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ABSTRACT We have investigated the func-
tion of the G protein-coupled receptor for extra-
cellular ATP, chick P2Y1 (cP2Y1) during develop-
ment of the chick limb. cP2Y1 is strongly
expressed in undifferentiated limb mesenchyme
cells but appears to be lost from cells as they
differentiate, raising the possibility that the
function of this receptor may be to inhibit cell
differentiation. This pattern of expression was
particularly striking surrounding areas of carti-
lage formation. We tested whether cP2Y1 was
able to regulate cartilage formation by using an
in-vitro micromass model of chondrogenesis. Be-
cause limb cells in micromass culture lose ex-
pression of cP2Y1, we have used a gain-of-func-
tion approach to demonstrate that cP2Y1
expression can inhibit cartilage differentiation.
We also demonstrate that early limb mesen-
chyme cells release ATP into the extracellular
medium and have mechanisms to breakdown ex-
tracellular ATP. These results suggest that extra-
cellular ATP, signaling through cP2Y1, can mod-
ulate the differentiation of limb mesenchyme
cells in vitro, and the expression pattern of cP2Y1
suggests that this type of signaling could play a
similar role in ovo. © 2001 Wiley-Liss, Inc.
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INTRODUCTION

Extracellular ATP has been shown to increase intra-
cellular Ca21 (Ca21i) in a number of embryonic cell
types (for review see Burnstock, 1996), and increases in
Ca21i can regulate cell proliferation, migration, and
differentiation (Berridge, 1993; Lauder, 1993). Thus,
extracellular ATP has the potential to regulate impor-
tant processes in embryonic development. We have pre-
viously shown that a G protein-coupled receptor for
extracellular ATP, cP2Y1, shows striking patterns of
expression in the limb and other tissue systems during
chick embryogenesis (Meyer et al., 1999). In this arti-
cle, we investigate the function of cP2Y1 and provide
evidence that ATP signaling through this receptor may
play a role in regulating the differentiation of cells in
the embryonic limb bud.

Receptors for extracellular nucleotides, including
ATP, ADP, and UTP, are divided into two families, P2X
and P2Y, based on molecular structure, transduction
mechanisms, and pharmacological properties (Abbrac-
chio and Burnstock, 1994; Burnstock and King, 1996).
P2X receptors are members of the ligand-gated ion
channel superfamily, whereas P2Y receptors constitute
a family of G protein-coupled receptors for extracellu-
lar nucleotides. Activation of the P2Y receptor cP2Y1
by extracellular ATP leads to mobilization of intracel-
lular calcium (Ca21i) and activation of protein kinase C
(PKC) (Webb et al., 1993; Simon et al., 1995). Mobili-
zation of Ca21i, and the cascade of intracellular protein
phosphorylation initiated by activation of PKC, are
important regulators of cell growth and differentiation
(Berridge, 1993; Lauder, 1993), and there is now con-
siderable evidence supporting a role for P2Y receptor
signaling in regulating long-term changes in cell pro-
liferation and differentiation (reviewed in Abbracchio,
1996; Neary and Burnstock, 1996). The mitogenic ef-
fects of ATP have also been shown to synergise with
polypeptide growth factors, including the fibroblast
growth factors (FGFs), which are known to be impor-
tant in limb development (Neary et al., 1994a).

In the developing chick limb, P2Y1 is expressed in a
pattern that suggests a potential role in regulating cell
differentiation. By using an in vitro micromass assay of
cartilage formation, we provide evidence that ATP, sig-
naling through cP2Y1, can inhibit the differentiation of
precartilage condensations, and could, therefore, have
a role in controlling development of the early limb bud.

RESULTS
cP2Y1 Shows a Dynamic Pattern of Expression
in Chick Limb Buds and Is Expressed
Preferentially in Undifferentiated
Mesenchyme Cells

The pattern of expression of cP2Y1 has been de-
scribed in detail elsewhere (Meyer et al., 1999), but we
will briefly review the expression pattern in the limb
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buds here. This receptor is expressed strongly and dy-
namically in mesodermal cells of the limb buds, which
form the focus of this study. Expression in the posterior
mesodermal cells of the limb begins at stage 19 and
intensifies and spreads by stage 21 to include all but
the core mesoderm and the anterior third of the bud
(Fig. 1A). At stage 25, expression is largely restricted to
cells just proximal to the progress zone mesenchyme,
which lies immediately subjacent to the apical ectoder-
mal ridge (Fig. 1B). Sections through this region show
strong expression bordering the condensing cartilagi-
nous elements, but the regions of cartilage formation
themselves do not express cP2Y1 (Fig. 1C). At stage 32,
expression is more intense distally than proximally

(Fig. 1D). By stage 35, cP2Y1 expression is maintained
in undifferentiated mesenchyme and is seen to be ex-
cluded not only from cartilage elements but also from
associated perichondria, developing tendons, and sites
of joint formation (Fig. 1F, G).

