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Neuropeptides regulate expression of matrix molecule, growth factor
and inflammatory mediator mRNA in explants of normal
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Abstract
Denervation degrades normal ligament properties and impairs ligament healing. This suggests that secreted neuromediators, such as
neuropeptides, could be modulating cell metabolism in ligament and scar tissue. To test this hypothesis we investigated the effect of exogenous
substance P (SP), neuropeptide Y (NPY) or calcitonin gene-related peptide (CGRP) on the mRNA levels for proteins associated with
inflammation, angiogenesis, and matrix production in tissue-cultured specimens of normal and injured medial collateral ligament. SP and NPY
induced increased mRNA levels for several inflammatory mediators in the 2-week post-injury specimens. All three neuropeptides induced
decreases in mRNA levels for healing-associated growth factors and matrix molecules, including basic fibroblast growth factor (bFGF), vascular
endothelial growth factor (VEGF) and collagen types I and III. The results indicate that neuropeptides strongly influence the metabolic activity of
cells in healing ligament, particularly at early time points after injury.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction
Significant joint injuries such as traumatic ligament disruption are among the most potent stimuli to joint inflammation
[1]. It is now well accepted that the regional inflammatory
response is markedly amplified by neurogenic factors [2–4].
After ligament or tendon injury, peptidergic neurons sprout and
grow into the scar formed at the site, leading to speculation that
neuronal derived factors could play an important role in connective tissue healing [5,6]. Neuropeptides stimulate endothelial and fibroblast proliferation in vitro [7,8] and angiogenesis
in vivo [9,10].
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Denervation can reduce the severity of inflammatory arthritis
[3,11], but also significantly degrades normal ligament properties in the rat [12], and significantly impairs ligament healing, as measured by blood flow, angiogenesis and mechanical
properties of the healing scar at 6 weeks after injury in a rabbit
model [13]. Such observations suggest that secreted neuromediators, such as neuropeptides or other factors, could be modulating cell metabolism in the developing scar tissue to
optimize the healing process.
Of the numerous peptides produced and secreted by neurons,
substance P, CGRP and NPY are among the most widely distributed and best characterized, and all three are known to be
present in normal ligament of rat and rabbit ([6] and unpublished data; [14,15]). Substance P is a vasodilator, increases
capillary permeability, causes mast cell degranulation and is a
potent leukocyte chemotactic agent [16,17]. CGRP is a potent
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vasodilator and a mitogen for endothelial cells (see Lundberg
[18] for review). Neuropeptide Y, widely expressed by sympathetic neurons, is a vasoconstrictor, a potent stimulus to angiogenesis and a modulator of immune cell function [19,20].
Prior investigations have shown that neuropeptides can
significantly affect gene expression in normal rabbit medial
collateral ligament (MCL) tissue in explant culture [21], but the
effect of exogenous neuropeptides on gene expression in injured
ligaments has not been examined. Although denervation impairs ligament healing, the mechanism of this effect remains
unknown. We hypothesized that neuropeptides could stimulate
the production of matrix molecules and growth factors associated with repair.
2. Materials and methods
2.1. Animals
Adult New Zealand white rabbits (n = 18) were used. 12
underwent bilateral MCL transection [22,23] and 6 were uninjured normals.
2.2. Explant culture
3 days or 2 weeks after injury, randomly selected rabbits
were killed (n = 6 injured and n = 3 non-injured at each time
point) and the MCLs removed, divided lengthwise into
2 segments (4 segments per animal) and placed into 1 mL of
serum-free culture medium (DMEM, Gibco BRL) in 24-well
culture plates. Two early time-points for assessment were
chosen because it was thought that neuropeptides would likely
have their greatest influence during the initial inflammatory
phase of wound healing [24]. Each longitudinal segment
contained a portion of the scar region as well as a segment of
femoral and tibial ends of the ligament. After 24 h in culture,
either SP, CGRP or NPY was added to the culture medium to a
final concentration of 10− 7 M, a concentration which has been
found previously to influence fibroblast activity in culture
[21,25]. For each rabbit, one segment served as a control, with
no neuropeptide added to the culture medium. Normal
ligaments from the uninjured rabbits were treated in the same
manner as injured ligaments.

