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Plasticity of peptidergic innervation in healing
rabbit medial collateral ligament
Paul T. Salo, MD; Jasmine A. Beye, MSc; Ruth A. Seerattan, BSc; Catherine A. Leonard, MSc;
Tyler J. Ivie, BSc, LLB; Robert C. Bray, MD
Background: Denervation substantially impairs healing of the medial collateral ligament (MCL). Because normal ligaments are sparsely innervated, we hypothesized that neuropeptide-containing neurons
would sprout or proliferate after ligament transection, followed by later regression with healing, in a
manner analogous to blood vessels. Methods: We transected the right MCL in 9 mature female New
Zealand white rabbits and killed 3 rabbits at 2, 6 or 14 weeks. Alternate sets of 12-mm serial sections of
healing MCL scars were examined by fluorescent immunohistochemistry for substance P (SP), calcitonin gene-related peptide (CGRP), neuropeptide Y (NPY) and pan-neuronal marker PGP9.5. Results:
Normal MCLs had few peptidergic fibres located in the epiligament in a perivascular pattern. At
2 weeks, PGP9.5-, SP- and CGRP-positive fibres had increased in the epiligament adjacent to the injury. By 6 weeks, there were increases in CGRP- and PGP9.5-positive fibres in epiligament and scar,
with similar but less marked increases in SP-positive fibres. At 14 weeks, there was notable regression of
immunostained peptidergic nerve fibres in the scar. Conclusion: This experiment shows evidence for a
remarkable plasticity of ligament innervation after injury, supporting the idea that neuronal factors play
a fundamental role in wound healing.
Contexte : La dénervation nuit considérablement à la guérison du ligament latéral interne (LLI). Parce
que les ligaments normaux sont peu innervés, nous avons posé en hypothèse que des neurones contenant des neuropeptides feraient leur apparition ou se multiplieraient après une dissection transversale
du ligament suivie d’une régression ultérieure avec la guérison, comme le font les vaisseaux sanguins.
Méthodes : Nous avons procédé à une dissection transversale du LLI droit chez 9 lapines blanches à
maturité de la Nouvelle-Zélande et nous en avons tué 3 à 2, 6 ou 14 semaines. On a examiné par immunohistochimie fluorescente des séries alternantes de coupes de 12 mm de cicatrices LLI en guérison
pour repérer la substance P (SP), le peptide lié au gène de la calcitonine (calcitonin gene-related peptide
ou CGRP), le neuropeptide Y (NPY) et le marqueur pan-neuronal PGP9.5. Résultats : Les LLI normaux contenaient peu de fibres peptidergiques situées dans l’épiligament disposées de façon périvasculaire. À 2 semaines, les fibres positives pour PGP9.5, SP et CGRP avaient augmenté dans l’épiligament
adjacent au traumatisme. À 6 semaines, on a constaté des augmentations des fibres positives pour
CGRP et PGP9.5 dans l’épiligament et la cicatrice et des augmentations semblables mais moins marquées des fibres positives pour la SP. À 14 semaines, on a constaté une régression notable des fibres
nerveuses peptidergiques immunocolorées dans la cicatrice. Conclusion : Cette expérience démontre
une plasticité remarquable de l’innervation ligamentaire après une lésion, ce qui appuie le concept selon
lequel des facteurs neuronaux jouent un rôle fondamental dans la guérison de la plaie.

W

ound healing is a continuous
process that can be said to occur in 3 somewhat arbitrary and
overlapping stages: initial inflammation followed by proliferation of cells
and matrix and then a prolonged remodelling phase.1 Within hours of an

initial injury, hemorrhage and clot
formation occur, accompanied by an
inflammatory response that subsequently leads to angiogenesis, cellular proliferation and scar formation.
Then, in the following weeks to
months, tissue remodelling takes

