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Abstract

Localization of the glycosaminoglycans (GAG) was examined in the synovial membranes of
patients with osteoarthritis under light microscopy using a fine cationic colloidal iron staining
method combined with enzymatic digestion. Our staining method was very useful for demon-
strating the difference in the localization of GAG in regions of the inflammatory site in the os-
teoarthritic synovial membrane. Hyaluronic acid was mainly located in connective tissues in the
surface intercellular and perivascular spaces, chondroitin sulfate A/C in the highly fibrous part of
and connective tissue around blood vessels, dermatan sulfate (chondroitin sulfate B) in the subsur-
face interstitium and vascular endothelial cells and heparan sulfate in part of vascular endothelial
cells. No keratan sulfate was detected. GAG is reported to have an important role in cell move-
ment, adherence and aggregation in the inflammatory sites. These findings should be useful for
understanding the role of GAG in physiological and pathologic processes of secondary synovitis.
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Localization of the glycosaminoglycans (GAG)
was examined in the synovial membranes of
petients with osteoarthritis under light micro-
scopy using a fine cationic colloidal iron staining
method combined with enzymatic digestion. Our
staining method was very useful for demonstrat-
ing the difference in the localization of GAG in
regions of the inflammatory site in the osteoarth-
ritic synovial membrane. Hyarulonic acid was
mainly located in connective tissues in the sur-
face intercellular and perivascular spaces, chon-
droitin sulfate A/C in the highly fibrous part of
and connective tissue around blood vessels, der-
matan sulfate (chondroitin sulfate B) in the sub-
surface interstitium and vascular endothelial cells
and heparan sulfate in part of vascular endo-
thelial cells. No keratan sulfate was detected.
GAG is reported to have an important role in cell
movement, adherence and aggregation in the
inflammatory sites. These findings should be use-
ful for understanding the role of GAG in physiolog-
ical and pathologic processes of secondary
synovitis.

Key words: glycosaminoglycan, synovial tissue, osteoar-
thritis, fine cationic colloidal iron

I n osteoarthritis (OA), initial non-inflammatory
changes in the articular cartilage precede cartilage
destruction at the weight bearing area and it extends to the
surrounding cartilage. Damaged cartilage fractions cause
secondary synovitis which result in the production of
proteases and cytokines and their release into the synovial
fluid which contributes to further destruction of the
cartilage. Secondary synovitis varies in degree from very
mild to severe enough to resemble chronic rheumatoid
arthritis (RA). The secondary synovitis often causes
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othter clinical symptoms to develop such as increased
temperature in the joint, hydroarthrosis and restricted
range of motion.

Most of the extracellular matrix in the synovial tissue
is composed by proteoglycans. Although there are several
studies have been done on the localization of glycosamino-
glycans (GAG) in RA synovium, few immunohisto-
chemical and moleculo-biological studies have reported on
histochemical localization of proteoglycans in the in-
flammatory synovial membranes (1-3). Wells (2) report-
ed the localization of increased level of hyaluronic acid
(HA) in the synovium of patients with arthritis. Recently,
Okuda et al. (4) reported the distribution of GAG in RA
synovium using high and low diamine staining. However,
to our knowledge, the distribution of GAG in OA
synovial membrane has not been previously reported.

In the present study, the localization of GAG in OA
synovium of the knee joint was examined in detail by light
microscopy, using a fine cationic colloidal iron staining
method combined with various enzyme digestion tests.

Materials and Methods

OA synovium of the knee joint was obtained from 13
patients (3 men and 15 women aged 62-86 years, average
72 years) at operations (14 knees at total knee arthroplas-
ty, 4 knees under knee arthroscopy). As control speci-
mens, normal (non-inflammatory) synovial tissues were
obtained from 3 patients at operations (1-year-old man,
leiomyosarcoma; 1-year-old girl, clubfoot; 35-year-old
woman, anterior cruciate ligament mjury). Then they
were fixed for about 6h with 0.1 M cacodylate-buffered 1
% glutaraldehyde and 4 % paraformaldehyde (pH 7.2-
7.4). The blocks were embedded in paraffin for light

microscopy, and cut into sections 34 um in thickness.
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The sections were dehydrated in a graded series of xylol
and ethanol (50 %, 70 %, 95 %, 100 %), and washed in

Table | Standard conditions of enzymic digestion

puffer om @6
fyt; eRIOMCES  cetate 100 60 3
A i ST B
ig(())ndmiﬁnase Lgls—buffer 0 37 2
ghondroitinase Lgf_buﬁer 10 37 5
Heparitinase gl;;f)g)rsphate 0.5 37 2
Heparinase Eﬁfhecisphate 0.5 37 2
Keratanase Ilgls-buffer 1.0 37 2