Thermolyne Corporation, Dubuque, IA) with excitation at
468 nm and emission at 525 nm using a standard curve of
rRNA (Sigma Chemical). RNA was stored at − 80 °C until
used for RT–PCR analysis. Reverse transcription was carried
out within 24 h of RNA extraction.
2.4. PCR primers
Rabbit-specific primer sets that have been developed and
validated in previous studies were used throughout [21,23,25,
27–29].
2.5. RT–PCR
Reverse transcription of 1 μg of total RNA was performed
with the Omniscript RT–PCR kit (Qiagen) and aliquots of
cDNA were amplified using rabbit-specific primer sets [23,25].
All samples in an experiment were subjected to reverse transcription at the same time to avoid potential variation, similarly
all samples in an experiment were subjected to PCR at the same
time. Collagen types I and III, biglycan and lumican mRNA
levels were determined to assess matrix production, vascular
endothelial growth factor (VEGF) and its cognate receptor
VEGFR2, as well as plasminogen activator inhibitor-1 (PAI-1)
expression were assessed as indices of angiogenesis activity.
Transforming growth factor-β1 (TGF-β1) and basic fibroblast
growth factor (FGF2) mRNA levels were assayed as indicators
of growth factor production. The mRNA levels for interleukin-1
(IL-1), tumour necrosis factor alpha (TNF-α), inducible nitric
oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) were
also measured to indicate inflammatory activity.
PCR products were separated in 2% agarose gels at 60 V/cm
in TAE buffer, the gels stained with ethidium bromide, destained
with distilled water and imaged with the GelDoc XR system
(BioRad). Automated densitometry was performed using Discovery Quantity 1 software (BioRad). The relative abundance of
the various mRNAs in the healing ligament was determined after
normalizing to values obtained for the housekeeping gene βactin, which did not vary from normal values in the injured
samples. RT–PCR analysis of a second aliquot of RNA was done
for a subset of the genes of interest and it revealed the same
pattern of results. All no RT controls were negative for genomic
contamination of RNA preparations.

2.3. RNA isolation
2.6. Statistical analysis
After a further 24 h of culture at 37 °C in a humidified CO2
incubator, the ligament fragments were retrieved and snapfrozen in liquid nitrogen until RNA extraction. Total RNA was
extracted using the TRIspin method [26]. Briefly, the Trizol
tubes were thawed and chloroform was added to each sample
(300 μL/1 mL Trizol). Following extraction with chloroform,
total RNA was further purified using the RNeasy spin extraction kit (Qiagen Inc., Mississauga, ON) with the addition of a
DNAse step (RNAse-free DNAse, Qiagen Inc.) after the
initial wash. RNA quantification was performed using the
SYBR Green II dye (Molecular Probes Incorporated, Eugene,
OR) on a Turner Model 450 Fluorometer (Barnstead/

Results were analyzed by analysis of variance and paired ttests using Microsoft Excel software.
3. Results
3.1. Effect of neuropeptides on mRNA levels of growth factors
As neuropeptides may promote ligament healing by
stimulating increases in production of growth factors known
to be expressed in healing ligament and connective tissues,
mRNA levels for TGF-β1, bFGF and VEGF were assessed.
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TGF-β1 mRNA levels were found to be significantly depressed in 2 weeks post-injury ligament specimens cultured with
10− 7 CGRP and 10− 7 NPY compared to untreated specimens
(Tables 1–3). SP had no detectable effect on TGF-β mRNA levels
in injured ligament. TGF-β1 mRNA levels in normal uninjured
ligament and in 3-day post-injury ligament explants were not
significantly affected by any of the neuropeptides employed.
The mRNA levels for bFGF were responsive to neuropeptide
exposure, with significant depression detected at 3 days postinjury with NPY, and at 2 weeks post-injury with SP and CGRP.
The mRNA levels for VEGF were significantly depressed by
CGRP and NPY only at 2 weeks post-injury.
3.2. Effect of neuropeptides on mRNA levels for angiogenesisassociated proteins
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Table 2
Effect of neuropeptides on 3-day post-injury ligament specimens in explant culture
Gene

TGF-β
bFGF
VEGF
PAI-1
VEGFR
TSP-1
Col I
Col III
Biglycan
Lumican
TNF-α
IL-1
iNOS
COX-2

No peptide SP

CGRP

NPY

% Control

% Control p a

% Control p a

% Control p a

131 ± 18
135 ± 25
204 ± 25
115 ± 34
94 ± 16
102 ± 44
284 ± 12
330 ± 13
234 ± 9
115 ± 11
207 ± 22
127 ± 27
92 ± 34
72 ± 7