Monitoring Intracellular Free Calcium Levels
Demonstrates That ATP Receptors Are
Functional in Early Limb Bud Cells but Lost by
24 Hours in Vitro

We wanted to ensure that cP2Y1 was functional at
these early stages of limb development and if so, what
concentrations of nucleotides were required to elicit a
response in these cells. We also wanted to explore the

Fig. 1. Expression of cP2Y1 during limb development visualized by
whole-mount in situ hybridization. In A, C, and E, dorsal surface is
uppermost. In B, D, F, and G, anterior surface is uppermost. A–C show
expression in the early wing bud, and D–G show expression in the leg.
Stage is indicated in the bottom right-hand corner. A: Transverse section
through wing buds. Note dorsoventral difference in cP2Y1 expression.
B: Dorsal view of stage 25 wing showing a more restricted pattern of
expression of cP2Y1. Dotted line indicates region from which C was
taken. C: Section through a stage 25 wing showing expression in mes-
enchyme surrounding cartilage condensations (asterisks). D: Longitudi-
nal section through a stage 31 leg. Expression is strong distally surround-
ing areas of most recently differentiating cartilage and is weaker
proximally. E: Transverse section through digits 2, 3, and 4 showing gaps

in cP2Y1 expression surrounding areas of cartilage (asterisks), and ten-
don (arrowheads) formation. Strong, broad domains of cP2Y1 expression
surrounding areas of cartilage formation in more distal, undifferentiated
regions of digits 2 and 4. There are also no gaps in expression where
tendons will later form. However, in the same section, a more proximal
region through digit 3 is shown. Here expression is less strong, and gaps
in areas of tendon formation are clearly visible. This finding suggests that
cP2Y1 expression is lost from cells as differentiation proceeds. Expres-
sion of cP2Y1 in the limb is restricted to the digits at stage 35. F,G: Gaps
in cP2Y1 expression corresponding to areas of joint (arrowheads in G),
tendon, and cartilage are clearly visible, but expression of cP2Y1 is strong
in surrounding tissues. Expression from the perichondrium is also absent
(arrowhead in F). Scale bars 5 100 mM in A–G.
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possibility that other P2 receptor subtypes may be
present on these cells. To answer these questions, we
monitored the intracellular free calcium concentration
([Ca21]i) of stage 21–23 chick limb mesenchyme cells to
characterize their response to a variety of nucleotides
known to activate both P2Y and P2X receptors.

In freshly dissociated limb cells, large increases in
[Ca21]i were elicited by ATP, ADP, and 2MeSATP (a
synthetic analogue of ATP that is a potent agonist of
the recombinant cP2Y1 receptor expressed in Xenopus
oocytes, Webb et al., 1993; Simon et al., 1995) at con-
centrations of 100 mM and 10 mM. Figure 2 shows
typical [Ca21]i increases in single cells or small clusters
of cells to these nucleotides. A small Ca21i transient
was also detected in response to 100 mM UTP (Fig. 2),
a nucleotide which does not activate cP2Y1 when ex-
pressed in Xenopus oocytes. (Webb et al., 1993). Aden-
osine and AMP (both catabolites of ATP which are
inactive at the recombinant cP2Y1 receptor; Webb et
al., 1993; Simon et al., 1995) did not elicit Ca21i release
in limb cells. The expression pattern of cP2Y1 at stage
21 suggests that not all limb mesenchyme cells express
the receptor at this stage, and this heterogeneity was
reflected in the [Ca21]i response data as some cells did
not respond to added nucleotides. These data are sum-
marized in Table 1. The paucity of selective agonists
and antagonists for P2 receptors make it difficult to
assign all of these responses to cP2Y1 activation, be-
cause other P2 receptor subtypes are also known to

respond to these nucleotides (Burnstock and King,
1996). Indeed, the large response to ADP, and the
response to UTP are uncharacteristic of cP2Y1 activa-
tion (Webb et al., 1993; Simon et al., 1995), suggesting
that other P2 receptor subtypes must also be expressed
in the early limb.

Monitoring [Ca21]i also showed that the majority of
chick limb mesenchyme cells maintained in culture for
24 hr no longer responded to any of these nucleotides
by releasing Ca21i (Fig. 3, Table 2), and RNase protec-
tion showed that there was almost complete down-
regulation of cP2Y1 expression during this period (Fig.
3). This loss of functional ATP receptors gave us the
opportunity to investigate a role for cP2Y1, by using a
gain-of-function approach, against a background that
was effectively null for other P2 receptor subtypes.

Transfection Successfully Restores Functional
ATP Receptors to Limb Mesenchyme
Cells in Vitro

Native expression of cP2Y1 was lost after 24 hr in
culture. Therefore, to carry out in vitro functional stud-
ies of cP2Y1, we rescued its expression in cultured limb
mesenchyme cells. This was achieved by transfecting
cells with a cP2Y1 expression construct, pRCCMV-
cP2Y1 (Table 3). Monitoring [Ca21]i was then used to
ensure that functional receptor was produced in trans-
fected cells (Fig. 4). In control cultures (transfected
with pRCCMV, but not containing the cP2Y1 cDNA)
the average fluorescence ratio change in response to
100 mM ATP was 0.15 (Fig. 4E; Table 4), and only 19%
of cells showed a Ca21i response (Table 4). In contrast,
64% of cells in cultures transfected with pRCCMV-
cP2Y1 responded to 100 mM ATP (Table 3). The average
size of the fluorescence ratio change in response to 100
mM ATP in pRCCMV-cP2Y1 transfected cells was 0.44
(Fig. 4A; Table 3), slightly higher than the value seen
for the same dose of ATP in freshly dissociated cells,
which was 0.39. The response profile to 100 mM ATP in
pRCCMV-cP2Y1 transfected cells and freshly dissoci-
ated cells was very similar in terms of response time
and duration. These data suggest that transfection
with pRCCMV-cP2Y1 rescues functional expression of
cP2Y1 in cultured limb mesenchyme cells to a level that
is very similar to endogenous expression in freshly
dissociated cells. Robust responses to 100 mM ATP
could be elicited in pRCCMV-cP2Y1 transfected cells
24, 48, and 72 hr after transfection, indicating that
receptor expression is detectable soon after transfec-
tion and remains detectable for at least 3 days.