Conc: Concentration of enzyme solution
Temp: Temperature

Acta Meo Okavama Vol. 49 No. 6

distilled water, treated with either routine digestion using
degrading enzymes for various GAG, or a double en-
zymic digestion method (Table 1). The sections were then
stained with fine cationic colloidal iron, prepared in
advance according to the method of Murakami ef al
(1986) (5), for 30min or longer at room temperature at
pH values of 1.5 or 2.5. After this staining, the sections
were rinsed in distilled water, immersed for 10min or
longer in a mixture of 1% K,Fe(CN); and 1% HCI for
the Prussian blue reaction, rinsed in distilled water,
post-stained with 0.1 % nuclear fast red in 5 % almunium
sulfate, embedded in balsam, and observed with a light
microscope.

Results

Colloidal iron particles were seen as a diffuse blue
substance or granules under a light microscope due to
positive reaction to. Prussian blue. In control specimens,
pretreatment with Streptomyces hyaluronidase (St-hylase)
removed the iron staining almost entirely in the superficial
intercellular space, the interstitium below the surface and
perivascular regions, suggesting extensive distribution of
HA in these areas (Fig. 1).

Fig. 1
digestion.
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Normal synovial membrane stained with fine cationic colloidal iron (pH 2.8). (a) Buffer control and (b) Streptomyces hyaluronidase
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urrounding matrix, the interstitium of fat tissue

Staining reactions with fine cationic colloidal iron at different pH values (a, 5.0, b, 2.8, and ¢, 1.5). Most of the positive reactions

observed in the extracellular matrix of the synovial lining cell layer, small vessels and their s
and the edematous region below the surface at pH 2.8 were thought to be hyaluronic acid. They do not show positive reactions at pH 1.5.

Fig. 2
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Synovial membrane with fine cationic colloidal iron (pH 1.5
and show a positive reaction. (a) Buffer control and (b) Chondroitinase ABC

Fig. 3
spaces and the other fibrous areas were lighter than in the buffer control.
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Similarly, in OA synovial membranes, diffuse and
granular iron stains were observed in the extracellular
matrix of the synovial lining cell layer, the interstitium of
fat tissue, the edematous region below the surface and
perivascular multiple-layered basement membranes at pH
value 2.8, and stained much less following the digestion
with St-hylase or stained at pH 1.5 (Fig. 2). Compared to
the control, the iron staining in the interstitial space below
the lining cell layer was less weakened by the enzyme
digestion, indicating an increased level of St-hylase-
resistant GAG such as CHS-A/C, DS HS which show
a positive reaction at pH 1.5.

After treatment with chondroitinase ABC (Chase
ABC), the synovial tissue did not react to the colloidal
iron staining except for some parts of perivascular
regions, indicating the presence of HA, CHS-A/C and
DS (Fig. 3).

When the specimens were pretreated with St-hylase
and then with Chase B for digestion of DS, the diffuse
staining in the subsurface interstitial space and the perivas-
cular staining decreased markedly (Fig. 4). Indications of
the presence of CHS-A/C remained only in the highly
fibrous part and the perivascular space.

GAG resistant to testicular hyaluronidase (T-hylase)
was detected partly on and around vascular endothelial
cells. This iron staining was lost to some degree following
digestion with Chase B and heparitinase, indicating the
presence of DS and HS in this region (Fig. 5).

Discussion

To our knowledge, this is the first report that demon-
strate the localization of GAG in OA synovium with use
of fine cationic colloidal iron-staining method. Ferric
chloride, when boiled with hydrate and cacodylic acid, is
converted into a fine cationic iron (ferric hydroxide) colloid
which consists of 0.5- to 1.5-nm electron-dense granules,
and produces a distinctive Prussian blue reaction. This
colloid allows both light and electron microscopic detec-
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tion of ionized anionic sites in tissues, including GAG, at
a wide pH range of 0.8-7.6 (Murakami et al. 1986) (5).
The pH value of the staining solution is a very important
factor in forming ion bonds between cationic irons and
acidic groups of GAG molecules. According to Arnold
(1968) (6), most acidic groups are dissociated in tissue
proteins, nucleic acids, acid saccharides such as GAG,
acid glycoproteins and acid glycolipids at pH 5.0 under
histochemical conditions. At pH 2.8, however, carboxyl
groups in protein molecules are difficult to dissociate and
only acidic groups in nucleic acids and acid saccharides are
dissociated. At pH 1.5, only sulfate groups in acid sac-
charides remain dissociated (Fig. 6). The pH for staining
reactions was set at 2.5 for hyaluronic acid and 1.5 for
other sulfated GAG.

