UC Irvine
UC Irvine Previously Published Works

Title
Effects of localized application of transforming growth factor 1 on developing chick limbs

Permalink
https://escholarship.org/uc/item/2bf7h3v4

Journal
Developmental Biology, 145(1)

ISSN
0012-1606

Authors
Hayamizu, Terry F
Sessions, Stanley K

Wanek, Nancy

Publication Date
1991-05-01

DOI
10.1016/0012-1606(91)90222-0

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.orag/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/2bf7h3v4
https://escholarship.org/uc/item/2bf7h3v4#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

DEVELOPMENTAL BIOLOGY 145, 164-173 (1991)

Effects of Localized Application of Transforming Growth Factor (1
on Developing Chick Limbs

TerRRY F. HAYAMIZU, STANLEY K. SESSIONS,! NANCY WANEK,? AND SUSAN V. BRYANT?

Developmental Biology Center, University of California Irvine, Irvine, California 92717

Accepted Junuary 28, 1991

The effects of exogenous transforming growth factor § (TGF-8) on chick limb development ¢n vivo were studied by
implanting carriers of TGF-81 into developing wing buds. Agarose beads were soaked in solutions containing TGF-81
and implanted into wing buds at stages 18 to 27. Localized application of TGF-51 to distal regions of the wing bud caused
specific skeletal elements in the limb to be reduced or absent. The particular proximal-distal limb element affected
depended on the stage at which the bead was implanted. Position of the bead in the anterior-posterior axis also
influenced the pattern of affected structures. Experiments in which TGF-81 beads were implanted and then removed at
24- and 48-hr intervals indicate that there are specific periods during which a skeletal element appears to be sensitive to
the effects of exogenous TGF-31. In a few cases, beads placed in proximal positions in later staged limbs resulted in
formation of ectopic cartilage near the bead. These results suggest that exposure to exogenous TGF-31 in vivo influences

the development of skeletal elements in the chick limb in a stage- and position-dependent manner.

Press, Inc.

INTRODUCTION

The transforming growth factor 8s (TGF-3s) are mul-
tifunctional peptides that have been shown to regulate
cellular activities, including cell proliferation and eyto-
differentiation, in a wide spectrum of normal and neo-
plastic cell types in vitro (Roberts and Sporn, 1988; Riz-
zino, 1988; Roberts et al., 1988). Several distinet forms
have so far been identified including TGF-51 (Derynck
et al., 1985), TGF-32 (Madisen et al., 1988), TGF-33 (ten
Dijke et al., 1988; Derynck et al., 1988), TGF-84 (Jakow-
lew et al., 1988), and TGF-35 (Kondaiah et al., 1990). The
effects of TGF-B1 and TGF-32 have been most exten-
sively studied. TGF-3 effects can be stimulatory or in-
hibitory and appear to be dependent both on cell type
and on culture conditions, especially the “milieu” of
other peptide growth factors present. TGF-g8s have also
been shown to have dramatic effects on extracellular
matrix components (Rizzino, 1988; Roberts et al., 1990).

The TGF-8s belong to a superfamily of peptide factors
that includes the inhibins (Mason et al, 1985) and ac-
tivins (Ling et al., 1986; Vale et al., 1986); Miillerian inhib-
itory substance (MIS) (Cate et al, 1986); the bone mor-
phogenetic proteins BMP-2A, BMP-2B, and BMP-3
(Wozney et al., 1988; Rosen et al,, 1989); and osteogenic
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protein 1 (OP-1) (Ozkaynak et al., 1990; Sampath et al,
1990). The TGF-3s have also been shown to be related to
the predicted protein products of the Drosophila deca-
pentaplegic (dpp) gene complex (Padgett et al., 1987) as
well as that of Vg1 mRNA expressed in Xenopus oocytes
(Weeks and Melton, 1987). In addition, Lyons et al.
(1989a) have isolated a mouse ¢cDNA, Vgr-1, that en-
codes a polypeptide structurally related to Vg-1. Finally,
the mesoderm-inducing factor produced by Xenopus
XTC cells (XTC-MIF) has recently been shown to be a
homolog of mammalian activin A (Smith et al., 1990; van
den Eijnden-Van Raaij et al., 1990).

