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Summary. A new microspectrophotometric method was de- 
veloped for quantitation of glycosaminoglycans with Sa- 
franin O dye in articular cartilage matrix. From histological 
sections molar extinction coefficient of Safranin O was de- 
termined and used to measure the dye content of the sec- 
tions. The amount of glycosaminoglycans was determined 
with depth of bovine articular cartilage by both gas chroma- 
tography and thin layer chromatography to calculate the 
fixed negative charge content. Comparison between the re- 
sults revealed that binding of Safranin O to glycosamino- 
glycan polyanions was stoichiometric and showed minimal 
nonspecific staining. The method provides an accurate tech- 
nique for quantitation and localization of fixed negative 
charge content of glycosaminoglycans in the articular carti- 
lage matrix. Specific enzyme digestions enable detection of 
separate glycosaminoglycans. 

Introduction 

Proteoglycans are major components of the intercellular 
matrix of articular cartilage and are responsible for the 
elasticity and resilience of the tissue (Kempson et al. 1971 ; 
Scott 1975). Proteoglycans of articular cartilage consist of 
a central protein core to which negatively charged glycosa- 
minoglycans as well as oligosaccharides are covalently at- 
tached, so that carbohydrate comprises more than 90 per 
cent of the weight of the molecule (Muir 1982). 

The histochemical demonstration of carbohydrates may 
be carried out by using cationic dyes, chemical methods, 
methods involving use of lectins or by using immunohisto- 
chemical techniques (see, e.g., Pearse 1968; Kiernan 1982). 
Most of these methods can also be used in conjunction 
with chemical blocking procedures for the reactive groups 
or with specific enzyme digestions of carbohydrate compo- 
nents. For the demonstration of cartilage proteoglycans the 
use of cationic dyes is a simple procedure and has tradition- 
ally been the most common method. 

Sehaffer (1930) and Hirsch (1944) observed that the ba- 
sophilia and metaehromasia of cationic dyes were less in- 
tense in the superficial zone of human articular cartilage 
than in the deeper zones. The qualitative analysis of meta- 
chromasia has so far been widely used as a marker of gly- 
cosaminoglycan concentration. 

* To whom offprint requests should be sent 

The loss of metachromatic staining during cartilage ma- 
trix breakdown has been investigated by using Toluidine 
Blue (Lucy et al. 1961) and Azure A (Ali 1964). In these 
studies correlation was found between loss of staining and 
decrease in the content of hexosamine and hexuronic acid 
of cartilage matrix. Studies on the interaction of purified 
glycosaminoglycans with cationic dye Azure A in solution 
revealed that there is a quantitative relationship between 
the number of dye molecules bound and the number of 
anionic groups per disaccharide unit (Szirmai 1963). Using 
microspectrophotometric method, Poole (1970) showed 
that linear relationship between the density of Toluldine 
Blue staining and the hexuronic acid content of cartilage 
matrix existed. However, there was not specificity between 
binding of the cationic dye and carbohydrate content. The 
staining was lost, when the hexuronic acid content of carti- 
lage was 42% of control value. 

Stockwell and Scott (1967) were the first to use a combi- 
nation of histochemieal and biochemical methods to show 
that glycosaminoglycan concentration in the human articu- 
lar cartilage varied through the depth of the tissue. Since 
then many investigators have confirmed biochemically these 
results. It has been shown that the glycosaminoglycan con- 
tent is highest in the deep zone of the cartilage and that 
there is a differential distribution of chondroitin sulphate 
and keratan sulphate in human articular cartilage (Bayliss 
et al. 1983). Consistent results have been obtained also from 
adult bovine (Lemperg et al. 1974) and pig cartilage (Rat- 
cliffe et al. 1984). 

For quantitation of proteoglycans the dye must be 
bound specifically to the substrate. If  the cationic dye is 
used it should bind only to tissue polyanions and not to 
other components of the cartilage matrix. The dye molecule 
must also be small enough to penetrate freely into the tissue. 
For this reason cationic dyes of large molecular size such 
as Alcian Blue are not suitable for quantitation of cartilage 
polyanions (Goldstein and Horobin 1974). The binding of 
the dye should also be stoichiometric, so that concentration 
of the dye in the matrix would be proportional to the con- 
centration of proteoglycans. To fulfil the last criteria the 
dye must be bound to polyanions in the orthochromatic 
form. The capacity of various glycosaminoglycans to induce 
metachromasia is different due to different intercharge dis- 
tances in glycosaminoglycans. For this reason metachro- 
matic staining is not proportional to the concentration of 
proteoglycans (Rosenberg 1971 ; Horobin 1982). 



