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ABSTRACT: The purpose of this study was to analyze histologic, biochemical, and biomechanical differences between zonal, regional,
and anatomic locations of porcine menisci. We evaluated six menisci removed from pigs. Medial and lateral menisci were divided into
three regions: anterior, middle, and posterior. In each portion, the central zone (CZ) and peripheral zone (PZ) were examined
histologically (hematoxylin & eosin, safranin O/Fast green, and picrosiriusred staining), using scanning electron microscopy,
biochemically (hydroxyproline assay for collagen content and dimethylmethylene blue assay for glycosaminoglycan [GAG] content), and
biomechanically (compression testing). Collagen content in the CZ was lower than that in the PZ. GAG content in the CZ was higher
than that in the PZ. GAG content in the PZ of the posterior portion was significantly higher than that in the anterior and middle
portions. Compression strength in the CZ was higher than that in the PZ. The differences in cellular phenotype, vascular penetration,
and ECM not only between CZ and PZ but also among the anterior, middle, and posterior portions were clarified in the immature
porcine meniscus. This result helps further our understanding of the biological characteristic of the meniscus. � 2014 Orthopaedic
Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 32:1602–1611, 2014.
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The meniscus plays an important role in bearing
biomechanical stress on the knee joint. It has many
functions, including load bearing and transmission,
and joint stability, lubrication, and congruity.1,2 Menis-
cus tissue contains water (72%), collagens (22%), and
glycosaminoglycans (GAGs) (0.8%).3 The meniscus con-
sists of fibrochondrocytes embedded in an extracellular
matrix (ECM) composed of a hydrophilic proteoglycan
gel enmeshed in a dense network of type I collagen
fibrils. The peripheral vascular portion of the meniscus
contains mainly type I collagen, whereas type II
collagen occurs in the central avascular portion. Aggre-
can is a major proteoglycan in the meniscus. Aggrecan
content is higher in the central zone (CZ) than in the
peripheral zone (PZ).4 The composition of the ECM of
the meniscus dictates its mechanical properties. Joint
loading creates tension within the circumferential
fibers of the meniscus and insertional ligament.5 The
proteoglycan constituents of the ECM enable the carti-
lage to resist compressive loads.6 The vascularity of the
meniscus has considerable clinical significance.1 These
characteristics suggest that knowledge of differences
between the CZ and PZ is important.

The meniscus is a C-shaped structure. Not only are
zonal (CZ and PZ) structural differences important,
but so are differences in anatomic (medial and lateral)
and regional (anterior, middle, posterior) location. It
was reported that cellular phenotypes, vascular pene-
tration, and ECM differ between CZ and PZ in human
and animal models.2,7 However, the differences among
anterior, middle, and posterior portion remain un-

known. Proteoglycans predominantly influence the
compression loading capacity against compression. A
portion of the axial load is transformed into hoop
stresses at the meniscal periphery,1 whereas the radial
tie fibers influence the tensile properties of meniscus.8

However, how the biomechanical property is influ-
enced by the regional differences in GAG and collagen
remains unclear.

Since the adult porcine meniscus is an often-used
animal model for meniscus repair, its biological char-
acteristics have been reported elsewhere9; however,
those of the immature porcine meniscus, especially
among different locations, is unknown. In the current
study, using immature porcine menisci, we investigat-
ed the composition of the ECM of the meniscus based
on histologic, biochemical, and biomechanical analyses
of zonal, regional, and anatomic locations for further
understanding of its biological properties.

METHODS
Left and right knees from 20 pigs (age, 6 months) were
obtained from a slaughterhouse.

The medial and lateral menisci were removed. First, each
meniscus was divided into three regions: anterior, middle,
and posterior (Fig. 1). In each portion, the CZ and PZ were
compared by histologic, immunohistochemical, biochemical,
and biomechanical approaches (Fig. 1). For histologic and
immunohistochemical analysis, each piece was cut on the
coronal plane (Fig. 1). For scanning electron microscopic
(SEM) and biochemical analyses, each piece was first cut on
the coronal plane and then divided into two zones (CZ and
PZ) (Fig. 1a). A 1-mm-thick sample was cut from the bottom
to the top after each piece was cut on the coronal plane
(Fig. 1b). The tip of the CZ was trimmed to a 5-mm pillar,
while the adherent portion to the joint capsule was trimmed
to a 5-mm pillar as the PZ.