Having rescued expression of cP2Y1 in these cells, we
looked at the ligand profile of cells transfected with
cP2Y1. It was found that in pRCCMV-cP2Y1 trans-
fected cells, 2MeSATP as well as ATP elicited robust
Ca21i responses (Fig. 4B), whereas ADP was much less
potent (Fig. 4D). These data are in agreement with
electrophysiological studies performed on the recombi-
nant receptor expressed in Xenopus oocytes (Webb et
al., 1993; Simon et al., 1995) and suggest that in freshly

Fig. 2. Calcium responses in freshly dissociated stage 20–22 chick
limb mesenchyme cells. In each figure, the nucleotide added is shown at
the top of the trace. These traces show responses to 100 mM concen-
trations of each nucleotide. The time at which each nucleotide was added
is shown by the arrows. Fluorescence ratio is shown on the y axis, and
time in seconds is shown on the x axis.
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dissociated limb cells, the large response to ADP is
mediated by a different receptor subtype, which like
cP2Y1 disappears from limb cells cultured for 24 hr.
Surprisingly, in transfected cells the response to UTP
was also rescued (Fig. 4C). Other studies have shown
that UTP is inactive at the cP2Y1 receptor (Webb et al.,
1993; Simon et al., 1995). The response to 100 mM ATP
could be blocked in pRCCMV-cP2Y1 transfected cells
by addition of 100 mM Reactive Blue-2, a competitive
antagonist at the cP2Y1 receptor (Webb et al., 1993)
(Fig. 4F; Table 5).

Transfection of Limb Micromass Cultures with
cP2Y1 Reduces the Amount of Cartilage Formed

In the limb bud, expression of cP2Y1 appears to be
strongest in the least differentiated cells and absent
from areas of differentiation and this finding is partic-
ularly striking in the most distal areas of the limb bud
and developing digits. This expression suggests the
possibility that cP2Y1 expression could play a role in
maintaining cells in an undifferentiated state. To test
whether cP2Y1 could regulate differentiation of limb
cells we decided to use an in vitro micromass model of
cartilage differentiation. Micromass cultures of mesen-
chymal cells from the early limb bud are a standard in
vitro model for studying chondrogenesis and have been
used to analyze the mechanisms of action of a number
of TGF-b family members (Jiang et al., 1993; Roark
and Greer, 1994; Francis-West et al., 1999). In micro-
mass cultures, the cellular aggregates that prefigure
the cartilage nodules begin to form 12–24 hr after
plating (Ahrens et al., 1977). Therefore, the initiation
of chondrogenesis in these cultures correlates with the
loss of cP2Y1 expression (as shown above using RNase
protection, and by monitoring [Ca21]i, Fig. 3).

In the previous section, we demonstrated that we
could transfect cultured limb mesenchyme cells with a
transfection efficiency of 64% and we have used this
gain-of-function approach to investigate whether the
cP2Y1 receptor is able to regulate chondrogenesis in
micromass cultures. Micromass cultures were trans-
fected with either empty vector (pRCCMV) as a control
or with vector carrying the cP2Y1 cDNA (pRCCMV-
cP2Y1). The development of condensations of chondro-
genic mesenchyme was monitored by using phase con-
trast optics for up to 6 days. Two days after
transfection, phase optics revealed numerous conden-
sations of chondrogenic mesenchyme in control cul-
tures. However, in cP2Y1 transfected cultures, far
fewer condensations appeared to have formed. To bet-
ter quantify the differentiation of precartilage conden-
sations, 2-day cultures were stained with Alcian blue
(Fig. 5A) and the number of stained nodules was
counted (Fig. 5B). Alcian blue binds to sulphated gly-
cosaminoglycans (GAGs), which are one of the princi-

TABLE 1. Calcium Responses in Freshly Dissociated Limb Mesenchyme Cells

Compound
Concentration

(mM)
Number of

cells measured
Cells

responding (%)
Mean fluorescence

ratio change SEM
ATP 100 44 91 0.39 0.02

10 12 84 0.24 0.03
2MeSATP 100 21 90 0.38 0.03

10 15 86 0.23 0.05
ADP 100 27 96 0.57 0.08

10 9 100 0.51 0.05
UTP 100 17 88 0.27 0.06

10 8 12 0.13 —
AMP 100 7 0 0 —
ADENOSINE 100 7 0 0 —
THAP 1 39 100 0.43 0.02

Fig. 3. Expression of cP2Y1 was lost from chick limb mesenchyme
cells within 24 hr of culturing. A: Response of limb cells to 100 mM ATP
after 24 hr in culture. B: Ionomycin was added to 24-hr cultures to check
that a [Ca21]i response could be detected in these cells. C: RNase
protection showed that, within 24, there was almost complete down-
regulation of cP2Y1 expression. A GAPDH probe was used as a loading
control.
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pal extracellular matrix components of skeletal carti-
lage. In control transfected cultures, the mean number
of Alcian blue–positive nodules formed was 243 6 75
(n 5 9), whereas the mean number of stained nodules
in cP2Y1-transfected cultures was only 20 6 8 (n 5 9).
This finding represents a 12-fold reduction in the num-
ber of cartilage nodules initially formed in cP2Y1-trans-
fected cultures (P , 0.01; Student’s t-test). The num-
ber of Alcian blue–positive nodules increased in cP2Y1-
transfected and control cultures between days 2 and 6
(Fig. 5). In 6-day cultures, the amount of cartilage
formed in control-transfected and cP2Y1-transfected
cultures was compared quantitatively by extracting the
bound Alcian blue and assaying spectrophotometri-
cally. From control cultures the average absorbance
(A630nm) was 0.33 6 0.04 (n 5 12), whereas in cP2Y1-
transfected cultures, the average A630nm was 0.18 6
0.04 (n 5 12), a reduction of 55% compared with con-
trols (P , 0.01; Student’s t-test) (Fig. 6). These data
demonstrate that expression of cP2Y1 significantly in-
hibits cartilage differentiation in micromass cultures.
The gradual increase in Alcian blue staining in cP2Y1-
transfected cultures over the 6-day period may reflect a
gradual loss of cP2Y1 receptors due to the transient
nature of the transfection.