It has been proposed that members of the TGF-3 su-
perfamily may have a role in vertebrate limb develop-
ment (Newman, 1988; Kulyk et al, 1989a; Lyons et al.,
1989b). Temporally and spatially distinet patterns of ex-
pression of TGF-B-like molecules have been seen in the
developing mouse limb (Heine et al., 1987; Sandberg et
al., 1988; Lehnert and Akhurst, 1988; Flanders et al.,
1989; Pelton et al., 1989; Lyons ef al., 1989b; Lyons et al.,
1990; Pelton et al., 1990). In vitro, TGF-81 has been
shown to have effects on proliferation and differentia-
tion of cells within the chondrocyte lineage (Rosen et al.,
1988; Seyedin et al,, 1988; Kulyk et al, 1989a; Solursh and
Reiter, 1989; Carrington and Reddi, 1990). TGF-8-like
molecules may exert their effects either by directly af-
feeting growth and differentiation, in concert with
other regulators, or through effects on extracellular ma-
trices (Newman, 1988; Kulyk et al., 1989b). BMP-2A has
been shown to induce ectopic bone formation in rats
(Wozney et al., 1988; Wang et al., 1990), but so far there
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have been no studies locking at the TGF-3 effects in the
developing limb bud n vive.

The goal of this study was to evaluate the response of
developing chick limbs to locally applied TGF-61. We
found that localized application of TGF-81 to chick wing
buds via agarose beads alters limb pattern in a concen-
tration-, stage-, and position-dependent manner.

MATERIALS AND METHODS
Preparation of Eggs

Fertile White Leghorn chicken eggs (K&R Enter-
prises, Westminster, CA) were incubated at 38°C in a
standard unit providing the necessary humidity and egg
rotation. On the fourth day of incubation, eggs were
prepared by withdrawing some of the albumen and
creating a window in the shell overlying the embryo.
Embryos were staged according to the criteria of Ham-
burger and Hamilton (1951) and then used immediately
or reincubated at 38°C without rotation until the appro-
priate stages were achieved.

Preparation of TGF-3-Containing Beads

The Affi-Gel Blue beads (Bio-Rad, 200-250 um diame-
ter) used in this study are routinely used for protein
purification and are composed of crosslinked agarose
mesh with covalently attached Cibachrome blue F3GA
dye. These carriers have the ability to absorb peptides in
solution, to concentrate them within the matrices, and
to slowly release them. Agarose beads have been used in
previous studies (Schreiber et al, 1986; Hayek et al,
1987} as a system for the slow release of peptide growth
factors in vivo and in vitro.

Recombinant TGF-31 (kindly provided by A. F. Pur-
chio, Oncogen, Seattle, WA), with bovine serum albu-
men (BSA) as a carrier, was lyophilized and stored at
—20°C, then reconstituted in 4 mM HCI to achieve con-
centrations of 0.004 to 4.0 ug/ul, aliquoted, and stored at
4°C. For these studies, 5 ul of agarose beads (100-200
beads) in phosphate-buffered saline (PBS) were added
to a 5-ul aliquot of the TGF-31 solution (final TGF-51
concentrations of 0.002 to 2.0 ug/ul). These were then
incubated at 38°C for 30 min. Beads used as controls
were incubated in a solution of BSA which had been
lyophilized, reconstituted in 4 mM HCI, and then mixed
with the beads in PBS.

A soaking solution of 0.02 ug/ul is equivalent to 0.2 ug
of TGF-3 adsorbed onto 100-200 beads, or 1-2 ng per
bead, assuming 100% adsorption. However, in a
previous experiment, it was estimated that only 75% of
peptide was adsorbed onto beads contained in 10 ul of
buffer solution (Hayek et al, 1987). In addition, the
soaking solutions used in our experiments contained
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BSA which would also be bound, thereby reducing the
amount of growth factor adsorbed onto the bead.

Implantation of Beads

Working through the window in the shell, we incised
the vitelline and extraembryonic membranes overlying
the right wing bud. Manipulations were performed us-
ing microsurgical instruments and fine glass probes. In-
dividual agarose beads were inserted through incisions
in the dorsal ectoderm of right wing buds. Following
experimental manipulation, windows were sealed with
removable adhesive tape (Scotch brand) and the eggs
were returned to the incubator for reincubation at 38°C
without rotation. Embryos were examined daily for at
least 2 days following the operations to assess viability,
bead position, and responses of limbs. Dead embryos
were discarded.