250 

Safranin O is a cationic dye composed of a mixture 
of dimethyl phenosafranin (row. 351) and trimethyl pheno- 
safranin (mw. 365) (Lillie 1977). Rosenberg (1971) has 
shown that the interaction of Safranin O with chondroit in 
6-sulphate and keratan sulphate in solution is stoichiomet- 
ric. Electron microscopic studies have also revealed the high 
specificity of Safranin O to glycosaminoglycans (Shepard 
and Mitchell 1976). The aim of the present investigation 
was to find out whether stoichiometric dye binding occurs 
also in tissue sections. A test model from bovine articular 
cartilage was constructed to compare the results of quanti- 
tative histochemistry with the biochemical proteoglycan de- 
terminations. 

We were able to show that  standardized microspectro- 
photometric technique makes possible to quanti tate Safran- 
in O dye concentrat ion in the cartilage sections. The content 
of dye molecules in the histological sections was in direct 
relation to the fixed negative ion content of glycosaminogly- 
cans determined biochemically. The result justifies the use 
of Safranin O in quantitative determination of glycos- 
aminoglycans in cartilage matrix. 

Materials and methods 

Procedure for making sections. Articular cartilage from distal femo- 
ral condyle of 1.5-year old bulls were used. From the medial con- 
dyle small slices were sawn, perpendicular to articular surface by 
a Leitz 1600 saw microtome (Leitz Wetzlar GmbH, Wetzlar, FRG). 
During sawing the tissue was kept moist by spurting cooled 0.9% 
(w/v) sodium chloride on the cartilage surface. The slices were 
fixed in 4% (w/v) formaldehyde in 0.07 mol/1 sodium phosphate 
buffer, pH 7.0, for 48 h at 4 ~ After fixation the slices were decal- 
cified with 10% (w/v) EDTA (ethylene diamine tetraacetic acid) 
and 4% (w/v) formaldehyde in 0.t tool/1 sodium phosphate buffer, 
pH 7.4, for 10 days at 4 ~ (Kiviranta et al. 1984). 

Dehydration and paraffin infiltration was carried out in a se- 
ries of ethanol solutions (70%, 80%, 96% and five absolute etha- 
nols), in two xylenes and three times (the last in vacuum) in melted 
Paraplast plus wax (Lancer Division of Sherwood Medical, Kil- 
dare, Ireland) for two hours in each. The sections were cut at 
3 gm perpendicular to articular surface with an LKB 2218 Histo- 
Range microtome (LKB-Produkter Ab, Bromma, Sweden) using 
glass-knives, and dried overnight at 37 ~ 

Characterization of Safranin 0 staining conditions. The effect of 
different stain concentrations were studied by staining four series 
of 5 sections with Safranin O with concentrations 0.005%, 0.05%, 
0.5% and 1.0%. For another four series of 5 sections the staining 
time with 0.5% Safranin O varied between 1 min and 2 h. The 
other staining conditions were as described below. 

A special series of sections with thicknesses 1.0, 1.5, 2.0, 2.5, 
3.0, 3.5, and 4.0 gm were cut to study the relationship between 
the section thickness and absorbance of the stained sections. 

To evaluate the effect of pH on the staining pattern, 0.5% 
(w/v) Safranin O solutions were prepared in sodium acetate buffer 
(Walpole) at pH 1.0, 2.6, 4.0, 5.2 and 7.4 (Drury and Wallington 
1980). For each pH value five sections were analysed. 

Standard staining procedure. The sections were deparaffinized in 
xylene and hydrated in a graded series of ethanol solutions to 
distilled water. The staining was carried out for 10 rain with 0.5% 
(w/v) Safranin O (Lot 713466; Fisher Scientific Co., Fair Lawn, 
NJ, USA) prepared in 0.1 mol/1 sodium acetate buffer at pH 4.6. 
The sections were dehydrated twice in 95% ethanol solution and 
once in absolute ethanol, cleared in xylene and mounted in D.P.X. 
mounting medium (Difco, West Molesey, Surrey, UK). 