place. It is reasonable to suggest that
any factors promoting inflammation
or cellular proliferation are likely to
have a significant effect on the outcome of wound healing.
Numerous studies have indicated
a potential role for neuropeptides
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(small peptide-signalling molecules
derived from sensory and sympathetic neurons) in wound healing.2
Substance P (SP) and calcitonin
gene-related peptide (CGRP) are
potent vasodilators, making these
substances particularly important
during the initial inflammatory stage
of healing.2 Neuropeptide Y (NPY)
is produced by sympathetic neurons, has vasoactive properties and,
in concert with CGRP, modulates
endothelial and fibroblast cell proliferation associated with angiogenesis.3,4 Mice lacking the NPY Y2 receptor exhibit impaired skin wound
healing.4
Other investigations have demonstrated the benefits of an intact peripheral nervous system on wound healing.
Most of these studies have focused on
well-innervated structures such as skin.
In a rat study, denervation via chemical sympathectomy resulted in decreased healing of skin incisions, compared with control animals.5 Another
study in rats revealed impaired fracture
healing after peripheral nerve transection.6 Intact innervation also plays a
role in fetal skin wound repair. Stelnicki and colleagues7 found that innervation was necessary for scarless
wound healing in fetal lambs, and in
some cases, healing did not occur at all
in denervated tissues.
We have previously reported that
denervation significantly impairs
healing of the rabbit medial collateral ligament (MCL).8 Six weeks after injury, denervated ligament scars
had one-third the blood flow, exhibited two-thirds the angiogenesis response and were 33% weaker when
compared with innervated ligament
scars. Normal ligament is rather
sparsely innervated, with most fibres
found in a perivascular distribution
in the enveloping epiligament and
only rare unmyelinated fibres found
within the deep substance of the ligament proper.9 The unexpectedly
profound effect of denervation on
the healing of such a poorly innervated tissue suggested that significant changes in the pattern and den168
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sity of innervation could be occurring
during normal ligament healing.
In the brain and spinal cord, neuronal plasticity is a phenomenon wellknown as a substrate for such diverse
phenomena as motor learning, memory consolidation and the recovery of
function after brain or spinal cord injury10,11; however, less attention has
been paid to the structural plasticity
of sensory and sympathetic terminal
arborizations in the peripheral nervous system. Injury induces dramatic
changes in ligament vascularity and
blood flow,12,13 but no previous study
has investigated the response of the
neural elements in ligament at multiple time points after injury.
We hypothesized that after ligament injury the response of neuropeptide-producing (peptidergic)
neurons would parallel or presage the
vascular response, with initial sprouting and proliferation followed by remodelling and/or regression at later
time points. To investigate this
intriguing possibility, we elected to
examine injured ligaments with
immunohistochemistry to identify
changes in the pattern and number of
peptidergic nerve endings at different
times after injury.
Methods
Surgical procedures

We used 9 skeletally mature female
New Zealand white rabbits in this
experiment. All animals were given an
intravenous injection of 25 mg/mL,
0.16 mL acepromazine maleate
(Atravet; Ayerst Veterinary Laboratories) followed by the induction
of general inhalational anesthesia
(2%–5% halothane and nitrous oxide;
1 L/min O2). Using a sterile technique, we completely transected the
right MCL of each rabbit. Postoperatively, the animals were given a
subcutaneous injection (3 mL)
of the antibiotic Duplocillin LA
(Intervet), and the injury site was
treated with gentamicin antibiotic
spray (Gentocin; Schering-Plough

Animal Health). Three rabbits were
killed at each of 2, 6 and 14 weeks.
Each animal was handled in accordance with the guidelines of the
Canadian Council on Animal Care.
The University of Calgary Animal
Care Committee approved all research protocols. All possible efforts
were taken to minimize animal suffering and the number of animals
used.
MCL transection

The MCL was approached through a
medial incision followed by blunt dissection of overlying connective tissues.
A 5-mm spatula was gently inserted
under the entire ligament, and the ligament was sharply transected with a
scalpel. The cut ends of the ligament
were noted to retract spontaneously,
leaving a 3-mm gap. The skin was
closed with 4–0 nylon sutures.
Sample collection

Animals were killed by an intravenous overdose of sodium pentobarbital (Euthanyl; Bimeda-MTC
Animal Health Inc.). The whole
MCL was taken from the right leg
and immersed in phosphate-buffered
4% paraformaldehyde overnight. The
tissue was then cryoprotected in
2 changes of 30% sucrose phosphate
buffer overnight, embedded in
Tissue-Tek OCT compound (Sakura
Finetek) and snap frozen in 2-methyl
butane cooled in liquid nitrogen.
Histology

Blocks were stored at –80°C until
they were cut into 12 μm sections
with a Leica CM3050 cryostat (Leica
Microsystems). For each ligament,
serial sagittally oriented longitudinal
sections were cut through the entire
ligament and scar. The sections were
alternately collected into 4 sets so
that each set comprised every fourth
section of the entire series. This allowed us to use 4 different antibodies for each ligament. Sections were
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thaw-mounted onto gelatin-coated
slides and allowed to dry overnight.
Immunohistochemistry