ATP Is Released and Degraded by Limb
Cells in Culture

Daily addition of ATP, to a final concentration of 100
mM to pRCCMV-cP2Y1–transfected cultures did not
further reduce cartilage differentiation (mean A630nm
of control transfected cultures 1 ATP 5 0.36 6 0.05,
n 5 10, A630nm cP2Y1-transfected cultures 1 ATP 5
0.18 6 0.05, n 5 10, and A630nm cP2Y1-transfected
cultures with no ATP added 5 0.18 6 0.05, n 5 12, Fig.
6). This suggests that saturating levels of endogenous
ATP are released by cells in micromass culture. Alter-
natively, sufficient ATP may be released from cells to
activate cP2Y1 and reduce the amount of cartilage
formed, but exogenous ATP is broken down too quickly
to further reduce cartilage formation. To test these
ideas, we have measured ATP release and its break-
down by cultured limb bud cells by using a Luciferin-
luciferase assay. ATP at a concentration of 0.83 nM 6
0.05 (n 5 4) can be detected after a 4-hr incubation of
cells in fresh PBS (Fig. 7), whereas the background
reading obtained for cell-free PBS is 0.5 nM 6 0.1 (n 5
4). Thus, during a short incubation time, there is a
small but significant (P , 0.05; Student’s t-test) in-
crease in the concentration of cellular-derived ATP in
the culture medium. ATP breakdown in micromass
cultures was also assayed. Figure 8 shows that added
ATP is broken down in micromass cultures, with a
half-life of approximately 60 min. However, over the
same 4-hr assay period, only 10% of ATP was broken
down in control, cell-free cultures. These data show
that cells in micromass culture have mechanisms to
degrade extracellular ATP and that enough ATP may

be produced by cells in these cultures to activate trans-
genic cP2Y1.

A Competitive Antagonist of cP2Y1 Blocks the
Inhibition of Cartilage Formation in Culture

If extracellular ATP binding to the cP2Y1 receptor
inhibits the formation of cartilage, then pharmacologic
blockade of cP2Y1 function should restore the level of
cartilage formation to those seen in control cultures.
Addition of 100 mM Reactive Blue-2 (a cP2Y1 receptor
antagonist that blocks the Ca21i response to ATP in
transfected limb cells, Fig. 4F) blocked the inhibitory
effect of cP2Y1 expression on cartilage formation (Fig.
6). Statistical analysis showed that there is no signifi-
cant difference in the amount of cartilage formed be-
tween Reactive Blue-2–treated cP2Y1-transfected cul-
tures (A630nm of 0.33 6 0.07, n 5 12), and control
transfected cultures treated with Reactive Blue-2

Fig. 4. A–D: Typical Ca21i responses in limb cells transfected with
pRCCMV-cP2Y1. The nucleotide added (100 mM) is shown at the top of
each trace. E: Typical Ca21i response to 100 mM ATP in a cell transfected
with a control construct (pRCCMV). F: Ca21i responses to 100 mM ATP
in cells transfected with pRCCMV-cP2Y1 are blocked by 100 mM Reac-
tive Blue-2.
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(mean A630nm was 0.36 6 0.06, n 5 11, P . 0.1;
Student’s t-test). The number and size of Alcian blue–
positive condensations in Reactive Blue-2–treated cul-
tures was also morphologically indistinguishable from
untreated cultures. The effect of cP2Y1 expression on
cartilage formation can, therefore, be blocked by the
receptor antagonist Reactive Blue-2. There was also no
significant difference in the amount of cartilage formed
in untreated control cultures (mean A630nm 5 0.33 6
0.04, n 5 12) and control cultures treated with Reactive
Blue-2 (mean A630nm 5 0.36 6 0.06, n 5 11, P . 0.1;
Student’s t-test), indicating that Reactive Blue-2 itself
does not promote cartilage formation. The antagonism
of cP2Y1-transfected cells by Reactive Blue-2 also dem-
onstrates that transfection with cP2Y1 is itself not toxic
to cells.

We have attempted to block cP2Y1 function in vivo by
injecting 100 mM Reactive Blue-2 into the limb bud. At
this dose, there was no obvious effect on limb develop-
ment. However, we found that injected Reactive
Blue-2, which was clearly visible in the limb immedi-
ately after injection was washed out within 1 hr. Given
that Reactive Blue-2 is a competitive antagonist of
cP2Y1, it can be inferred that cP2Y1 would be blocked
in vivo for a short time only. We found that at higher
concentrations Reactive Blue-2 was toxic to limb cells
(data not shown); therefore, we were unable to pursue
the use of Reactive Blue-2 in vivo.

