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Despite numerous attempts to develop
and evalute specific methods for the histo-
chemical demonstration of mucopolysac-
charides, definitive information is not
readily available. This is in spite of the
notable contributions of Hale (*46); Steed-
man (’50); Gomori (’50); Kramer and
Windrum (°54); Mowry (°56, '58); Spicer
(’60); Belanger and Migicovsky (’61) and
Goldstein (’62) to mention only a few.

With few exceptions (Joel et al., '56;
Warren and Spicer, '61) histochemical
specificity has been determined by apply-
ing the method to a variety of tissue muco-
polysaccharides. While this approach is
appropriate for establishing differences be-
tween tissues, it usually provides little use-
ful information about the method itself.
This is not surprising since the chemical
and physical properties of both the meth-
ods and mucopolysaccharides are obscure
and the material stained may vary from
tissue to tissue.

An alternative approach (Davies, '52;
Braden, °55; Pal and Schubert, ’61; Spicer
and Jarrels, ’61) has been to employ “spot”
or test tube methods in which purified
mucopolysaccharides are utilized as the
test material. The most obvious objection
to this type of analysis is the assumption
that the test material and the material
in situ will exhibit similar properties. The
artificiality of such an in vitro system
renders such data open to question unless
confirmed by other methods.

The more useful approach to an under-
standing of histochemical procedures is the
direct approach, i.e., the demonstration of
tissue components by the application of the
method to the material in situ. In order
to do this it is necessary that (1) the ma-
terial to be examined is preserved and (2)
that it is preserved in as unaltered a condi-
tion as possible. Therefore fixation should

be a primary consideration when methods
are to be evaluated since consistent results
cannot be obtained if the tissue compo-
nents are inadequately preserved.

Cetyl pyridinium chloride-formalin has
been demonstrated to provide excellent
preservation of acid mucopolysaccharide
(Williams and Jackson, ’56; Conklin, '63).
Utilizing this fixative, the acid mucopoly-
saccharides of hyaline cartilage have been
examined by histochemical methods. The
excellent preservation of cartilage ground
substance has in turn afforded a means of
evaluating the specificity of the methods,
the results of which are reported here.

MATERIALS AND METHODS

Adult monkey and adult rat tracheal
cartilage served as the test material for
the evaluation of the histochemical proce-
dures. Tissue samples were fixed in 10%
neutral formalin containing 8% cetyl py-
ridinium chloride and by freeze substitu-
tion in 10% acrolein in absolute alcohol
for seven days at —70°C. Tissues fixed in
the formalin derivative were washed, de-
hydrated in graded alcohols, cleared in
cedarwood oil and paraffin embedded. Tis-
sues fixed by freeze substitution were
brought to —40°C for six hours, to 4°C for
six hours, transferred to three changes of
methanol for 12 hours each at 4°C, trans-
ferred to chloroform at 4°C for two hours,
brought to room temperature in a second
change of chloroform and paraffin em-
bedded.

Tissue sections were stained by the fol-
lowing procedures:

1. Colloidal iron (Mowry’s modification,
’58) followed by counterstaining in 1%
Bismarck brown Y, Cert. no. NN 11, in
1% acetic acid for one minute.

1 Supported by U.S.P.H.S. grant no. RG-8999 and The
University of Michigan Cancer Research Project 36.
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2. 0.1% alcian blue 8GX (lot no. 130P,
Allied Chemical Co.) in 3% acetic acid
(final pH 2.0) for 30 minutes.

3. 0.01% azure A, Cert. no. NAz 17,
brought to pH 2.0 and 4.0 with hydro-
chloric acid, for 15 minutes.

4. Periodic acid-Schiff (Mowry’s modi-
fication of the Hotchkiss procedure, ’58).

5. Aldehyde fuchsin (Gomori, ’50) (pH
1.5) without prior oxidation.

6. 0.05% methylene blue, Cert. no.
NA 23, in 0.1 M citric acid phosphate buf-
fer, pH 5.6.

7. Two per cent light green, SF, Cert.
no. NL 19, in 1% acetic acid.

Tissues stained with azure A were de-
hydrated in acetone. After all other meth-
ods, the tissues were dehydrated in alco-
hols, cleared in xylene and mounted in
HSR. The several staining procedures were
applied singly and in various combinations
(table 1) in order to demonstrate regional
differences in the cartilage matrix.

