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Distribution of substance-P nerve fibers
in intact and ruptured human anterior
cruciate ligament: a semi-quantitative
immunohistochemical assessment

Abstract Numerous studies have
reported qualitative and quantitative
analysis of nerve supply in the ante-
rior cruciate ligament; however, as
yet relatively little is known about
the distribution of substance-P nerve
endings in the human anterior cruci-
ate ligament. The objective of this
work was to evaluate the distribution
of substance-P nerve fibers in intact
human anterior cruciate ligament,
and determine if rupture of the liga-
ment has any influence on occur-
rence of these receptors. The intact
anterior cruciate ligament group
(group 1) of osteoarthritis knee, un-
dergoing total knee arthroplasty, con-
sisted of nine patients (eight females)
with a mean age of 65.3 years at sur-
gery. The anterior cruciate ligament
rupture group (group 2) consisted of
20 patients (18 males and 2 females)
with a mean age of 27.8 years at re-
construction. Healing time of the
torn ligament in vivo, determined by
the time period between the rupture
and reconstruction, lasted from 1 to
40 months and the patients were di-
vided into 3 groups (I, II and III) em-
bracing diverse time periods. All
harvested anterior cruciate ligaments
were sectioned in thirds so that there
was a proximal, middle and distal
third for each ligament. The distribu-
tion of nociceptive receptors was
studied by immunohistochemistry

with monoclonal antibody to sub-
stance-P, including the semi-quanti-
tative assessment. No significant dif-
ference was found between the num-
ber of substance-P nerve fibers in the
proximal, middle and distal third of
the intact anterior cruciate ligament
(p >0.05). During the first 4 months
after injury (group I) the mean num-
ber of neuropeptide-containing fibers
was greater in the proximal than in
the distal third (p =0.048996). The
number of SP-positive nerve fibers
in the proximal third decreased be-
tween 5 and 12 months after rupture,
in a statistically significant manner
(p =0.045864). This study showed
that distribution of the nociceptive
nerve supply, positively stained for
substance-P, is equal among the in-
tact anterior cruciate ligament. The
substance-P nerve ending density
was significantly affected by the in-
jury as well as by the time since rup-
ture. The results of this study pro-
vide immunohistochemical evidence
suggesting that between 1 to 4 months
after rupture the site of the injury un-
dergoes neurogenic inflammation,
which could have an influence on the
healing course of the torn ligament.
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Introduction

The ruptured anterior cruciate ligament demonstrates a
time-dependent histological response such as inflamma-
tion, epiligamentous regeneration, proliferation and re-
modeling. During these phases, different factors can elicit
specific biological events such as cell proliferation, chemo-
taxis, matrix synthesis and secretion of other factors. The
role of cytokines like transforming growth factor-B1, epi-
dermal growth factor, fibroblast growth factor as well as
tumor necrosis factor-a that affect the healing rate of the
anterior cruciate ligament has been reported [9, 16, 26].
Current studies focused on the nociceptive afferent nerve
supply about the knee using substance-P (SP) or calci-
tonin gene-related peptide (CGRP) immunoreactivity have
suggested that SP and CGRP are neurotransmitters of the
nociceptive sensation [25]. Numerous studies have reported
the qualitative and quantitative analysis of mechanorecep-
tors in the anterior cruciate ligament; however, as yet rel-
atively little is known about the distribution of substance-
P nerve positive endings in an intact and ruptured human
anterior cruciate ligament [3, 7, 11, 12, 14]. SP, which is
released from sensory neurons upon axonal stimulation,
has the ability to contract the smooth muscle in the bowel,
and has been implicated in neurogenic inflammation. This
undecapeptide increases the microvascular permeability,
induces proliferation of lymphocytes, chemotactic for
phagocytes and causes the release of inflammatory medi-
ators [13, 18, 21].

One objective of this work is to evaluate the distribu-
tion of substance-P nerve fibers in the intact human ante-
rior cruciate ligament. A second objective is to determine
if rupture of the anterior cruciate ligament has any influ-
ence on the occurrence of nociceptive nerve endings, pos-
itively stained for substance-P.