127 ± 9
52 ± 30
153 ± 16
167 ± 29
62 ± 22
97 ± 39
205 ± 23
188 ± 20
286 ± 13
88 ± 15
247 ± 26
121 ± 18
100 ± 29
122 ± 19

113 ± 10
77 ± 24
243 ± 13
170 ± 25
85 ± 8
107 ± 23
387 ± 16
380 ± 16
330 ± 13
119 ± 13
321 ± 51
119 ± 52
175 ± 54
179 ± 47

104 ± 12
53 ± 34
159 ± 28
115 ± 27
45 ± 23
149 ± 38
250 ± 24
231 ± 23
294 ± 20
100 ± 13
142 ± 28
80 ± 24
76 ± 30
118 ± 17

0.90
0.08
0.27
0.12
0.21
0.92
0.05
0.02
0.27
0.07
0.18
0.82
0.83
0.16

0.70
0.11
0.30
0.11
0.61
0.90
0.03
0.14
0.02
0.70
0.51
0.91
0.42
0.54

0.48
0.02
0.58
0.99
0.06
0.23
0.54
0.27
0.26
0.48
0.29
0.22
0.55
0.90

Plasminogen activator inhibitor-1 (PAI-1) mRNA levels
were significantly depressed by CGRP and NPY in the 2-week
post-injury specimens. Similarly, VEGF receptor mRNA levels
were depressed by CGRP and NPY in the 2-week post-injury
specimens.
Levels of angiogenesis inhibitor TSP-1 mRNA were not
significantly changed by any of the neuropeptides tested in
normal or injured ligament specimens (Tables 1–3).

Lumican mRNA levels were significantly lowered by NPY
in uninjured specimens but were not affected by any neuropeptide in any of the injured specimens (Tables 1–3).

3.3. Effect of SP, CGRP and NPY on mRNA levels for matrix
molecules

3.4. Effect of neuropeptides on mRNA levels for inflammatory
mediators

Collagen type I mRNA levels were significantly depressed in
normal ligament specimens exposed to SP, by CGRP in 3-day
post-injury specimens and by CGRP and NPY in 2-week postinjury specimens.
Collagen type III mRNA levels were significantly depressed
by all three neuropeptides in the 2-week post-injury specimens.
Biglycan mRNA levels were significantly lowered by CGRP
in both the 3-day and 2-week post-injury specimens, and by
NPY in the 2-week post-injury specimens.

IL-1 mRNA levels were significantly increased by NPY and
SP in the 2-week post-injury specimens.
Similarly, NPY increased mRNA levels for both TNF-α and
COX-2 in 2-week post-injury specimens.
None of the neuropeptides tested had a significant effect on
iNOS mRNA levels in these specimens (Tables 1–3).

Table 1
Effect of neuropeptides on normal ligament specimens in explant culture
Gene

TGF-β
bFGF
VEGF
PAI-1
VEGFR
TSP-1
Col I
Col III
Biglycan
Lumican
TNF-α
IL-1
iNOS
COX-2

SP

CGRP
a

% Control

p

99 ± 9
77 ± 20
59 ± 16
67 ± 24
41 ± 10
94 ± 47
52 ± 15
52 ± 15
91 ± 13
60 ± 13
74 ± 5
89 ± 5
71 ± 14
72 ± 7

0.94
0.03
0.08
0.35
0.03
0.92
0.04
0.09
0.16
0.06
0.35
0.66
0.37
0.23

Values for untreated, uninjured explants (controls) were set at 100%. Statistically
significant results are shown in bold.
a
Compared to no peptide.

Table 3
Effect of neuropeptides on 2-week post-injury ligament specimens in explant
culture
Gene

NPY
a

% Control

p

107 ± 5
64 ± 14
115 ± 21
74 ± 13
111 ± 8
45 ± 42
119 ± 22
137 ± 16
126 ± 19
84 ± 13
76 ± 14
75 ± 23
73 ± 8
66 ± 10

0.48
0.03
0.14
0.45
0.54
0.22
0.31
0.24
0.29
0.36
0.38
0.43
0.28
0.12

a

% Control

p

86 ± 5
79 ± 40
65 ± 12
67 ± 14
48 ± 14
61 ± 31
75 ± 33
101 ± 19
102 ± 7
40 ± 25
55 ± 11
70 ± 10
51 ± 13
65 ± 9

0.22
0.55
0.23
0.39
0.07
0.35
0.25
0.89
0.87
0.01
0.15
0.30
0.15
0.20

Values for untreated, uninjured explants (controls) were set at 100%. Statistically
significant results are shown in bold.
a
Compared to no peptide, p values determined by two-tailed paired t-test.

