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SUMMARY: The aim of the present study was to evaluate the importance of the epiligament for the difference in the healing
potential of the knee anterior cruciate and medial collateral ligament. To do so, we compared the structure of the aiatieriandru
the medial collateral ligament and evaluated the differences in the expression of collagen types I, lll and V in a rahkveelgde
conducted a comparative quantitative analysis of the number of cells pém thentwo ligaments. Tissue samples were obtained from
the anterior cruciate and medial collateral ligament of 10 knee joints taken from five 8-month-old Wistar rats. We usdd standar
hematoxylin and eosin staining, in addition to immunohistochemical staining with monoclonal antibodies against collagéth types |
and V. A semi-quantitative analysis of the expression was made through ImageJ, while Student’s T-test was used focdhe statisti
analysis. Our results showed higher expression of all collagen types in the epiligament, compared to the ligament pffgseneaad di
in the expression between the medial collateral and the anterior cruciate ligament in favor of the first. We also regicstiedlby st
significant difference in the number of cells per froatween the two ligaments and their epiligaments. Our findings show a higher
number of cells and a stronger expression of certain collagen types in the epiligament of the medial collateral compartatity the
cruciate ligament, which may be related to the difference in their healing potential.
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INTRODUCTION

The epiligament (EL) is a specialized tissugrogenitor cells and blood vessels in the growth and repair
representing the outermost layer of the ligament, which wasocesses of the ligament proper (Chowdlatial; Georgiev
first described as ‘any surrounding adherent connective tisseteal, 2010b; Georgiegt al, 2015b). EL fibroblasts synthetize
removed simultaneously with the ligament but which waa variety of molecules, such as collagen, fibronectin, decorin
grossly distinguishable from ligament tissue proper’ (Bitay and matrix metalloproteinases (MMPs) which are essential
al., 1990). As opposed to the ligament, the EL contairfer ligament remodeling (Chamberlaghal, 2011; Georgiev
multiple cellular structures, such as fibroblasts, fibrocytes ard al, 2010a, 2015a).
adipocytes (Georgieet al, 2017). Moreover, there is an
abundance of blood vessels and sensory/proprioceptive nerve  In contrast, the ligament proper contains fewer cellular
elements in the EL, which form a complex networkand vascular structures (Hstal, 2010). The collagen fibers
(Chowdhuryet al, 1991). Structurally, the EL consists ofin the ligament proper are organized in fascicles, covered by
collagen fibers, which, compared to those in the ligameatthin sheath of connective tissue, called endoligament
proper, are smaller and oriented in various direction&eorgiewet al, 2017a). Around 75 % of the ligament proper’s
(Chowdhuryet al). The EL serves as a donor of fibroblastsdry weight is represented by collagen, including collagen types
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[, I, V, VI, XI and XIV (Hauseret al, 2013). The main ‘Principles of laboratory animal care’ formulated by the
collagen type, representing 85 % of the total collagen massNational Society for Medical Research and the ‘Guide for the
type |, which ensures the strength and endurance of ligamea#se and use of laboratory animals’ prepared by the National
(Hauseret al). On the contrary, collagen fibrils in the EL arelnstitute of Health (NIH publication No. 86—23, revised 1996).
mainly composed of collagen types lll and V (Chambe#ain
al.; Georgiewt al, 2017b). Collagen type Il has been shown For the analysis, we used samples from the mid-
to play an important role in ligament repair (Hsual; substance of the MCL and the ACL of the knee joint. Small
Chamberlairet al; Hauseret al). Collagen type V, too, has pieces of the EL and ligament proper of the MCL and ACL
been associated with ligament recovery and the intensity wére immediately fixed in 10 % neutral phosphate-buffered
its expression corresponds to the diameter of collagen fibrisrmalin solution for 24 h and were then dehydrated in
(Niyibizi et al, 2000). increasing concentrations of ethanol (70 %, 80 %, 95 %, 100
%). The samples were rinsed in xylene and embedded in
There is abundant evidence in the literature regardingaraffin. Sections were cut on a microtome at a thickness of 5
