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Abstract. The objective of this study was to evaluate changes occurring in the inferior
alveolar nerve (IAN) subsequent to mandibular distraction osteogenesis, with
regard to the expression of nerve growth factor (NGF) and vascular endothelial
growth factor (VEGF). Unilateral mandibular distractions (0.5 mm each, twice per
day for 10 days) were conducted on 8 mongrel dogs. Two animals were killed at 7,
14, 28 and 56 days after completion of distraction. The distracted IAN and
contralateral control nerve were then harvested and analysed histologically and
immunohistochemically. Signs of acute nerve injury, including demyelination,
were observed in the distracted [AN on the 7th and 14th day after distraction. At 56
days, the histological features of the distracted IAN were similar to those of the
control nerve. The levels of NGF and VEGF expression were significantly elevated
on the 7th and 14th day after distraction. NGF was expressed in most of the
distracted nerve tissues, but VEGF was primarily detected in Schwann cells and the
neurovasorum. VEGF expression had returned to normal but NGF expression was
still profoundly elevated 28 days after distraction. NGF expression returned to
normal levels at 56 days after distraction. NGF and VEGF appeared to have been
elicited from the Schwann cells and damaged nervous tissues, and they may play
important roles in the initial healing of damaged nerves. VEGF expression returned
to normal more quickly than did NGF expression. This may indicate that hypoxic
conditions within the distracted nerve had recovered to normal during the early
stages of consolidation. Micro-vessels in the distracted nerve may have recovered
more rapidly than did the nerve tissue itself.
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Distraction osteogenesis (DO) has become
a frequently used technique in the recon-
struction of bony defects induced by
tumours, deformity and trauma to the
maxillofacial region. The clinical applica-
tion of DO began to gain attention after the
Russian physician, ILizarov'', success-
fully employed the technique for the
lengthening of limbs in the 1950s. In his
study, it was determined to be most effec-
tive to distract the leg at a rate of 1 mm/
day in 4 equal increments of 0.25 mm
each''. Clinically, McCarTHy et al.!’
reported the first cases of gradual distrac-
tion of the human mandible. They reported
successful mandibular lengthening from
18 to 24 mm, over a period of 75 months,
in a case series of 4 children.

Although, a great many experimental
and clinical studies on DO have been
conducted, changes in the surrounding
tissues, including nerve or vascular tis-
sues, remain poorly understood. One of
the ramifications of our lack of under-
standing is the continuing existence of
associated complications, including inju-
ries to nerve fibres after distraction. Some
clinicians have detected neurosensory dis-
turbances in up to 30% of patients who
have undergone limb-lengthening proce-
dures"®. Higher sensory disturbances have
also been reported in patients undergoing
mandibular distraction procedures'®. The
frequent incidence of sensory disturbances
following mandibular DO has been gen-
erally attributed to the position of the
inferior alveolar nerve (IAN) bundle
within the mandibular canal, which allows
for stress during distraction'®.

In several previous animal studies” !,
Wallerian degeneration has been shown to
occur in the IAN following gradual man-
dibular distraction, but the recovery pro-
cess, which involves remyelination or
regeneration, has also been shown to occur
simultaneously. Schwann cells and several
neurotrophic factors are crucially impor-
tant to this process of nerve regenera-
tion'®. Of these neurotrophic factors
there are: first, the neurotrophins, includ-
ing nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF); sec-
ond, the neurokines, including ciliary neu-
rotrophic factor and leukaemia inhibitory
factor; and third, transforming growth fac-
tor B and glial cell line-derived neuro-
trophic  factor’.  Recently, several
studies'*?!*? have suggested that vascular
endothelial growth factor (VEGF) is also
involved in promotion of the growth of
Schwann cells, which in turn boosts axon
growth, thereby sparking interest in the
possible neurotrophic effects exerted by
VEGEF. The objective of this study was to

Changes in the IAN subsequent to mandibular distraction osteogenesis

determine changes occurring in the [AN
subsequent to mandibular distraction in
dogs, by the examination of nerve tissues
and measurement of the activities of NGF
and VEGF during nerve remodelling fol-
lowing the distraction.

Materials and methods

Eight mongrel dogs, each between 1 and 2
years of age and weighing about 10 kg,
were used in this study. Animal care was
consistent with the guidelines provided by
the Animal Center for Medical Experi-
mentation at Gyeongsang National Uni-
versity.