TGF-β
bFGF
VEGF
PAI-1
VEGFR
TSP-1
Col I
Col III
Biglycan
Lumican
TNF-α
IL-1
iNOS
COX-2

No
peptide

SP

CGRP

NPY

%
Control

%
Control

pa

%
Control

pa

%
Control

pa

154 ± 3
207 ± 18
426 ± 12
366 ± 9
127 ± 11
167 ± 24
795 ± 8
698 ± 10
418 ± 13
223 ± 7
260 ± 12
147 ± 12
127 ± 20
140 ± 11

151 ± 9
112 ± 19
278 ± 21
407 ± 6
63 ± 29
111 ± 28
654 ± 11
477 ± 13
402 ± 10
205 ± 12
395 ± 23
205 ± 12
162 ± 15
257 ± 24

0.75
0.05
0.11
0.20
0.04
0.40
0.15
0.02
0.67
0.42
0.14
0.10
0.23
0.07

50 ± 11
104 ± 25
180 ± 17
201 ± 8
70 ± 20
127 ± 16
315 ± 16
297 ± 13
204 ± 11
210 ± 15
312 ± 11
216 ± 9
106 ± 18
154 ± 10

0.000006
0.04
0.004
0.002
0.006
0.1405
0.002
0.0003
0.006
0.57
0.19
0.006
0.30
0.47

83 ± 10
122 ± 35
133 ± 10
242 ± 22
43 ± 4
129 ± 41
262 ± 13
157 ± 13
218 ± 11
184 ± 11
475 ± 16
252 ± 20
142 ± 20
222 ± 18

0.0006
0.06
0.002
0.008
0.0006
0.28
0.0003
0.0002
0.007
0.07
0.009
0.04
0.56
0.05

Values for untreated, uninjured explants (controls) were set at 100%. Statistically
significant results are shown in bold.
a
Compared to no peptide.
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4. Discussion
The studies presented in this report showed that the neuropeptides SP and NPY can induce increased mRNA levels for
inflammatory mediators in specimens of injured ligament
placed in culture at 2 weeks after injury. The importance of
initial inflammation to successful wound healing is well documented, so these results are consistent with the idea that regulation of inflammatory mediator production is one of the major
mechanisms by which neuropeptides influence the early phases
of healing [30,31]. It is not clear why mRNA levels for iNOS
were not affected by neuropeptide in this study as has been
reported in other studies [32,33]. This may be a species-specific
or tissue-specific observation.
In contrast, all three neuropeptides tested induced significantly lower mRNA levels for several molecules associated
with healing in MCL scar, including growth factors, matrix
molecules (excluding lumican) and some angiogenesis-associated proteins. Prior experiments in our laboratory revealed that
denervation, an intervention which would be expected to deplete neuropeptides in the injury site, leads to increased mRNA
levels for MMP-13, matrix components collagen types I and III,
TGF-β and angiogenesis inhibitors TIMP-3, and TSP-1 in normal
and healing ligament [34]. The present study is consistent with
this and supports the idea that the effects of denervation are
largely the result of the loss of neuropeptide stimulation. However, the results of both of these studies seem counter-intuitive in
the context of our previously obtained in vivo data, which showed
that denervation impaired ligament healing in the rabbit model
[13].
There are a number of possible explanations that could account
for this apparent paradox. The three neuropeptides tested stimulate
increased blood flow and/or angiogenesis [9,20,35–37]. Given
that angiogenesis is widely accepted to be the key determinant of
the outcome of wound healing, neuropeptide-induced increases in
blood flow and accelerated angiogenesis might well have a greater
influence on the outcome of healing than the observed changes in
mRNA levels for matrix molecules and growth factors [38–43].
Neuropeptides are also known to increase cellular proliferation [7,44–46]. Cells stimulated to proliferate would potentially downregulate or stop producing matrix molecules or
growth factors until their proliferative phase was completed.
Increased cellularity would likely subsequently lead to the formation of a larger, stronger scar in vivo, and could account for
the superior healing of innervated ligaments.
Not all potentially important neuropeptides known to be
present in articular tissues were tested. Vasoactive intestinal
polypeptide (VIP), somatostatin (SOM) and met-enkephalin,
known to be present in articular tissues [14,15,47,48], may also
be important modulators of cellular metabolism in healing ligament. Future studies will address the influence of these mediators on healing and scar cell behavior, as the neuropeptide
milieu in the healing ligament is likely very complex.
Most of the significant effects on mRNA levels observed in
the present experiments were seen in the 2-week post-injury
specimens. This corresponds to the late inflammatory and early
proliferative phase of healing in the rabbit MCL. The way cells