An indication of the specificity of the
various methods was obtained by treating
the sections with acid methylation (0.3 cm®
concentrated HCl in 40 cm’ methanol at
60°C for three hours), deesterification
(1% KOH in 80% alcohol at 25°C for 20
minutes), acid methylation followed by
deesterification, and sulfation (diethyl
ether and concentrated sulfuric acid, 1:1
for five minutes) prior to staining.

For descriptive purposes the cartilage
matrix was divided into five zones. These
have been designated as the capsular, ter-
ritorial, interterritorial (divided into amor-
phous and granular) and subperichondrial
matrices.

RESULTS

Cetyl pyridinium chloride-formalin prov-
ed to be an excellent fixative for the preser-
vation of cartilage mucopolysaccharides
but was a poor cellular fixative at the con-
centration employed. Acrolein freeze-sub-
stitution gave comparable preservation of
the ground substance and also resulted in
excellent preservation of the various cell
types (fig. 1). Since the primary objective
of the study was the comparison of meth-
ods the staining characteristics to be re-
ported are based only on cetyl pyridinium
chloride-formalin fixation. The effect of
acrolein fixation, with the introduction of
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aldehydes, on the various methods remains
to be established. The only methods ap-
plied to acrolein fixed tissues were com-
bined colloidal iron and Bismarck brown
procedures. The staining which resulted
was essentially the same as that observed
after cetyl pyridinium chloride-formalin
fixation (figs. 5 and 6).

When the several histochemical proce-
dures were applied to hyaline cartilage, dis-
tinct zones were demonstrated within the
cartilage matrix (table 1). The capsule of
the lacuna exhibited certain staining char-
acteristics distinet from the territorial ma-
trix. In addition, the interterritorial ma-
trix was divisible into two areas; a zone
adjacent to the territorial matrix, com-
pletely lacking in structure, was designated
as the amorphous matrix (fig. 6). An area
containing granular material located at the
junction of adjacent amorphous areas was
designated as the granular matrix (figs.
2 and 5). Finally, the staining properties
of the subperichondrial matrix (fig. 8)
are described. The staining properties of
the various zones and the effect of block-
ade procedures are summarized in table 1.
The intensity of each reaction has been
arbitrarily ranked from + to +--+-+.

In the untreated sections, the lacunar
capsule differs from other regions by being
PAS and light green negative. However,
this zone becomes PAS and light green
positive when methylation or demethyla-
tion sequences are employed prior to stain-
ing (fig. 7). The territorial and granular
interterritorial matrices are alike in un-
treated sections but differ in the treated
sections by the more intense light green
staining in the territorial matrix after de-
methylation. The most marked difference
between the two areas is the gamma meta-
chromasia exhibited by the granular ma-
trix (fig. 2). This is in contrast to the
milder beta metachromasia of the terri-
torial matrix.

The amorphous interterritorial matrix
is the most distinctive zone since it is the
only region which exhibits an affinity for
Bismarck brown in the untreated sections
(fig. 6).

The subperichondrial matrix is charac-
terized by being the most intensely stained
by the PAS reaction and exhibiting the
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TABLE 1
The staining properties of hyaline cartilage

Methylation

Untreated Methylation deesterification Deesterification Sulfation
Lacunar capsule:
Alcian blue + + + — — + 4+ + ++
Colloidal iron + + 4+ — —_ + 4+ + +
Aldehyde fuchsin + 4+ + — — + 4+ ++++
Azure A (2.0) B+ + — — 0+ O+ + +
Azure A (4.0) B+ — — 0+ 0+ + +
Bismarck brown — — — — + +
PAS — + + +++ —
Light green — + + + + + 4+ —
Territorial matrix:
Alcian blue + 4+ + — — + 4+ +
Colloidal iron + + 4 — — + +
Aldehyde fuchsin + 4 4 — — — ++
Azure A (2.0) B+ -+ — B+ o+ 0+ ++
Azure A (4.0) B+ + — B8+ 04 0+ + +
Bismarck brown — — — — + + + -+
PAS + + +++ + + + —
Light green ++ ++ + + ++ + —
Interterritorial matrix (amorphous):
Alcian blue + — — + + +
Collpidal iron —_ — — - +
Aldehyde fuchsin “+ + + — — — + 4
Azure A (2.0) 0+ — — 0+ + 84+ +++
Azure A (4.0) 04 4 — — 0+ B+ + +
Bismarck brown + + 4 — — — G+ + +
PAS + ++ + + —
Light green + + + + + + —
Interterritorial matrix (granular):
Alcian blue + 4+ — — + 4 +
Colloidal iron + 4+ + — — + + +
Aldehyde fuchsin + 4+ 4 — — 4+ + 4
Azure A (2.0) v+ +++ — — ~++ B+ +++
Azure A (4.0) v4 + + —_ — ~ 4 8+ +++
Bismarck brown — — — — IS
PAS -+ ++ + + —
Light green + + 4+ + — —
Subperichondrial matrix:
Alcian blue + — — + 4+ +
Colloidal ixon — — — — +
Aldehyde fuchsin + — _ — +
Azure A (2.0) —_ —_ — _ 0+
Azure A (4.0) 0= J— — — 04
Bismarck brown — — — — 44+
PAS + 4+ + + + +++ + -+ —
Light green + + -+ 4+ -+ + 4 _—