Histologic Analysis
First, the specimens were washed with phosphate-buffered
saline (PBS) and were fixed in 4% paraformaldehyde (PFA)
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at 4˚C overnight. Then, the specimens were embedded in
paraffin and were cut into 6-mm-thick coronal sections. For
all samples, hematoxylin & eosin (H&E), safranin O/fast
green, and picrosiriusred staining were performed using
standard procedures.

In this study, the diameters of the radial tie fibers8 were
measured using ImageJ software (US National Institutes of
Health, Bethesda, MD). The diameters >100mm were consid-
ered large. To quantify the area ratio of the larger radial tie
fibers in the PZ, the areas of the large radial tie fibers and a
sample of meniscus were measured using ImageJ (US
National Institutes of Health) software and the area ratio
was calculated.

Immunohistochemical Analysis
Sections were washed with PBS (pH 7.4) and the endogenous
peroxidase activity was blocked by 3% hydrogen peroxide for
30min at room temperature. As primary antibodies, mono-
clonal mouse anti-pig CD34 antibody (ab81289; Abcam, Cam-
bridge, MA) diluted 1:300 was reacted with the sections
overnight at 4˚C. Subsequently, the sections were reacted
using a Vector Laboratories ABC kit (Vector Laboratories,
Burlingame, CA). Staining was visualized using an
ImmPACT_DAB kit (Vector Laboratories) with a develop-
ment time of 45 s. The DAB reaction was stopped by washing
with tap water, and counterstaining was subsequently
performed with hematoxylin. Sections that were not reacted
with the primary antibodies were stained as negative
controls. All the control samples tested negative.

To quantify the extent of vascular penetration, the length
between the PZ edge of the meniscus and the farthest blood
vessel was measured using ImageJ software and then
normalized to the total length (from CZ and PZ edge) of the
meniscus.7

SEM
Each specimen was fixed in a solution containing 2%
glutaraldehyde and 4% PFA at 4˚C overnight. After washing

in 0.1M phosphate buffer, a second fixation step was
performed with 1% osmic acid. The specimens were dehy-
drated with ethanol, transferred into tert-butyl alcohol, and
freeze-dried at �20˚C. The dried specimens were mounted on
stages, coated with platinum/palladium, and observed using
a HITACHI S-4700 electron microscope (Hitachi High Tech-
nologies, Tokyo, Japan).10

Biochemical Analysis
Hydroxyproline Assay
The CZ and PZ of the samples were digested by 1ml of 6N
HCl at 105˚C for 6 h. Chloramine-T was added to the samples
for 25min at room temperature. Ehrlich’s reagent was added
to each sample, and the solution was reacted by incubating
at 65˚C for 20min with shaking. We read the absorbance of
each sample at A530 nm using a microplate reader (Multis-
kan; Thermo, Kyoto, Japan).11 Finally, 13.5% was used as
the conversion factor for calculating collagen content.12

Dimethylmethylene Blue (DMMB) Assay
Proteoglycan content was estimated by quantifying the
amount of sulfated GAGs with a DMMB assay. The CZ and
PZ of the samples were digested by 1ml of papain solution
containing 20mM sodium phosphate buffer (pH, 6.8), 1m
Methylenediaminetetraacetic acid, 2m Mdithiothreitol, and
300mg papain at 65˚ for 6 h. Then, we analyzed GAG content
at A530 nm using a microplate reader (Multiskan).13

The contents were standardized by dividing by the
samples’ wet weight comparison.

