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Xenografts of Articular Chondrocytes in the Nude Mouse
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Summary: Subcutaneous transplantation of articu-
lar chondrocytes isolated enzymatically from im-
mature rabbits and dogs into athymic (nu/nu) mice
resulted in the formation of hyaline cartilaginous
nodules. Graft rejection was seen when the cells
were injected into heterozygous (nu/+) mice.
Radiosulfate-labeled proteoglycan extracted from
the xenografts had a high buoyant density and was
digested by chondroitinase ABC. A monomeric
preparation of proteoglycan (A1-D1) contained a
small quantity of aggregate as assessed by gel
chromatography and gel electrophoresis. Almost no
incorporation of 3H-thymidine was found by au-
toradiography. The matrix did not become calcified
over the course of 42 days. The nude mouse system
lends itself to testing a variety of problems in the
biology of cartilage. These include the rediffer-
entiation of chondrocytes following dedifferentia-
tion in vitro. Species differences were found in this
regard. The nodules formed by rabbit articular
chondrocytes, grown in monolayer culture for up to
14 days, had a hyaline chondroid character. Dog
chondrocytes that had ‘‘dedifferentiated,”” during
14 days of culture prior to transplantation, formed a
graft that had a sparse fibrous rather than hyaline
matrix.

Key words: Articular chondrocytes — Nude mouse
— Xenograft — Dedifferentiation.

Experimental grafts of cartilage and its cells have
been investigated extensively for potential ther-
apeutic applications and for tracing the sequences
of endochondral ossification [1—4]. Whole car-
tilage is uniquely resistant to immunological at-
tack, probably because its matrix hinders access of
antibodies sterically [2, 5—7]. There is considerable
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evidence that chondrocytes proper possess his-
tocompatibility antigens that ultimately embarrass
survival of homografts and xenografts [2, 8, 9]. Sev-
eral immunologically privileged systems for study-
ing these phenomena have been employed at times:
the anterior chamber of the eye [10]; syngeneic
hosts [6]; and the hamster cheek pouch [4, 11]. To
these we now add the athymic nude (nu/nu) mouse.
This system lends itself to investigating the preced-
ing and additional aspects of the biology of chon-
drocytes.

Materials and Methods

Experimental Design

Cartilaginous nodules were produced by subcutaneous inocula-
tion of freshly dissociated articular chondrocytes from rabbits
and dogs into nude mice. The following experiments were de-
signed to evaluate several characteristics of the cartilage formed:
validation, through karyotyping, that the nodules are true xeno-
grafts rather than foci of metaplasia of host mesenchyme; his-
tochemical and biochemical documentation of the chondroid
nature of the matrix formed; autoradiographic estimation of the
degree of chondrocytic proliferation; and a determination
whether **dedifferentiation’ of chondrocytes in monolayer cul-
ture can be reversed when the cells are restored to a physiologi-
cal environment.

Reagents

Dulbecco— Vogt Medium (DMEM), colcemid, Gey’s balanced
salt solution (GBSS), penicillin—streptomycin solution 10,000
U/ml and 10,000 ug/ml, respectively (P/S), fetal bovine serum
(FBS), and sterile trypsin solution were purchased from GIBCO,
Grand Island, NY; *H-thymidine, specific activity 3 Ci/mmol
(®*H-dThd) from Schwartz—Mann, Orangeburg, NY; Na%*SO,
(99% radionuclidic purity, specific activity 500—900 mCi/mmol)
from New England Nuclear, Boston, MA; testicular
hyaluronidase, lyophilized trypsin and clostridial collagenase
(CLS-II), Worthington Biochemical Corp., Freehold, NJ; Nu-
clear track emulsion (NTB-2) from Kodak, Rochester, NY;
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cetylpyridinium chloride (CPC), and trypan-blue stain, Sigma
Chemical Co., St. Louis, MO; guanidinium chloride (GuCl),
sequanol grade, Pierce Chemical Co., Rockford, IL; CsCl (den-
sity gradient-grade), Gallard Schlesinger, Carle Place, NY;
Biogel ASOm, Bio Rad, Richmond, CA; sodium acetate (NaAc),
Fisher Scientific, Fairlawn NJ; and Monofluor, National Diag-
nostics, Somerville, NJ.

Animals

Twenty-four New Zealand White Rabbits (2—3 kg) and two
young mongrel dogs less than one year old were used for donor
cartilage. Eighteen 28- to 30-day-old homozygous (nu/nu) and
two heterozygous (nu/+) nude mice were obtained from Charles
River Breeding Laboratories (Wilmington, MA). They were
housed as described by Gullino et al. [12].

