantong City of China (to DGM). 
The funding bodies played no role in the study design, in the collection, 
analysis and interpretation of data, in the writing of the paper, or in the 
decision to submit the paper for publication.
Institutional review board statement: The study was approved by Eth-
ics Committee for Laboratory Animals of Nantong University of China 
(approval No. 20130410-006) on April 10, 2013. 
Copyright license agreement: The Copyright License Agreement has 
been signed by all authors before publication.
Data sharing statement: Datasets analyzed during the current study 
available from the corresponding author on reasonable request.
Plagiarism check: Checked twice by iThenticate. 
Peer review: Externally peer reviewed. 
Open access statement: This is an open access journal, and articles 
are distributed under the terms of the Creative Commons Attribu-
tion-Non-Commercial-ShareAlike 4.0 License, which allows others to 



2171

Wang XS, Chen X, Gu TW, Wang YX, Mi DG, Hu W (2019) Axonotmesis-evoked plantar vasodilatation as a novel assessment of C-fiber 
afferent function after sciatic nerve injury in rats. Neural Regen Res 14(12):2164-2172. doi:10.4103/1673-5374.262595

remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.
Open peer reviewer: Ruslan Masgutov, Kazanskij Federal’nyj Universi-
tet Institut Fundamental’noj Mediciny i Biologii, Russian Federation.
Additional file: Open peer review report 1.

References
Allodi I, Udina E, Navarro X (2012) Specificity of peripheral nerve re-

generation: interactions at the axon level. Prog Neurobiol 98:16-37.
Beltramini A, Milojevic K, Pateron D (2017) Pain assessment in new-

borns, infants, and children. Pediatr Ann 46:e387-e395.
Charkoudian N (2003) Skin blood flow in adult human thermoreg-

ulation: how it works, when it does not, and why. Mayo Clin Proc 
78:603-612.

Chen G, Kim YH, Li H, Luo H, Liu DL, Zhang ZJ, Lay M, Chang W, 
Zhang YQ, Ji RR (2017) PD-L1 inhibits acute and chronic pain by 
suppressing nociceptive neuron activity via PD-1. Nat Neurosci 
20:917-926.

Chen YS, Hsieh CL, Tsai CC, Chen TH, Cheng WC, Hu CL, Yao CH 
(2000) Peripheral nerve regeneration using silicone rubber chambers 
filled with collagen, laminin and fibronectin. Biomaterials 21:1541-
1547.

Cullen MJ (1988) Freeze-fracture analysis of myelin membrane changes 
in Wallerian degeneration. J Neurocytol 17:105-115.

Deng A, Liu D, Gu C, Gu X, Gu J, Hu W (2016) Active skin perfusion 
and thermoregulatory response in the hand following nerve injury 
and repair in human upper extremities. Brain Res 1630:38-49.

Fan W, Gu J, Hu W, Deng A, Ma Y, Liu J, Ding F, Gu X (2008) Repairing 
a 35-mm-long median nerve defect with a chitosan/PGA artificial 
nerve graft in the human: a case study. Microsurgery 28:238-242.

Fields RD, Le Beau JM, Longo FM, Ellisman MH (1989) Nerve regener-
ation through artificial tubular implants. Prog Neurobiol 33:87-134.

Geuna S, Varejão AS (2008) Evaluation methods in the assessment of 
peripheral nerve regeneration. J Neurosurg 109:360-362.

Griffin JW, Pan B, Polley MA, Hoffman PN, Farah MH (2010) Measur-
ing nerve regeneration in the mouse. Exp Neurol 223:60-71.

Gu X, Ding F, Yang Y, Liu J (2011) Construction of tissue engineered 
nerve grafts and their application in peripheral nerve regeneration. 
Prog Neurobiol 93:204-230.

Habler HJ, Stegmann JU, Timmermann L, Janig W (1998) Functional 
evidence for the differential control of superficial and deep blood 
vessels by sympathetic vasoconstrictor and primary afferent vasodi-
lator fibres in rat hairless skin. Exp Brain Res 118:230-234.

Hamilton SK, Hinkle ML, Nicolini J, Rambo LN, Rexwinkle AM, Rose 
SJ, Sabatier MJ, Backus D, English AW (2011) Misdirection of regen-
erating axons and functional recovery following sciatic nerve injury 
in rats. J Comp Neurol 519:21-33.