DISCUSSION
Extracellular ATP Signalling in the Chick
Limb Bud

We have previously shown that cP2Y1, a G protein-
coupled receptor for extracellular ATP, is expressed in
the embryonic chick limb bud, where its expression is
strongest in the distal mesenchyme surrounding the
condensing cartilage elements, tendons, and joint spe-
cialisations. Here, we confirm that this expression gen-
erates functional receptors that can transduce extra-
cellular nucleotide signals and increase Ca21i.
Furthermore, we show that cells from the limb bud
mesenchyme both release the cP2Y1 ligand, ATP, and
have mechanisms to break it down. Finally, we show
that the cP2Y1 receptor is lost from cells in micromass
cultures as they condense to form chondrogenic aggre-
gates, and rescuing expression of cP2Y1 by transient
transfection inhibits the differentiation of these con-
densations. These results demonstrate that limb bud
mesenchyme cells have all the machinery to use extra-
cellular nucleotides as signalling molecules, and the in
vitro data together with the expression pattern suggest
that the loss of the cP2Y1 receptor may be an important
step in the differentiation of cells within the developing
limb.

We have chosen to study the effects of cP2Y1 on
cartilage differentiation as this is easily monitored in

TABLE 2. Calcium Responses in Limb Mesenchyme Cells Cultured for 24 Hours

Compound
Concentration

(mM)
Number of

cells measured
Cells

responding (%)
Mean fluorescence

ratio change SEM
ATP 100 77 9 0.08 0.007
2MeSATP 100 32 9 0.08 0.027
ADP 100 21 0 — —
UTP 100 22 0 — —

TABLE 3. Calcium Responses in Limb Mesenchyme Cells Transfected with pRCCMV-cP2Y1

Compound
Concentration

(mM)
Number of

cells measured
Cells

responding (%)
Mean fluorescence

ratio change SEM
ATP 100 72 64 0.44 0.04
2MeSATP 100 38 61 0.42 0.1
ADP 100 39 23 0.14 0.03
UTP 100 134 36 0.55 0.09

TABLE 4. Calcium Responses in Limb Mesenchyme Cells Transfected with Empty pRCCMV

Compound
Concentration

(mM)
Number of

cells measured
Cells

responding (%)
Mean fluorescence

ratio change SEM
ATP 100mM 52 19 0.15 0.06

TABLE 5. Calcium Responses in Limb Mesenchyme Cells Transfected with pRCCMV-cP2Y1 in the
Presence of 100 mM Reactive Blue-2

Compound Concentration
Number of

cells measured
Cells

responding (%)
Mean fluorescence

ratio change SEM
ATP 100mM 36 16 0.14 0.04
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micromass cultures. The signaling events important
for the initial commitment of mesenchymal cells to a
chondrogenic lineage are known to begin within the
first 24 hr of micromass culture. For example, the tran-
scription factor Sox9, which is required for cartilage

formation (Bi et al., 1999), is up-regulated as early as 2
hr after plating and its expression peaks between 20
and 65 hr of culture (Kulyk et al., 2000). The aggrega-
tion of mesenchyme into precartilage condensations
also begins within the first 24 hr of culture. Because

Fig. 5. A: Expression of cP2Y1 reduces the amount of cartilage
formed in limb micromass cultures. Cartilage nodules have been stained
with Alcian blue. In the top row, micromass cultures have been trans-
fected with pRCCMV-cP2Y1 and fixed 2, 4, and 6 days after transfection.
In the bottom row, cultures have been transfected with the control con-

struct (pRCCMV) and fixed 2, 4, and 6 days after transfection. B: The
number of cartilage nodules formed in micromass cultures 2 days after
transfection is drastically reduced in pRCCMV-cP2Y transfected cultures
(dark bar) compared with control transfected cultures (lighter bar). Error
bars show 6 SEM.
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our transfection protocol does not begin until 24 hr
after initial plating, we are unable to say whether the
cP2Y1 receptor inhibits these initial events but the
reduction in Alcian blue staining indicates that cP2Y1
expression can at least inhibit the differentiation steps
that lead to sulphated glycosaminoglycan production.

There is now considerable evidence suggesting a role
for P2Y receptor signaling in regulating changes in cell
differentiation and proliferation (reviewed in Abbrac-
chio, 1996; Neary and Burnstock, 1996), and the pos-
sibility that extracellular ATP signalling may be im-
portant during embryonic development has been
suggested following previous work by using adult tis-
sues, primary cells in culture and cell lines (e.g., Huang
et al., 1989; Ciccarelli et al., 1994; Neary et al.,
1994a,b). Physiologic and pharmacologic experiments
have demonstrated that the G protein-coupled P2Y
receptors are linked to signalling mechanisms that

have been implicated in mitogenesis and differentia-
tion, such as Ca21 mobilisation, polyphosphoinositide
metabolism, and protein phosphorylation (Dubyak and
El-Moatassim, 1993). For example, ATP has been
shown to activate mitogen activated protein (MAP) ki-
nases by means of P2Y1 and P2Y2 receptors in rat
astrocytes (Neary and Zhu, 1994). The MAP kinase
cascade is a key element of signal transduction path-
ways involved in cellular proliferation and differentia-
tion (Davis, 1993). In some systems, extracellular ATP
signalling has been shown to synergise with polypep-
tide growth factors such as epithelial growth factor
(EGF) and FGF (Huang et al., 1989; Neary et al.,
1994a). Therefore the role of cP2Y1 in the limb may
depend on the expression of various polypeptide growth
factors that are known to be important during limb
development.