Surgical protocol

Animals were anaesthetized via intrave-
nous injection of a mixture of 10 mg/kg
ketamine (Ketalar, Yuhan Corp., Korea)
and 2.0 mg/kg 2% xylazine (Rompun,
Bayer Korea, Korea). The surgical fields
were sterilized with betadine solution, and
then 2% lidocaine HCL with 1:100,000
epinephrine was injected into the right
submandibular skin. After sequential dis-
section of the submandible, buccal and
lingual corticotomies were conducted
between the 3rd and 4th premolars, or
between the 4th premolar and the 1st
molar. Care was taken to ensure the ana-
tomical integrity of the IAN. The intraoral
mandibular distractor (Leibinger, Ger-
many) was then positioned on the buccal
cortical bone, after the mandible had care-
fully been fractured in a linear manner. To
prevent any damage to the IAN, the cor-
tical screw was positioned as closely as
possible to the side of the alveolar bone
(Fig. 1). The retromandibular skin was
then perforated to expose the distractor
rod. The wound was closed in 2 layers
with 3-0 Vicryl to the platysma and 3-0
nylon to the skin. First generated cepha-
losporin (20 mg/kg; Cefazolin, Yuhan
Corp., Korea) was then injected intramus-
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cularly twice a day for 5 days after com-
pletion of surgery. After a 5-day latency
period, the mandible was distracted for 10
days at a rate of 1.0 mm/day in 2 incre-
ments per day.

Specimen preparation

After the administration of general anaes-
thesia, 2 animals each were killed by KCI
injection at 7, 14, 28 and 56 days after
completion of distraction. Immediately
after the animals were killed, the right
mandibles were harvested en bloc, and
the elongated segments of the IAN in
the distracted callus were carefully dis-
sected and separated (the distraction
group). The left undistracted mandible
was then also block-resected, via an iden-
tical procedure, after which the normal
IANs were harvested (the control group).
The harvested nervous tissues were then
separated into 2 sections for immunohis-
tochemical studies and light microscopic
observation after the preparation of semi-
thin (1-pm) sections.

One of the tissue specimens was
immersed in 10% neutral buffered forma-
lin for 24 h, then embedded into paraffin
blocks for the immunohistochemical stu-
dies. In brief, the paraffin blocks were cut
into 4-um sections, and the sections were
mounted on silane-coated glass slides to
minimize tissue loss throughout the stain-
ing process. The sections were maintained
at room temperature for 12 h, then depar-
affinized. After hydration, immunostain-
ing was conducted using an automated
immunostainer (Ventana, Biotek Systems,
Tucson, AZ, USA). A 1:100 dilution of
primary rabbit polyclonal antihuman NGF
(sc-548, Santa Cruz, CA, USA) and a
1:500 dilution of primary rabbit polyclo-
nal antihuman VEGF (sc-507, Santa Cruz,
CA, USA) were then utilized for the
induction of NGF and VEGF expression,
respectively. To enhance the immunos-
taining, the slides for VEGF were treated

Fig. 1. Mandibular distractor positioned via submandibular approach.
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with 0.1% trypsin solution (S2012, Dako,
Denmark). They were incubated at 37 °C
for 20 min in a humidity chamber. Pri-
mary antibodies against NGF and VEGF
were then allowed to react at 35 °C after
the blockage of endogenous peroxidase
activity via the administration of hydrogen
peroxide. After 32 min, the glass slides
were treated with a biotinylated polyva-
lent secondary antibody solution. The sec-
tions were then incubated with horseradish
peroxidase-conjugated avidin—biotin com-
plex, followed by treatment with 3,3-dia-
minobenzidine and hydrogen peroxide.
Finally, the nucleus was counterstained
with haematoxylin.

The other specimens were cut into 1-
mm° pieces to prepare the semi-thin sec-
tions. These sections were fixed in 2.5%
glutaraldehyde solution (pH 7.4, 0.1 M
cacodylate buffer, 4 °C) for 2 h, and then
washed 3 times in cacodylate buffer. The
sections were post-fixed in the same buffer
with 1% osmium tetraoxide (OsQO,4) solu-
tion for 2 h, dehydrated with ethanol, and
embedded in an Epon mixture. The semi-
thin sections were cut into 1-pm sections,
and stained with 1% toluidine blue for
observation under a light microscope at
x400 magnification.