Patients and methods

The anterior cruciate ligaments of two groups of patients were
evaluated in this study. The material for investigation was obtained
during anterior cruciate ligament reconstruction or total knee
arthroplasty. All patients underwent complete clinical examination
of the lower extremity as well as routine examination of the knee.
The patients were informed about the research study and agreed to
participate in the investigation. The Institutional Review Board
Approval was obtained before beginning the study.

The intact anterior cruciate ligament group (group 1) of osteo-
arthritis knee, undergoing total knee arthroplasty, consisted of nine
patients (eight females). The mean age at surgery was 65.3 years
(range 49-72 years). The intact ligaments were resected from in-
sertion sites without intact bony origin.

The anterior cruciate ligament rupture group (group 2) con-
sisted of 20 patients (18 males and 2 females). The mean age of pa-
tients at reconstruction was 27.8 years (range 16—44 years). Heal-
ing time of the torn ligament in vivo, determined by the time
period between the rupture and reconstruction, lasted from 1 to
40 months; the patients were not randomized to the different
groups, but subdivided into 3 groups covering diverse time periods
after rupture. Group I up to 4 months after surgery, group II 5—
12 months after surgery, and group III more than 12 months after

surgery. The number in each group and average time from injury
were five, ten and five and 3.0, 8.9 and 31.0 months respectively.
The mean age and female/male ratio of each group (I, II and III)
were 27.8, 28.3 and 27.0 years and 4:1, 9:1and 5:0 respectively.
The rupture of all ligaments was located near the femoral insertion
site, without infringements of osseous origin, as confirmed by the
X-ray investigation; the ligament was resected from the tibial in-
sertion without intact bony origin. Patients with intact remnants to
posterior cruciate ligament were excluded from the study.

All harvested anterior cruciate ligaments were sectioned into
equally-sized thirds, as suggested by Arcand et al., so that there
was a proximal (femoral), middle and distal (tibial) third for each
ligament [3].

The biopsies were prepared for routine light microscopic ob-
servations. The tissue samples were fixed for 24 h in 4% buffered
formaldehyde and embedded in paraffin. Afterwards, Su thick sec-
tions were stained with hematoxylin and eosin (H&E) and exam-
ined using Carl Zeiss (Jena) microscopy.

Immunohistochemistry

Paraffin sections were mounted onto superfrost slides, deparaf-
finized and Streptavidin-biotin complex technique was employed.
After re-hydration, sections were reacted for 5 minutes with 3%
hydrogen peroxide in distilled water and rinsed in Tris-buffered
saline (TBS). Then slides were incubated with rabbit anti-human
substance-P antibody (PEPA40, Serotec Ltd, UK) in dilution
1:2000 overnight at 4°C in a moist chamber. Afterwards, sections
were rinsed in TBS, and the DAKO LSAB+/HRP Universal Kit
(DAKO A/S, Glostrup, Denmark) was used according to the in-
structions of the manufacturer. The positive immunoreactivity was
visualized with DAB as chromogen. After washing in distilled wa-
ter, sections were counter-stained with hematoxylin and cover-
slipped. Negative controls were carried out by incubation in the
absence of the primary antibody and always yielded negative re-
sults. The observation of substance-P reactivity was made using
Carl Zeiss (Jena) microscopy.

Method of assessment of SP-immunopositive fibers

Slices excised from remnants or intact anterior cruciate ligaments
were examined semi-quantitatively for nerve fibers showing sub-
stance-P expression. The measurements were made in ten consec-
utive visual areas at 400-fold magnification. In each field the num-
ber of SP-positive fibers was determined using the three-grade
scale: 0 — lack of nerve fibers showing expression of substance-P
in the evaluation field, 1 — one immunopositive nerve fiber in the
visual field, 2 — two or more fibers with substance-P expression in
the visual field. Subsequently in each case the arithmetic mean of
SP-immunopositive fibers was assessed for the ten visual fields.

Statistical methods

All values were expressed as meantSD (standard deviation)
(Table 1). The differences between groups were tested using Stu-
dent’s ¢ -test for independent samples, preceded by the evaluation
of normality and homogeneity of variances with Levene’s test. Ad-
ditionally the Mann-Whitney U test was used where appropriate.
Results were considered statistically significant if p <0.05.