Biomechanical Analysis
For biomechanical analysis, each meniscus portion was cut
to be 1-mm thick from the surface of the tibia face (Fig. 1b),
as measured by a stereoscopic microscope (Multi viewer
system; Keyence, Osaka, Japan). Then unconfined compres-
sion was applied from the cutting face of the sample using a
mechanical testing instrument (Autograph AG-X; Shimadzu,
Kyoto, Japan). Each sample was compressed uniaxially in a

Figure 1. Anatomic, regional, and zonal locations within the right knee joint of a test specimen. The medial meniscus (MM) and
lateral meniscus (LM) were divided into three portions: anterior (A), middle (M), and posterior (P). In each portion, the central and
peripheral zones were examined. (a) For histologic analysis and immunohistochemical staining, each piece was cut on the coronal
plane. For scanning electron microscopic and biochemical analyses, each piece was first cut on the coronal plane and then divided into
central and peripheral zones. (b) For the biomechanical analysis, each sample was cut 1mm thick from bottom to top after each piece
was cut on the coronal plane.
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testing chamber filled with PBS at room temperature. A
preload of 0.01N was applied and allowed to equilibrate for
3min. Then, peak stress was measured when loading was
applied at a strain rate of 0.001mm/s up to 50% strain14 and
maintained for 30min.

Statistical Analysis
Student’s t-test was used for the biochemical comparison
between zonal (CZ and PZ) locations and between anatomic
locations (lateral and medial menisci), whereas the Tukey
post-hoc test (after one-way analysis of variance) was used to

Figure 2. Histologic findings of hematoxylin & eosin staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g)
portions of the lateral meniscus. Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone
(anterior [c], middle [f], posterior [i]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial meniscus.
Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f], posterior [i]).
Magnification 40�. Bar¼ 500mm. The arrow indicates radial tie fiber.

1604 ZHANG ET AL.

JOURNAL OF ORTHOPAEDIC RESEARCH DECEMBER 2014



determine the area ratio of the large radial tie fibers,
vascular penetration, and biochemical comparison between
regional locations (anterior, middle, and posterior portions).
All statistical analyses were performed using SPSS Ver.
20.0.0software (IBM Corporation, Armonk, NY). A p value of
<0.05 was considered significant.

RESULTS
Histologic Analysis
H&E staining revealed that the PZ was stained more
intensely than the CZ by eosin (Fig. 2A [a, d, g], B [a,
d, g]). The radial tie fibers were long in the posterior
portion of the meniscus (Fig. 2A [g], B [g] arrow).

Figure 3. Histologic findings of picrosirius red staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g) portions of
the lateral meniscus. Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c],
middle [f], posterior [i]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial meniscus. Low power
views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f], posterior [i]). Magnification
40�. Bar¼500mm. The arrow indicates large radial tie fiber.
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Angioid tissues were found in the PZ (Fig. 2A [c, f, i],
B [c, f, i]), as was reported by Arnoczky and Warren.15

Picrosirius red staining demonstrated that collagen
fibers were present in the meniscus (Fig. 3). On the
surfaces facing the femur and tibia, the collagen fibers
were assigned parallel to the surface (Fig. 3A [b–i], B
[b–i]). Cross-sections of circumferential fiber bundles
and radial tie fibers crossed in the transverse direction
were observed. The large radial tie fibers were
observed in the PZ (Fig. 3B [c] arrow). The result of
area ratio of large radial tie fibers, area ratio in
anterior portion was smaller in the posterior portion of
lateral meniscus (Fig. 4).

Safranin O staining demonstrated that the CZ was
richer in GAGs than in the PZ (Fig. 5). In the CZ, the
surfaces facing the femur and tibia did not contain

Figure 4. The area ratio of large radial tie fiber. The open box
shows the area ratio of large tie fiber of medial of meniscus. The
closed box shows the area ratio of large tie fiber of lateral
meniscus. �p<0.05. Error bar, �2 SD.

Figure 5. Histologic findings of safranin O/fast green staining. (A) Cross sections of the anterior (a), middle (d), and posterior (g)
portions of the lateral meniscus. Low power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone
(anterior [c], middle [f], posterior [e]). (B) Cross sections of the anterior (a), middle (d), and posterior (g) portions of the medial
meniscus. Higher power views of the central zone (anterior [b], middle [e], posterior [h]) and peripheral zone (anterior [c], middle [f],
posterior [i]). Magnification 40�. Bar¼ 500mm.
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GAGs, but the internal portion was rich in them
(Fig. 5A [b, e, h], B [b, e, h]).