PAS, periodic acid Schiff; 8, beta metachromas
the absence of staining. 2.0, pH 2.0; 4.0, p!
+ to ++++.

least affinity for azure A. Neither the sub-
perichondrial matrix nor the amorphous
interterritorial matrix are stained by col-
loidal iron.

Of the blockade methods, the methyla-
tion procedure consistently inhibited stain-
ing by alcian blue, colloidal iron, aldehyde

ia; v, gamma metachromasia; 0, orthochromasia; — indicates
H 4.0. The inteunsity of each stain has been arbitrarily ranked from

fuchsin, Bismarck brown and azure A.
With the exception of the staining of the
territorial matrix, this inhibition was not
reversed by demethylation. The sulfation
procedure was consistent in inhibiting
staining by PAS and light green. It re-
duced the intensity of alcian blue and
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colloidal iron staining, intesified or in-
troduced Bismarck brown affinity, and re-
duced staining by aldehyde fuchsin. The
effect of sulfation on azure A staining was
to reduce or inhibit metachromasia except
in the amorphous matrix where meta-
chromasia was produced.

The effect of demethylation alone is
somewhat obscure since this procedure ex-
hibited more regional variation than the
other types of treatment. Demethylation
intensified the PAS reaction and light
green affinity of the capsule but either had
no effect or reduced this staining in other
areas. This treatment was without pro-
nounced effect on the alcian blue or col-
loidal iron procedures although it did ap-
pear to intensify the alcian blue staining
of the amorphous and subperichondrial
matrices. Metachromatic staining by azure
A was consistently reduced while aldehyde
fuchsin staining was either inhibited (ter-
ritorial and amorphous matrices) or re-
duced (granular matrix).

DISCUSSION

In considering the specificity of the vari-
ous methods it is helpful to know the iden-
tity of the material demonstrated. The
mucopolysaccharides of adult hyaline car-
tilage are chondroitin, chondroitin sulfates
A and C, and keratosulfate (Muir, 61;
Partridge et al., '61). Thus the groups
which are present and may be involved in
the staining reactions are carboxyl and
sulfate groups and vicinal hydroxyls. Ace-
tylated amines are also present but there
is as yet no evidence to suggest their par-
ticipation in the staining process.

As demonstrated previously (Conklin,
’63), azure A at pH 2.0 does not stain ma-
terial which is lacking in strongly acidic
groups. Therefore azure A staining is in-
dicative of the presence of either sulfate
or phosphate groups. The fact that there
is a regional difference (figs. 2 and 3) in
the staining which occurs with azure A,
i.e., orthochromasia vs. metachromasia, is
probably due to a difference in either the
nature or concentration of sulfate groups.
It has been demonstrated that the occur-
rence of metachromatic staining is depen-
dent upon the presence of a high molecu-
lar weight chromotrope (Schubert and
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Hamerman, '56). Methylation and a meth-
ylation-deesterification sequence consist-
ently inhibited staining with azure A. This
is in agreement with the concept that sul-
fate esters are methanolyzed and subse-
quently removed by the latter treatment
(Spicer and Lillie, °59). It should be noted
however that all methods except PAS and
light green were also inhibited by this
treatment. The inability to restore staining
of certain methods after methylation oc-
curs only in certain highly sulfated tissues
such as cartilage and cornea (Spicer, ’60)
and in these tissues methylation-deesterifi-
cation cannot be employed to distinguish
between carboxyl and sulfate groups. The
fact that deesterification alone reduced the
degree of metachromatic staining would
indicate that this treatment resulted in the
partial deesterification of sulfate esters and
that azure A (pH 2.0) is indeed specific
for strongly acidic groups. Sulfation of
cartilage prior to staining with azure A had
a curious effect in that the introduction of
sulfate groups produced metachromasia
in areas which were previously ortho-
chromatic and decreased metachromasia
in previously metachromatic areas. This
alteration of staining properties could be
due to a requirement for ether optimal
concentration or optimal stereochemical
relationship of anionic groups in order for
maximal metachromasia to occur. Since
some staining with azure A (pH 2.0)
occurred throughout the cartilage matrix
(fig. 2) sulfate groups must also be present
throughout. The greatest concentration of
sulfates appears to be in the granular inter-
territorial matrix since this is where the
most pronounced metachromasia occurs.
The subperichondrial matrix seems to con-
tain the fewest sulfate groups as indicated
by the weakness of azure A staining. Azure
A at pH 4.0 exhibits less specificity (fig. 3)
since the amorphous interterritorial matrix
is also stained by this method. However,
the distribution of gamma metachromasia
is the same as with azure A at pH 2.0.