Skeletal Analysis

On the 10th day of incubation, embryos were removed
from the shells, rinsed in saline, and eviscerated. The
upper torsos with attached wings were fixed in alcoholic
Bouin’s solution for at least 2 days, then rinsed, and
stored in 70% ethanol. The pattern of cartilage struc-
tures in the limbs were determined in Victoria blue-
stained whole mounts (Bryant and Iten, 1974). Left
wings were used as controls for assessing the effects on
the treated right wings. Some specimens were harvested
24 and 48 hr following bead implantation and were pre-
pared by paraffin embedding, sectioning, and staining
with hematoxylin and eosin for histological examina-
tion.

RESULTS
Effects of TGF-81 Concentration on Survival

To evaluate the effects of different doses of exogenous
TGYF-81 on developing chick limbs, agarose beads that
had been soaked in solutions of TGF-31 at concentra-
tions ranging from 2.0 to 0.002 pg/ul were implanted
into chick wing buds at stages 18 to 27. The survival of
embryos following TGF-8 bead implantation is shown
in Table 1. Beads soaked in a 2.0 ug/ul solution gave no
surviving embryos. Decreasing the TGF-31 concentra-
tion resulted in significant increases in embryo survival.
Survival following implantation of beads soaked in 0.02
and 0.002 ug/ul TGF-B1 was similar to survival follow-
ing implantation of beads without TGF-31.

The experiments reported below were all performed
with beads soaked in solutions containing 0.02 and 0.002
ug/ul TGF-81. The maximum amounts of TGF-81 that
could be released from single beads soaked in these con-
centrations are calculated to be in the range of 1-2 ng
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TABLE 1
EFFECTS OF TGF-3 CONCENTRATION ON EMBRYO SURVIVAL AND ON
FREQUENCY OF LIMB ABNORMALITIES

No. of No. of
TGF-8 (ug/ul) No. of survivors limbs with
in soaking surviving with beads affected
solution N embryos retained elements
2.0 18 0(0%) — —
0.1-0.2 99 17 (17%) 15 15 (100%)
0.02 118 55 (47% ) 45 45 (100% )
0.002 70 54 (T7%) 40 18 (45%)
0.0 49 31 (63%) 27 0(0%)

and 0.1-0.2 ng of growth factor per bead, respectively
(see Materials and Methods).

Effects of TGF-B1 on Limb Cartilage Formation

TGF-B1-containing beads implanted distally at all
stages resulted in limbs in which one or more of the
skeletal elements either failed to form or were ex-
tremely reduced (Fig. 1). The frequency with which
limbs were affected correlated with the concentration of
TGF-31 in the bead soaking solution (Table 1). Beads
soaked in 0.02 ug/ul TGF-81 resulted in abnormal limbs
in all embryos in which the bead was retained, while
about half of the limbs implanted with beads soaked in
0.002 ug/ul TGF-B1 were affected. In all cases, implan-
tation of beads without TGF-31 resulted in the develop-
ment of normal limbs.

In each case, the entire segment of the limb contain-
ing the affected skeletal element was extremely re-
duced, indicating complete absence of part or all of an
element, rather than its failure to react with the carti-
lage-specific stain. For example, in the specimen shown
in Fig. 1B, extreme reduction of the ulna has led to gross
distortion of the radius.

Effects of TGF-31 at Different Stages of Limb
Development

Implantation of TGF-31 beads along the distal mar-
gin of chick wing buds resulted in localized reductions or
deletions of skeletal structures within the limb. The par-
ticular proximal-distal (PD} limb segment affected by
the TGF-81 treatment depended on the stage at which
the bead was implanted (Table 2). In wing buds treated
at stages 19-21, the element most frequently affected
was the humerus (Fig. 1A), and among limbs with af-
fected humeri, the majority had normal elements distal
to the humerus. At stages 22-24, the majority of limbs
showed defects in the forearm (radius/ulna) (Fig. 1B).
At stages 25-27, the majority of limbs showed defective
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elements in the autopod (Fig. 1C), with no instances of
defective humeri. By stage 27, all defects were localized
to the autopod. Hence, the TGF-31-sensitive target is
shifted distally as limb outgrowth progresses.