in the scar respond to neuropeptides appears to be time dependent, with different effects seen at different times after injury
[49]. Testing specimens retrieved at longer intervals after ligament injury may reveal additional differences in response to
neuropeptide stimulation.
In vivo, neuropeptides are produced in a temporally and
spatially regulated manner by nerve fibers in close proximity to
existing or newly forming vessels [15,50]. During development,
angiogenesis in the skin is highly regulated by neuronal factors
(see Mukouyama et al. [51] for review). It is not known if a
similar relationship is recapitulated in healing ligament or other
wounds. However, a highly localized downregulation of matrix
production would facilitate angiogenesis, which depends on
MMP-mediated matrix digestion to create a channel for proliferating endothelial cells to migrate into. Since all the neuropeptides tested in the present study are associated with increased
blood flow and angiogenesis, the results support the conclusion
that blood vessels and endothelium are likely the primary targets
of these neuropeptides in early ligament healing [9,20,36,37,43].
There are a number of potential limitations to the study
presented. An explant system was used and the specimens were
all cultured for 24 hr prior to neuropeptide stimulation. We
chose to do this to eliminate the effect of endogenous neuropeptides that might be present in the tissues at the time of tissue
removal. However, the loss of normal in vivo mechanical stimulation could alter tissue responses to neuropeptide stimulation.
Others have reported that loss of mechanical loading alters
responsiveness of musculoskeletal tissues to hormones [52] and
growth factors ([53]; see Ehrlich and Lanyon [54] for review)
and impairs healing [55,56]. Therefore the unloaded mechanical
environment of tissue culture may also influence responsiveness to neuropeptides, although the latency of this effect is not
known. This possibility should be the focus of future studies.
Similarly, neuropeptides have potent effects on macrophages,
monocytes and other circulating leukocytes found in substantial
numbers in early stages of wound healing [57,58]. If neuropeptide effects on healing were mediated in part by effects on
these cells, the loss of tissue perfusion in vitro would essentially
eliminate these effects. Furthermore, only one concentration of
each neuropeptide was tested. Although this dosage was chosen
to induce a maximal response profile, the effects of lower concentrations might potentially be different on either normal or
injured specimens. Despite the above limitations, the data clearly
show that neuropeptides can significantly influence the metabolic activity of the cellular components of ligament scar tissue,
particularly in the early stages of healing. Further in vivo experiments are planned to elucidate the specific effects of individual
neuropeptides on ligament healing.
Acknowledgements
The research was funded by a grant from The Arthritis
Society. Drs. Salo and McDougall are supported by Scholarships
and Dr. Bray is supported by a Senior Scholarship awarded by
the Alberta Heritage Foundation for Medical Research. Dr. Hart
is the Calgary Foundation–Grace Glaum Professor in Arthritis
Research.