Staining was done in batches that
included specimens from the 3 different postinjury time points, all
stained at the same time so that inherent variability in the preparation
and staining methods would not affect interpretation of the results.
Alternate sets of sections were
processed for fluorescent immunohistochemistry with polyclonal antibodies specific for SP (Bachem),
CGRP (Bachem), NPY (Millipore)
or protein gene product 9.5
(PGP9.5) (Serotec). SP and CGRP
are peptides found in unmyelinated
sensory neurons. Neuropeptide Y is a
peptide widely distributed in the
brain but restricted to sympathetic
nerve fibres in the peripheral nervous
system. PGP9.5 is a peptide marker
found in virtually all neurons of the
peripheral nervous system. Specific
antibody staining was visualized by
the appropriate Cy3-conjugated fluorescent secondary antibody (Jackson
Immunoresearch Laboratories).
Sections were washed (3 × 5 min)
in 0.1 M phosphate buffer saline solution/0.1% Triton X-100 (SigmaAldrich) and then blocked with the
appropriate normal blocking serum
at room temperature for 30 minutes.
Primary incubation was performed
overnight in a humidity chamber at
4°C, with the recommended titres
for each antibody being used:
PGP9.5, 1:200 in 2% normal rabbit
serum; SP, 1:200 in 2% normal goat
serum; CGRP, 1:200 in 2% normal
goat serum; and NPY, 1:1000 in 2%
normal rabbit serum. One or 2 sections from each series were stained
identically, with the exception that
the primary antibody was omitted to
test for nonspecific staining.
The following day the sections
were rinsed (3 × 5 min) in PBS and
then incubated with the specific
Cy3-conjugated secondary antibodies for 1 hour at room temperature

in a humidity chamber. Finally, the
sections were washed (3 × 5 min) in
PBS, cover slipped with Fluorosave
reagent (Calbiochem) and stored in
the dark at 4°C.
Semiquantitative analysis

We examined the complete set of serial alternate sections for each ligament (40–50 sections for each neuropeptide or marker), which allowed
us to assess the presence throughout
the tissue of nerve fibres (profiles)
containing SP, CGRP, NPY and
PGP9.5. We observed slides on a
Leitz DMRB fluorescent scope
(Leica), using filters appropriate for
Cy3 (excitation 515–560 nm). It was
evident that changes in the number
of nerve fibre profiles were occurring
in the scar region, so we limited the
histologic examination to that region
of the injured ligaments. The scar region was easily distinguished from
native ligament tissue by the abrupt
transitions from the regular bundles
of collagen fibres seen in normal ligament to the amorphous-appearing
matrix and increased cellularity of the
scar filling the gap left after the injury
(Fig. 1). We graded innervation density semiquantitatively as follows: We
counted the number of axonal profiles in the scar region by systematically examining every section of the

series for each marker. We defined an
axonal profile as a homogeneously
stained linear or branching sinuous
structure with a minimal length of
5 μm. We defined a growth cone
(the growing tip of a sprouting neuron) as a similar structure with an
amoeboid-appearing tip. Axonal profiles and growth cones could be
readily distinguished from background staining, which occurred in
an evenly distributed, amorphous or
finely granular pattern. We determined the total number of profiles
per ligament scar region for each
marker. The data are presented in
Table 1.
Results
Immunohistochemistry

Normal MCL was found to have few
peptidergic fibres located almost exTable 1
Total numbers of specific peptidergic
neuronal profiles in the scar formed
at different times after MCL
transection*

Peptide
PGP9.5

SP

CGRP

NPY

FIG. 1. Low-power view of a longitudinal
section of rabbit medial collateral ligament at 6 weeks postinjury, showing the
transition zone between normal ligament matrix and scar. Note the organized parallel bundles of crimped collagen fibres in the normal matrix at left
(arrow) and the disorganized noncrimped collagen fibres in the scar at
right (arrowhead) (hematoxylin–eosin
stain, scale bar = 100 μm).

Rabbit
group
A

Time point, w
2
0

6

14

25

39

B
C
Mean
A
B

220
144
121
0
140

580
10
293 111
299
53
7
2
320
14

C
Mean
A
B
C
Mean

21
53
25
40
52
39

500 122
276
46
5
1
280
4
424 383
236 133

A
B
C
Mean

—
5
21 10
119 150
70 55

4
0
43
18

CGRP = calcitonin gene-related peptide; MCL =
medial collateral ligament; NPY = neuropeptide
Y; PGP9.5 = protein gene product 9.5;
SP = substance P; — = no data.
*Three rabbits were killed at each time point.
Staining was carried out in batches (A, B, C).
Specimens in the same row were processed
together. Consistently poor staining was seen in
batch A because of excessive background
staining caused by the use of an improperly
stored blocking serum.
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clusively in the epiligament on the
surface of the ligament in a predominantly perivascular pattern. Rarely
were fibres seen within the ligament
substance proper. After ligament injury, different temporal patterns of
staining distribution were seen for
each peptidergic marker (summarized in Table 1). We found that the
increases in number of nerve fibres
were almost exclusively occurring in
or near the scar tissue that formed in
the gap between the cut ends of the
transected ligament. By definition,