In addition to the correlation between the stage of
bead implantation and the PD positicn of the affeeted
skeletal element, there was also a correlation between
stage and final location of the bead. As limb outgrowth
progresses, implanted beads are displaced proximally
away from the distal margin of the elongating limb bud.
Hence, beads implanted distally at stages 19-21 were
eventually located in the humerus region, beads im-
planted at stages 22-24 in the radius/ulna region, and
those implanted at stages 25-26 in the autopod (data not
shown).

Ejffects of Anterior-Posterior TGF-31 Bead Position

To evaluate whether the position of the bead in the
anterior-posterior (AP) axis would also influence the
pattern of affected structures, TGF-81-containing
beads were implanted along the distal margin of the
limb bud in either anterior (A), apical or middle (M), or
posterior (P) locations. As shown in Table 3, the position
of TGF-81 bead implantation along the AP limb bud
axis also affected the position of the abnormal elements,
regardless of stage. Anterior beads usually resulted in
defects localized to the anterior elements of the limb
(radius, anterior digits). When beads were placed in a
posterior position, posterior elements (ulna, posterior
digits) were affected to a greater extent (Fig. 1B). In the
majority of cases, beads placed at the apex affected both
sides of the limb to a similar extent.

Effects of 24- and 48-hr TGF-81 Exposure Intervals

To learn more about the TGF-81-sensitive step in the
development of cartilage elements, we implanted TGF-
Bl-containing beads into limb buds and then removed
them at 24- and 48-hr intervals. Beads implanted dis-
tally at stages 19-21 and removed 24 hr later at stages
22-24 did not cause limb abnormalities (Fig. 2a). How-
ever, beads left in place for 48 hr prior to removal at
stages 25-26 resulted in typical humeral abnormalities
in 88% of cases (Fig. 2b). These data suggest either that
a prolonged exposure to TGF-81 is necessary for an ef-
feet or that there is a sensitive period for humerus devel-
opment that is between 24 and 48 hr after implantation
at stages 19-21.

To distinguish between these possibilities, we per-
formed an additional experiment in which beads were
placed directly into a proximal (humerus-forming) posi-
tion at stages 22-24. This is the position in which a bead
implanted distally at stages 19-21 would be found 24 hr
later. When these proximally implanted beads were re-
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F1G. 1. Victoria blue-stained whole-mount preparations of limbs at Day 10 of incubation, after receiving a TGF-1 bead implant at an earlier
stage. Agarose beads within affected skeletal elements are indicated with arrows. (A) Bead implanted into the anterior distal margin of a stage
20 wing bud. The humerus is greatly reduced; distal elements are normal. (B) Bead implanted in the posterior distal margin of a stage 24 wing
bud. The ulna is reduced in length. The radius, which does not appear shortened, is deformed. (C) Bead implanted into the anterior distal margin
of a stage 26 wing bud. Defects are confined to autopodial skeletal elements. (D) TGF-g1 bead was implanted proximally at stages 25-26. An

extra cartilage structure () formed near the bead.

moved after 24 hr, 73% resulted in defective humeri
(Fig. 2d). These results indicate that proximal limb cells
exposed to TGF-81 between stages 22-24 and stages 25—
26 are sensitive to the inhibitory effects of the growth
factor. Furthermore, limbs in which beads were im-
planted in proximal positions at stages 25-26 show a
greatly reduced incidence of affected skeletal elements
(Fig. 2e).

Finally, in a small number of limbs (7.3%) in which
beads were implanted proximally at stages 25-26 (i.e.,
after the period during which cells of the presumptive
humerus are sensitive to the inhibitory effects of
TGF-31), extra cartilage was formed next to the bead
(Fig. 1D).

Effects of TGF-B1 Beads on Cell Viability

To evaluate the possibility that TGF-81 might be hav-
ing its effect by causing cell death in regions of the limb

bud near the bead, we examined histological sections of
wing buds which had been fixed during the TGF-51 sen-
sitive period (i.e., between 24 and 48 hr following distal
implantation of TGF-B-containing beads at stages 19-
21). As demonstrated in Fig. 3, there was no evidence of
cell death in the tissue surrounding the bead releasing
TGF-81 when examined 24 (Figs. 3A and 3C) and 48 hr
(Figs. 3B and 3D) after implantation. Rather, the limb
cells are healthy and many are actively dividing.