P. Salo et al. / Regulatory Peptides 142 (2007) 1–6

References
[1] Marshall KW, Chiu B, Inman RD. Substance P and arthritis: analysis of
plasma and synovial fluid levels. Arthritis Rheum 1990;31:87–90.
[2] Neugebauer V, Weiretter F, Schaible H-G. Involvement of substance P and
neurokinin-1 receptors in the hyperexcitability of dorsal horn neurons
during the development of acute arthritis in rat's knee joint. J Neurophys
1995;73:1574–83.
[3] Rees H, Sluka KA, Westlund KN, Willis WD. Do dorsal root reflexes
augment peripheral inflammation? Neuroreport 1994;5:821–4.
[4] Rees H, Sluka KA, Westlund KN, Willis WD. The role of glutamate and
GABA receptors in the generation of dorsal root reflexes by acute arthritis
in the anaesthetized rat. J Physiol Lond 1995;484:437–45.
[5] Ackermann PW, Ahmed M, Kreicbergs A. Early nerve regeneration after
Achilles tendon rupture—a prerequisite for healing? A study in the rat.
J Orthop Res 2002;20:849–56.
[6] McDougall JJ, Bray RC, Sharkey KA. Morphological and immunohistochemical examination of nerves in normal and injured collateral ligaments of rat, rabbit, and human joints. Anat Rec 1997;248:29–39.
[7] Haegerstrand A, Dalsgaard CJ, Jonzon B, Larsson O, Nilsson J. Calcitonin
gene-related peptide stimulates proliferation of human endothelial cells.
Proc Natl Acad Sci U S A 1990;87:3299–303.
[8] Kahler CM, Sitte BA, Reinisch N, Wiedermann CJ. Stimulation of the chemotactic migration of human fibroblasts by substance P. Eur J Pharmacol
1993;249:281–6.
[9] Lee EW, Grant DS, Movafagh S, Zukowska Z. Impaired angiogenesis in
neuropeptide Y (NPY)-Y2 receptor knockout mice. Peptides 2003;24:99–106.
[10] Lee EW, Michalkiewicz M, Kitlinska J, Kalezic I, Switalska H, Yoo P,
Sangkharat A, Ji H, Li L, Michalkiewicz T, Ljubisavljevic M, Johansson
H, Grant DS, Zukowska Z. Neuropeptide Y induces ischemic angiogenesis and restores function of ischemic skeletal muscles. J Clin Invest
2003;111:1853–62.
[11] Ahmed M, Bjurholm A, Srinivasan GR, Lundeberg T, Theodorsson E,
Schultzberg M, Kreicbergs A. Capsaicin effects on substance P and CGRP
in rat adjuvant arthritis. Regul Pept 1995;55:85–102.
[12] Dwyer KW, Provenzano PP, Muir P, Valhmu WB, Vanderby Jr R.
Blockade of the sympathetic nervous system degrades ligament in a rat
MCL model. J Appl Physiol 2004;96:711–8.
[13] Ivie TJ, Bray RC, Salo PT. Denervation impairs healing of the rabbit
medial collateral ligament. J Orthop Res 2002;20:990–5.
[14] Ackermann PW, Li J, Finn A, Ahmed M, Kreicbergs A. Autonomic
innervation of tendons, ligaments and joint capsules. A morphologic and
quantitative study in the rat. J Orthop Res 2001;19:372–8.
[15] Ackermann PW, Finn A, Ahmed M. Sensory neuropeptidergic pattern
in tendon, ligament and joint capsule. A study in the rat. Neuroreport
1999;10:2055–60.
[16] Kar S, Gibson SJ, Jura WG, Rees RG, Brewerton DA, Polak JM. Marked
changes of calcitonin gene-related peptide CGRP substance P and enkephalin
occur in the spinal cord and dorsal root ganglia of rats with adjuvant arthritis.
Bayliss And Starling Annual Meeting. Nottingham: Regulatory Peptides;
1989.
[17] Lembeck F, Donnerer J, Colpaert FC. Increase in substance P in primary
afferent nerves during chronic pain. Neuropeptides 1981;1:175–80.
[18] Lundberg JM. Pharmacology of cotransmission in the autonomic nervous
system. Pharmacol Rev 1996;48:113–78.
[19] Zukowska-Grojec Z. Neuropeptide Y: an adrenergic cotransmitter, vasoconstrictor, and a nerve-derived vascular growth factor. Adv Pharmacol
1998;42:125–8.
[20] Grant DS, Zukowska Z. Revascularization of ischemic tissues with
SIKVAVand neuropeptide Y (NPY). Adv Exp Med Biol 2000;476:139–54.
[21] Hart DA, Reno C. Pregnancy alters the in vitro responsiveness of the rabbit
medial collateral ligament to neuropeptides: effect on mRNA levels for
growth factors, cytokines, iNOS, COX-2, metalloproteinases and TIMPs.
Biochim Biophys Acta 1998;1408:35–43.
[22] Bray RC, Butterwick DJ, Doschak M, Tyberg JV. Coloured microsphere
assessment of blood flow to knee ligaments in adult rabbits: effects of
injury. J Orthop Res 1996;14:618–25.