the different healing potential of the anterior (cranial) cruciatem.
ligament (ACL) and the medial collateral ligament (MCL) of
the knee joint (Wijdicket al, 2010; Andrewst al, 2017). A For the immunohistochemical analysis, we used the
number of studies have suggested several explanations for thilwing primary antibodies: mouse monoclonal anti-collagen
phenomenon. One of them describes the different ultrastructtype | IgG antibody (Santa Cruz Biotechnology Catalogue No.
of the connective tissue cells in the MCL and ACL (Lytn sc-293182, Santa Cruz Biotechnology Inc., Heidelberg,
al., 1991). Later studies found differences in the fibroblastSermany); mouse monoclonal anti-collagen type Il 1gG
and their proliferative potential (Yoshida & Fuji, 1999). Someantibody (Abcam Catalogue No. ab6310, Abcam, Cambridge,
scientists have suggested that the higher levels of nitric oxidaited Kingdom); mouse monoclonal anti-collagen type V
produced by the ACL cells inhibit collagen and proteoglycalyG antibody (Santa Cruz Biotechnology Catalogue No. sc-
synthesis (Caet al, 2000). Others noted a stronger blood.66155); all antibodies were used at concentration 1:500, all
flow and pronounced angiogenesis in the MCL after injurgccording to the standard procedure.
followed by accelerated healing (Bretyal, 2003). Differences
have also been reported in the expression of MMP-2, -9 and -  For semi-quantitative analysis of the expression of the
13 (Georgiewet al, 2018; Nishikawat al, 2018). collagen molecules, we used software ImageJ 1.52a, freely
downloaded from the website of the National Institute of
The aim of the present study was to evaluate théealth (NIH) (http://imagej.nih.gov/ij/). The intensity of
importance of the EL for the difference in the healing potentiataining was assessed through the IHC Profiler plugin, freely
of the ACL and MCL. We conducted a comparative study afownloaded from the Sourceforge website (https://
the EL structure in the two ligaments and traced the differencesurceforge.net/projects/ihcprofiler/), according to the well-
in the immunohistochemical expression of collagen typeséstablished protocol used in our previous studies (Geaggiev
[lland Vin the EL and ligament proper in a rat knee model. lal., 2019). The IHC Profiler assigned a score to each visual
addition, we performed a comparative quantitative analysii®ld in a four tier system — high positive (3+), positive (2+),
of the number of cells per nirm both the EL and ligament low positive (1+) and negative (0). Five slides were used from
proper of the ACL and MCL. each ligament. We analyzed at least ten random visual fields
on each slide. The final score was the average of the scores of
all visual fields as calculated by the IHC Profiler.
MATERIAL AND METHOD
For the quantitative analysis, we used ten randomly
selected slides from each ligament. The EL and the ligament
For the present study, we used 10 knee joints, freshigsue proper were visualized on each slide. The slides were
obtained from five healthy 8-month-old male Wistar ratstained with hematoxylin and eosin according to standard
without any history of previous trauma available at thenethods. Quantitative data were obtained with a computerized
Department of Anatomy, Histology and Embryology at theystem for image analysis NIS-Elements Advanced Research,
Medical University of Sofia. All animal procedures conformed/er. 2.30. For a clearer representation of the obtained data,
to the guidelines of Directive 2010/63/EU of the Europeathe number of cells was then calculated proportionally per
Union. All experiments were conducted with the approval cfurface area of 1 minStatistica software was used for the
the Medical Legal Office, the Local Ethics Committee andtatistical analysis. Our data were normally distributed which,
the University Committee on Animal Resources (No. 4866)ogether with the sufficient sample size, prompted us to use a
All animals received humane care in compliance with thgarametric test — Student’s T-test.
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RESULTS the EL was quite similar to that of the synovium. In contrast,
the ligament proper in both the MCL and ACL was made up
of fascicles of collagen fibers with parallel orientation. All

Normal structure of the EL of the MCL and ACL. The fascicles appeared hypocellular, with a small number of

morphological appearance of the EL of the MCL and ACkellular nuclei observed between the collagen fibers. We noted

was observed and compared to that of the ligament propke presence of relatively few neuro-vascular bundles.

