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ABSTRACT. Immune and lectin histochemical and micro-
chemical methods were employed to study growth cartilage
from seven cases of achondrogenesis type II (Langer-
Saldino). The normal architecture of the epiphyseal and
growth plate cartilage was replaced by a morphologically
heterogeneous tissue. Some areas were comprised of vas-
cular canals surrounded by extensive fibrous tissue and
enlarged cells that had the appearance and histochemical
characteristics of hypertrophic chondrocytes. Other areas
contained a mixture of cells ranging from small to the
enlarged chondrocytes. The extracellular matrix in the
latter areas was more abundant and had characteristics of
both precartilage mesenchymal matrix and typical carti-
lage matrix; it contained types I and II collagen, cartilage
proteoglycan, fibronectin, and peanut agglutinin binding
glycoconjugate(s). Peptide mapping of cyanogen bromide
cartilage collagen peptides revealed the presence of types
I and II collagen. These observations could be explained
by a defect in the biosynthesis of type II collagen or in
chondrocyte differentiation. (Pediatr Res 22:324-329,
1987)

Abbreviations

PG, proteoglycan

C6S PG, chondroitin-6-sulfate PG
KS PG, keratan sulfate PG

PNA, peanut agglutinin

UEA, ulex europaeus agglutinin
GAG PS, glycosaminoglycan PG
Cltemur, femoral cylindrical index
BSA, bovine serum albumin

PBS, phosphate-buffered saline

Achondrogenesis type I (Langer-Saldino) is a rare autosomal
recesstve bone dysplasia characterized by profound shortening of
the limbs, distinctive radiographic changes, and lethality in the
newborn period (1-3). Characteristic histologic abnormalities of
growth plate cartilage have been described by several investiga-
tors (3-5) which include an increased number of vascular canals,
increased amount of fibrous tissue, and most notably replace-
ment of the normal architecture of growth cartilage by poorly
organized masses of hypertrophic-like chondrocytes and sparse
extracellular matrix. In addition, we and others have reported
immunohistochemical and microchemical studies indicating that
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the predominant collagen of the growth cartilage in this disorder
is type I rather than type II collagen as is normally found (6-9).
Although these various changes presumably reflect the basic
defect in achondrogenesis type II, the nature of the defect and
how it disrupts linear bone growth are not known. To explore
these issues, we have studied epiphyseal and growth plate carti-
lage from seven cases of achondrogenesis type II by a combina-
tion of morphologic, immune, and lectin histochemical and
microchemical methods designed to determine the distribution
and content of skeletal collagens, proteoglycans, and other extra-
cellular matrix macromolecules in the tissue. Our results suggest
that achondrogenesis type Il may be a disorder of type II collagen
biosynthesis or of chondrocyte differentiation.

METHODS

Immune reagents and standards. The antibodies directed
against type I collagen were monoclonal antibodies provided by
Dr. Steffen Gay, University of Alabama, Birmingham, whereas
the antibodies to type Il collagen were affinity purified polyclonal
antibodies. The monoclonal antibodies to GAG PG determi-
nants C6S PG and KS PG were gifts from Dr. Bruce Caterson,
University of West Virginia, Morgantown; they have been pre-
viously designated 5/6/3B3 and 1/21/5-D4, respectively. The
preparation and characterization of these antibodies have been
reported previously (10-12). The polyclonal antibody to fibro-
nectin was purchased from Miles Laboratories. The biotinylated
lectins and ABC kits were purchased from Vector Laboratories
(Burlingame, CA). Rabbit anti-mouse and swine anti-rabbit im-
munoglobulins conjugated to horseradish peroxidase were ob-
tained from Accurate Scientific (Westbury, NY). The standards
for type I collagen, a 1(I) and type II collagen, « 1(II) were
prepared by standard techniques from human skin and costo-
chondral cartilage respectively.