Iron ions are not absolutely specific to the acid groups
in GAG but react also to other acid groups present in the
tissue. We resolved this problem by using several
mucopolysaccharases before staining. As is generally
known, there are a few GAG in the synovial membrane.
Although previous studies using human umbilical cord or
hyaline cartilage determined the conditions for each
enzyme reaction (7-9), relatively shorter enzyme reaction
time was appropriate for the small amount of proteo-
glycans in the synovium. Though the degradability of
each enzyme for GAG is well understood, we combined
T-hylase plus Chase B and St-hylase plus Chase ABC, B
and heparitinase to make the distribution of CHS-A/C,
DS and HS, respectively.

Recently, Okuda et al (4) reported the distribution of
GAG in RA synovium using high and low diamine
staining. RA synovial membrane contained various
amounts of each GAG molecular species such as HA,
CHS-A/C, DS and HS. From our results, OA
synovium also contained various amounts of HA, CHS-
A/C, DS and HS. The distribution of GAG in OA
synovial tissues were summarized in Table 2. These
results that demonstrated the difference in the localization
of GAG in regions of the inflammatory site can explain

Fig. 4

Synovial membrane stained with fine cationic colloidal iron (pH 2.8). (a) Buffer control; (b) Streptomyces hyaluronidase (St-hylase)

digestion; and (¢) St-hylase/Chondroitinase B (Chase-B) digestion. The positive reactions remaining after St-hylase digestion in the extra-
cellular matrix of the synovial membrane and small vessels and their surrounding matrix were decreased by Chase-B digestion.

Fig. 5

Synovial membrane stained with fine cationic colloidal iron (pH 1.5). (a) There are a few small vessels that show the positive reactions

after testicular hyaluronidase digestion. (b) These reactions were not completely eliminated by Chase-B digestion. (d) Heparitinase digestion.
The positive reactions on the endothelial cells were weaker than those of buffer control (¢) suggesting the existence of heparan sulfate

proteoglycans.
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Fig. 6

Dissociation of acidic groups of tissue proteins, nucleic acids, and acid saccharides according to the pH values. Most acidic groups

are dissociated in tissue proteins, nucleic acids, acid saccharides such as glycosaminoglycans (GAG), acid glycoproteins and glycolipids at pH
5.0 under histochemical conditions. At pH 2.8, however, carboxyl groups in protein molecules are difficult to dissociate and only acidic groups
in nucleic acids and acid saccharides are dissociated. At pH 1.5, only sulfate groups in acid saccharides remain dissociated. The pH for staining
reactions was set at 2.8 for hyaluronic acid and 1.5 for other sulfated GAG. Modified from Arnold M (1968) (6).

Table 2 Localization of GAG in osteoarthritic synovial membrane
Lining Extracellular Small vgssels .
. and its Fibrous
cell matrix below .
surrounding area
layer the surface )
matrix
HA + ++ ++ + + +
CHS-A/C — + + -+ ++
DS — + + +
HS - - +~+ -
Hep - - -
KS - - - -

GAG: glycosaminoglycans; HA: hyaluronic acid; CHS-A/C: chon-
droitin sulfate A/C; DS: dermatan sulfate; Hep-S: heparan sulfate;
KS: keratan sulfate; Hep: heparin

one aspect of the pathogenesis of secondary synovitis in
osteoarthritis (OA) through immunological and biochemi-
cal characteristics of various GAG.

http://escholarship.lib.okayama-u.ac.jp/amo/vol 49/iss6/3

Hyaluronic Acid (HA)

The staining method used in this study can detect
anionic sites easily. The results were the same as those of
Sawai et al (1994) (10) in which they used immunohisto-
chemical methods. They demonstrated by using HA
binding protein that the protein was present in the lining
cell layer of the synovium and on fibers in fat tissue of the
controls, while the protein was diffusely distributed in OA
synovium. However, high concentrations of HA were
demonstrated in the intercellular spaces in early RA
synovial tissues, suggesting accelerated synthesis of HA.
HA became restricted to the surface of the synovium as
inflammation progressed and it was almost undetectable in
association with fibrosis of the entire region.

HA is generally understood to be produced by
synovial B cells in the layer of cells which line the synovial
membranes and in the filtered plasma fluid in synovial fluid
(11). The concentration of HA in synovial fluid decreases
as the severity of the inflammation increases. The
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decrease or degradation of HA may cause the destruction
of the articular cartilage. In the control specimens, the
distribution of HA was diffuse. On the other hand,
synovial membranes from OA patients with hydrarthrosis
seemed to stain lighter for HA, whereas the heavier
staining occurred on and around vascular endothelial cells
and basement membranes. This suggests that increased
levels of HA might change vascular permeability in
hydrate molecular forms, especially through physico-
chemical mechanisms. Clinically, the increase of permea-
bility will cause the hydrarthrosis.

