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Hyaluronate Inhibition of Chondrogenesis:

Antagonism of Thyroxine, Growth Hormone, and Calcitonin

Abstract. The formation of cartilage-like aggregates in high-density stationary
cultures of trypsinized chick embryo precartilage cells is blocked by low concentra-
tions of hyaluronate. Thyroxine (and triiodothyronine), growth hormone, calci-
tonin, and adenosine 3',5'-monophosphate prevented this inhibition by hyaluronate,

whereas other hormones tested did not.

Hyaluronate turnover is a prominent
feature of the early development of
limb, vertebral skeleton (/), and cornea
in the chick embryo (2) and of the re-
generation blastema of the amputated
newt (3). Hyaluronate synthesis is gen-
erally associated with the morphogene-
tic phase of cell migration and prolifera-
tion in thesc systems, and its removal
by the action of a hyaluronidase accom-
panies subsequent differentiation, such
as cartilage deposition. It was hypothe-
sized that hyaluronate may inhibit pre-

Table 1. Effect of hormone concentration on
the prevention of hyaluronate (1 ug/ml) in-
hibition of chondrogenesis. Five to ten repli-
cate dishes were used in each group.

Aggregates/
Hyaluronate Hormone (r(rill;::n
+ S.D.)
None 183
L pg/ml 1+1
Thyroxine
I ug/ml 0.0001 M S5+4
0.01 uM 16=*3
0.1 uM 6*3
1.0 uM 23+ 6
Growth hormone
1 ug/ml 0.001 yg/ml 83
0.01 xg/ml 15+6
0.1 yg/ml 14+2
1.0 ug/ml 102
Calcitonin
1 pg/ml 0.001 pg/mi 00
0.1 yg/ml 148
1.0 yg/ml 136
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cartilage cell aggregation consequently
delaying differentiation, and thus, that
its turnover may be involved in the tim-
ing of events leading to tissue forma-
tion. In a test of this idea hyaluronate,
in concentrations from 1 ng/ml to 500
»g/ml, was shown to prevent cartilage
nodule formation in vitro from chick
embryonic precartilage cells (4). This
phenomenon could not be mimicked by
other polyanions—chondroitin sulfate,
chondroitin  sulfate-protein, DNA,
RNA, heparin—or by the monosac-
charide components of hyaluronate,
namely N-acetylglucosamine and glucu-
ronate. Thus the control of hyaluronate
turnover and of its interaction with
mesenchymal cells might be an import-
ant feature of morphogenesis in the
above-mentioned developmental sys-
tems. The antagonism of some growth-
promoting hormones toward the inhibi-
tion of chondrogenesis in vitro by hy-
aluronate is described below.
Stationary cultures of trypsinized 5-
day (stage 26) chick embryo somite cells
were used as described (4). Each dish
(60-mm diameter) contained 2.5 X 10%
to 5.0 X 106 cells, an amount which
resulted in a cell density greater than a
confluent monolayer and thus facilitated
immediate cell-cell contact and the
production of three-dimensional carti-
lage-like aggregates (5). The medium
used was Ham’s F12 containing fetal

calf serum (10 percent), bovine serum
albumin (1 percent), ascorbate (50 pg/
ml), penicillin (100 units/ ml) and strep-
tomycin (100 pg/ml).

In the first series of experiments cul-
tures were established in the presence
of 0.1 pg of hyaluronate (6) with and
without varying concentrations of hor-
mones. Both hyaluronate and hormones
were added to the medium before the
trypsinized cell suspension was added.
Thyroxine (and triiodothyronine),
growth hormone, and calcitonin were
consistently active in preventing the
hyaluronate inhibition of cartilage
nodule formation. Hydrocortisone was
also active sporadically but only at the
highest concentration tested, that is, 50
M. The following hormones were
tested at two to four different concen-
trations in the ranges indicated in pa-
rentheses and found to be inactive: epi-
nephrine, glucagon, and insulin (2.5 to-
25 uM); testosterone, progesterone,
dexamethasone, and prednisolone (2.5
to 50 uM): prolactin and adrenocorti-
cotropic hormone (ACTH) (0.1 to
5 ng/ml). Thyroid stimulating hormone
(0.4 unit/ml) was also inactive. Table
I gives actual numbers of aggregates
obtained in experiments with several
concentrations of the active hormones.
The ability of one of these hormones,
thyroxine (1 M), to prevent the hyalu-
ronate inhibition was tested at varying
concentrations of polysaccharide and
were effective up to 50 pg/ml under
the conditions used (Table 2).

In various noncartilaginous tissues
thyroxine (7), growth hormone (8), and
calcitonin {(9) have been shown to
stimulate the production of cyclic AMP.
If cyclic AMP mediates the action of
these hormones in vivo it might be ex-
pected to duplicate their action in vitro
as has been found to be the case for
many other cell or tissue responses to
hormones. Concentrations of cyclic
AMP as low as 1 uM were effective in
preventing the hyaluronate inhibition.
Dibutyryl cyclic AMP or theophylline

Table 2. Effect of hyaluronate concentra-
tion on chondrogenesis in the presence of
thyroxine. Five replicate dishes were used in
ecach group.