(Fig. 1-4). In the EL of both ligaments we found active

fibroblasts with intensive nuclear staining. We also describétkpression of collagen types |, lll and V in the EL and

fibrocytes, adipose cells and a multitude of neuro-vasculagament proper of the MCL and ACL. In the MCL,

bundles. In addition, we observed multiple extracellulammunostaining for collagen type | was observed ubiquitously
collagen fibers with uniformly small diameters, which had & the EL and appeared especially strong in all layers of the
somewhat random organization. Overall, the appearancevadlls of blood vessels (Fig. 1a,b). In the EL of the ACL,

Fig. 1. Immunohistochemical expression of collagen types I, lll and V in the epiligament of the medial collateral
ligament in rat knee. Scale bar — ffh. A, B — Immunohistochemical expression of collagen type | C, D —
Immunohistochemical expression of collagen type Ill. E, F — Immunohistochemical expression of collagen type V.
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Table I. Semi-quantitative analysis of the immunohistochemical expression of collagen types |, lll and V in the epiligaligentemtd
proper of the medial collateral and anterior cruciate ligament. The percentage for each score represents the perceatdigédeftisu
the IHC Profiler assigned this score to. MCL — medial collateral ligament; ACL — anterior cruciate ligament; EL — epillgadigatent

proper.

T feoll MCL ACL
ype of collagen EL L EL L
High-positive (3+) (6%) Positive (2+) (22%)  Positive (2+) (25%) Positive (2+) (27%)
Coll tvoe I Positive (2+) (58%) Low-positive (1+) Low-positive (1+) (56%) Low-positive (1+) (39%)
otlagen type Low-positive (1+) (19%) Negative (0) (36%)  Negative (0) (19%) Negative (0) (34%)
Negative (0) (17%)
High-positive (3+) (56%) Positive (2+)(3%) Positive (2+) (49%) Low-positive (1+) (31%)
Positive (2+) (22%) Low-positive (1+) Low-positive (1+) (30%) Negative (0) (69%)
Collagen type 111 .. N . o . o
Low-positive (1+) (13%) Negative (0) (47%) Negative (0) (21%)
Negative (0) (9%)
High-positive (3+) (39%) Low-positive Positive (1+) (44%) Low-positive (1+)(17%)
Positive (2+) (35%) Negative (0) (88%) Low-positive (1+) (31%) Negative (0) (83%)
Collagen type V .. o . o
Low-positive (1+) (20%) Negative (0) (25%)

Negative (0) (6%)

collagen type | expression was noted in the adventitia of bloatbderate throughout the ligament proper (Figs. 3a and 4a).
vessels (Fig. 2a,b). In both ligaments, staining appearguall layers of the walls of blood vessels and on the periphery

5 \J‘_—;‘/:Ri; g_.}:.-,_;’ Fig. 2.I_mmunohistochemical
- N S NG expression of collagen types |, Il
':‘”‘ o SR and V in the epiligament of the
) { ' anterior cruciate ligament in rat
knee. Scale bar — 50m.

A, B — Immunohistochemical
expression of collagen type I.
C, D — Immunohistochemical
expression of collagen type lII.
E, F — Immunohistochemical
expression of collagen type V.

154



ILIEV, A.; KOTOV, G.; STAMENOQV, N.; LANDZHOV, B.; KIRKOV, V. & GEORGIEV, G. P. A comparative immunohistochemical and quantitative study of the epiligament of the medial collateral
and anterior cruciate ligament in rat knie¢. J. Morphol., 39(1)151-159, 2021.

of adipocytes in the peripheral layer of the EL we detectdgel in both ligaments (Figs. 1e, 1f, 2e and 2f). Expression in
immunoreactivity for collagen type Il (Fig. 1c,d, 2c,d).the ligament proper of both ligaments appeared low to absent
Expression in the ligament proper of both ligaments appear@€gs. 3c and 4c). We conducted a semi-quantitative analysis
low to absent (Figs. 3b, 4b). The immunohistochemicalith the IHC Profiler in order to determine the variation in
reaction for collagen type V was observed mostly in thime intensity of immunostaining between the EL and ligament
adventitia of blood vessels and in the superficial layer of tmIoper of the MCL and ACL. Results are shown in Table I.
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Fig. 3. Immunohlstochemlcal expression of collagen types |, lll and V in the Ilgament proper of the medial collateraliligatiemte.