5

[23] Boykiw R, Sciore P, Reno C, Marchuk L, Frank CB, Hart DA. Altered
levels of extracellular matrix molecule mRNA in healing rabbit ligaments.
Matrix Biol 1998;17:371–8.
[24] Kydd AS, Achari Y, Lu T, Sciore P, Rattner JB, Hart DA. The healing
rabbit medial collateral ligament of the knee responds to systemically
administered glucocorticoids differently than the uninjured tissues of the
same joint or the uninjured MCL: a paradoxical shift in impact on specific
mRNA levels and MMP-13 protein expression in injured tissues. Biochim
Biophys Acta 2005;1741:289–99.
[25] Hart DA, Archambault JM, Kydd A, Reno C, Frank CB, Herzog W.
Gender and neurogenic variables in tendon biology and repetitive motion
disorders. Clin Orthop 1998:44–56.
[26] Reno C, Marchuk L, Sciore P, Frank CB, Hart DA. Rapid isolation of total
RNA from small samples of hypocellular, dense connective tissues.
Biotechniques 1997;22:1082–6.
[27] Berglund M, Wiig M, Torstensson M, Reno C, Hart DA. Assessment of
mRNA levels for matrix molecules and TGF-beta1 in rabbit flexor and
peroneus tendons reveals regional differences in steady-state expression.
J Hand Surg [Br] 2004;29:165–9.
[28] Wang JF, Olson ME, Ma L, Brigstock DR, Hart DA. Connective tissue
growth factor siRNA modulates mRNA levels for a subset of molecules in
normal and TGF-beta 1-stimulated porcine skin fibroblasts. Wound Repair
Regen 2004;12:205–16.
[29] Lo IK, Marchuk LL, Leatherbarrow KE, Frank CB, Hart DA. Collagen
fibrillogenesis and mRNA levels in the maturing rabbit medial collateral
ligament and patellar tendon. Connect Tissue Res 2004;45:11–22.
[30] Brain SD. Sensory neuropeptides: their role in inflammation and wound
healing. Immunopharmacology 1997;37:133–52.
[31] Gibran NS, Jang Y-C, Isik FF, Greenhalgh DG, Muffley LA, Underwood RA,
Usui ML, Larsen J, Smith DG, Bunnett N, Ansel JC, Olerud JE. Diminished
neuropeptide levels contribute to the impaired cutaneous healing response
associated with diabetes mellitus. J Surg Res 2002;108:122–8.
[32] Yaping E, Golden SC, Shalita AR, Lee WS, Maes DH, Matsui MS.
Neuropeptide (calcitonin gene-related peptide) induction of nitric oxide in
human keratinocytes in vitro. J Invest Dermatol 2006;126:1994–2001.
[33] Jeon HK, Jung NP, Choi IH, Oh YK, Shin HC, Gwag BJ. Substance P
augments nitric oxide production and gene expression in murine macrophages. Immunopharmacology 1999;41:219–26.
[34] Beye JA, Hart DA, Bray RC, Seerattan RA, McDougall JJ, Leonard CA,
Reno CR, Salo PT. Denervation alters mRNA levels of repair-associated
genes in a rabbit medial collateral ligament injury model. J Orthop Res
2006;24:1824–53.
[35] Ferrell WR, McDougall JJ, Bray RC. Spatial heterogeneity of the effects of
calcitonin gene-related peptide (CGRP) on the microvasculature of ligaments in the rabbit knee joint. Br J Pharmacol 1997;121:1397–405.
[36] Pelletier L, Angonin R, Regnard J, Fellmann D, Charbord P. Human bone
marrow angiogenesis: in vitro modulation by substance P and neurokinin
A. Br J Haematol 2002;119:1083–9.
[37] Ekstrand AJ, Cao R, Bjorndahl M, Nystrom S, Jonsson-Rylander AC,
Hassani H, Hallberg B, Nordlander M, Cao Y. Deletion of neuropeptide Y
(NPY) 2 receptor in mice results in blockage of NPY-induced angiogenesis
and delayed wound healing. Proc Natl Acad Sci U S A 2003;100:6033–8.
[38] Neal MS. Angiogenesis: is it the key to controlling the healing process?
J Wound Care 2001;10:281–7.
[39] Li J, Zhang YP, Kirsner RS. Angiogenesis in wound repair: angiogenic growth factors and the extracellular matrix. Microsc Res Tech
2003;60:107–14.
[40] Bray RC, Leonard CA, Salo PT. Correlation of healing capacity with
vascular response in the anterior cruciate and medial collateral ligaments of
the rabbit. J Orthop Res 2003;21:1118–23.
[41] Pettet G, Chaplain MA, McElwain DL, Byrne HM. On the role of angiogenesis in wound healing. Proc Biol Sci 1996;263:1487–93.
[42] Li WW, Talcott KE, Zhai AW, Kruger EA, Li VW. The role of therapeutic
angiogenesis in tissue repair and regeneration. Adv Skin Wound Care
2005;18:491–500 (quiz 1–2).
[43] McDougall JJ, Yeung G, Leonard CA, Bray RC. A role for calcitonin generelated peptide in rabbit knee joint ligament healing. Can J Physiol
Pharmacol 2000;78:535–40.