Histochemical findings showed a clear difference in
Safranin O staining between the CZ and PZ and also
between the surface and internal portions. The differ-
ence in Safranin O staining was not so clear between
the lateral and medial menisci or between the anteri-
or, middle, and posterior portions. On picrosirius red
staining, the differences among zonal locations and
among regional locations were unclear.

Immunohistochemical Analysis
Immunohistochemistry revealed the blood vessel dis-
tribution. The vascular penetration was primarily
noted in the PZ but invaded the PZ of the synovial
tissue. After hematoxylin counterstaining, round fibro-
chondrocytes and spindly fibroblast-like cells were
visible in the CZ and PZ, respectively (Fig. 6). The
percentage of vascular penetration was 10–30%, and
that of the posterior portion of the medial meniscus
was the greatest (p< 0.05). In the lateral meniscus,
the vascular penetration in the middle portion was
higher than that in the others (p<0.05). In addition,
the differences between the medial and lateral menisci
in the anterior, middle, and posterior portions were
significant (p< 0.05; Fig. 7).

SEM
It was observed that the orientation of the collagen
fibers was different between the surface and internal
portions (Fig. 3). The collagen fibers facing the femur
and tibia formed layers parallel to the surface (Figs. 8
and 9 [a, b, c, g, h, i]); the density of collagen fibers
facing the femoral side (Figs. 8 and 9 [a, b, c]) were
lower than that of those facing the tibial side (Figs. 8

and 9 [g, h, i]). There was no significant difference
between the surface of the CZ (Fig. 8 [a, b, c, g, h, i])
and that of the PZ (Fig. 9 [a, b, c, g, h, i]). The density
of collagen fibers in the internal portion of the CZ
(Fig. 8 [d, e, f]) was similar to that in the surface
portion. However, the density of collagen fibers in the
internal portion of the PZ (Fig. 9 [d, e, f]) was quite
different from that in the surface portion. The differ-
ences among the anterior, middle and posterior por-
tions were unclear.

Biochemical Analysis
The hydroxyproline assay demonstrated that collagen
content in the PZ was higher than that in the CZ

Figure 6. CD34 immunohistochemical staining of medial meniscus high power view of the positive control for the peripheral zone
([PZ] of the anterior [a], middle [c], and posterior [e] portions) and central zone ([CZ] of the anterior [b], middle [d], and posterior [f]
portions) of the medial meniscus. Higher power view of the negative control for the PZ (PZ of the anterior portion [g]) and CZ (CZ of the
anterior portion [h]) of the anterior portion of the medial meniscus. Arrow, negative control for blood vessels. Magnification 200�. Bar,
100mm.

Figure 7. Vascular penetration of meniscus. The open box
shows the vascular penetration of medial portion, whereas the
closed box shows the vascular penetration of lateral meniscus.
�p<0.05, ��p<0.01. Error bar¼�2 SD.
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Figure 8. Scanning electron microscopic image of the central zone (CZ) of lateral meniscus. the CZ in the anterior (surface of femoral
side [a], inner layer [d], surface of tibial side [g]), middle (surface of femoral side [b], inner layer [e], surface of tibial side h]) and
posterior (surface of femoral side [c], inner layer [f], surface of tibial side [i]) portions. Magnification 1,500�. Bar¼20mm.

Figure 9. Scanning electron microscopy image of the peripheral zone (PZ) of the lateral meniscus. The PZ in the anterior (surface of
the femoral side [a], inner layer [d], surface of the tibial side [g]), middle (surface of the femoral side [b], inner layer [e], surface of the
tibial side [h]), and posterior (surface of the femoral side [c], inner layer [f], surface of the tibial side [i]) portions. Magnification 1,500�.
Bar, 20mm.
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(Fig. 10). The large radial tie fibers found in picrosir-
ius red stain (Fig. 3 [c]) may reflect this difference. In
the CZ of the lateral meniscus, the collagen content of
the middle portion was significantly higher than that
in the posterior portion (Fig. 10A and B).