Results

Using H&E staining, sections of biopsy specimens from
group I showed increased vascularity and cellular conges-
tion, mainly of fibroblasts, among collagen fascicles. In



499

Table1l The mean value,

minimum and maximum Variable Valid Mean Minimum Maximum Stal?dg.rd
L N deviation

value, and standard deviation

gﬁ(}\giﬁ;n;fg;gzz;if‘éilp‘g:?_‘s Group 1 proximal 9 0.111111 0.000000 0.300000 0.092796

sion in slices excised from the ~ Group 1 middle 9 0.088889 0.000000 0.300000 0.105409

proximal, middle and distal Group 1 distal 9 0.077778 0.000000 0.200000 0.083333

thi;d of the dintact [ggoup 1] Group 2 (I, I, III)

and ruptured [group 2 (L IL TID] 5 0 1 proximal 5 0.280000 0. 100000 0.500000 0.204939

anterior cruciate ligament .
Group I middle 5 0.080000 0.000000 0.200000 0.083666
Group I distal 5 0.060000 0.000000 0.100000 0.054772
Group II proximal 10 0.110000 0.000000 0.300000 0.099443
Group II middle 10 0.080000 0.000000 0.200000 0.078881
Group II distal 10 0.090000 0.000000 0.300000 0.099443
Group III proximal 5 0.100000 0.000000 0.200000 0.070711
Group I middle 5 0.080000 0.000000 0.200000 0.083666
Group 111 distal 5 0.080000 0.000000 0.100000 0.044721

Fig.1 Immunoperoxidase staining with anti-substance-P antibody
in biopsy specimen from patient with anterior cruciate ligament rup-
ture (group I). SP-positive nerve fibers (arrowheads) were most
commonly associated with blood vessels (x400)
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Fig.2 Tissue sample of patient with rupture of anterior cruciate
ligament (group II). SP-positive nerve fibers (arrowheads) coursed
parallel to the longitudinal axis of connective tissue fibers (x400)

group II, the ligament consisted of dense bundles of colla-
gen fibers, fibrocytes and small blood vessels. The inten-
sity of the cellularity and vascularity was lower in com-
parison with ligament biopsies in group I. In group III, in
most of biopsy specimens the vascularity and cell number
density lowered to a level similar to that seen in group 1.
In all groups the vascularity and cellularity appeared to
decrease from proximal to distal.

Nerve fibers immunoreactive for SP were found in all
examined intact anterior cruciate ligaments as well as in
remnants. SP nerve fibers were most commonly associated
with blood vessels, but there were free SP fibers which
were not associated with any vascular profiles (Fig. 1).
Immunopositive nerve fibers coursed parallel to the longi-
tudinal axis of connective tissue fibers or vascular struc-
tures (Fig. 2).

In group 1, no significant difference was found between
the number of substance-P nerve fibers in the proximal,
middle and distal thirds of the anterior cruciate ligament
(proximal vs middle p =0.6, proximal vs distal p =0.4,
middle vs distal p =0.8). In group I the mean number of
neuropeptide-containing fibers was greater in the proxi-
mal (site of injury) than in the distal third and this differ-
ence was statistically significant (p =0.048996). No signif-
icant difference was found if the proximal vs middle thirds
(p =0.7) and middle vs distal thirds (p =0.6) were com-
pared in this group. There were no statistical differences in
the distribution of substance-P nerve fibers in the proxi-
mal, middle and distal thirds in groups II and III (p >0.05).
The comparison of the specimens, from the same location,
between the groups revealed that the proximal third of
group I contained a greater number of SP-positive nerve
fibers than the proximal third of group 1 (meantSD
0.28000040.204939 vs 0.1111111£0.092796), however, the
difference (p =0.052169) did not reach significance. The
proximal third of group II contained a lower mean number
of immunopositive nerve fibers than the proximal third of
group I, and the difference was statistically significant
(p =0.045864). There were no additional significant statis-
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tical differences in the distribution of substance-P nerve
fibers in the proximal, middle and distal thirds of the lig-
ament in each comparative group itself or between the
groups (p >0.05).