DISCUSSION

Our results show that exogenous TGF-381 released
from agarose beads causes loss or extreme reduction of
specifie skeletal elements in the developing chick limb
bud. When beads soaked in 0.02 pg/ul TGF-B1 (with
maximal loading of 1-2 ng of growth factor per bead; see
Materials and Methods) were implanted distally in
chick wing buds at stages 19-21 and then removed 24 hr
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TABLE 2
PROXIMAL-DISTAL POSITION OF SKELETAL DEFECTS FOLLOWING
IMPLANTATION OF TGF-8 BEADS AT DIFFERENT STAGES

Stages at bead implantation

DEVELOPMENTAL BIOLOGY

Defects® 19-21 22-24 25-26 27
H only 33 2 0 0
H plus R/U 3 0 0 0
H plus R/U and A 10 4 0 0
Total H 46 (66% ) 6 (16%) 0(0%) 0(0%)
R/U only 18 9 1 0
R/U plus A 6 20 2 0
Total R/U 37 (53%) 33 (89%) 3(25%) 0(0%)
A only 0 2 9 11
Total A 16 (9%) 26 (59% ) 11(92%) 11 (100%)
Total 70 37 12 11

*H, humerus; R/U, radius/ulna; A, autopod.

later, no defects were observed. On the other hand,
beads left in place for 48 hr or longer resulted in a high
frequency of affected limbs, indicating that an effective
dose of TGF-81 is delivered over a period of time in ex-
cess of 24 hr.

The release of peptide growth factors from agarose
beads has been shown to be time dependent. Hayek and
colleagues (1987) reported that 50% of basic fibroblast
growth factor (bFGF) adsorbed onto beads is released
into solution over the first 24 hr, with the remaining
growth factor slowly released over the next 3 days. Simi-
lar kinetics have been described for the release of epi-
dermal growth factor (EGF) and transforming growth
factor o (TGF-«) from agarose beads in vivo (Schreiber
et al., 1986). In experiments similar to those described
above using TGF-81, we have also looked at the effects
of other peptide growth factors, including nerve growth
factor (NGF), EGF, TGF-«, platelet-derived growth
factor (PDGF), acidic and basic FGF, and tumor necro-
sis factor (TNF) on developing chick wing buds. At the
levels used in these studies, so far only TGF-31 has
caused alterations in the limb pattern.

The release kinetics for TGF-31 are expected to be
comparable to those shown for other growth factors.
Based on the amount loaded (see Materials and Meth-
ods), we conclude that less than 1 ng of TGF-81 is slowly
released into the limb bud over the course of 24 hr follow-
ing bead implantation, with the remainder subse-
quently coming off the bead over the next few days. We
also expect that diffusion of TGF-3 through tissue, as
well as removal via blood perfusion, further reduces the
local concentrations of TGF-3 to which the cells were
exposed.

VOLUME 145, 1991

Estimates of the local concentrations of TGF-81 re-
leased from beads are not available. However, similar
microrelease methods have been used to study the re-
lease of retinoids from beads implanted into developing
chick limbs (Tickle et al,, 1985). Although the particular
details of compound delivery in tissue will differ for
each molecule/carrier system studied, some general
features apply. For example, when beads were soaked in
retinoic acid (RA) at concentrations of 100 ug/ml, ap-
proximately 3 ng was adsorbed onto each bead (Eichele
et al,, 1984). In another study (Tickle et al., 1985), it was
demonstrated that beads soaked in 50 ug/ml RA re-
sulted in local tissue concentrations of about 7.6 pg RA
per bud (25 nM). Using these data, we predict that the
amount of TGF-g released from a bead soaked in a 20
ug/ml solution would be in the range of 1-10 pg per bud.
It has been estimated that volume of a stage 21 chick
limb bud is about 0.87 ul (Eichele and Thaller, 1987).
Thus, we estimate that the resulting concentration of
exogenous TGF-8 in the limb bud is around 1-10 ng/m],
which is comparable to the levels of TGF-8 used in in
vitro studies. The levels of endogenous TGF-3-like mole-
cules in developing limbs have not been deseribed.