Immunohistochemical expression was
assessed under a light microscope. Two
experienced pathologists, both of whom
were ‘blind’ to the staining and stage,
evaluated patterns of immunohistochem-
ical staining. A minimum of 3 sections per
animal were evaluated at each time point
for each protein analysed. The slices were
analysed essentially for antibody deposi-
tion in the cellular components, including
Schwann cells, myelin sheaths and
endothelial cells. According to the meth-
ods reported by Tavakoul et al.?, the
intensity of positive immunostaining
was graded as +++, ++, + and — for strong,
moderate, weak and negative staining,
respectively. A grade of +/— was used
to represent focal or questionable weak
staining.

Results

DO proceeded smoothly in all of the ani-
mals, with no surgical infections or fail-
ures. The mandible was lengthened in all
animals by a mean of 8.7 & 0.9 mm, as
determined by the changed distance
between proximal and distal pins, which
was measured immediately after distractor
placement and before killing. New bone
formation at the distracted mandible was
observed by radiography, at 28 and 56
days after completion of distraction
(Fig. 2).

Fig. 2. Radiographs demonstrating the distraction and healing of the mandible. (A) Immediately
after completion of distraction, showing a distraction gap. (B) At 28 days after distraction; note

the bone consolidation within the gap.

Light microscopical observations

In the control IAN, large myelinated fibres
were predominantly observed, along with
some thin myelinated and unmyelinated
fibres in the interstices of the large fibres.
On the 7th day after distraction, extensive
demyelination of the large myelinated
nerve fibres was observed. At 14 days
following distraction, there were no spe-
cific differences from what had been
observed on the 7th day, but there were
signs of remyelination, primarily in the
slightly increased ratio of myelinated to
non-myelinated fibres. At 28 days follow-
ing distraction, much thicker myelin
sheaths were observed, along with an
increase in the number of large myelinated
fibres. The thickness and density of the
newly formed myelin fibres were, how-
ever, still fairly irregular. At 56 days after
distraction, remyelination was extensive,
resulting in a significantly increased ratio
of myelinated fibres to non-myelinated
fibres, as well as much thicker myelin
sheaths (Fig. 3).

Immunohistochemical expression of
NGF and VEGF

NGF was weakly expressed around the
axon and the myelin sheath in the control
IAN. At 7 days following distraction, the
expression of NGF increased by a signifi-
cant amount in almost all of the distracted
nerve tissue, including the Schwann cells,
myelin, axons and the endothelial cells in
the neurovasorum. This intensified stain-
ing persisted through the 14th and 28th
days after distraction. A dramatic reduc-
tion in the expression of NGF was
observed, however, at 56 days, when it

was expressed at levels roughly equal to
those of the control nerves (Fig. 4).

VEGF was weakly expressed only in the
endothelial cells of the neurovasorum, and
no VEGF staining was observed in the
other tissues of the control IAN. VEGF,
however, was expressed abundantly in the
Schwann cells and the disrupted nerve
fibres at 7 days after distraction. On day
14, although VEGF was expressed only to
a minor degree as compared with that
observed 7 days after distraction, it was
still fairly abundantly expressed as com-
pared to the expression seen in the control
nerve. VEGF expression was clearly
detected not only in the vascular tissue,
but also in the Schwann cells of the nerves
on the distracted segment. At 28 and 56
days after distraction, the expression of
VEGF was reduced significantly, with
almost no remaining expression in the
nerve tissues of the distracted segment.
Nevertheless, it was still expressed, albeit
weakly, in the endothelial tissues of the
neurovasorum (Fig. 5).

The pattern of NGF and VEGF expres-
sion in cellular components of the dis-
tracted IAN is summarized in Table 1.

Discussion

Several studies have focused on nerve
tissue damage occurring after DO. In a
study conducted by Fink et al.* | demye-
lination was detected in both the peroneal
and tibial nerves after 25 days of leg
lengthening in dogs, which had been con-
ducted at a rate of 1 mm/day. These mor-
phological changes in the nerve fibres
were, however, followed by a remyelina-
tion period, which commenced immedi-
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Fig. 3. Semi-thin sections (stained with toluidine blue) of the control and experimental inferior
alveolar nerves (original magnification x400). (A) Large myelinated fibres can be seen in the
control IAN. (B) There is severe loss of large myelinated fibres, such that small myelinated and
unmyelinated fibres are predominantly observed at 7 days after distraction. (C) At 14 days after
distraction, partial remyelination and thickening of the myelin sheath can be seen. (D) At 28 days
after distraction, progressive thickening of the myelin sheath is observed, and there is a return to
almost normal levels of large myelinated fibres at 56 days after distraction (E).