Asari et al (1994) (12) reported a decreased concen-
tration of HA in the synovial fluid but the total amount of
HA was higher in patients with hydrarthrosis associated
with traumatic arthritis (TA) than in healthy controls and
TA patients with no hydrarthrosis. They further suggest-
ed that destruction of the articular cartilage and the
associated release of proteoglycans may cause synovial B
cells to produce excess HA, which would increase colloi-
dal osmotic pressure in the joint cavity. Then HA may
collect water from plasma and lymph of water when
vascular permeability is increased.

Matsubara et al (1987) (13) confirmed that oligosac-
charide HA, the product of restricted decomposition of
high molecular HA by hyaluronidase, stimulated
chemotaxis of endothelial cells in vitro. This suggests the
possibility that, in the process of inflammation, HA
degradation may be restricted to lower molecules and may
trigger formation of neovascularization.

Heparan Sulfate Proteoglycan (HSPG)

Many cell proliferating factors recently have been
determined to have proteoglycan-binding capacity, and to
be involved deeply in both metabolism and active expres-
sion of proteoglycans. Basic fibroblast growth factor
(bFGF) is known as a potent neovascularization stimula-
tor and it shows high affinity to heparin and binds to
HSPG in the extracellular spaces. Takahashi et al (14)
found that cultured synovial cells from RA patients
produced a greater volume of bFGF than did vascular
endothelial cells (15) or inflammatory cells. Since this
production was stimulated by IL-1 and TNF-alpha, it
was strongly suggested that bFGF may be deeply
involved in neovascularization found in synovitis.

Once inflammation or vascular damage occurs, stored
bFGF may be released from HSPG in the intercellular
matrix around endothelial cells and the released bFFGE
may induce rapid endothelial cell proliferation and neovas-
cularization.
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HSPG are divided into two types: one is found on
the cell surface and the other is present in the basement
membrane and intercellular matrix. HSPG on the surface
of vascular endothelial cells binds MIP-1 beta at its
heparin-binding sites and presents it to the MIP-1 beta
receptors on T cells. This tethering activates T cell
integrin, which further promotes inflammation by attach-
ment to the ligand VCAM-1 on endothelial cells, and
migration of the T cells into the tissue (14).

HSPG in the basement membrane of the endothelial
cells and on the inner surface of the endothelial cells may
be important for neovascularization or inflammatory cell
infiltration.

Chondroitin Sulphate Group (CHS A/C and
CHS B)

In OA synovium, inflammation is not as severe
compared with RA synovium. Recently, Okuda et al. (4)
reported that, in the inframmatory areas of RA synovium,
the molecular species of GAGs was primarily DS and it
was CHS-A/C in the fibrotic areas. Kimata et al. (1986)
(16) isolated PG-M for the first time from mesen-
chymatous tissue of a limb bud of chicken embryos in the
stage immediately before the start of cartilageous
differentiation. This large proteoglycan is equivalent to
varsican, which is synthesized by human fibroblasts and
has been demonstrated to have an inhibiting effect on cell
adhesion. According to Kimata et al. (16), GAG chains,
such as CHS-A/C and D may have cell adhesion inhibit-
ing action but can express such activity only in the
molecular mold of proteoglycans. Diffuse CHS A/C
detected in the synovial membrane may be produced by
mesenchymal cells of vascular origin, and seems to help
inflammatory cells to migrate or move easily in the matrix
via cell-adhesion inhibitory action.

lizuka (1971) (17) reported a qualitative increase of
DS in cerebral arteriosclerotic sites and a relative increase
of DS in the aorta. DS detected in perivascular spaces
and vascular endothelial cells in the surface of the synovial
membrane may exert its anti-coagulation activity, and help
to stimulate fibrosis of blood vessels in the late stage of
inflammation.

Other Anionic Sites in the Synovial Mem-
brane

The nucleus of synovial lining cells and other
inflammatory cells appeared to be stained, indicating the
possible presence of phosphates. The granules in mast
cells showed strongly positive Prussian blue reaction and
they were not digested in any enzyme tests that we used
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in this study, suggesting that mast cell granules largely
contain heparins.

In conclusions, fine cationic colloidal iron staining was
useful to detect anionic sites in the synovial membrane by
light microscopy. HA, CHS-A/C, DS and HS were in
the OA synovial membrane. HA was mainly located in
connective tissues in surface intercellular and perivascular
spaces. CHS-A/C was found mainly in the highly fibrous
parts and connective tissue around blood vessels, DS was
in the subsurface interstitium and vascular endothelial
cells, and HS was confined to parts of vascular endoth-
elial cells. Keratan sulphate was not detected.
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