The effect of TGF-3 released by agarose beads re-
mains fairly localized to the region of the bead. When
beads were placed on either the anterior or the posterior
side of the distal tip of the limb bud, the majority of
defects were confined to the side of bead placement. We
conclude that TGF-B1 is present in effective amounts
only in the vicinity of the bead and that it does not
spread to all regions of the limb bud. In addition, since
the effect of localized application of TGF-31 is to cause
limb defects, we considered the possibility that the exog-
enous TGF-£1 was causing localized cell death. We have
looked at numerous histological sections of limbs fixed
24 and 48 hr after distal implantation of TGF-3 beads
(Figs. 3A-3D) and have detected no evidence of cell
death. Cells located in the immediate vicinity of the

TABLE 3
RELATIONSHIP OF ANTERIOR-POSTERIOR BEAD POSITION
TO POSITION OF SKELETAL DEFECTS

Position of defects?

Position of bead® Anterior Posterior Both Total
Anterior 12 (76%) 0 4(26%) 16
Posterior 0 24 (96%) 1(4%) 25
Middle (apex) 6 (18%) 8 (24% ) 19 (58%) 33

“ Agarose beads soaked in 0.02 ug/ul TGF-8 implanted along the
distal margin of wing buds at stages 19-27.

® Only limbs with defects in the radius, ulna, and/or autopod were
used; defects in the humerus alone were not included.
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19-21 22-24 25-26 # of limbs
L l L with affected
n .
humeri
a. | 24 hr } > 8 0 (0%)
b. | 48 hr | > 16 14 (88%)
C. [ beads not removed —I 37 34 (92%)
d. 24 hr } B 11 8 (73%)
e. ’ beads not removed -I 55 12 (22%)

TGF-B sensitive
"window"

2%

F1G. 2. The effects of different TGF-$1 exposure intervals on the incidence of humeral defects are shown. (a-¢) TGF-g1-containing beads were
implanted distally at stages 19-21 and removed after 24 or 48 hr or not removed. (d) TGF-31 beads were implanted midway along the PD axis of
limb buds at stages 22-24 and removed 24 hr later. (e) TGF-$1 beads implanted proximally at stages 25-26 were not removed.

bead exhibit no apparent morphological changes, and
mitotic figures are evident in many of the sections.

By implanting TGF-31 beads at different stages, we
have shown a stage-dependent sequence of defects along
the proximal-distal (PD) axis. Beads implanted distally
at stages 19-21 lead primarily to defects in the humerus,
at stage 22-24 to defects in the radius and/or ulna, and
at stages 25-26 to defects of the hand skeleton. The pat-
tern of defects along the PD axis could also be correlated
with the eventual PD position of the bead at later stages
in development. Beads implanted at stages 19-21 are
found in presumptive upper arm regions 24 hr later at
stage 22-24; beads implanted distally at stages 22-24 are
later found in forearm regions. Hence, beads are found
in the affected segment by 24 hr after distal implanta-
tion. Taken together with the implantation/removal ex-
periments, which show that the TGF-81-sensitive win-
dow for the humerus begins at 24 hr and ends at 48 hr
after stages 19-21, these data suggest that the humerus
anlagen is sensitive to the effects of TGF-81 at stages
22-24.

The timing of the TGF-31 effect is consistent with the
idea that exogenous TGF-31 is influencing the early
events of chondrogenesis. Prior to stage 22, the start of
the TGF-$1-sensitive period for the humerus, the limb
mesenchyme appears homogeneous and extracellular
maltrix components are thought to be evenly distributed.
Starting at this stage, fibronectin (FN) and type I colla-
gen expression increase in prechondrogenic areas (Des-
sau et al, 1980; Melnick et al, 1981). Newman and col-
leagues (Newman and Frisch, 1979; Tomasek et al., 1982)

have suggested that FN is involved in promoting the
formation of prechondrogenic aggregates at the onset of
chondrogenesis. It is during this time period that we
obtain our TGF-3 effects. At about stages 24-25, at the
end of the sensitive period, distinet cellular condensa-
tions within the humeral region can be observed. As
chondrogenesis begins, levels of FN and type I collagen
start to decline (Dessau et al, 1980), and expression of
cartilage-specific type Il collagen and sulfated eartilage
proteoglycan core protein increase (Kosher et al,
1986a,b).