Although we have studied the effects of cP2Y1 only
on cartilage differentiation, its expression pattern in
the limb suggests its potential role may be much
broader than this. Expression of cP2Y1 is down-regu-
lated in areas of joint and tendon formation as well as
cartilage development, and cP2Y1 is strongly expressed
in broad domains at early stages of limb development
before most cells have embarked on a differentiation
pathway. Together, these early and later expression
patterns could suggest that cP2Y1 plays a role in the
function of undifferentiated cells or in maintaining the
undifferentiated state. Furthermore, in addition to pre-
sumptive chondrocytes, micromass cultures also con-
tain a population of myoblasts that differentiate into
muscle cells. We have not monitored the effect of cP2Y1
transfection on this cell type, although the expression
pattern in the early limb bud suggests that there is at
least some overlap of cP2Y1 expression and the marker
of migrating myoblasts Pax3 (Amthor et al., 1998).

Fig. 6. Glycosaminoglycan (GAG) content of 6-day micromass cul-
tures are shown on the y axis, and experimental conditions are shown on
the x axis. GAG content of control (pRCCMV-transfected) cultures are
shown in the lighter bars, and GAG content of pRCCMV-cP2Y1-trans-
fected cultures are shown in the darker bars. Cartilage content in pRC-
CMV-cP2Y1-transfected cultures is reduced to 50% of control cultures.
Addition of ATP does not significantly alter this effect, but addition of the
P2Y receptor antagonist Reactive Blue-2, blocks the effect of cP2Y1

expression on cartilage formation without affecting the level of cartilage
formed in control cultures. Error bars show 6 SEM.

Fig. 7. ATP is produced by cells in limb micromass cultures. The
darker bar shows the concentration of ATP in a samples of phosphate
buffered saline (PBS) that have been incubated with cells for 4 hr (n 5 4).
The lighter bar shows the baseline luminometer reading obtained from
control samples of PBS that have not been incubated with cells (n 5 4).
Error bars show 6 SEM.

Fig. 8. ATP is broken down rapidly in limb micromass cultures. ATP
(10 mM) was added to micromass cultures, and the concentration of ATP
was measured over a 4-hr period (diamonds, solid line). ATP was also
measured in control medium in the absence of cells (triangles, dashed
line). The half-life of ATP in limb micromass cultures is approximately 1
hr, whereas in the absence of cells, only 10% of the ATP was broken
down over the 4-hr assay period. Note that the time axis is nonlinear. For
each time point, n 5 2, and error bars show 6 SEM.
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Additional P2 Receptor Subtypes Are Expressed
in the Developing Chick Limb

Our results demonstrate that purinergic signalling
by means of the cP2Y1 receptor can inhibit the differ-
entiation of limb mesenchyme cells at least under the
conditions of micromass culture. However, the role of
purinergic signalling in the intact embryonic limb re-
mains untested and could involve the participation of
other purinergic receptors whose expression has yet to
be described but are probably present. ATP and 2Me-
SATP are found to be potent agonists and ADP a weak
agonist in the recombinant cP2Y1 receptor expressed in
Xenopus oocytes and COS-7 cells (Webb et al., 1993;
Simon et al., 1995). However, although the pharmacol-
ogy of cultured limb cells transfected with cP2Y1
matches this agonist profile, the strong response we
observe to ADP in freshly dissociated limb cells does
not, and this is likely mediated by another P2Y recep-
tor subtype, that like cP2Y1 disappears from limb cells
when placed in culture. One possible function of this
ADP receptor may be to prolong or increase the re-
sponse initially elicited by ATP. ATP acting through
cP2Y1 would initiate a response, and then ADP (the
direct catabolite of ATP) may then initiate an addi-
tional response through a separate receptor. A surpris-
ing result was that UTP (which was found not to acti-
vate the recombinant cP2Y1 receptor expressed in
heterologous systems [Webb et al., 1993; Simon et al.,
1995]) was able to elicit responses in limb cells trans-
fected with cP2Y1. The ligand binding properties of
cP2Y1 could be different in limb cells and Xenopus
oocytes and COS-7 cells, but currently, there is no
evidence to suggest that the ligand binding properties
of this receptor family changes from cell to cell. Alter-
natively, a UTP receptor may be genetically down-
stream of cP2Y1, and by rescuing expression of cP2Y1,
expression of a UTP receptor is also subsequently res-
cued. In astrocytes, P2Y receptors have been shown to
regulate the formation of activator protein (AP-1) com-
plexes (Neary et al., 1996), which are transcriptional
regulators. Further studies are needed to establish
whether cP2Y1 or a separate receptor are responsible
for the UTP responses in limb cells. If the expression of
a UTP receptor is genetically downstream of cP2Y1,
this finding would raise the possibility that the effect of
cP2Y1 expression on cartilage formation may be an
indirect one.

ATP, the Ligand for cP2Y1 Is Produced by Limb
Mesenchyme Cells, and These Cells Have
Mechanisms to Breakdown Extracellular ATP