scar tissue is formed de novo in the
gap created by the injury. Therefore,
all nerve fibres found in the scar were
newly derived by sprouting and ingrowth from preexisting fibres in the
surrounding tissue. Bright-field examination of the ligament sections
under low power permitted a visual
identification of the scar region that
was easily distinguished by its increased cellularity and disorganized
collagen matrix (Fig. 1).
At 2 weeks, there were moderate
increases in the number of profiles

staining for the sensory neuropeptides CGRP and SP (Fig. 2A and 2D
respectively), occurring primarily in
epiligament adjacent to the developing scar. By 6 weeks postinjury, there
were marked increases in the counts
of CGRP- (Fig. 2B) and PGP9.5immunoreactive neurons (Fig. 2H)
in both epiligament and scar, with
similar but less marked increases in
SP labelling (Fig. 2E). All the neuronal markers identified nerve fibres
closely associated with blood vessels
in the scar and epiligament. CGRP-

FIG. 2. Photomontage of typical high-power images of immunohistochemically stained nerve fibres (arrows) at different time
points after injury. (A) At 2 weeks, CGRP fibres appear very fine in the early scar. (B) At 6 weeks, CGRP-immunoreactive growth
cone–like structures (large arrow head) and sprouting appear, as well as a predominantly perivascular distribution of fibres. (C)
At 14 weeks postinjury, there are fewer CGRP-immunoreactive fibres in the scar, with most found again in the epiligament. (D)
All SP-positive profiles were found to be perivascular at 2 weeks after injury. (E, F) Similar to the appearance at 2 weeks, SP-positive profiles were only found associated with proliferating vessels within the scar at later time points. (G) Typical image of NPYcontaining fibres associated with small arterial vessels in a 6-week postinjury scar. (H) At 6 weeks postinjury, staining for the
marker PGP9.5, which stains all nerve fibres, revealed a pattern that combined aspects of the other markers, with most fibres in
a perivascular location, and some free in the scar matrix (scale bar = 20 microns). CGRP = calcitonin gene-related peptide;
NPY = neuropeptide Y; PGP9.5 = protein gene product 9.5; SP = substance P; v = vessel lumen.
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and PGP9.5-immunoreactive fibres
were also seen as free nerve endings
in the scar matrix. At 14 weeks, there
was a regression of immunostained
nerve fibres (Fig. 2C and 2F) to
numbers slightly greater than those
seen in normal controls (not shown).
Of note, there were no noticeable
changes in the number of NPYpositive fibres at any time point.
Discussion
We have found evidence of a remarkable plasticity of innervation after ligament injury. The initial sparse distribution of fibres restricted to the
epiligament begins to proliferate by
2 weeks and infiltrates the scar by
6 weeks. The number and distribution of nerve terminals then regresses
by 14 weeks. Nerve growth into the
ligament scar appears to mimic the
angiogenic response to injury, which
begins in the epiligament, where the
greatest number of vessels are found,
and then spreads to the midsubstance of the scar.13,14 The similarity
between the vascular and neuronal
responses to ligament injury is consistent with recent evidence that
growing neurons and vessels are subject to similar, and in some instances
identical, regulatory signalling pathways (see Carmeliet15 for a review).
Some CGRP- and SP-containing
profiles were noted in the scar region
as early as the 2-week time point,
consistent with the known role of
these neuropeptides in promoting inflammation. The expression of
PGP9.5, a general nerve marker, parallelled both SP and CGRP neuropeptides at the 2-week time point.
Six weeks after ligament injury, a
time when cellular proliferation and
new matrix production are maximal,
we found that there were numerous
SP- and CGRP-labelled nerve fibres
in the scar. CGRP and PGP9.5 immunolabelling increased more than
SP at the 6-week time point. This
likely reflects the fact that CGRPcontaining sensory neurons are
almost 3 times more prevalent in

