










Y. Nishida et al.292

smaller number of DiI labelled neurons was found 
in the trigeminal ganglion in the antibody adminis-
trated group (Fig. 3Bc) than in the vehicle control 
group with a PBS injection (Fig. 3Bb). Statistical 
analysis confirmed that the number of DiI labeled 
cells in trigeminal ganglion was significantly re-
duced in the VEGF-A-antibody administrative group 
(8.66 ± 4.1), compared with those of vehicle control 
group (19.33 ± 2.86), with a significant difference 
(one-way ANOVA, P < 0.05, Fig. 3C). There was 
also significant difference between intact and anti-

the proximal site of IAN (Fig. 3Aa, and see Fig. 1f). 
An administration of antagonist injection clearly in-
hibited the reconnection of the PGP9.5 positive 
nerve fibers (Fig. 3Ab). In addition, a retrograde la-
belling of DiI tracing was performed to confirm 
whether newly regenerated nerve fibers in the distal 
stump have continuity to nerve fibers in the proxi-
mal stump. In intact group whose animals received 
any surgical treatment, DiI tracing technique la-
belled comparatively large number of trigeminal 
ganglion neurons (23.0 ± 2.94) (Fig. 3Ba, C). A 

Fig. 3　Effects of a local administration of a neutralizing antibody to VEGF to the transected site of inferior alveolar nerve 
(IAN). A: Immuno�uorescent images of a vehicle control (a) and treatment with a neutralizing antibody to VEGF (b) on 
postoperative (PO) day 7. Immunohistochemical observations of regenerative nerve �bers with PGP9.5 reactions (green) 
are conducted in longitudinal sections of IAN at PO day 7. The vehicle control group exhibits newly regenerated nerve �-
bers extending towards the distal (D) from proximal (P) stumps (a) while the administration group shows an inhibition of the 
neural reconnection (b). Scale bar indicates 200 µm. Same magni�cation in a and b. B: DiI labelling in the trigeminal gangli-
on of an intact (a), a vehicle control (b) and treatment with antibody to VEGF-A (c) on PO day 7. More DiI labelled neurons 
are seen in the vehicle control than administration groups. Scale bar indicates 100 µm. Same magni�cation in a, b and c. C : 
A quantitative analysis of the number of DiI labelled trigeminal ganglion neurons. Signi�cant differences exist between the 
vehicle control and administration groups, and between intact and administration groups (ANOVA, P < 0.05). D: Immuno�uo-
rescent merged images of the vehicle (a) and administration (b) groups on PO day 3. PGP9.5 (green) and CD31 (red) in 
immunoreactions. The antibody to VEGF-A treatment inhibits CD31 immunoexpression in the space between the proximal 
(P) and distal (D) nerve stumps. Scale bar indicates 200 µm. Same magni�cation in a and b.
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VEGF (17, 18). These lines of evidences suggest 
that VEGF has a potential for not only angiogenesis 
but also nerve regeneration.
　The present study was able to demonstrate that 
the intense expressions of VEGF-A and its receptors 
appeared prior to the elongation of nerve fibers from 
proximal nerve end. Following the appearance of 
VEGF-A and VEGF-B in the injured lesion, the 
CD31 expression appears to begin from the proxi-
mal site towards the distal direction (see, Fig. 1c, d). 
The disturbance of VEGF by an administration of a 
neutralizing VEGF-A-antibody clearly inhibited the 
neural regeneration, implying that VEGF-VEGFR 
signaling functions in a crucial role for the com-
mencement of nerve regeneration at the early stage 
of the neural regeneration and vascularization pro-
cesses. In a previous study, defects of epithelial cells 
experimentally made in cornea have been shown to 
require concomitant activation of VEGFR1, VEGFR2, 
and NP1 for improving sensation and neuronal 
growth (15). NP, one of the receptors for sema-
phorin, has also been reported to play a role for 
nerve fiber guidance (14). Interestingly, NP serves 
as a co-receptor for VEGF as well as semaphorin—
which acts as an inhibitor of neural growth, while 
VEGF acts as neurotrophic factor (11). In a quanti-
tative study, VEGF has been implicated in the in-
crease in the number of the DRG neurons and 
motoneurons in addition to that of blood vessels 
(16). These findings strongly support our notion that 
VEGF activity on peripheral nerve regeneration con-
sists of two independent activities, including an ac-
celeration of angiogenesis and nerve regeneration.
　VEGF-A which binds VEGFR1 and VEGFR2, 
serves to promote outgrowth of nerve fibers in cul-
tured DRG neurons (21). In contrast, VEGF-B can 
bind VEGFR1 and NP-1 to play a role in neuropro-
tection (1). The increased endogenous expression or 
application of exogenous VEGF-B promotes nerve 
regeneration without affecting undamaged nerves (6). 
In addition, VEGF-B has been demonstrated to me-
diate the nerve regeneration and to restore the sen-
sation and healing responses of peripheral nervous 
system (6). The present study demonstrated the ap-
pearance of VEGF-A and VGEF-B expressions in 
injured IAN on PO day 2, which coincides with 
timing for the initial reaction to nerve injury in 
Wallerian degeneration process. In this period, it has 
been shown that Schwann cells proliferate within 
their basal lamina tubes, produce cytokines/trophic 
factors, and phagocytose detached debris (6). It is, 
therefore, better to consider that the expression of 
these receptors in the injured nerves is necessary for 