Discussion

Morphologic studies demonstrate that SP-immunoreactive
nerve fibers are widespread in the soft tissue around the
knee joint [2, 15, 19, 27, 28]. These tissues include the
synovium, fat pad, menisci, ligaments and retinaculum.
Prior study conducted by Witonski and Wagrowska-
Danilewicz, on similar age-matched groups of patients, re-
vealed no significant differences in the distribution of SP-
positive nerve fibers in fat pad, medial and lateral retinac-
ulum or synovium [27]. Also, to our knowledge there has
been no prior study showing the significant effect of gen-
der on distribution of SP nerve endings in the soft tissues
around the knee. Therefore, analysis of data of this study
was reliable enough to withdraw conclusions on the dif-
ferences between the groups. The present study is the first
report which has ever attempted to quantitative the distri-
bution of substance-P nerve fibers in intact and ruptured
anterior cruciate ligament. The significance of our study
is that the distribution of SP-nerve fibers is equal in the
proximal, middle and distal thirds of the intact ligament.
This morphologic equality changed after the rupture,
when the distribution of SP-positive nerve fibers varied in
different part of the ligament. The time since injury was
found to have a significant effect on staining for sub-
stance-P nerve fibers. The number of SP-positive nerve fibers
increased during the four months after the lesion in the
proximal third (which was the site of injury), if compared
to the proximal part of the intact ligament as well as to the
distal third of the ligament itself. The number of SP-posi-
tive nerve fibers decreased between 5 and 12 months after
the rupture, in the proximal third, in a statistically signifi-
cant manner, but after one year there are no statistically
significant differences. The distribution of SP nerve fibers
never in any part of the ruptured ligament decreased be-
low the values observed in the intact ligament. Four dis-
tinct types of articular receptor endings (mechanorecep-
tors) — Ruffini endings, Pacinian corpuscles, Golgi tendon
organ-like endings and free nerve endings — have been
identified in human and other mammalian knee joints [15,
20]. The non-corpuscular endings (free nerve endings) are
formed mainly by thinly myelinated group III and non-
myelinated group IV, type a and b, afferent nerve fibers.
Type I'Va detect crude touch, pressure, pain, heat and cold;
type IVb function as efferent vasomotors [10]. Studies
conducted by Arcand et al. on the canine knee revealed
that the proximal third of the anterior cruciate ligament
contained a greater mean number of these receptors [3].
The authors found no statistical difference between the
number of receptors between the middle and distal thirds.

Zimny et al., based on morphometric analyses of human
ligaments, showed that populations of mechanoreceptors
are greater at the femoral and tibial ends and constitute
nearly 2.5% of the ligament [29]. A similar observation
was reported by Sjolander et al., who studied the histology
of the cat anterior and posterior ligaments, where all re-
ceptors were most frequently found close to the tibial and
femoral insertions [22]. The occurrence of free nerve end-
ings in the soft tissue of the knee was studied by Biedert
et al. [4]. The authors demonstrated that the highest levels
of afferent nerve fibers type I'Va are present in the retinac-
ula, the patellar ligament, the pes anserinus and in the lig-
aments of Wrisberg and Humphry. The lowest level was
found in the anterior cruciate ligament. The distribution of
substance-P nerve endings observed in our study signifi-
cantly differs in occurrence if compared with the distribu-
tion of other articular receptors, observed in numerous
previous studies. We have found no significant difference
in the distribution of SP-positive nerve endings in the
proximal, middle and distal thirds of the intact ligament.
Although most of the SP-nerve fibers were associated
with blood vessels, their distributions varied in ligament
vascularity. In the study of Murray et al., as well as in our
own observations, vascularity of the intact ligament de-
creases proceeding from proximal to distal, whereas SP-
fibers showed no changes in occurrence [17]. The pres-
ence of SP-positive endings unassociated with blood ves-
sels may in part explain this difference. Denti et al. stud-
ied the fate of mechanoreceptors in torn and reconstructed
anterior cruciate ligaments in humans, and observed that
morphologically normal receptors remained in the liga-
ment for 3 months after the injury, but gradually de-
creased after that time [5]. At 9 months post injury, only a
few free nerve endings were observed, and were totally
absent in the biopsy specimens from 1-year-old lesions.
There is no doubt that injury of the anterior cruciate liga-
ment decreased the number of mechanoreceptors, causing
loss of proprioception. The increased number of SP-posi-
tive nerve fibers between 1 to 4 months post-injury ob-
served in our study suggests that the anterior cruciate lig-
ament may be susceptible to neurogenic inflammation,
which occurs during the first phases following the rup-
ture. Mediators known to contribute to the inflammatory
process include cytokines, eicosanoids, complement and
the kinin system, histamine and sensory neuropeptides
substance-P and calcitonin gene-related peptide [21]. These
sensory neuropeptides have potent trophic and vasodila-
tory properties, and as such are thought to be advanta-
geous in wound repair. The appearance of the nerve fibers
expressing peptides in other dense connective tissue un-
dergoing healing is similar to our observations on rem-
nants of anterior cruciate ligament. In studies conducted
by Ackermann et al., CGRP-positive nerve endings were
abundantly seen from 2 to 6 weeks post-injury in the proper
Achilles tendon tissue undergoing healing [1]. Wallengren
et al., using immunohistochemistry with antibodies against
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SP, CGRP, vasoactive intestinal peptide, neuropeptide Y
and others in wound healing in rat skin, observed low
nerve-fiber density in the wound tissue during the first
few days after wound infliction, which started to increase
on day 4, reaching a peak on day 7 [24]. Gronblad et al.,
based on the study of the experimentally-ruptured medial
collateral ligament of the rabbit, noticed active involve-
ment of neural elements in the healing process, which was
suggested by kinetic studies showing a decrease in SP and
CGREP staining as well as an increase in galanin staining
during the study period [6]. However, Tamura et al. re-
vealed that SP and CGRP are not always released, and
work together in the joint under normal conditions [23].
Also, the data from the studies of Hanesch et al. indicate
that acute inflammation induces the synthesis of CGRP
but not of SP in joint afferents [8].