Scale bar — 5am. A — Immunohistochemical expression of collagen type I. B — Immunohistochemical expression of collagen type Ill. C —
Immunohistochemical expression of collagen type V
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Fig. 4. Immunohistochemical expression of coIIagen type I, lll and V in the Ilgament proper of the anterlor cruciate lgaahknéee.
Scale bar — 5Qm. A — Immunohistochemical expression of collagen type I. B — Immunohistochemical expression of collagen type Ill. C —
Immunohistochemical expression of collagen type V.
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Fig. 5. A diagram showing the range of the obtained values for number of cells per timenepiligament and ligament
proper of the medial collateral and anterior cruciate ligament in rat knee. MCL — medial collateral ligament; ACL —
anterior cruciate ligament; Epi — epiligament; L — ligament proper. A — Line plot. x-axis — number of measurements; y-
axis — obtained values. B — Normal probability plot.
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Quantitative analysis.We analyzed the number of cellsvalues (Fig. 6). The difference in the number of cells per
per area of 0.012 nin 50 areas in both the EL and themn? in the two substructures of the two ligaments was
ligament proper of each ligament and then calculatedtiten tested with Student’s T-test. Statistically significant
proportionally per area of 1 ninThe obtained values for difference (p < 0.05) was reported between the mean values
the parameter number of cells were visualized witfor number of cells per mhibetween the EL of the MCL
diagrams (Fig. 5). The mean and median values and twed that of the ACL. Conversely, the analysis of the
standard deviation were calculated and are presentedifference between the values in the ligament proper
Table 1. Box and whisker plots were created for visualielded p > 0.05 and the reported difference was deemed
representation of the difference in the mean and mediaat to be statistically significant (Table I11).

Table Il. Descriptive statistics of the quantitative data for the number of cells
per mntin the medial collateral and anterior cruciate ligament. MCL — medial

collateral ligament; ACL — anterior cruciate ligament; Epi — epiligament; L —

ligament proper; SD - standard deviation.

Epi MCL L MCL Epi ACL L ACL

MEAN case 1-50 7963.33 4483.33 6701.67 4230
MEDIAN case 1-50 7916.67 4583.33 6625 4250
SD case 1-50 1148.44 708.11 822.22 636.11
MIN case 1-50 5667 3167 5333 3167
MAX case 1-50 10750 5500 8250 5250
_25th% case 1-50 7250 3833.33 5916.67 3666.67
_75th% case 1-50 8583.33 5000 7333.33 4833.33

Table Ill. Statistical evaluation of the difference between the means of the number of cells per mm2 obtained in the
epiligament and ligament proper of the medial collateral and anterior cruciate ligament. MCL — medial collateral ligament;
ACL — anterior cruciate ligament; Epi — epiligament; L — ligament proper; SD - standard deviation.

Mean Mean Mean Group 1 -

SD1 SD2 -val
Group 1 Group 2 Mean Group 2 p-value
Epi MCL vs. Epi ACL 7963.33 6701.67 1261.66 1148.44 822.22 0.000
L MCL vs. L ACL 4483.33 4230 253.33 708.11 636.11 0.063
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Fig. 6. Graphical representation of the descriptive statistics of the quantitative data for the number of cells in the anterior
cruciate and medial collateral ligament. MCL — medial collateral ligament; ACL — anterior cruciate ligament; Epi — epiligament;
L — ligament proper. A — Box and whisker plots showing the median (square), surrounded by a ‘box’, the vertical edge of
which is the interval between the lower and upper quartile [25 %-75 %]. ‘Whiskers’ originating from this ‘box’ represent the
non-outlier range. Circles — outliers. B — Box and whisker plots showing the mean (dot), surrounded by a ‘box’, the vertical
edge of which is the interval [Mean-SE, Mean+SE]. ‘Whiskers’ originating from this ‘box’ represent the 2-sigma confidence
interval of the mean, i.e. [Mean-2*SD, Mean+2*SD]. Circles — outliers; SE — standard error of mean; SD — standard deviation.
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DISCUSSION reaction for collagen type Ill and type V was similar and
observed predominantly in the EL tissue of the two ligaments.