body-administrative groups (one-way ANOVA, 
Holm-sidak methods, P < 0.05, Fig. 3C). However, 
no significant difference existed between the intact 
and vehicle control groups (Holm-sidak methods, 
P = 0.32).
　Furthermore, in comparison with control animals 
(Fig. 3Da), antibody to VEGF-A treatment sup-
pressed CD31 immunoreactivity in the gap between 
the proximal and distal nerve stumps on PO day 3 
(Fig. 3D b). This feature implicated the disturbance 
of the invasion of endothelial cells positive for CD31 
to the gap between the stumps, resulting in a failure 
of both angiogenesis and elongation of nerve fibers 
from the proximal stump.

DISCUSSION

Several reports have shown the involvement of VEGF 
in the peripheral nerve regeneration process after in-
jury. However, since they contained a lengthy obser-
vation after axotomy in vivo (7, 11, 16, 18), very 
few reports have been available describing on early 
changes after nerve injury (4, 6). Current observa-
tions by immunostaining and western blotting analy-
ses revealed the most intense expressions of VEGF 
isoforms—including VEGF-A and VEGF-B—in the 
transected site of IAN at PO day 2, suggesting the 
involvement of this molecule in nerve regeneration 
followed with angiogenesis, as supported by the 
findings on expression patterns of CD31 immunore-
activity. These findings lead us to the possibility of 
the existence of a close relationship between neural 
regeneration and vascularization at the early stage of 
peripheral nerve regeneration. Thus, we can regard 
the VEGF-VEGFR signaling pathway as an import-
ant cue for peripheral nerve regeneration.
　The reestablishment of microvascular circulation 
is essential for the blood and nutrition/oxygen sup-
ply to lesion of damaged nerve fibers during nerve 
regeneration. In clinics, an artificial nerve or conduit 
has been using as surgical treatment of nerve injury. 
Acellular nerve grafts with VEGF used for bridging 
resected nerve gaps have been reported to induce 
Schwann cell invasion and neovascularization, but 
without stimulatory effects on neural outgrowth (7, 
17). To overcome this disadvantage for peripheral 
nerve regeneration, a dual application of nerve 
growth factor (NGF) and VEGF to the acellular 
grafts improved motor, nociception, and propriocep-
tion functions (9). On the other hand, Sondell et al. 
(1999) revealed the detection of VEGF in dorsal 
root ganglion (DRG) neurons and the promotion of 
neural outgrowth by an additional administration of 
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the promotion of neural outgrowth, neuroprotection 
and angiogenesis, suggesting the adequate timing 
for initiating nerve regeneration.
　In conclusion, this study revealed that transection 
of IAN induced the expression of VEGF-A and 
VEGF-B immediately after injury, followed with 
VEGFR1and VEGFR2 expression, prior to the com-
mencement of nerve regeneration. An inhibition of 
VEGF-VEGFR signaling caused a suppression of 
regenerated neural continuity. Therefore, it is con-
cluded that immediate response of VEGF-VEGFR 
signaling to nerve injury plays a crucial role in local 
angiogenesis, resulting in a trigger for the peripheral 
nerve regeneration.
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