Isolation and Culture of Chondrocytes

Cartilage was isolated from the shoulder, knee, and hip joints of
the rabbits and from the shoulders of the dogs. Chondrocytes
were dissociated from their matrix by sequential digestion with
hyaluronidase, trypsin, and collagenase as previously described
[13, 14].

Rabbit articular chondrocytes were cultured in monolayer
flasks for 1, 2, 3, 4, 7, and 14 days [13, 14]. The inoculation
density for days 1—4 was 6 X 10° cells/T75 flask; for days 7— 14, 3
X 10°. F12 medium supplemented with 10% FBS and 0.1% P/S
was employed for the first week of culture. Thereafter, F12 was
replaced by DMEM. The cells were detached with trypsin and
washed three times with GBSS prior to transplantation. A single
experiment was carried out with dog chondrocytes, cultured 14
days with DMEM. The grafts were examined histologically
seven days after transplantation.

Transplantation and Graft Recovery

Viability was determined by trypan-blue (0.2% in GBSS w/v)
exclusion. Freshly isolated cells were washed three times with
GBSS. They were then suspended at 4—6 x 10° viable cells in 0.1
ml GBSS and injected subcutaneously into the dorsum by using a
26-gauge needle. Chondrocytes that had been cultured in vitro
were injected at the same inoculum size.

The mice were Killed with CO,. Grafts were isolated under
aseptic conditions and placed either in 10% neutral buffered for-
malin containing 1% CPC for histological examination, GBSS for
cell culture, 4 M GuCl for proteoglycan analysis. Grafts for *H-
dThd autoradiography were harvested three and seven days fol-
lowing transplantation. Control histological studies for graft re-
jection were carried out using (nu/+) heterozygous nude mice
seven and 14 days after transplantation of rabbit articular chon-
drocytes.

Histology

Grafts were embedded in paraffin and cut at a thickness of 4—5
pm. Sections were stained wtih hematoxylin-eosin (H&E), and
in selected instances with safranin O-fast green, Feulgen, Go-
mori reticulin, Verhoeff’s elastin, periodic acid-Schiff (PAS),
Von Kossa or alizarin red [15].
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Autoradiographs

On days 3 and 7 after inoculation of rabbit chondrocytes, mice
were labeled intraperitoneally for 4 h with 1 p Ci *H-dThd in
GBSS/g body weight. The grafts were fixed and sectioned as
above. Slides were dipped in NTB-2 emulsion (1:1 distilled
water), allowed to develop for 14 days, and counterstained with
H&E. Small intestine and skin were taken as control tissues.

Karyotyping

After a portion of the xenograft was fixed for histology, the re-
mainder was digested, cultured, and karyotyped as described
elsewhere [16).

Proteoglycan Analysis

One mouse was injected at two sites with a total of 1.2 x 107
rabbit chondrocytes. Seven days later it was labeled in-
traperitoneally with 2 p. Ci *SO,/g body weight for 4 h. The grafts
were then excised and placed immediately into 4 M GuCl. Pro-
teoglycans were extracted from the diced nodules with 4 M
GuCl, pH 5.8 [17], and dialyzed at 4°C for 18 h against 7 vol 0.05
M NaAc, pH 5.8. CsCl and 0.05 M NaAc pH were added to the
retentate to yield a solution of density 1.5 g/ml and vol 4.0 ml.
This solution was centrifuged at 90,000 g for 72 h in a Sorvall
OTD65 ultracentrifuge. The tubes were then frozen in liquid N,
and the bottom two-fifths by volume sawed off, filtered, and
dialyzed against 0.05 M NaAc, pH 5.8. This fraction was referred
to as the Al fraction (**A’" for associative conditions, i.e. 0.5 M
GuCl; *“1” refers to the most dense fraction in the gradient. This
informal, but internationally accepted, nomenclature is de-
scribed in detail in the review by McDevitt [18]). Over 95% of the
358 counts were located in the Al fraction, a finding that is con-
sistent with the well-documented observation that proteoglycans
have buoyant densities in excess of 1.7 g/ml. CsCl and GuCl were
added to the Al fraction to yield a solution of density 1.5 g/ml
and a guanidinium concentration of 4 M. This again was centri-
fuged under the conditions employed for the associative gra-
dient. The bottom two-ninths of the gradient was isolated and
referred to as the A1-DlI fraction (i.e. the starting material was an
Al fraction, and 4 ml GuCl employed in the gradient dissociates
proteoglycan aggregates and the conditions are therefore re-
ferred to as dissociative of **D"", and the first, most dense frac-
tion of the gradient was recovered). The A1-D1 fraction was
dialyzed exhaustively against 0.5 M NaAc, pH 5.8. An aliquot of
the proteoglycan fraction was chromatographed on Biogel AS0m
with 0.5 M NaAc, pH 6.8, as the eluting solution. Fractions were
mixed with Monofluor and radioactivity monitored in a Searl
Mark III scintillation counter. Proteoglycan fractions were also
analyzed by composite, large-pore polyacrylamide (1.2%)—
agarose (0.6%) electrophoresis [19] before and after di-
gestion with chondroitinase ABC by the method of Oike et al. [20].
Chondroitin-4 sulfate (C48S), a gift of Dr. M. Mathews, Univer-
sity of Chicago, was employed as a standard in the chon-
droitinase digestions and subsequent electrophoretic analyses.
The electrophoretic gels were stained with Stains All [21].