In addition to demonstrating that cP2Y1 expression
inhibits the formation of cartilage in micromass cul-
tures, we show that early limb cells in culture release
small amounts of extracellular ATP and have mecha-
nisms that effectively breakdown extracellular ATP.
The concentration of released ATP was very low (0.33
nM), but given that ATP is broken down by these cells,

and that cellular derived ATP is diluted in the culture
medium, it is plausible that in the microenvironment of
the cell, the concentration of cellular derived ATP is
high enough to activate transgenic or native cP2Y1.
That limb mesenchyme cells possess mechanisms for
breaking down extracellular ATP suggests that they
normally do release or are exposed to this nucleotide.
Our work has examined cells at a much earlier stage of
development than previous studies on chick embryo
chondrocytes. By using high-performance liquid chro-
matography, Hatori et al. (1995) have shown that chon-
drocytes taken from embryonic day 19 chick embryos
also secrete significant quantities of adenine nucleo-
tides into the culture medium. Their study showed that
concentrations of 400–800 nM ADP were detectable in
chondrocyte conditioned medium but that ATP was
detected at much lower concentrations. However, 70%
of exogenously added ATP was degraded within 15 min
in chondrocyte cultures, whereas the rate of ADP
breakdown by these cells was found to be considerably
slower, with a half-life of 2–3 hr. Together with our
data, this finding suggests that extracellular nucleo-
tides are used as extracellular signalling molecules
over a considerable period of chick embryonic develop-
ment. We are unable to identify which particular cell
types release ATP in our limb mesenchyme cultures,
which will contain a variety of cell types (e.g., presump-
tive cartilage and muscle) as well as undifferentiated
cells.

Addition of Reactive Blue-2 to Transfected
Cultures Blocks the Effect of cP2Y1 Expression
on Cartilage Formation

We demonstrate that Reactive Blue-2 can reverse
the inhibition of cartilage formation by cP2Y1 in vitro
and that Reactive Blue-2 at a concentration of 100 mM
was effective at blocking the Ca21i response of cP2Y1
transfected cells to 100 mM ATP. Reactive Blue-2 is,
however, a general antagonist for P2Y receptors and
not specific for cP2Y1. It is also possible that Reactive
Blue-2 interacts with cellular mechanisms unrelated to
P2 receptor signaling as it has the potential to bind to
other molecules with an ATP binding site and has, for
example, been used as an affinity reagent in chroma-
tography studies for the purification of enzymes that
use nucleotides as substrates or cofactors. Although it
is, thus, possible that the effect of Reactive Blue-2 on
cartilage differentiation could be a result of action not
related to cP2Y1 antagonism, we believe this is not the
case for several reasons. First, we have shown that
within 24 hr of culturing, the Ca21i responses of limb
mesenchyme cells to the P2Y receptor agonists, ATP,
ADP, and UTP were all lost, thus, suggesting that all
P2Y receptors are lost. It is unlikely, therefore, that in
cP2Y1-transfected cultures, Reactive Blue-2 exerts its
effect on cartilage formation by blocking other P2Y
receptor subtypes. Second, Reactive Blue-2 does not
alter the differentiation of cartilage in control cultures
that do not express cP2Y1, suggesting that Reactive
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Blue-2 itself does not promote cartilage formation. Re-
active Blue-2–treated cultures also appeared morpho-
logically indistinct from untreated cultures. Together,
these observations suggest that Reactive Blue-2 only
exerts its effects in our cultures by means of the cP2Y1
receptor.

In conclusion, we have shown that a receptor for
extracellular ATP, cP2Y1, is expressed in a prolonged
and dynamic manner during limb development. cP2Y1
is preferentially expressed in undifferentiated cells and
we have shown that expression of this receptor in vitro
can inhibit the differentiation of cartilage from limb
bud mesenchyme. These results suggest that puriner-
gic signalling through the cP2Y1 receptor could play a
significant role in the regulation of cell differentiation
in the developing limb bud.

EXPERIMENTAL PROCEDURES
Embryos

Eggs were obtained from Needle Farm, Essex, UK,
incubated at 37°C and staged according to the Ham-
burger and Hamilton (HH) series (Hamburger and
Hamilton, 1951).

Generation of Riboprobes and Whole-Mount In
Situ Hybridization

A 1.4-kb cP2Y1 cDNA fragment was subcloned into
the HindIII site of pRCCMV (Invitrogen) to generate
the construct pRCCMV-cP2Y1. Generation of ribo-
probes and in situ hybridisation was carried out as
described in Meyer et al., 1999.

Cell Culture

Chick wing buds from stage 20–22 embryos were
dissected in sterile Howard’s Ringer’s solution. Wings
buds were then briefly rinsed in Dulbecco’s modified
Eagle’s medium (DMEM) followed by Hank’s balanced
salt solution (HBSS) (both from Gibco), before the ec-
toderm was removed by incubating in 0.5% trypsin
(Gibco) for 1 hr on ice. For monitoring intracellular
calcium, cells were thoroughly dissociated by tritura-
tion before plating 100-ml drops at 3 3 106 cells/ml on
22-mm diameter acid cleaned glass coverslips in
DMEM 1 10% fetal bovine serum (FBS) 1 1% antibi-
otic/antimicotic solution (all from Gibco). Cells were
then flooded with 1 ml of the above culture medium and
cultured for 1 hr at 37°C in a 5% CO2 incubator.

Micromass cultures were set up as described above,
with the following modifications: cells were plated in
80-ml spots in 4-well tissue culture plates, and trans-
fection was carried out by using the transfection re-
agent Fugene 6 as described below. ATP (Boehringer)
was added to cultures at a final concentration of 100
mM after the 8-hr transfection period and every 24 hr
thereafter. Reactive Blue-2 (Sigma) was prepared in
distilled water and filter sterilized before adding to
cultures at a final concentration of 100 mM immedi-
ately after transfection.