articular tissues than SP-containing
neurons.16 The peak number of labelled profiles for all the examined
neuropeptides was at 6 weeks postinjury, which also coincides with the
time of peak blood flow and vascular
volume in rabbit MCL.13,14 NPY
staining in the scars did not change
significantly after injury. Because
NPY is a marker for sympathetic
neurons, whereas SP and CGRP are
found in sensory neurons, this observation could indicate that sensory
and sympathetic neurons respond
differently to ligament injury in this
model.
At 14 weeks, there were fewer peptidergic profiles in the scars, consistent
with our hypothesis that neuronal responses would parallel the angiogenesis response. The dynamic and highly
plastic nature of the neuronal response after ligament injury further
supports the idea that innervation
plays an important role in promoting
the early healing response of these tissues. Our findings are remarkably
similar to those recently reported for
injured Achilles tendon in rats,17,18
supporting the speculation that neuronal proliferation and activity may be
a necessary aspect of wound healing in
many tissues and species.
Owing to the small number of animals studied at each time point, the
morphological nature of the data, and
the amount of interanimal variation, a
statistical analysis was not feasible in
this study. However, this preliminary
study provides clear supporting evidence that an intact peripheral nervous system is dynamically responsive
to the early stages of ligament injury.
Nerve growth, blood flow and angiogenesis are all substantially upregulated from 2 to 6 weeks after ligament
rupture, indicating that these 3 processes likely all influence the healing
process in an interdependent manner.
Pain after joint injury is common,
severe and disabling, but little is
known about the processes and mediators that regulate the activity of
the peripheral nervous system in this
context. Unlike the phenomenon of

angiogenesis, which has received
considerable attention in recent
years, the factors involved in neuronal sprouting and growth have received little attention outside the
realm of direct injury to brain, spinal
cord or peripheral nerve. Further research may reveal the molecules and
mechanisms regulating the plasticity
of neuronal morphology in injured
connective tissue. This could lead to
important insights and perhaps new
avenues for the treatment of these
very common, frequently disabling
injuries.
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Canadian Surgery FORUM canadien de chirurgie
The Canadian Surgery FORUM canadien de chirurgie will hold its annual meeting from Sept. 11 to 14, 2008, in
Halifax, Nova Scotia. This interdisciplinary meeting provides an opportunity for surgeons across Canada with
shared interests in clinical practice, continuing professional development, research and medical education to meet in
a collegial fashion. The scientific program offers material of interest to academic and community surgeons, residents in training and students.
The major sponsoring organizations include the following:
• The Canadian Association of General Surgeons
• The Canadian Society of Colon and Rectal Surgeons
• The Canadian Association of Thoracic Surgeons
• The Canadian Society of Surgical Oncology
Other participating societies include the American College of Surgeons, the Canadian Association of Surgical
Chairmen, the Canadian Association of University Surgeons, the Canadian Hepato-Pancreato-Biliary Society, the
Canadian Undergraduate Surgical Education Committee, Doctors Nova Scotia, the James IV Association of Surgeons, the Ontario Association of General Surgeons and the Trauma Association of Canada.
For registration and further information contact surgeryforum@rcpsc.edu; www.cags-accg.ca/cagsaccg.php?page=56

Canadian Surgery FORUM canadien de chirurgie
La réunion annuelle du Canadian Surgery FORUM canadien de chirurgie aura lieu du 11 au 14 septembre 2008 à
Halifax en Nouvelle Écosse. Cette réunion interdisciplinaire permet aux chirurgiens de toutes les régions du Canada
qui s’intéressent à la pratique clinique, au perfectionnement professionnel continu, à la recherche et à l’éducation médicale d’échanger dans un climat de collégialité. Un programme scientifique intéressera les chirurgiens universitaires et
communautaires, les résidents en formation et les étudiants.
Les principales organisations qui parrainent cette réunion sont les suivantes :
• L’Association canadienne des chirurgiens généraux
• La Société canadienne des chirurgiens du côlon et du rectum
• La Société canadienne de chirurgie thoracique
• La Société canadienne d’oncologie chirurgicale
Le American College of Surgeons, le Canadian Association of Surgical Chairmen, l’Association canadienne des
chirurgiens universitaires, le Canadian Hepato-Pancerato-Biliary Soceity, le Comité canadien de l’éducation chirurgicale
de premier cycle, Doctors Nova Scotia, l’Association des chirurgiens James IV, le Ontario Association of General Surgeons, et l’Association canadienne de traumatologie sont au nombre des sociétés qui appuient cette activité.
Pour vous inscrire, veuillez communiquey à surgeryforum@rcpsc.edu; www.cags-accg.ca/cagsaccg.php?page=56
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