ately after the infliction of the damage.
Skouss et al.” observed a distraction rate
of 11% in the sciatic nerve after a 25-mm
distraction of the rat femur. They detected
morphological changes only in the dis-
tracted nerve itself in the groups with dis-
traction rates of 0.5 mm/day and 1 mm/
day, whereas they detected these morpho-
logical changes occurring throughout the

entirety of the nerve in the group with a
distraction rate of 1.5 mm/day. Such dif-
ferences were consistent with the findings
of other studies, in which the nerve fibres
were straightened and then stretched along
with the perineurium with increasing
stretchingz, whereas nerve degeneration
was observed in all nerve fibres when they
were stretched to the limit of their elasti-

Table 1. Summary of semi-quantitative analysis of NGF and VEGF staining in cellular

components of the IAN after mandibular DO

Schwann cells

Myelin sheaths Endothelial cells

NGF VEGF NGF VEGF NGF VEGF
Control + — + — + +
7 days after DO +++ +++ +++ +/— -+ 4+
14 days after DO +++ +++ ++ +/— -+ -+
28 days after DO +++ - +++ — +++ ++
56 days after DO + — + _ + T+
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city®. Thus, to precisely assess distraction
rates, the elastic properties of the nerve
fibres clearly must be considered®.

Fink et al.* determined that non-myeli-
nated fibres are damaged to a somewhat
greater degree than are myelinated fibres,
suggesting that the myelinated sheath may
provide some protection against tension-
induced injury. Conversely, Hu et al.'® and
WaNG et al.”* reported that large-diameter
myelinated fibres were most vulnerable to
tensile strain while unmyelinated and
small-diameter myelinated fibres remained
intact after mandibular distraction, even
when distraction was applied at a rate of
2 mm/day.

In this study, with regard to the semi-
thin sections, demyelination and destruc-
tion of large myelinated fibres were deter-
mined to be extensive on day 7 after
completion of distraction, and the struc-
tural changes in the nerve fibres continued
until day 14, although some signs of
remyelination were seen. This result is
consistent with previous findings that
nerve regeneration occurred approxi-
mately 2 weeks after surgery’. Nerve
fibres suffering DO-induced damage thus
began to regenerate within 2 weeks of the
completion of distraction, and these fibres
almost completely recovered their normal
morphological appearances during the
subsequent 8-week consolidation period.

To enhance peripheral nerve regenera-
tion, 2 distinct methods have been devel-
oped: the manipulation of Schwann cells
and the use of neurotrophic factors.
Schwann cells are integral in the promo-
tion of regeneration, and exert this effect
via 3 distinct mechanisms: first, by
increasing their rate of synthesis of cell-
surface adhesion molecules (CAMs); sec-
ond, by elaborating the basement mem-
brane, which contains many extracellular
matrix proteins and third, by generating a
variety of neurotrophic factors and their
receptors’. Among the neurotrophic fac-
tors, NGF is one of the best-known nerve-
derived factors; it is a 26-kDa non-glyco-
sylated, homodimeric polypeptide, and
its activity is known to be crucial for
the survival and differentiation of nerve
cells. When the peripheral nerves were
damaged, the Schwann cells generated
NGF within 24 h, eventually effecting a
10-15-fold increase from baseline levels;
this effect persisted for at least 2 weeks
after the infliction of injury to the nerve'.
These elevated NGF concentrations can
be explained by the increased secretion
of NFG in the Schwann cells and the
release of interleukin-1 by the invaded
macrophages within the damaged nerve
segments’ 15
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Fig. 4. NGF expression in the inferior alveolar nerve. (A) NGF expression is evenly and weakly
distributed along the normal axons (x 100 magnification). (B) At 7 days after distraction, NGF
shows very strong staining in all the distracted nerve fibres, and this persisted for 14 and 28 days
after distraction (C and D, x100). (E) At 56 days, the levels of NGF expression were similar to
those of the control specimens (x 100). (F) The endothelial cells of the supportive neurovasorum
of the IAN on the distracted side stained positively for NGF at 28 days after distraction (black

arrow, x40).

FaruADIEH et al.® reported observing
widespread expression of NGF and BNDF
in the IAN after mandibular distraction.
They attributed this to stimulation of
Schwann cells by myelin sheath debris
during the distraction procedure. That is
to say, the proliferation of Schwann cells
and increase in the concentration of NGF
were triggered in response to signals from
the myelin sheath debris at the time of the
nerve damage, and the elevated NGF con-
centrations were maintained by the activ-
ity of macrophage-derived cytokines'>.