Digestions with ehondroitinase ABC. Prior to the staining proce- 
dures some sections were subjected to digestion with chondroitinase 
ABC (Seikagaku Kogyo Co., Tokyo, Japan) using the method 
described in detail by Yamada et at. (1982). The incubation of 
the sections was carried out for 4 h at 37 ~ in a solution prepared 
in 0.1 tool/1 Tris-HC1 buffer pH adjusted to 8.0 containing enzyme 
activity of 1.5 units/ml, 100 gg bovine serum albumin and 4 pro- 
teinase inhibitors (10 mmol/1 N-ethylmaleimide, 5 retool/1 phenyl- 
methanesulphonyl fluoride (PMSF) and 0.36retool/1 pepstatin 
(Sigma Chemical Co., St. Louis, MO, USA) and 10 mmol/l EDTA 
(Merck, Darmstadt, FRG)). 

Microspectrophotometric analysis. The analysis system consisted of 
a Leitz MPV 3 microspectrophotometer interfaced to a Hewlett- 
Packard 85 A microcomputer (Hewlett-Packard, Corvallis, OR, 
USA). The data processing was performed in a VAX 11/780 com- 
puter (Digital Equipment Corporation, Maynard, MA, USA). The 
light source XBO 150 W high pressure Xenon lamp (Osram, FRG) 
was used with a grating monochromator in the illuminating side 
with spectral bandwidth of 6.6 nm. During analysis the Orthoplan 
microscope was equipped with an EF 63 x/0.85 objective and an 
L40 x/0.65 condenser. The diameters of the field diaphragm and 
the measuring diaphragm were 34 gm and 0.8 gin, respectively. 
Spot measurements in two scan lines were performed from articular 
surface to bone. The distance between individual spot measure- 
ments and the two scan lines was 12.5 gm. The background values 
were determined outside the section preceeding each analysis. Dur- 
ing the scan the readings equal to the background values were 
rejected. The transmittance values were fed into the microcom- 
puter, corrected for the dark signal of the photomultiplier and 
converted into absorbance values. All the measurements were made 
twice from exactly the same points with different amplification 
of the photomultiplier during each analysis. This procedure wi- 
dened the linear measuring range of the photometer up to 3.6 ex- 
tinction units. The calibration curve of the photometer system with 
neutral density filters is shown in Fig. t. The filters were purchased 
either from Leitz or from Schott (Mainz, FRG). From the desired 
number of measurements along with the scan line the mean value 
of absorbance was determined to represent each layer. It was also 
possible to sum up the values of the successive layers. This inte- 
grated absorbance characterized the staining properties of the 
whole section. 

The measurement of  Safranin 0 in tissue sections. 2.5 mmx 4.0 mm 
sections were cut parallel to the cartilage surface at microtome 
settings of 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 gm. Conditions of 
tissue processing and the staining was the same as described above. 
Some sections were stained with 0.001% Safranin O to obtain 
weaker staining. The mean absorbance was calculated from 600 
measurements/section. After photometric analysis the section area 
was measured with a computer-coupled graphical analyzer (Sum- 
magraphics ID, Summagraphics Corp., Fairfield, CT, USA). Sub- 
sequently the coverslip was removed and the part of the slide con- 
taining the section was cut away and placed in a test tube. The 
dye was eluted from the section by shaking it in a known volume 
(0.6 ml) of 2 mol/1 HC1 prepared in 50% (v/v) ethanol. After cen- 
trifugation (2,000 x g, 10 min) absorbance &the solution was mea- 
sured in a Perkin-Elmer Spectrophotometer 139 (Hitachi Ltd, To- 
kyo, Japan) at absorption maximum 535 nm. Appropriate stan- 
dards were used to calculate the amount of Safranin O/ram 2 of 
the section. Safranin O solution obeys the Beer-Lambert law. The 
measurement must be performed at once because the dye loses 
its colour within 24 h. 

Combined histochemical and biochemical analyses. Perpendicular 
slices with dimensions of 1 mm x 4 mm and 2.5 mmx 4 mm were 
consecutively sawn from femoral condyles (Fig. 2). For gas chro- 
matographic analysis, 6 tissue blocks were frozen with isopentane 
cooled to -160 ~ with liquid nitrogen and stored at - 8 0  ~ 
100 gm thick cartilage strips were cut from the blocks with a PMV 
Cryo-Microtome type 450 MP (PMV, Stockholm, Sweden) at 
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Fig. 1. The relationship between the 
measured absorbance at 500 nm 
wavelength and the known 
absorbance of the neutral density 
filter 

Fig. 2. Cartilage preparation. Slices 
from bovine articular cartilage were 
sawn alternately for histology and 
biochemical proteoglycan analyses. 
For biochemical analyses 100 pm 
thick cartilage strips were cut parallel 
to the articular surface 

- 2 0  ~ parallel to the articular surface. For thin layer chromato- 
graphic analysis an equal set of tissue blocks was prepared. 