From in witro studies, TGF-8-like molecules are
known to be able to affect many of the processes in-
volved in cartilage formation. However, the reported ef-
fects of TGF-3 are variable and cover the range from
stimulation to inhibition of chondrogenesis. Studies
showing stimulation include the report by Seyedin and
colleagues (1985) that rat mesenchymal cells ean be
stimulated by TGF-31 to synthesize collagen type II and
cartilage proteoglycan core protein. Kulyk et al. (1989a)
demonstrated that TGF-31 promotes chondrogenic dif-
ferentiation in both high and low density micromass
cultures of stage 23-24 whole bud and stage 25 distal
limb bud cells. These investigators also reported that
TGF-g did not appear to affect cell proliferation or cell
viability in vitro, as they observed little difference in
total DNA content between TGF-3-treated and control
cultures. In addition, Carrington and Reddi (1990) re-
ported that, when micromass cultured stage 24-25 chick
wing bud cells were treated with TGF-31 for 1-2 days,
an increase in alkaline phosphatase activity and [*S]-
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sulfate incorporation into proteoglycans was observed.
In our lab, we have also found that TGF-81 (10 ng/ml)
added to the culture medium during the first 24 hr of
culture promotes accumulation of Alcian blue-stainable
matrix in micromass cultures of stage 23-24 chick wing
bud cells (unpublished results).

In contrast, there are several reports in the literature
of inhibition of chondrogenesis in response to TGF-8
exposure. In monolayer cultures grown on plastic, TGF-
81 has been shown to inhibit expression of type II colla-
gen and cartilage proteoglycan by chondroblasts in a
dose-dependent manner (Rosen et al., 1988). Solursh and
Reiter (1989) also reported that TGF-8 had an inhibi-
tory effect on chondrogenesis (evaluated by Alcian blue
staining, as well as collagen type II and cartilage proteo-
glycan expression) in micromass cultures of stage 23-24
chick wing bud cells. Furthermore, in addition to the
results mentioned above, Carrington and Reddi (1990)
also showed that the effects of TGF-31 on limb bud cells
in micromass culture depended on the timing and dura-
tion of treatment. Exposure of stage 24-25 chick wing
bud cells to TGF-81 over the course of 4-7 days in cul-
ture, or during days 3-4, resulted in a reduction of both
alkaline phosphatase activity and [®*S]sulfate incorpora-
tion into proteoglycans. It has also been reported that
TGF-43 inhibited chondrogenesis by mesenchymal cells
grown on collagen gels (Solursh and Reiter, 1989). Pre-
liminary experiments in our lab have shown that TGF-
$1 delivered via agarose beads to micromass cultured
limb bud cells in collagen gels, at the same concentra-
tions used in our n vivo studies, neither stimulated nor
inhibited cartilage differentiation (unpublished obser-
vations).

One possible explanation for the variety of in vitro
results is the diversity of culture conditions, limb bud
stages, and limb bud regions used in the various studies.
Carrington and Reddi (1990) have suggested that the
effects of TGF-51 on chick limb bud cells in vitro may
also depend on the state of differentiation of the cells at
the time of exposure to the growth factor. Our results
support this idea. Whereas implants at early stages lead
to inhibition of cartilage formation, proximal implants
at later stages (when cells are in a different developmen-
tal state) stimulate the formation of extra cartilage at
low frequency (4 of 55 cases).

The demonstration that TGF-81 has effects on chick
limb bud cells at comparable stages both in vitro and in
vivo appears to indicate that these cells have receptors
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that can be influenced by TGF-£1 binding. Hence, exoge-
nous TGF-81 can be viewed as interfering with the nor-
mal function of an endogenous TGF-3-like molecule(s).
At present, there are no reports of the expression of
TGF-B-like gene products in early chick limb buds. How-
ever, several TGF-8s (1-4) have been identified in devel-
oping chicks (Jakowlew ef al, 1991), and several
members of the TGF-g superfamily (BMP-2A and Vgr-
1, as well as TGF-32 and another “TGF-8-like” mole-
cule) have been shown to be expressed in spatially and
temporally distinct patterns in the developing mouse
limb (Lyons et al., 1989b).

In conclusion, both the present ¢n vivo study and
previous in vitro studies suggest that TGF-8-like mole-
cules are involved in the development of the limb skele-
ton and that the variable responses of cells to exogenous
TGF-8 can be attributed to the state of differentiation
of the cells at the time of exposure. Clarification of the
way in which molecules like TGF-g affect limb bud cells
im vivo as well as in vitro will be an important part of
understanding the way in which these factors might
function in normal limb outgrowth.
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