Tissue sources and preparation. Growth cartilage specimens
were obtained from multiple sites, including costochondral junc-
tion, proximal and distal femur, and iliac crest, from seven
fetuses/newborn infants who exhibited radiographic abnormali-
ties typical of achondrogenesis type II (Langer-Saldino). Climur
were determined to subdivide them according to the scheme of
Whitley and Gorlin (13). One had a Clgpm,, of 2.5 which placed
her in the severely affected group (Whitley and Gorlin type II),
one had a Clgm,, of 7.2 assigning him to the mild group (Whitley
and Gorlin type 1V), and the other had Clgm,, ranging from 3.7
to 4.4 placing them in the moderately severe group (Whitley and
Gorlin type III). They ranged in gestational age from 18 to 40
wk. Autopsy specimens from 10 comparable-aged fetuses and
newborn infants not having bone dysplasias were used as con-
trols. The specimens contained growth cartilage tissue that nor-
mally is occupied by epiphyseal and growth plate cartilage and
subchondral bone. Several specimens were referred from other
institutions. Some were sent by air express in transport medium.
Others were divided into representative portions of which some
were fixed in 10% buffered formalin and shipped in buffer and
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some were frozen and transported on dry ice. Tissues obtained
locally were fixed overnight at 4° Cin buffered 109 formalin or
in 4% paraformaldehyde. 19 glutaraldehvde. and 0.07% ruthe-
nium hexamine trichloride in sodium cacodylate buffer. pH 7.4
(11. 14). They were dehvdrated through graded ethanol and
infiltrated and c¢mbedded in Spurr ¢poxy resin by standard
techniques. In addition. some specimens were embedded 1n
glycol methacrylate and examined by routine histochemistry (6).

Six of the specimens were studied biochemically. The loose
connective tissue i present was carefully removed from the
unfixed epiphyscal cartilage and cross-sectional dises approxi-
mately 300-400 g thick were cut on a Mcllwain tissue slicer.
These were cut no closer than 300 g from the cartilage bone
interface to assure that no bone was included in the dise. The
discs were stored at —80° C.

Imimunohisiochemical staining. Sections 1.5-p thick of unde-
caletfied cartilage and bone were placed on acid cleaned subbed
slides for all studies. Spurr was removed from the sections in a
1:1:1 solution of 1% potassium  hydroxide in metha-
nol:acetone:benezene for 15 min (15). After neutralization in a
1% acetic acid solution in methanol for | min. the sections were
rinsed in absolute methanol and placed in 5% H,Os in methanol
for 15 min 1o remove endogenous peroxtdase activity. The
sections were then hyvdrated through graded methanol to PBS.
pH 7.2

The immunohistochemical staining methods have been pre-
viously described (6. 11). To demonstrate the collagens and
fibronectin, the sections were pretreated with 0.25 mg/ml Pro-
tease X1V (Sigma Chemical Co.. St. Louis. MO) in PBS for 10
min, rinsed in PBS. and treated with 5% BSA for 20 min. The
sections were drained and incubated in primary antibody: 1/15
ditution in 2% BSA for 18 h at 4° C for tvpe I collagen. 1/40
dilution in 2% BSA for 2 h at 37° C for type 11 collagen. and 1/
175 dilution in 2% BSA for 2 h at 37° C for fibroncctin. The
sections were then incubated with rabbit anti-mouse I1gG conju-
gated with horseradish peroxidase for 2 h at 377 C for type |
collagen and for T h at 37° C with swine anti-rabbit conjugated
with horseradish peroxidase for tvpe I collagen and fibronectin.
FFor control purposes. nonimmune rabbit and mousce sera were
employed for the primary incubations. Horseradish peroxidase
activity was demonstrated by incubation in 0.10% 3.3"-diami-
nobenzidine tetrahyvdrochloride (Polysciences Inc.. Warrington,
PA) and 0.17% hydrogen peroxide. The sections were mounted
in permount and photographed with a Ziess Photomicroscope
11 equiped with Nomarsky high-contrast optics.

To demonstrate the GAG PG determinants the avidin-biotin-
peroxidase system (ABC. Vector Laboratories, CA) was used
(16). The sections 1o be stained for C6S PG were pretreated in
chondroitinase ABC (Sigma Chemical) for 30 min at 37° C in
Tris Buffer. pH 7.6. Chondroitinase digestion was not needed to
demonstrate KS PG. The sections were covered with horse serum
for 20 min and incubated in a 1/200 dilution of the primary
antibody in 2% BSA for 30 min at room temperature. Subse-
quently, they were placed in biotinylated anti-mousce IgG for 30
min, followed by a solution of avidin DH and biotinylated
horseradish peroxide for 45 min. Peroxidase activity was dem-
onstrated as above. Primary incubation in nonimmune mouse
serum was used for control specimens.