The strips were digested in a solution containing 5 mmol/1 
cysteine-HC1, 5 mmol/1 EDTA and 25 gg/ml papain (2 x crystal- 
lized, Sigma) at pH 6.5 for 6 h at 60 ~ 

For gas chromatographic analysis of monosaccharides, glycos- 
aminoglycans were precipitated in 1 ml of ethanol and 20 gl of 
25% (w/v) sodium acetate at 4 ~ overnight. The pellet was collect- 
ed by centrifugation (2,500 x g, 20 min) and dissolved in water. 
An aliquot of the solution was hydrolyzed in 2 mol/1 HC1 for 17 h 
at 103 ~ The acid was evaporated by air stream. Myoinositol 
(l gg) and alfa-methylmannoside (0.5 gg) were added as internal 
standards before derivatization into alditol acetates (Torrello et al. 
1980). The separation and quantitation of galactosamine and glu- 
cosamine was achieved in a silica capillary column (0.32 mm x 
25 m) coated with OV-1701 (Orion Analytical, Mankkaa, Finland) 
using a Carlo Erba 4160 chromatograph (Carlo Erba Strumenta- 
zione, Milan, Italy) with the on column injection system. 

For thin layer chromatographic separation and quantitation 
of the disaccharides derived from different chondroitin sulphate 
isomers and hyaluronic acid, papain digested samples were precipi- 
tated in 1% (w/v) cetylpyridinium chloride containing 0.02 mol/1 
sodium chloride at 20 ~ for 3 h. The sample was centrifugated 
(2,500 x g, 20 min) and the pellet washed with water, dissolved 
in a small volume of n-propanol and reprecipitated in ethanol con- 
taining 0.5% (w/v) sodium acetate. The precipitate was digested 
with chondroitinase AC II. The resulting disaccharides were deter- 
mined by thin layer chromatography as described in detail earlier 
(S/i~m/inen and Tammi 1984). 

For histochemical quantitation one scan analysis was per- 
formed/section. During analysis 16 measurements (8 steps and 2 
scan lines) were performed from articular surface to bone to get 
absorbance values for each of the 100 pm thick cartilage layers. 
Three sections fiom each of the 8 tissue blocks were analysed. Us- 
ing the molar extinction coefficient Safranin O content in each 
layer was calculated for comparison with the biochemical analyses. 

Results 

Characterization of cartilage staoting with Safranin 0 

It appeared  that  staining times from 1 rain to 2 h gave al- 
most  similar staining. Safranin O concentrat ion 0.5% (w/v) 
was sufficient for maximum staining o f  the sections (Ta- 
ble J). Absorp t ion  spectrum of  Safranin O in cartilage sec- 
tions is shown in Fig. 3. The single-peaked absorpt ion  maxi- 
mum is at  500 nm, which means that  Safranin O dye occurs 
in its o r thochromat ic  form in the cartilage sections. Within 

Table l. Characteristics of Safranin 0 staining of articular cartilage 
matrix. The effect of different stain concentrations and staining 
times 

Safranin O Staining time Integrated 
conc. absorbance at 500 nm 

% (w/v) min mean___ SEM (N = 5) 

0.005 t0 48.21_+ 1.42 
0.05 10 764.99 + 84.22 
0.5 t0 871.52 _-t_- 35.47 
1.0 10 834.07 _+ 65.65 

0.5 t 958.70_+ 53.62 
0.5 10 957.39_+ 14.89 
0.5 30 1,033.20 +47.22 
0.5 120 1,006.03 _ 56.22 

a per iod of  one month  the microspect rophotometr ic  analy- 
sis showed no fading of  the dye or change in the absorpt ion  
spectrum. 

The p H  values of  the staining solution was altered and 
its effect on the staining intensity was tested. Dye binding 
of  the cartilage matr ix  enhanced as the pH of  the staining 
solution increased from 1.0 to 5.2. Thereafter  the stainabi-  
lity was abou t  constant  (Fig. 4). This kind of  a response 
was p robab ly  due to the electrostatic nature of  the staining 
mechanism (Horobin  1982). 