Results

The transplanted rabbit chondrocytes formed a dis-
crete nodule, 5—10 mm in greatest dimension, by
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a well-defined hyaline cartilaginous matrix. A delicate fibrous capsule at the upper margin merges imperceptibly with the chondroid
tissue. (B) Dog chondrocytes, cultured 14 days in vitro prior to transplantation, are separated by scanty fibrillar intercellular material.
H&E, x200; insert, X650.

day 7. There was no further increase in size during
the six-week observation period. Histologically the
nodules had a hyaline cartilaginous matrix that was
stained intensely orange by safranin O. The nodules
merged imperceptibly with an encapsulating deli-
cate layer of fibroblastic cells (Fig. 1A). There was
no inflammatory reaction except for an isolated
miliary infiltrate of lymphocytes near the edge of a

28-day-old nodule. No reticulin, elastin, or calcific
material was demonstrable in the matrix over the
course of six weeks. The nuclei appeared viable
throughout in the Feulgen preparations. Glycogen
(diastase-soluble PAS) was present in the cytoplasm
of many chondrocytes. Grafts of freshly isolated dog
chondrocytes closely resembled those of rabbit
cells.
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Fig. 2. Karyotype of nude mouse skin fibroblasts compared with
rabbit and dog xenografts. The chromosome numbers and mor-
phology are characteristic of each species. Compare Hsu and
Benirschke [32].

Articular chondrocytes injected into the hetero-
zygous nude mice showed early rejection of the
chondroid nodules at day 7 in the form of heavy
infiltration of the adjacent adipose tissue by mono-
nuclear cells. By 14 days, extensive necrosis of car-
tilage accompanied by large numbers of polymor-
phonuclear leukocytes as well as mononuclear cells
was present. Sections of the knee joints of these
heterozygous mice disclosed no arthritic reaction.

Each of the nodules formed by the transplanted
rabbit chondrocytes cultured for 1—14 days con-
tained a copious safraninophilic matrix. Foci of ne-
crosis were seen in the center of some nodules in
which a large number of (>10%) cultured chondro-
cytes had been injected. The presumption is that, in
these instances, the cell mass had exceeded its
blood supply. By contrast, dog chondrocytes that
had been cultured for 14 days prior to transplanta-
tion formed less clearly defined nodules grossly.
Thin-walled blood vessels were closely attached to
and infiltrated the nodules. Histologically, the cul-
tured dog chondrocyte grafts contained little ex-
tracellular material (Fig. 1B). The matrix was fi-
brillar and could not be stained by safranin O. Re-
ticulin and elastin stains of the extracellular material
were also negative.

That the nodules represented authentic grafts
rather than cartilaginous metaplasia of host mesen-
chyme was shown by the karyotypes, characteristic
of each species studied (Fig. 2). Autoradiographs
failed to demonstrate incorporation of 3H-dThd ex-
cept by rare capsular cells at either three or seven
days following the transplantation. Vigorous DNA
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Fig. 3. Biogel AS0m chromatography of A1-D1 fraction isolated

from radiosulfate-labeled graft of rabbit chondrocytes in nu/nu
mouse.
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Fig. 4. Polyacrylamide—agarose electrophoresis of C4S and
A1-D1 fraction from same nodule as Figure 3. (Left to right) gel
1: C4S; gel 2: C4S after digestion with chondroitinase ABC; gel
3: A1-D1 fraction from nu/nu mouse; gel 4: A1-D1 fraction after
digestion with chondroitinase ABC. Heavily and lightly stained
bands are depicted as black and speckled areas, respectively.
The faintly stained, low-mobility band in the chondroitinase-
digested specimens is due to the enzyme.

synthesis was shown by the control tissues. The
cells thus apparently did not divide, but survived
and laid down copious cartilaginous matrix.