Lectin histochemistry. The binding pattern of two lectins was
examined: UEA which binds to fucose containing glvcoconju-
gates and PNA which binds to galactose containing glycoconju-
gates (17, 18). T'or staining the Spurr resin was removed from
the sections as described above. and they were hydrated in PBS.
They were then incubated for 30 min at room temperature in
biotinylated lectins diluted 1:400 in PBS. washed. and incubated
in Vectastain ABC reagent (Vector Laboratories). Horseradish
peroxidase activity was demonstrated as above. Inhibitory sugars
(fucose for UEA and galactose for PNA) were added to the
primary incubation of adjacent sections for control purposcs.

Collagen peptide mapping. After thawing the cartilage discs.

cvanogen bromide collagen peptides were prepared from cach
disc and chromatographed as previoushy deseribed (8). Briefly.
the discs were placed overmight in 4.0 M guanidine HCT contain-
ing protease inhibitors. After vacuum fiftration. rinsing, and
drving. they were dissolved in 704 formic acid to which a 100-
fold excess of cvanogen bromide was added. The digestion was
carricd out at 30° C for 4 h. after which the digest was diluted
with distilled water and Ivophilized. The preparations were dis-
solved in 30 mM Tris pH 7.4 containing 2.0 M guamidine HCL
filtered. and aliquots corresponding to 23 ug of collagen peptides
were chromatographed over two tandomly arranged 7.5 X 300
mm TSK gel filtration HPLC columns (Bio-Sit TSK 230, Bio-
rad). The flow rate was 0.6 ml/min. and the chromatography
was monitored at 225 nm. The data were analvzed and stored
and chromatograms compared to those from similarly prepared
collagen standards as well as collagen from normal epiphyseal
cartilage on a Nelson analytical svstem model 44106.

RESUTTS

All specimens. including those sent from other istitutions.
taken from fetuses of different gestational ages. procured from
cases of different severity and obtained from different anatomic
sites. showed the same general histologic appearance. There was
no distinction between epiphyseal and growth plate cartilage and
no organized growth plate. Cartilage canals were greater in
number and larger than seen in age matched control specimens.
They were irregularly distributed and comprised of vascular
tissue and extensive perivascular fibrous connective tissue (Fig.
). Two patterns of chondrocvie organization were observed.
The first. designated hypertrophic (Fig. 2). was characterized by
cells Iving within farge clongated lacunac that were separated by
thin matrix septa. These lacunac tended to be arranged radially
around the cartilage canals such that the long axes of the lacunae
were perpendicular to the canals. The chondrocvtes appeared
withdrawn from the lacunar walls in the tissues fixed 1n formalin
alone. They appeared to occupy a larger proportion of the
lacunae in tissues to which ruthenium hexamine trichloride. an
agent thought to prevent chondrocyte shrinkage, was added
during fixation. However. in both instances granular material
occupied the apparent space between the cell borders and the
lacunar walls. The appearance of these cells resembled that of
hvpertrophic and degenerative chondroceytes from the growth
plate in control specimens. In other areas. designated mixed (Fig.
3). irregularly distributed chondrocytes varied in size from the

Fig. 1. Growth cartilage from a 36-wk fetus stained with methena-
mine silver to demonstrate general architecture. Darkly stained arcas
indicate cartilage canals. Glveol methaerylate section, original magnifi-
cation, X50).
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Fig. 2. Region of growth cartilage from a 16-wk fetus exhibiting the hypertrophic cartilage morphologic appearance stained to demonstrate: A,
type I collagen; B, type II collagen; C, C6S PG; and D, PNA binding. The perivascular fibrous tissues stain intensely for type I collagen, C6S PG,
and PNA and weakly for type II collagen. The matrix septa that separate the enlarged chondrocytes stain weakly for both type I and 1I collagen and
moderately for C6S PG, but not for PNA. Note that the material located between the cell borders and lacunar walls stains for C6S PG. Original

magnification, X160.

enlarged cells described above to small round cells within small  out these regions. The areas of hypertrophic and mixed cartilage
lacunae. The extracellular matrix was more abundant in these were randomly intermixed and not well demarcated from one
areas, but was less than in controls. Poorly staining areas in  another. There was no correlation between the relative propor-
which the matrix appeared very fibrous were scattered through-  tion of morphologic patterns and the radiographic severity, al-
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Fig. 3.