6

P. Salo et al. / Regulatory Peptides 142 (2007) 1–6

[44] Katayama I, Nishioka K. Substance P augments fibrogenic cytokineinduced fibroblast proliferation: possible involvement of neuropeptide in
tissue fibrosis. J Dermatol Sci 1997;15:201–6.
[45] Zukowska-Grojec Z, Karwatowska-Prokopczuk E, Rose W, Rone J,
Movafagh S, Ji H, Yeh Y, Chen WT, Kleinman HK, Grouzmann E, Grant
DS. Neuropeptide Y: a novel angiogenic factor from the sympathetic
nerves and endothelium. Circ Res 1998;83:187–95.
[46] Harrison NK, Dawes KE, Kwon OJ, Barnes PJ, Laurent GJ, Chung KF.
Effects of neuropeptides on human lung fibroblast proliferation and chemotaxis. Am J Physiol 1995;268:278–83.
[47] McDougall JJ, Watkins L, Li Z. Vasoactive intestinal peptide (VIP) is a
modulator of joint pain in a rat model of osteoarthritis. Pain 2006;123:98–105.
[48] Schuelert N, McDougall JJ. Electrophysiological evidence that the
vasoactive intestinal peptide receptor antagonist VIP(6–28) reduces nociception in an animal model of osteoarthritis. Osteoarthritis Cartilage 2006.
[49] Miller D, Forrester K, Leonard C, Salo P, Bray RC. ACL deficiency
impairs the vasoconstrictive efficacy of neuropeptide Y and phenylephrine
in articular tissues: a laser speckle perfusion imaging study. J Appl Physiol
2005;98:329–33.
[50] Gronblad M, Korkala O, Konttinen YT. Immunoreactive neuropeptides in
nerves in ligamentous tissue. Clin Orthop 1991;12:333–7.
[51] Mukouyama YS, Shin D, Britsch S, Taniguchi M, Anderson DJ. Sensory
nerves determine the pattern of arterial differentiation and blood vessel
branching in the skin. Cell 2002;109:693–705.

[52] Ehrlich PJ, Noble BS, Jessop HL, Stevens HY, Mosley JR, Lanyon LE.
The effect of in vivo mechanical loading on estrogen receptor alpha
expression in rat ulnar osteocytes. J Bone Miner Res 2002;17:1646–55.
[53] Bonassar LJ, Grodzinsky AJ, Frank EH, Davila SG, Bhaktav NR, Trippel
SB. The effect of dynamic compression on the response of articular
cartilage to insulin-like growth factor-I. J Orthop Res 2001;19:11–7.
[54] Ehrlich PJ, Lanyon LE. Mechanical strain and bone cell function: a review.
Osteoporos Int 2002;13:688–700.
[55] Provenzano PP, Martinez DA, Grindeland RE, Dwyer KW, Turner J, Vailas
AC, Vanderby Jr R. Hindlimb unloading alters ligament healing. J Appl
Physiol 2003;94:314–24.
[56] Thornton GM, Shrive NG, Frank CB. Healing ligaments have decreased
cyclic modulus compared to normal ligaments and immobilization further
compromises healing ligament response to cyclic loading. J Orthop Res
2003;21:716–22.
[57] Lotz M, Vaughan JH, Carson DA. Effect of neuropeptides on production of
inflammatory cytokines by human monocytes. Science 1988;241:1218–21.
[58] Crowther M, Brown NJ, Bishop ET, Lewis CE. Microenvironmental
influence on macrophage regulation of angiogenesis in wounds and
malignant tumors. J Leukoc Biol 2001;70:478–90.