Hare GM, Evans PJ, Mackinnon SE, Best TJ, Bain JR, Szalai JP, Hunter 
DA (1992) Walking track analysis: a long-term assessment of periph-
eral nerve recovery. Plast Reconstr Surg 89:251-258.

Hilz MJ (2002) Evaluation of peripheral and autonomic nerve function 
in Fabry disease. Acta Paediatr Suppl 91:38-42.

Horgas AL (2017) Pain assessment in older adults. Nurs Clin North Am 
52:375-385.

Hu W, Yang M, Chang J, Shen Z, Gu T, Deng A, Gu X (2012) Laser 
doppler perfusion imaging of skin territory to reflect autonomic 
functional recovery following sciatic nerve autografting repair in 
rats. Microsurgery 32:136-143.

Hu W, Liu D, Zhang Y, Shen Z, Gu T, Gu X, Gu J (2013) Neurological 
function following intra-neural injection of fluorescent neuronal 
tracers in rats. Neural Regen Res 8:1253-1261.

Izumi H, Karita K (1990) The effects of capsaicin applied topically to 
inferior alveolar nerve on antidromic vasodilatation in cat gingiva. 
Neurosci Lett 112:65-69.

Jiang BC, Zhang WW, Yang T, Guo CY, Cao DL, Zhang ZJ, Gao YJ (2018) 
Demethylation of G-protein-coupled receptor 151 promoter facili-
tates the binding of Kruppel-like factor 5 and enhances neuropathic 
pain after nerve injury in mice. J Neurosci 38:10535-10551.

Kovacic U, Zele T, Osredkar J, Sketelj J, Bajrovic FF (2004) Sex-related 
differences in the regeneration of sensory axons and recovery of no-
ciception after peripheral nerve crush in the rat. Exp Neurol 189:94-
104.

Kubasch ML, Kubasch AS, Torres Pacheco J, Buchmann SJ, Illigens BM, 
Barlinn K, Siepmann T (2017) Laser Doppler assessment of vasomo-
tor axon reflex responsiveness to evaluate neurovascular function. 
Front Neurol 8:370.

Liu D, Mi D, Zhang T, Zhang Y, Yan J, Wang Y, Tan X, Yuan Y, Yang 
Y, Gu X, Hu W (2018) Tubulation repair mitigates misdirection of 
regenerating motor axons across a sciatic nerve gap in rats. Sci Rep 
8:3443.

Lundborg G, Rosen B (2007) Hand function after nerve repair. Acta 
Physiol (Oxf) 189:207-217.

Ma CH, Brenner GJ, Omura T, Samad OA, Costigan M, Inquimbert P, 
Niederkofler V, Salie R, Sun CC, Lin HY, Arber S, Coppola G, Woolf 
CJ, Samad TA (2011) The BMP coreceptor RGMb promotes while 
the endogenous BMP antagonist noggin reduces neurite outgrowth 
and peripheral nerve regeneration by modulating BMP signaling. J 
Neurosci 31:18391-18400.

McLean J, Batt J, Doering LC, Rotin D, Bain JR (2002) Enhanced rate of 
nerve regeneration and directional errors after sciatic nerve injury in 
receptor protein tyrosine phosphatase sigma knock-out mice. J Neu-
rosci 22:5481-5491.

Michniak-Mikolajczak BB (1984) Sweat production in the isolated ec-
crine sweat gland of the rat. Br J Dermatol 111:309-314.

Ringkamp M, Eschenfelder S, Grethel EJ, Häbler HJ, Meyer RA, Jänig W, 
Raja SN (1999) Lumbar sympathectomy failed to reverse mechanical 
allodynia- and hyperalgesia-like behavior in rats with L5 spinal nerve 
injury. Pain 79:143-153.

Rotshenker S (2011) Wallerian degeneration: the innate-immune re-
sponse to traumatic nerve injury. J Neuroinflammation 8:109.

Sato F, Sato K (1978) Secretion of a potassium-rich fluid by the secreto-
ry coil of the rat paw eccrine sweat gland. J Physiol 274:37-50.

Shen ZY, Gu TW, Hu W (2013) Time-lapse LDPI analysis of skin terri-
tory following sciatic nerve transection in rats. Nanjing Yike Daxue 
Xuebao: Ziran Kexue Ban 33:779-783.