Mean No. of aggregates per dish

Hyaluronate

(ug/ml) L M thyroxine No thyroxine
0 12 20
0.001 27 1
0.1 18 3
10 25 1

50 22 2

100 N 1
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at 10 M also had this effect. How-
ever, adenosine triphosphate, adenosine
diphosphate, AMP, cyclic guanosine
monophosphate and cyclic uridine
monophosphate were also at least parti-
ally effective in reversing the inhibition.
Consequently any conclusions as to the
involvement of cyclic AMP will have
to await measurement of endogenous
levels in the presence of hyaluronate
and hormones.

The effect of thyroxine in preventing
the inhibition by hyaluronate of chon-
drogenesis was predicted as a result of
the following observations: (i) correla-
tions between the action of thyroxine
and the turnover of hyaluronate in sev-
eral tissues, such as metamorphosing
tadpole backskin (10), chick embryo
cornea (2, 11), skin of hypothyroid rats
(12); (ii) the enhancement of chondro-
genesis in vitro by thyroxine (13); (iii)
the necessity of thyroxine for correct
skeletal maturation in vivo (/4). Growth
hormone also is necessary for skeletal
maturation and stimulates chondroitin
sulfate synthesis by chondroblasts in
vitro (15). Thus it may be that these
substances overcome the hyaluronate
inhibition by direct stimulation of
matrix synthesis. Alternatively the hor-
mones and hyaluronate may act in an
antagonistic fashion at some common
site at the cell surface, for example, the
adenylate cyclase system, indirectly
modifying rates of chondroitin sulfate
(16) and collagen synthesis (17) or levels
of hyaluronidase activity (/8).

BrYAN P. TooLE
Developmental Biology Laboratory,
Departments of Medicine and Biological
Chemistry, Harvard Medical School,
and Massachusetts General Hospital,
Boston 02114
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Blood Cells Preserved in a Mummy 2000 Years Old

Abstract. Structures resembling red blood cells have been seen in mummies,
but have been considered by some to be artifacts or molds. The finding of these
structures, admixed with white blood cells, in the blood vessels of a mummified
American Indian, confirms the original interpretation of preserved red blood cells.

Although the tissues of a number of
mummies have been examined micro-
scopically, there have been no convinc-
ing demonstrations of the preservation
of red or white blood cells (erythro-
cytes or leukocytes). Ruffer (/) noted
his failure to identify erythrocytes in
studying hundreds of Egyptian mum-
mies. Wilder (2) claimed to have found
red blood cells in the nasal cavities of
a Basket Maker mummy but did not
include a description or photomicro-
graph in his report. In 1927, Williams
(3) found erythrocyte-like structures in
a pair of Peruvian mummies dating to
about A.D. 700. While showing the
characteristic biconcavity of erythro-
cytes, these structures were extravascu-
lar, in skeletal muscle, and were 8 or
9 pum in diameter, about twice the size
of red blood cells in sections of fresh
tissue.

Sandison (4) considered the struc-
tures reported by Wilder and Williams

Fig. 1. Preserved red blood cells, showing
characteristic biconcavity, in a thoracic
vein. The dark granules are autolyzed
leukocytes. Hematoxylin and eosin stain
(X 500).

to be fungi, because of their variation
in size and extravascular location. In
studying an Egyptian mummy, Sandison
(5) discovered erythrocyte-like bodies
in the thyroid gland. These bodies were
3.25 um in diameter and had the stain-
ing characteristics of red blood cells.
Unfortunately, his report includes nei-
ther a photomicrograph nor a descrip-
tion of the exact location of these
structures in relation to blood vessels.
In examining the skin of two 2600-
year-old Egyptian mummies, Giacometti
and Chiarelli (6) saw erythrocyte-like
structures in spaces considered to be
blood vessels.

Blood in tissue experimentally desic-
cated and rehydrated appears as a ho-
mogeneous eosinophilic mass showing,
in areas, preservation of the circular
outlines of the erythrocytes (7). Bicon-
cavity of the erythrocytes is poorly
preserved. The polymorphonuclear leu-
kocytes appear as small clusters of
basophilic granules. This appearance is
similar to that of autolyzed leukocytes
in freshly processed tissue.

This report demonstrates the preser-
vation of blood cells in the vessels
of a 2000-year-old mummy, the desic-
cated body of a 9-year-old American
Indian boy found in Salts Cave, Ken-
tucky. Examination of the mummy per-
mitted identification of the internal
organs and of the diet of the individual
(8). No cause of death was determined
on gross examination. Portions of the
heart, lung, kidney, thoracic tissue, and
intestine were examined microscopic-
ally. All the tissues were dark brown,
dry, and fragile. Only the lung showed
gross structure suggestive of the normal
architecture. Rehydration was accom-
plished by Ruffer’s technique of im-
mersion of the tissue in a solution of
50 parts of water, 30 parts of absolute
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