Reproducibi l i ty  of  the quant i ta t ion  system was evalu- 
ated by prepar ing two series of  24 cartilage sections from 
the same 8 tissue blocks. The sections were cut, stained 
and analysed independently.  Start ing from the surface 13 
comparable  absorbance  values were determined from the 
superficial cartilage layers to the deep cartilage zone. The 
difference between the values was 4.4%_+1.9% (mean_+ 
SD). The correlat ion between the analyses of  the two series 
was highly significant ( r =  1.0, P <  0.001, N =  13). 

A linear relationship was obtained between the mean 
absorbance of  the section and the microtome setting 
(Fig. 5). To evaluate the range of  the section thickness cut 
at  a certain microtome setting 17 pairs o f  sections were 
photometr ical ly  analysed. The difference in absorbances  of  
two adjacent  sections was thought  to reflect the change 
in the section thickness. The range of  absorbances in pairs 
of  sections was 5.0% _+0.6% ( m e a n + S E M ,  N = 1 7 ) .  
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Fig. 3. Spectral analysis of Safranin O stained 
cartilage section 

Fig. 4. The effect of pH on the staining 
properties of articular cartilage matrix. 
Absorbance was measured at 500 nm. Mean_+ 
SEM, N= 5 
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Fig. 6. The correlation between the mean 
absorbance value at 500 nm of the Safranin O 
stained sections and the eluted dye content per 
mm 2 of the same sections 

The microspectrophotometric determination of Safranin 0 

The basis of  spectrophotometry is the Beer-Lambert law 
(see, e.g., Slayter 1970), which relates concentration (c) of  
the chromophore to the measured extinction (E): 

E=kcl,  (J) 

where k is a molar extinction coefficient for the chromo- 
phore at particular wavelength and l is the path-length of  
the light through the specimen. In microspectrophotometry 
the mass of  the chromophore per unit area of  the section 
can be determined (see, e.g., Butcher 1972; Bitensky 1980). 
Since concentration equals mass (m) divided by volume (V) 
and volume is equal to surface area (A) multiplied by path- 
length, the Eq. (1) can be written as follows: 

F~=k~. (2) 

Equation (2) was used to calculate molar extinction coeffi- 
cient of  Safranin O. Linear relationship was found between 
the mean absorbance o f  the section and the dye content 
per unit area (Fig. 6). In two separate experiments molar 
extinction coefficients of  0.442 and 0.475 were obtained. 
The mean of  these values 0.459 was then used to determine 
the mass of  Safranin O/mm 2 of  the section. Knowing the 
section thickness the result was converted to amount  of  
the dye/ram 3 of  the section. This made comparison between 
histological and biochemical analyses possible. 

Combined histochemical and biochemical analyses 

The galactosamine and glucosamine contents of  cartilage 
reflect the relative proportions of  chondroitin and keratan 
sulphate chains, respectively. Hyaluronic acid also contrib- 
utes to the glucosamine content, but it is a minor compo- 
nent as compared with other glycosaminoglycans of  carti- 
lage as shown in Table 2. The mean proport ion of  hyalur- 
onic acid of  total disaccharides was 2.9%. The slight 
amount  of  mannose in gas chromatographic determinations 
(result not  shown) revealed that a negligible amount  of  glu- 
cosamine was derived from N-glycosidic oligosaccharides 
(cf. Hascall and Hascall 1980). The distribution of  galactos- 
amine and glucosamine through depth of  the cartilage is 
shown in Table 3. Galactosamine content increased to an 
8-fold value from superficial to deep zone. The glucosamine 
content was more constant through the cartilage thickness. 
The total fixed negative ion content of  articular cartilage 
was calculated from chondroitin sulphate and keratan sul- 
phate amount  of  the 100 pm thick cartilage strips. Chon- 
droitin sulphates carry two negatively charged groups per 
repeating disaccharide unit, whereas keratan sulphate, hya- 
luronic acid and nonsulphated chondroitin have only one 
negatively charged group per disaccharide. 