The DMMB assay showed that GAG content in the
CZ was higher than that in the PZ (Fig. 7A and B).
GAG content in the PZ of the posterior portion was
significantly higher than that in the anterior (p<0.01
in the lateral meniscus, p<0.05 in the medical menis-
cus) and middle (p<0.01 in both menisci) portions
(Fig. 11A and B). In addition, GAG content in the PZ
of the posterior portion of the lateral meniscus was
significantly higher than that of the medial meniscus
(p< 0.05).

Biomechanical Analysis
Results of compression testing showed that the CZ had
significantly higher peak stress strength than the PZ
(p< 0.05, Fig. 12A and B). In the medial meniscus, the

anterior portion was significantly higher than the
posterior portion (p<0.05, Fig. 12B).

DISCUSSION
The main cellular phenotype of the inner and middle
part of human meniscus has been termed the round
fibrochondrocytes, however the outer portion of the
meniscus is primarily populated by spindly fibroblast-
like cells.2 In meniscus cellular phenotype, we found
the similar finding in immature porcine. With regards
to vascular penetration of this study, CD34 expression
was observed in 10–30% of the PZ of the menisci. This
result is consistent with the vascular penetration in
human reported by Arnoczky and Warren.15

Fibrocartilaginous tissues such as the knee menis-
cus that are subjected to both tension and compression
contain relatively large amounts of collagen and
proteoglycans.16 It is important to understand zonal
differences between each region. The current and
previous studies have shown that collagen content in

Figure 10. Collagen content of the lateral (A) and medial (B)
menisci. The open box is collagen content of the central zone,
while the closed box is collagen content of the peripheral zone in
each region. �p<0.05, ��p<0.01. Error bar, �2 SD.

Figure 11. Glycosaminoglycan (GAG) content of the lateral (A)
and medial (B) menisci. The open box is GAG content of the
central zone, while the closed box is GAG content of the
peripheral zone in each region. �p< 0.05, ��p<0.01. Error bar,
�2 SD.
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the PZ is higher than that in the CZ (Fig. 10). Large
radial tie fibers were observed in the PZ (Fig. 3
arrow).8,17 Instead, GAG content in the CZ was higher
(Fig. 11). Results of the current and a previous
biomechanical analysis have shown that compression
strength in the CZ was high (Fig. 12), but the CZ was
weak under tensile stress. On the other hand, tensile
strength in the PZ was high, but the PZ was weak
under compression.8 Not only zonal differences, but also
anatomic and regional differences, influence strength
against tensile stress in the human meniscus.17

Tissues subjected to large tensile stresses contain a
large amount of collagen, whereas tissues subjected
primarily to compressive loading contained a large
amount of proteoglycans with charged GAG chains. It
is clear that the concentration of GAGs contributes
to strength against compressive stress. It is expected
that strength against compressive stress would be
high, but the result was opposite (Fig. 12). Collagen is
another factor that has a predominant influence

biomechanical property. It has been reported that
circumferential fibers transformed the axial load to
hoop stress and that the radial tie fibers influence the
tensile properties. Current results suggest that this
might be the reason why peak stress was not consis-
tent with GAG content.

In the current study, we used the menisci of 6-
month-old pigs. We must consider differences associ-
ated with species and age of the animal. Clear differ-
ences have been demonstrated between different
species.7 For example, the shape and ECM contents
of lapine meniscus are different from those of human
meniscus.18 The porcine meniscus resembles human
meniscus in shape, vascular penetration,19 and colla-
gen orientation.20 In many studies, the more mature
porcine model is used for repair models.21 The adult
porcine meniscus is as an often-used animal model
for meniscus repair, but the detail about locational
difference in the cellular phenotype, vascular pene-
tration and ECM remain unclear. We focused to
analyze the biologic characteristic of the different
locations within immature porcine meniscus in this
study. Although further study is required, the data
obtained in the current study using a comprehensive
approach are useful for understanding the biology of
the meniscus.
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