It is of interest that the subperichondrial
matrix exhibits the most prominent PAS
staining. This finding is in agreement with
the concept that adjacent acidic groups
may prevent the demonstration of alde-
hydes produced by the periodate oxidation
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of vicinal hydroxyls (Spicer, '61). The fact
that sulfates may interfere with the PAS
reaction is further supported by the ob-
servation that sulfation completely in-
hibited the PAS reaction in all areas of
cartilage and that methylation-deesterifica-
tion induced PAS staining in the lacunar
capsule. The distribution of light green
staining was quite similar to the location
of the PAS positive material. Since both
methods will stain collagenous fibers, it is
possible that they are demonstrating the
same material.

The concept that aldehyde fuchsin,
when employed without oxidation, is spe-
cific for sulfate groups was suggested by
Scott and Clayton (’53) and supported by
Sulkin (’60) although Spicer (’60) has ob-
served that sialic acid-containing and non-
sulphated mucins exhibit a weak affinity
for aldehyde fuchsin. In the present study,
rather equivocal results were obtained with
aldehyde fuchsin. The fact that all areas
of the cartilage except the subperichon-
drial matrix (fig. 8) exhibited a strong
affinity for the stain would indicate that
sulfate groups are involved in the staining
reaction. This is further supported by the
fact that deesterification reduced aldehyde
fuchsin staining with the exception of
that in the lacunar capsule. However, sul-
fation reduced aldehyde fuchsin staining
in all areas with the exception of the lacu-
nar capsule where staining was enhanced.
While this leaves the nature of aldehyde
fuchsin staining unsettled, it does point up
the fact that the lacunar capsule is distinc-
tive in its response to this pretreatment.

The amorphous interterritorial matrix
also displays a distinctive staining charac-
teristic in that it is the only area which is
Bismarck brown positive in untreated sec-
tions (fig. 6). Staining is inhibited by de-
esterification and occurs in previously neg-
ative areas after sulfation. This would
indicate that the stain is demonstrating
sulfate groups. However, these groups must
differ from those in other areas since, ex-
cept for the subperichondrial matrix, this
area has the least affinity for azure A. It
is of interest that developing hyaline car-
tilage does not stain with Bismarck brown
but there is an increasing affinity for the
stain with increasing age of the cartilage
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(unpublished observation). It should also
be noted that Bismarck brown staining is
pronounced only after fixation with either
formalin-sodium acetate, formalin-cetyl py-
ridinium chloride or acrolein.