The radiosulfate-labeled proteoglycan isolated
from the nodules had high bouyant densities in as-
sociative and dissociative CsCl density gradients. It
eluted from the Biogel AS0m column as a molecular
species with a large hydrodynamic size (Fig. 3). The
small proportion of radioactive material that eluted
at the V, of the column probably represented con-
taminating proteoglycan aggregate.

Chondroitin 4-sulfate migrated on polyacryl-
amide—agarose gels as a single sharp band (Fig. 4).
The D1 fraction migrated as a faintly staining peak
with low mobility and a broad densely staining band
that was slightly slower than the C4S band. Analogy
with previous work [19] indicates that these bands
represent aggregated and monomeric proteogly-
cans, respectively. Prior digestion with chon-
droitinase ABC completely abolished the C4S band.
It reduced the staining of the major band of the D1
fraction considerably and increased its mobility.
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Discussion

Previous investigators have employed histochemi-
cal and ultrastructural techniques to document the
nature of the cartilage matrix formed when chon-
drocytes are injected into compatible hosts [6, 22,
23]. The present studies add several further types of
information. Aside from describing features of the
xenografts in a new host, the nude mouse, they pro-
vide data about proliferation of the chondrocytes
when grafted. Under these conditions, the cells di-
vide little or not at all. In addition, the composition
of the matrix formed has been partially charac-
terized chemically. The high buoyant density, gel
chromatographic behavior, and sensitivity to chon-
droitinase ABC confirm that the material isolated as
a D1 fraction is a chondroitin sulfate proteoglycan.
The data do not warrant a categorical assertion that
the material is typical of cartilage, but the small
amount of aggregate demonstrable by gel chroma-
tography and gel electrophoresis suggests tenta-
tively that it is. Moskalewski [24] has shown that
chondrocytes from the elastic cartilage of the ear of
very young rabbits synthesize elastin when injected
intramuscularly into closely related rabbits, but not
when the cells are obtained from adults. Elastin was
not seen histologically in the grafts of our articular
chondrocytes from rabbits 2—3 months old.

Reference was made, in the introduction, to re-
ports on the role of the matrix in differences ob-
served between the behavior of grafts of cartilage
and that of chondrocytes. Although acceptance of
whole cartilage grafts has often been ascribed to low
immunogenicity of the matrix, recent studies have
demonstrated that both the collagen [25] and non-
collagenous proteins—proteoglycan core and gly-
coprotein link—[26] are antigenic. These observa-
tions lend weight to the steric role of the matrix in
the protection of the tissue. Chondrocytes injected
into heterozygous nude mice formed a matrix
rapidly but this did not prevent graft rejection.
Thyberg and Moskalewski [4] have recently re-
viewed controversial literature on osteogenesis in-
duced by transplantation of cartilage and chondro-
cytes. They found that rat epiphyseal chondrocytes,
grafted into the hamster cheek pouch, became
mineralized in three weeks. By contrast, the same
cells injected into rat muscle gave rise not only to
calcification but also subsequent bone formation.
No calcification was found in the xenografts of rab-
bit chondrocytes in nude mice during the 42-day
period observed.

The role of the microenvironment in governing
chondroid expression and proliferation of articular
and nonarticular chondrocytes in vitro continues to
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be studied actively. These cells divide vigorously in
monolayer culture, but ‘‘dedifferentiate’” with re-
spect to the type of collagen and GAG profile they
synthesize. The cartilaginous phenotypes are better
preserved in suspension cultures (reviewed by
Sokoloff [27]). Reexpression of Type II collagen
and cartilage-like GAGs has been reported re-
peatedly when monolayer-cultured chondrocytes of
rabbits are returned to a spinner environment or
agarose gel [28—31]. The nude mouse graft system
should a priori provide an even more physiological
milieu than suspension culture for evaluating this
phenomenon. In the present study, rabbit chondro-
cytes that had been cultured up to 14 days in
monolayer flasks gave raise to nodules that con-
tained abundant intercellular matrix. The latter has
the histological and histochemical properties of
cartilage glycosaminoglycans. Dog chondrocytes
did not. This is one more apparent species differ-
ence in the in vitro behavior of mammalian chon-
drocytes [27]. Green [1, 14] was unable to find a
residual graft in rabbit muscle that had been injected
with cultured rabbit chondrocytes unlike muscle
that had received freshly dissociated cells. The col-
lagens synthesized in the nude mouse xenografts
are now being investigated. The system thus proves
suited to evaluating factors that govern reexpres-
sion of chondroid genes.
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