Singh R, Kishore L, Kaur N (2014) Diabetic peripheral neuropathy: 
current perspective and future directions. Pharmacol Res 80:21-35.

Varejao AS, Meek MF, Ferreira AJ, Patricio JA, Cabrita AM (2001) 
Functional evaluation of peripheral nerve regeneration in the rat: 
walking track analysis. J Neurosci Methods 108:1-9.

Wang X, Hu W, Cao Y, Yao J, Wu J, Gu X (2005) Dog sciatic nerve re-
generation across a 30-mm defect bridged by a chitosan/PGA artifi-
cial nerve graft. Brain 128:1897-1910.

Wang Y, Wang H, Mi D, Gu X, Hu W (2015) Periodical assessment of 
electrophysiological recovery following sciatic nerve crush via sur-
face stimulation in rats. Neurol Sci 36:449-456.

Wood MD, Kemp SW, Weber C, Borschel GH, Gordon T (2011) Out-
come measures of peripheral nerve regeneration. Ann Anat 193:321-
333.

Yang Y, Ding F, Wu J, Hu W, Liu W, Liu J, Gu X (2007) Development 
and evaluation of silk fibroin-based nerve grafts used for peripheral 
nerve regeneration. Biomaterials 28:5526-5535.

Zhao LP, Liu L, Pei P, Qu ZY, Zhu YP, Wang LP (2017) Electroacupunc-
ture at Fengchi (GB20) inhibits calcitonin gene-related peptide ex-
pression in the trigeminovascular system of a rat model of migraine. 
Neural Regen Res 12:804-811.



2172

Wang XS, Chen X, Gu TW, Wang YX, Mi DG, Hu W (2019) Axonotmesis-evoked plantar vasodilatation as a novel assessment of C-fiber 
afferent function after sciatic nerve injury in rats. Neural Regen Res 14(12):2164-2172. doi:10.4103/1673-5374.262595

P-Reviewer: Ruslan M; C-Editor: Zhao M; S-Editors: Yu J, Li CH; 
L-Editors:  Qiu Y, Song LP; T-Editor: Jia Y

P < 0.001
P < 0.001P < 0.001

P > 0.265 vs. –100

P
 =

 0
.2

83

P = 0.879

0

–25

–50

–75

–100

–125

125

100

75

50

25

0

Figure 4 AEVD is correlated with the density of 
unmyelinated fibers 6 months after nerve injury/repair.
(A) Representative transmission electron micrographs of the 
sciatic nerve distal to injury/repair show regenerated nerve 
fibers. (B) Estimated unmyelinated fiber density. No nerve fi-
bers were observed in the nerve defect group. (C) Non-linear 
regression between relative perfusion increase and estimated 
density of unmyelinated nerve fibers. Data are expressed as 
the mean ± SEM (B, n = 10 rats/group) or scatter dots (C), 
and were analyzed using one-way analysis of variance fol-
lowed by Tukey’s multiple comparisons tests (B) or Michae-
lis-Menten non-linear regression (C). Each dot in (C) rep-
resents the data from one rat. AEVD: Axonotmesis-evoked 
vasodilatation.

Figure 3 AEVD is correlated with sensory recovery 6 
months after injury/repair.
(A) The toe pinch test of sensory recovery in the plantar 
aspect of the fifth toe at 2 days and 6 months after injury/
repair. (B) Walking track analysis of sciatic function index at 
2 days and 6 months after injury/repair. The data for nerve 
suturing, nerve autograft, and conduit repair groups are 
not available due to chronic flexion contracture of the paw 
6 months after injury/repair. (C) Non-linear regression be-
tween relative perfusion increase, or AEVD recovery index, 
and toe pinch scores. Data are expressed as the mean ± SEM 
(A and B, n = 7 for defect at 6 months after injury/repair 
in B, otherwise n = 10 rats/group) or scatter dots (C), and 
were analyzed using one-way analysis of variance followed 
by Tukey’s multiple comparisons tests (A and left part of B), 
one sample t-tests for a theoretical mean of either 0 (crush) 
or –100 (defect) (right part of B), or Michaelis-Menten 
non-linear regression (C). Each dot in C represents the data 
from one rat. dpi: days post-injury; mpi: months post-inju-
ry. AEVD: Axonotmesis-evoked vasodilatation.