In this study, the expression and secre-
tion of NGF were found to effect a sub-
stantial increase in the number of Schwann
cells and damaged nerve tissues, including
myelin sheath, for 4 weeks after distrac-
tion, although these levels returned to
normal sometime between weeks 4 and

8. It might be suggested that the damaged
nervous tissues were actively recovered
until that period. This, however, result
was not consistent with the findings of
other studies, in which the increased
NGF levels persisted for approximately
2 weeks before beginning a gradual
decline'®. This discrepancy with regard
to duration is likely to vary with the nature
and severity of the nerve damage. Simple
nerve damage might be regenerated after
about 2 weeks, but DO-induced IAN
damage required a remodelling time of
over 4 weeks, therefore indicating an
increase in the expression and secretion
of NGF until that time had elapsed.
Blood flow in the lengthened segment
also appears to be an important factor
influencing nerve tissue damage following
DO. Ocata & Narro'® asserted that blood

flow might be completely discontinued in
cases in which the nerve tissue was dis-
tracted by over 15%, thereby inflicting
critical damage to the nervous system.
LUNDBORG & RYDEVIK'® report similar find-
ings. Unlike these studies, however, Ippo-
Lto et al'? claimed that DO-induced
changes in the nerve tissue were more
profoundly associated with the elasticity
of tissue than with the disturbance of blood
flow, as nerve fibres are more susceptible to
damage than is vascular tissue. Thus, slow
and gradual distraction might cause only
minimal damage to nerve tissues.

Recently, a host of studies have focused
on the role of VEGF as a component of
research into changes in blood flow after
the infliction of nerve damage. VEGF is a
46-kDa  heparin-binding homodimeric
glycoprotein that is known to be structu-
rally related to platelet-derived growth
factor. VEGF has been shown to be acti-
vated under hypoxic conditions, and has
also been demonstrated to stimulate angio-
genesis'*?%. In addition, VEGF is a neuro-
trophic factor, as well as a neuroprotective
factor, and can stimulate the regeneration of
nerves'>'%?! Increased VEGF levels sti-
mulate angiogenesis in association with the
endothelial flk-1 receptor, and also have a
neuroprotective and neurotrophic function
in association with the neuronal flk-1 recep-
tor?2. Gupta et al.’, in a series of animal
studies, noted a significant increase in the
expression of VEGF in Schwann cells after
application of nerve compression. The
expression of VEGF began to increase at
2 weeks after compression, achieved peak
levels at 1 month, and remained strong for
about 6 months. SonpELL et al.>!"? reported
that VEGF treatment promoted survival of
both neurons and Schwann cells in adult
ganglia. These effects of VEGF were dis-
tinctly different from those of NGF, which
primarily increases the number of regener-
ating axons?'.

In this study, expression of VEGF in the
distracted nervous tissues was shown to
have increased markedly immediately
after DO, and then returned to its normal
morphological appearance between 2 and
4 weeks after completion of distraction, in
contrast to the results of Gupra et al.’,
described above. The primary reason for
this discrepancy probably lies in the dif-
ferent experimental methods used, i.e. the
hypoxic condition in distraction-induced
nerve damage recovered more quickly
than in cases of compression-induced
nerve damage. Also, the expression of
VEGF was clearly detected in Schwann
cells, as in the other study’, meaning that
Schwann cells were the main source of
VEGEF.
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Fig. 5. VEGF expression in the inferior alveolar nerve. (A) VEGF is not expressed in the
control inferior alveolar nerve (x 100 magnification). (B) At 7 days after distraction, VEGF
staining was strong in the Schwann cells and disrupted nerve fibres (x100). (C) At 14 days
after distraction, although VEGF is expressed weakly compared to that observed 7 days after
distraction, it is still expressed fairly strongly as compared to the control nerve (x100). (D
and E) No positive staining was seen in distracted nerve tissues with the exception of the
endothelial cells at 28 and 56 days after distraction; therefore the expression levels of VEGF
are similar to the levels of the control nerve (x100). (F) Black arrow indicates positive
expression in endothelial cells of the supportive neurovasorum at 56 days after distraction

(x200).

The results of the present study indicate
that NGF returned to normal levels on the
56th day after surgery, whereas VEGF
returned to normal levels on day 28. Con-
sidering the fact that VEGF levels
increase under hypoxic conditions, this
would appear to suggest that hypoxic
conditions within the distracted nerve
had returned to normal during the early
consolidation period. It is, therefore,
likely that micro-vessel recovery takes
place more rapidly than does nerve remo-
delling in the distracted nerve. To confirm
these results, further studies will be
required, and should include many differ-
ent VEGF receptors.
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