While it has been suggested that the
alcian blue and colloidal iron procedures
stain the same substances (Pearse, ’60),
their behavior in the staining of cartilage
is not the same. Both methods will stain
mucopolysaccharide which contains only
carboxyl groups (Conklin, *63). Spicer ('60)
has suggested that alcian blue may also
stain certain sulfate groups while Belanger
and Migicovsky (’61) maintain that col-
loidal iron will demonstrate unbound sul-
fate groups. The observation that neither
method is positive after methylation-de-
esterification does not argue for the role
of sulfates in these reactions since as pre-
viously noted this method is not discrimi-
natory in sulfate-rich areas. Deesterifica-
tion was either without effect on alcian
blue staining (lacunar capsule and terri-
torial matrix), enhanced the staining
(amorphous and subperichondrial ma-
trices) or reduced the staining (granular
matrix). Colloidal iron staining was either
unaffected by this treatment (lacunar cap-
sule) or reduced (territorial and granular
matrices). In untreated sections some al-
cian blue staining occurred in the amor-
phous and subperichondrial matrices while
the colloidal iron reaction was negative in
these areas. All of the above observations
would indicate that both methods will dem-
onstrate sulfate groups, in addition to car-
boxyl groups. The fact that deesterification
reduced the colloidal iron staining in cer-
tain areas (fig. 10) would support Belanger
and Migicovsky’s concept that the method
may be demonstrating unbound sulfate
esters. The occurrence of variable stain-
ing with both methods after sulfation
would suggest that some degree of stereo-
specificity of sulfate groups may be in-
volved. Goldstein (’62), on the other hand,
has suggested that the specificity of these
methods may be a function of the size of
the dye particle and the density of the
cartilage matrix. The distribution of stain-
ing in the present study would not support
this concept.
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While some of the regional differences
in staining such as the variation in meta-
chromasia are undoubtedly the result of
a variation in the concentration of certain
groups, it is also possible that there are
differences in the distribution of the sev-
eral mucopolysaccharides. This is particu-
larly suggested by the distribution of Bis-
marck brown and the acquisition of affinity
for this stain with increasing age. In a
study of cartilage from individuals of vari-
ous ages, Kasavina and Zenkevich (’61)
have reported a gradual increase in kerato-
sulfate. It therefore seems possible that
Bismarck brown is selectively demonstrat-
ing the distribution of keratosulfate. This
concept is also supported by the fact that
this area is weakly metachromatic; a find-
ing which correlates with the apparent
frequency of keratosulfate in the isolated
mucopolysaccharide - protein complex of
cartilage (Partridge et al., ’61). The dis-
tribution of other sulfate groups would
suggest that chondroitin sulfate is present
throughout the cartilage matrix although
present in the least quantity in the sub-
perichondrial matrix. This is indicated by
the weak staining in this area with all
methods except PAS and light green. If
the colloidal iron method is indeed indica-
tive of unbound sulfate groups, this would
suggest that in the territorial matrix and
lacunar capsule most of the chondroitin
sulfate is not complexed with protein but
exists in a free state. This may not be
too surprising since this is the area where
cellular production of the mucopolysac-
charide is occurring. This would also sug-
gest that complexing between the acid
mucopolysaccharide and protein is a sec-
ondary occurrence and not a product of
cellular secretion.

SUMMARY

The mucopolysaccharides of hyaline car-
tilage have been demonstrated by histo-
chemical methods following fixation of the
tissues in cetyl pyridinium chloride-forma-
lin. With the methods employed it was
possible to demonstrate five zones within
the cartilage matrix which exhibited dis-
tinctive staining characteristics. These
have been designated as the lacunar cap-
sule, territorial, granular and amorphous
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interterritorial, and subperichondrial ma-
trices. The distribution of the various
stains within the matrix suggests that
chondroitin sulfate is present throughout
the cartilage matrix while keratosulfate
may be limited to the amorphous inter-
territorial matrix.
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PLATE 1

EXPLANATION OF FIGURES
All figures are of hyaline cartilage. X 125.

Hyaline cartilage fixed by acrolein freeze-substitution and stained with
colloidal iron and Bismarck brown. Contrast with figure 6 which is
cetyl pyridinium chloride fixed and stained with the same methods.

Azure A, pH 2.0. Note the staining of the lacunar capsule, territorial
matrix, and granular interterritorial matrix (arrow). Only the latter
zone exhibits gamma metachromasia. Photographed through a Zeiss
interference green filter.

Azure A, pH 4.0. The staining is more diffuse at this pH and also
occurs in the amorphous interterritorial matrix (upper half of figure).
Photographed as figure 2.

Alcian blue. The lacunar capsule, territorial matrix, and granular
interterritorial matrix are stained. Photographed through a Wratten
no. 22 filter.

Colloidal iron and Bismarck brown. The distribution of colloidal iron
is the same as alcian blue (fig. 4). Photographed as figure 4.

Colloidal iron and Bismarck brown. A portion of the Bismarck brown
stained amorphous interterritorial matrix is visible (arrow). Photo-
graphed through a no. 25 Wratten filter.

Hyaline cartilage treated by methylation and stained by the PAS
reaction. The lightly stained lacunar capsule (arrow) may be distin-
guished from the territorial matrix. Interference green filter.

Aldehyde fuchsin. Note the intense staining of all areas except the
subperichondrial matrix (arrow).

Hyaline cartilage treated by deesterification and stained with Alcian
blue. Note the general staining throughout the matrix. No. 22 Wratten
filter.

Hyaline cartilage treated by deesterification and stained with colloidal
iron. Staining is most prominent in the lacunar capsule. No. 22
Wratten filter.
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