Murray et al. revealed, based on a patient profile simi-
lar to that for our study groups of patients, that the ante-
rior cruciate ligament response to injury is similar to that
reported for other dense connective tissue, such as fibro-
blast proliferation, angiogenesis and expression of o-smooth
muscle actin, with three exceptions: formation of the
a-smooth muscle actin-expressing synovial cell layer on the
surface of the rupture ends, the lack of any tissue bridging
the rupture site, and the presence of an epiligamentous
reparative phase [17]. The authors suggest that a contigu-
ous layer of a-smooth actin cells around a tissue could be
responsible for retraction of the remnants of the anterior
cruciate ligament. SP has the ability to contract the smooth
muscle in the bowel (five times stronger than bradykinin).
It is possible that this neuropeptide exerts a similar effect
of contraction on o-smooth muscle actin cells of the con-
nective tissue, causing contraction of the ruptured anterior
cruciate ligament. Also it has long been known that fibro-
blasts often transform into myofibroblasts, which contain

smooth muscle actin fibers and can therefore actively con-
tract. This happens in pathological conditions like rheumatic
arthritis, Dupuytren’s contracture and a few other inflam-
matory processes, and may occur at the inflammation
phase of ligament healing.

In conclusion, this study revealed that distribution of
nociceptive nerve supply positively stained for SP is equal
in the proximal, middle and distal thirds of the intact an-
terior cruciate ligament. An abundant of SP-positive nerve
supply, at the site of injury, between 1 and 4 months after
rupture may indicate neurogenic inflammation. Since sub-
stance-P has the ability to contract smooth muscles in the
bowel, one might suppose that during the first 4 months
after injury it may also cause the most excessive contrac-
ture of o -smooth muscle actin, leading to retraction of the
remnants of the anterior cruciate ligament. Also accepting
that restoration of proprioception is the result of re-inner-
vation of the anterior cruciate ligament, leaving the rem-
nants as a source, we should take into consideration the
possible influence of nociceptive innervation on bone-
graft healing. The clinical significance of the results of
this study, and the precise estimation of prevalence of re-
sponders in the population, at the present stage of knowl-
edge, are unknown. A deeper understanding of the role of
SP-positive nerve fibers in the pathophysiology of rup-
tured ligament healing, with the known effects of sub-
stance-P on fibroblasts, macrophages, inflammatory me-
diators as well as on blood vessels and smooth muscles
will require further work on the role of nociceptive inner-
vation in the torn anterior cruciate ligament.
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