In our study, we examined the differences in the The difference in the healing potential of the MCL and
expression of collagen types |, lll and V in the EL and ligame®CL has been well documented in the literature (Wijdieks
proper of the MCL and ACL in rat knee, while also evaluatingl.; Andrewset al). Multiple theories have been suggested in
the intensity of immunostaining semi-quantitatively. Inan attempt to understand this difference. One of them points
addition, we performed a comparative quantitative analydis the fact that the ACL has an intra-articular location and is
of the number of cells per n#im the EL and ligament proper exposed to the impact of synovial fluid which has an inhibitory
of the two ligaments and assessed whether a statisticadiject on the function of fibroblasts (Andrish & Holmes, 1979).
significant difference existed. We have thus presented one\@#vken & Murray (2011) suggested that plasmin circulating
the very first comparative studies of collagen expression in the synovial fluid may slow healing by breaking down the
the EL in a rat model, as well as the potential significance @brin clot. Moreover, the intra-articular environment decreases
the abundant number of cells for the properties of the EL tfe size of the wound site, meaning that cells and blood vessels
the MCL and ACL. are less likely to bridge the gap between the ligament’s ruptured

ends in a proper way (€h, 2009). While this theory provides

The most abundant extracellular component of soé plausible explanation for the poor healing capacity of the
connective tissue and its major tensile-bearing elementA<CL, we have herein shown the possible significance of the
collagen (Georgieet al, 2010; Waret al, 2013; Georgieet EL. The EL is important for the healing process by delivering
al., 2015b). The main collagen type found in the ligament fibroblasts to the site of injury. Our study shows a statistically
type | and it is chiefly responsible for its tensile strengtbignificant difference in the number of fibroblasts perdmm
(Georgiewet al, 2010, 2015b). Under physiological conditionsjn the EL of ACL and MCL in favor of the MCL. Secondly,
the expression of collagen types Ill and V is low, yet theive have confirmed that fibroblasts in the EL are not static
synthesis is significantly increased after injury (Georgiev cells butinstead actively produce different types of collagen.
al., 2010; Waret al; Georgievet al, 2015a,b). In previous Therefore, the lower expression of collagen types associated
reports, the role of collagen type Ill for proper ligamentvith ligament recovery such as collagen types Ill and V in
recovery has been discussed (Niyilazal; Georgievet al, the EL of the ACL as evaluated by our semi-quantitative
2010a; Hset al; Georgiewet al, 2019). Its synthesis rapidly analysis provides another explanation for the poorer healing
increases in the first stages of ligament healing and during ttepacity of the ACL. On the other hand, the MCL has been
ligamentization after tendon graft, surpassing the levels of typepeatedly shown to heal spontaneously after rupture
. Its values return to normal by 52 weeks after injury (Niyibiz{Wijdicks et al; Andrewset al.).
et al; Hsuet al). Herein, we have shown that the expression
of collagen type Il is predominantly observed in the EL oLimitations of the current study existed and should be
both the MCL and ACL, supplying further evidence of thenoted. First, the comparison of the morphological
role of the EL in ligament recovery. Hausdral found that organization of the EL in the two studied ligaments on
after injury, fibroblasts mainly synthetize collagen type lllhistological slides routinely stained with hematoxylin and
Considering the high number of fibroblasts in the EL, it woul@osin was of somewhat descriptive nature. In order to provide
be reasonable to suggest that they are chiefly responsible dbjective data and eliminate researcher bias, we conducted
the upregulated collagen type Ill. On the other hand, collagancomparative quantitative analysis of the number of
type V, has been shown to participate in the organization aodnnective tissue cells per rhiim the two sub-structures of
regulation of collagen type | fibril diameters (Breelsal, the ligament — EL and ligament proper. Secondly, the
2009; Georgiewt al, 2010b, 2015a,b). Collagen type V ishistological preparation of the slides resulted in tissue
responsible for cell morphology, protein synthesis, growttuptures and limited the regions of interest in the EL and
kinetics and migration during tissue development, as well #&gament proper which could be investigated. Third, the vi-
inflammation and wound repair (Breut$ al; Georgievet sual quantification of immunohistochemical images is
al., 2010b, 2015a,b). Brews al reported that type V collagen generally associated with significant inter- and intra-observer
fibrils participate in the regulation of modeling and remodelingariation. We attempted to resolve this issue by using the
of the extracellular matrix by controlling collagen fibrilIHC Profiler plugin for the ImageJ software, which
initiation. A low-positive immunoreactivity of collagen type eliminates inter-observer visual perception bias.

V was reported on the 8th and 16th day after grade IlI injury

of the collateral ligaments of the knee in a rat model and simi- In conclusion, our study confirms that the EL of the
lar to normal levels were seen on the 30th day (GeorgievMCL and the ACL is quite different from the ligament proper.
al., 2010a,b, 2015a). In our study, the immunohistochemichl contains an abundance of fibroblasts, fibrocytes and
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