Histochemical quantitation of  Safranin O was made 
from areas corresponding the biochemical determinations. 
Safranin O distribution in cartilage sections was compara- 



Table 2. Relative proportions of unsulphated chondroitin (zx Di-0S) 
and hyaluronic acid (HA) in 100 gm thick cartilage strips of bovine 
articular cartilage from surface (1) to bone junction (15). (zx Di- 
4S = chondroitin 4-sulphate, a Di-6S = chondroitin 6-sulphate, 
CS = zx Di-0S + zx Di-4S + zx Di-6S). Mean of 5-6 measurements 

Fraction a Di-0S HA 
number CS + HA CS + HA 

1 0.21 0.03 
2 0.24 0.06 
3 0.19 0.03 
4 0.13 0.02 
5 0.12 0.03 
6 0.12 0.03 
7 0.06 0.07 
8 0.07 0.04 
9 0.07 0.01 

10 0.08 0.02 
11 0.09 0.02 
12 0.08 0.01 
13 0.03 0.03 
14 0.05 0.02 
15 0.17 0.02 

Table 3. Distribution of galactosamine and glucosamine in bovine 
articular cartilage in successive 100 gm thick layers from surface 
to bone. Mean of 5-6 measurements _+ SEM 

Fraction Galactosamine Glucosamine 
number [nmol/mm 3] [nmol/mm 3] 

1 23.5_+ 4.2 12.2_+2.0 
2 35.7___ 9.6 15.7_+4.5 
3 68.5_+ 9.7 21.3_+3.3 
4 88.8_+ 8.9 28.7+2.5 
5 94.4_+ 8.9 26.3_+4.9 
6 104.14-11.9 32.2_+3.3 
7 81.7_+ 6.3 24.6_+3.1 
8 112.5_+15.2 32.9_+4.4 
9 132.9_+ 8.2 34.2_+2.5 

10 122.2_+ 12.7 42.0_+8.7 
11 143.3_+ 12.3 23.5 4- 3.0 
12 167.4_+19.4 29.0-+2.4 
13 197.4_+20.2 27.1 _+4.2 
14 199.8_+ 19.4 27.9_+4.4 
15 141.1_+28.8 21.6_+3.6 

ble to the biochemically determined fixed negative ion con- 
tent (Fig. 7). The total  fixed charge content  increased from 
90 nmol /mm 3 in the surface to 400 nmol /mm 3 near  the 
bone. The coefficient of  correlat ion between biochemical  
and histochemical determinat ions  was r = 0 . 9 6  (P<0 .001 ,  
N =  14). 

The binding specificity of  Safranin O dye to art icular  
cartilage proteoglycans  was tested digesting the sections 
with chondroi t inase ABC and staining with Safranin O at 
the same time with adjacent  control  sections. The sections 
incubated in the digestion medium without  enzyme had the 
same dye binding propert ies  as the control  sections. The 
superficial 1 m m  thick cartilage zone was analysed. The 
loss of  stain from the sections due to chondroi t inase ABC 
digestion was equal to the amount  of  fixed negative ions 
calculated on the basis of  the corresponding chondroi t in  
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sulphate determinat ions  (Fig. 8). These results (Figs. 7 and 
8) confirm that  Safranin O is bound  in a stoichiometric 
way to fixed negative ions o f  glycosaminoglycans.  

The amount  of  non-specific staining could be est imated 
by calculating the surplus of  Safranin O in the sections after 
chondroi t inase ABC digestion as compared  to glucosamine 
content  (representing kera tan  sulphate,  Table 3). The pro-  
por t ion  of  surplus staining of  the total  dye binding was 
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11.2% _ 1.3% (mean of I0 determinations_+ SEM). This 
surplus may exist due to dye binding to other substrates 
than fixed negative ions of glycosaminoglycans or it ex- 
presses oversulphation of keratan sulphate (Muir 1980, 
p 35). 

Discussion 

Succesful histochemical quantitation of proteoglycans im- 
plies that during fixation and tissue processing loss of car- 
bohydrate components is minimal. For this reason some 
of the conventionally used fixation and tissue processing 
methods are not suitable. Methods described in a previous 
study (Kiviranta et al. 1984) were used to preserve cartilage 
during histological tissue processing. 