Monitoring Intracellular Calcium

After 1 hr of culture, cells were loaded with Fura-Red
(Molecular Probes) by using the -AM form of the dye, at
a final concentration of 5 mM in HEPES buffered
DMEM 1 250 mM sulfinpyrazone (ICN), for 1 hr at
room temperature. Fura red-AM was made up as 2 mM
stocks in dimethyl sulfoxide (DMSO) plus 5% pluronic
F127 (Molecular Probes). Inclusion of the anion ex-
change inhibitor, sulfinpyrazone, in the loading me-
dium prevents compartmentalization and extrusion of
the dye (Di Virgilio et al., 1990). The coverslips were
transferred to a 37°C recording chamber containing
HEPES buffered DMEM. Single cells or small groups of
cells were selected for each experiment. Test com-
pounds (ATP, ADP, AMP, adenosine, UTP, all from
Boehringer Mannheim, and 2MeSATP from RBI) were
then added directly to the recording chamber. Reactive
Blue-2 was purchased from Sigma. Fluorescence from
Fura Red–loaded cells was measured using epifluores-
cence and a Newcastle Photometrics Multipoint Sys-
tem (Newcastle upon Tyne, UK). This system can mon-
itor fluorescence from up to 16 cells simultaneously by
using a CCD camera. Fluorescence from Fura Red is
plotted as an excitation ratio at 440 nm/490 nm (Kure-
bayashi et al., 1993).

RNase Protection

Total RNA was isolated from freshly dissected stage
20–22 limb buds, and from 24-hr limb mesenchyme
cultures by using the RNeasy total RNA isolation kit
(Qaigen). The cultures were prepared as described
above, and cells were harvested after 24 hr by treat-
ment with 0.5% trypsin solution (Gibco). RNase protec-
tion assays were performed by using the Ambion RPA
II kit according to the manufacturer’s instructions.
Samples were analyzed with an antisense cP2Y1 probe,
and a GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) (Panabieres et al., 1984) antisense probe was
used as a loading control. Control hybridizations with
tRNA were always negative and are not shown in the
figures.

Transfection

Cultures were set up as described above and were
left for 24 hr before transfecting. The plasmid construct
pRCCMV-cP2Y1 was transfected into limb mesen-
chyme cells by using Fugene 6 (Roche Biochemicals), a
lipid (nonliposomal) -based transfection reagent, ac-
cording to the manufacturers instructions. Briefly, 5 ml
of Fugene 6 was added to 95 ml of serum-free DMEM in
a sterile 0.5-ml Eppendorf tube and left to incubate for
5 min at room temperature. This was then added drop-
wise to 2 ml of 1 mg/ml plasmid DNA in a second Ep-
pendorf tube. DNA-Fugene 6 complexes were then al-
lowed to form at room temperature for 20 min. This
mixture was added dropwise to the limb mesenchyme
cultures, which were then incubated for a further 8 hr
at 37°C, 5% CO2. Cultures were then washed with
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fresh DMEM 1 10% FBS 1 1% antibiotic/antimicotic
solution and left for 1–3 days before assaying for Ca21i

responses to 100 mM ATP, ADP, 2MeSATP, and UTP.
These were found to be the optimal transfection condi-
tions (as assayed by the percentage of cells generating
a Ca21i response to 100 mM ATP). Some cultures were
also transfected with empty vector (pRCCMV without
the cP2Y1 cDNA insert) as a negative control. Dye
loading and monitoring [Ca21i] in control (pRCCMV)
and pRCCMV-cP2Y1 transfected cultures were carried
out as described above.

Alcian Blue Staining of Micromass Cultures and
GAG Assay

Cartilage was visualized in micromass cultures by
staining with Alcian blue, and production of sulphated
glycosaminoglycans (GAGs) in micromass cultures was
determined by extracting the bound dye and measur-
ing the optical density of the resulting solution (Fran-
cis-West et al., 1999). Briefly, cultures were fixed in 4%
paraformaldehyde in PBS, washed in PBS, and stained
overnight with 1% Alcian blue in 0.1M HCl. Cultures
were then washed in running tap water, and unbound
Alcian blue was extracted by exhaustive washing in 1%
acetic acid in 70% ethanol. Bound Alcian blue was then
extracted with 1 ml 4M guanidine hydrochloride in
33% isopropanol overnight. The optical density of the
supernatant was read on a spectrophotometer at
A630nm.

ATP Assay

Limb mesenchyme cultures were set up as de-
scribed above, with the following modifications. For
the ATP breakdown assay, 1.2 3 107 cells were
plated in 400-ml spots in 6-well tissue culture plates.
Cells were left to settle for 1 hr before flooding with
2 ml of medium (DMEM 1 10% FBS 1 1% antibiotic/
antimicotic). Cultures were left for 3 days before
washing in tissue culture grade PBS (Sigma). Cells
were then incubated in 2 ml of fresh PBS for 10 min
before addition of ATP to a final concentration of 10
mM. Samples of 60 ml were taken and frozen 2, 5, 10,
30, 60, 120, and 240 minutes after the initial addi-
tion of ATP. Control experiments to assay ATP
breakdown in the absence of cells were run in paral-
lel. For these, ATP at a final concentration of 10 mM
was added to 2 ml of PBS in tissue culture plates and
incubated under identical conditions to the above
cultures. Samples of 60 ml were again taken at the
same time intervals. To measure ATP production by
cells in micromass cultures, micromass cultures were
set up in 4-well plates as described in a previous
section. Cultures were left for 3 days before washing
and incubating for 4 hr in PBS. Samples of 100 ml
were removed and spun at 2,000 rpm for 10 min to
pellet any cells that may contaminate the samples.
Samples of supernatant (60 ml) were carefully re-
moved and assayed for ATP content. The concentra-
tion of ATP in each sample was measured using an

ATP-monitoring reagent (Luciferin-luciferase) (Bio
Orbit), and a LUCY1 luminometer (Anthos Labtech)
(for detailed protocol see Bodin and Burnstock,
1996).
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