Region of growth cartilage from a 16-wk fctus exhibiting the mixed cartilage morphologic appearance stained to demonstrate: A, type

collagen: B. type 11 collagen: €, C6S PGrand D, PNA binding. Note that the matrix is more abundant and stains for alt four determinants. Original

magnification, X 160.

though the matrix tended to be more abundant in the fetus
exhibiting the mild changes (Clrma: = 7.3).

In the hypertrophic cartilage, the perivascular fibrous tissue of
the cartilage canals stained intensely for type I collagen. fibro-
neetin and for the two lectins (Fig. 2 4 and D). The staining
pattern was similar for all four determinants and the staining

intensity was greatest at the borders of the canals and the carti-
lage. Staining for these determinants extended a short distance
into the cartilage matrix septa between the hypertrophic chon-
drocytes. There was weak staining for type IF collagen near the
cartilage canals and within the matrix septa (Fig. 28). The
distributions of C6S PG and KS PG were cssentially the same.
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Both localized to the border region, and there was also moder-
ately intense immunostaining of the matrix septa throughout
these regions as well as the granular intralacunar material for
both determinants (Fig. 2C).

The matrix of the mixed regions stained variably for types I
and II collagen, fibronectin, both PG determinants and both
lectins (Fig. 3 A-D). In contrast only type II collagen and the
GAG PG determinants were demonstrated in control cartilage
matrix.

Cyanogen bromide peptides from epiphyseal cartilage colla-
gens were analysed in six cases (Fig. 4). The elution profile was
consistent with type II collagen, « 1(II), in one patient who was
moderately severely affected (Clemur = 3.9). This patient had a
gestational age of 20 wk. In the other five patients, including the
mildly affected fetus (Clem, = 7.3) and a fetus of 16 wk gestation,
the profiles differed from « 1(II) and contained marker peptides
for type I collagen, o« 1(I).

DISCUSSION

The nomenclature for achondrogenesis has become very con-
fusing. Until recently, it was accepted that there were two classic
types: Parenti-Fraccaro (type I) and Langer-Saldino (type II).
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Fig. 4. Elution profiles for cyanogen bromide peptides from collagens
prepared from growth cartilage from two patients compared to peptides
from a similar preparation from normal control cartilage and from
standards for types I and Il collagen. Absorbance is plotted against time
in minutes. The profile for patient 1 (representative of five patients)
differs substantially from the profile for type II collagen and contains
marker peptides for alpha I(I). The profile for patient 2 is the same as
that for the normal control cartilage and for the type II collagen standard.
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This classification is employed in the International Nomencla-
ture of Constitutional Diseases of Bone (19). However, Whitley
and Gorlin (13) have suggested that type II be subdivided into
genetically distinct severe, moderately severe and mild forms
which they designated types I1, 111, and IV with type IV referring
to hypochondrogenesis. Borochowitz et al. (20) disputed this
view suggesting that there is a continuous spectrum of severity
with typical achondrogenesis type II at one end and hypochon-
drogenesis at the other. Our results which were based on cases
ranging from severe (Whitley and Gorlin type II) to mild (Whitley
and Gorlin type IV, hypochondrogenesis), showed no substantial
differences by the morphologic, histochemical, and microchem-
ical methods employed. These findings do not necessarily refute
the existence of genetically distinct forms of the disorder, but do
suggest that if they exist they share a common pathogenetic
mechanism.

Our results demonstrated that the normal architecture of
growth cartilage is completely disrupted. As others have shown
(3-5), much of the cartilage was highly vascularized and com-
prised of enlarged chondrocytes dispersed within sparse matrix.
However, other less characteristic areas were observed that more
closely resembled normal cartilage. The microchemical results
provided evidence for the presence of both types I and II collagen
in the growth cartilages. It could be argued that the finding of
type II collagen in a cartilage sample from one patient and of
type I collagen in cartilage samples from others supports the
heterogeneity hypothesis discussed above. However, both types
of collagen were demonstrated immunohistochemically in all the
cases, and the discrepancy more likely reflects sampling differ-
ences, ie, type I collagen more prominent in hypertrophic regions
where there was more vascular tissue and type II collagen in the
mixed areas. Indeed, in an investigation of a bovine model of
achondrogenesis type 1, we have sampled different sites within
the same growth cartilage and shown that the amount of type I
collagen varies (21).