Since electrostatic forces bind dye molecules to anionic 
sites of disaccharides, the amount of the ionized charge 
groups in disaccharides depends on the pH of the staining 
solution. Intrinsic pK values for carboxyl groups of hyalur- 
onic acid and chondroitin sulphate have been between 2.8 
and 3.3 (Grodzinsky 1983). The differences are ascribed 
to electrostatic interactions. The pK of sulphate groups is 
lower, being about 1.0 (Horobin 1982). Szirmai (1963) has 
observed that electrostatic dye binding occurs when cationic 
dye is mixed with glycosaminoglycans in solution. The 
Azure A binding to chondroitin sulphate steeply increased 
to a two-fold value as the pH of the solution increased 
from 1.0 to 5.0. On the basis of the known pK values it 
can be calculated that at pH 1.0 half of the sulphate groups 
of glycosaminoglycans are ionized whereas at pH 4.6 practi- 
cally all sulphate and carboxyl groups are ionized and can 
bind the dye, The effects of pH of the staining solution 
on cartilage staining confirmed that the dye binding occurs 
due to electrostatic forces also in tissue sections (Fig. 4). 
The observations are in accordance with the investigations 
using a tracer cation method to study the effects of pH 
on the fixed charge density of cartilage (Maroudas 1980). 

The dye molecule must be small enough to penetrate 
into the cartilage tissue and to reach the negatively charged 
groups. The intercharge distances of chondroitin sulphate 
and keratan sulphate are about 0.5 nm and 1.0 nm, respec- 
tively (Chakrabarti and Park 1980). The short intercharge 
distances make a requirement on the molecular size of the 
dye, when one dye molecule is wanted to get bound to 
each negatively charged group of disaccharides. 

When dye molecules are packed close to each other by 
electrostatic forces, dye-dye interaction occurs, which may 
induce some dyes to show metachromatic staining, Metach- 
romasia of some cationic dyes disables their use for histo- 
chemical quantitation of glycosaminoglycans, since the dye 
cannot be quantitated reliably if it has two absorption max- 
ima (Rosenberg 1971). The absorption spectrum of the dye 
in section must be single-peaked to enable the quantitation 
of the dye. 

The molar extinction coefficient of Safranin O was de- 
termined in order to quantitate the dye content from the 
sections. For this reason sections of bovine joint cartilage 
cut parallel to articular surface were used. The dye is evenly 
distributed in the matrix of the whole section. The matrix 
is the predominant tissue component, only 1-10% of the 
volume of cartilage is occupied by cells (Stockwell 1979). 
The absorbance of Safranin O, measured by spectropho- 
tometer was correlated with content of the dye in the same 
section as measured by elution and spectrophotometry. This 

comparison gave a linear relationship (Fig. 6), i.e., the dye 
obeys the Beer-Lambert law and the extinction coefficient 
could be determined. 

Proteoglycan analysis of sequential slices starting from 
cartilage surface to bone junction enabled us to compare 
the local Safranin O content with the amount of fixed nega- 
tive ions. The dye content was practically equal to the fixed 
negative charge content of cartilage matrix. As the fixed 
negative ion concentration increased along with depth of 
the cartilage, the Safranin O concentration increased as well 
(Fig. 7). The binding of Safranin O to glycosaminoglycan 
polyanions of articular cartilage is stoichiometric; one mol- 
ecule of the dye is bound to each of the negatively charged 
groups of glycosaminoglycans. 

Digestions with specific enzymes, i.e., chondroitinases 
and keratanase (Yamada et al. 1982), provide therefore pos- 
sibilities to quantitate local changes of chondroitin sulphate 
and keratan sulphate in cartilage. Chondroitinase ABC di- 
gestion was found to reduce the dye concentration of the 
sections about by the amount of fixed negative ions occur- 
ring in chondroitin sulphate disaccharides (Fig. 8). The en- 
zyme makes possible to quantitate local changes of chon- 
droitin sulphate in cartilage matrix. Technical difficulties 
with our keratanase preparation prevented us from using 
that enzyme to quantitate directly keratan sulphate content. 
The staining after chondroitinase ABC digestion should re- 
flect the amount of keratan sulphate. The sections were, 
however, observed to contain more stain than one sulphate 
group/keratan sulphate disaccharide could bind. The rea- 
sons for this surplus staining might be that Safranin O as 
a cationic dye is bound also to other negatively charged 
groups than those of glycosaminoglycans. Glutamic 
(pK 4.3) and aspartic (pK 3.7) acids of collagen are partly 
ionized in the pH of the staining solution (pH 4.6), and 
possibly bind the dye. On the other hand keratan sulphate 
disaccharides may themselves bind more than one dye mole- 
cule since keratan sulphate disaccharides containing more 
than one sulphate group are known to occur in articular 
cartilage (Hjertquist and Lemperg 1972). 
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