Since limb growth is so disturbed in this disorder, it seems
reasonable to consider our observations in the context of normal
limb development (22). This process begins with the outgrowth
of limb buds comprised of mesenchymal tissue covered by a
layer of ectoderm. As regionalization of the mesenchyme occurs,
skeletal primordia can be identified as condensations of cells, so
called precartilage condensations. The matrix associated with
these condensations contains types I and II1 collagen and fibro-
nectin (18, 23-26) as well as a galactose-rich substance to which
PNA binds. Indeed, the latter has been used as a marker for this
stage of chondrogenesis. Shortly after condensation, the mesen-
chymal cells differentiate into chondrocytes. This is associated
with the synthesis of type Il collagen and cartilage PG, the
dispersement of cells within a cartilage matrix, the cessation of
synthesis of types I and III collagen and fibronectin and the loss
of binding of PNA (24-28). Primary ossification centers are
formed in the diaphyses of the bones-to-be by vascular invasion
of the cartilage anlagen. As these centers spread to near the ends
of the bones where formal growth plates develop, the chondro-
cytes adjacent to the ossification front further differentiate into
hypertrophic chondrocytes which subsequently degenerate and
die as the ossification front reaches them. The differentiation to
hypertrophic chondrocytes is accompanied by the renewed syn-
thesis of type I collagen and fibronectin, the synthesis of a
collagen specific for hypertrophic chondrocytes (type X collagen)
and reduced synthesis of type I collagen and perhaps cartilage
PG (29-34). A similar differentiation into hypertrophic chondro-
cytes occurs at secondary ossification centers.

The phenotype of the cells involved in limb development thus
changes dramatically during the normal process; and this is
reflected by the extracellular matrix macromolecules produced
by the cells at different stages of differentiation as well as by their
morphologic appearance. With the exception of the growth plate
and secondary ossification centers, the overwhelming majority
of cells occupying the cartilagenous portion of the normal fetal
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and newborn bone display the phenotype of the typical chondro-
cyte: and it is the expression of this phenotype that 1S most
disturbed in achondrogenesis type 11, Eyre ef al. (9) have pro-
posed that the basic defect in the disorder disrupts the biosyn-
thesis of type 1T collagen. the major structural protein of cartilage

(9). They cite the presence in the matrix of other clements of

typical cartilage matrix. including L. 2a 3cc collagen. type IX
collagen, and cartilage proteoglycan to support this contention
and suggest that the type T collagen is synthesized as a replace-
ment for the missing type 11 collagen. Our findings support this
view except that the detection of type I collagen in some
instances would imply that the synthetic failure 1s incomplete,
Perhaps a low level of synthesis of type 11 collagen is possible at
lcast in some cells within the growth cartilage.

Another hypothesis to explain the findings is that the mainte-
nance of the typical chondrocyte phenotype is disturbed. Tt is
well known that the typical chondrocyte phenotype is unstable
in vitro: cells tend to dedifferentiate into more primitive mesen-
chymal-like cells or further differentiate into hypertrophic chon-
drocytes (35-38). I such phenotypic instability were to oceur n
growth cartilage. one would expect to find a mixture of cell types
ranging from precartilage mesenchymal cells to hvpertrophic
chondrocytes and an extracclular matrix containing macromol-
ccules indicative of the different stages of chondrocyte differen-
tiation. This is what was observed. Further speculation is not
warranted. but it should be pointed out that the two hypotheses
are not mutually exclusive. For example. it scems likely that type
Il collagen is important in maintaining the typical chondrocyte
phenotype and that a deficiency of this molecule might lcad to
phenotypic instability.

Thus. 2 number of abnormalities in the composition of growth
cartilage extraceltular matrix have been demonstrated in achon-
drogenesis type Il Whether they are secondary to deficient

biosynthesis of type 11 collagen or reflect an abnormality of

chondrocyte differentiation or some other pathogenetic process
remains to be determined.
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