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Abstract Nucleotides are of crucial importance as carri-

ers of energy in all organisms. However, the concept that in

addition to their intracellular roles, nucleotides act as

extracellular ligands specifically on receptors of the plasma

membrane took longer to be accepted. Purinergic signaling

exerted by purines and pyrimidines, principally ATP and

adenosine, occurs throughout embryologic development in

a wide variety of organisms, including amphibians, birds,

and mammals. Cellular signaling, mediated by ATP, is

present in development at very early stages, e.g., gastru-

lation of Xenopus and germ layer definition of chick

embryo cells. Purinergic receptor expression and functions

have been studied in the development of many organs,

including the heart, eye, skeletal muscle and the nervous

system. In vitro studies with stem cells revealed that

purinergic receptors are involved in the processes of pro-

liferation, differentiation, and phenotype determination of

differentiated cells. Thus, nucleotides are able to induce

various intracellular signaling pathways via crosstalk with

other bioactive molecules acting on growth factor and

neurotransmitter receptors. Since normal development is

disturbed by dysfunction of purinergic signaling in animal

models, further studies are needed to elucidate the func-

tions of purinoceptor subtypes in developmental processes.
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Embryonic development

Most early studies of the roles of nucleotides in develop-

ment have been discussed in terms of their intracellular

roles and as a source of energy. However, since it is now

generally accepted that purines and pyrimidines have

potent extracellular actions mediated by the activation of

specific membrane receptors (see [1]), many of these pre-

vious studies can now be reinterpreted. ATP and adenosine

play key roles from the very beginning of life. Extracellular

ATP promotes a rapid increase in Na? permeability of the

fertilized egg membrane through the activation of a specific

ATP receptor [2]. Mg2?-ATPase activity has been local-

ized on the entire surface of unfertilized eggs and in pre-

and post-implantation embryos [3, 4]. Together with the

demonstration that ATP-activated spermatozoa show very

high success rates in fertilization tests [5], this strongly

suggests that ATP is a key sperm-to-egg signal in the

process of fertilization.

In this article, the extracellular roles of purines and

pyrimidines will be considered as signaling molecules in

embryological development in a wide variety of systems

in amphibians, birds and mammals, including humans.

Readers are referred to reviews of the earlier literature

about the involvement of purinergic signaling in

embryonic development [1, 6] and very good reviews

specifically about the development of the nervous system

[7, 8].
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Early embryos

Frog embryos

The nicotinic channels in myotomal muscle cells cultured

from Xenopus embryos at stages 19–22 were shown to be

opened by micromolar concentrations of exogenous ATP

[9], following the earlier demonstration that ATP increases

the sensitivity of receptors in adult frog skeletal muscles

without increasing the affinity of acetylcholine (ACh) for

the receptor or acetylcholinesterase [10]. Since then, there

have been a number of studies of the actions of ATP in

developing Xenopus neuromuscular synapses (see [11]).

Extracellular applications of ATP to developing Xenopus

neuromuscular synapses in culture potentiate ACh

responses of developing muscle cells during the early

phase of synaptogenesis [12–14]. The possibility that

extracellular ATP coreleased with ACh, may serve as a

positive trophic factor at developing neuromuscular syn-

apses has also been raised [11, 12]. It is further suggested

that calcitonin gene-related peptide (CGRP) and ATP

coreleased with ACh from the nerve terminal may act

together to potentiate postsynaptic ACh channel activity

during the early phase of synaptogenesis [15]; it is claimed

that CGRP actions are mediated by cyclic adenosine

monophosphate- (cAMP)-dependent protein kinase A,

while ATP exerts its effects via protein kinase. In the most

recent report from this group [16], they present results that

suggest that endogenously released ATP, acting in concert

with various protein kinases, is involved in the mainte-

nance and/or development of the quantum size of synaptic

vesicles at embryonic neuromuscular synapses.

A novel P2Y purinoceptor (X1P2Y or P2Y8) was cloned

and sequenced that is expressed (as seen by Northern blots

and in situ hybridization) in the neural plate of Xenopus

embryos from stages 13–18 and again at stage 28 when

secondary neurulation occurs in the tail bud [17]. It differs

from other members of the P2Y purinoceptor family in that

it has an intracellular C terminus with 216 amino acid

residues (compared to 16–67 in P2Y1–8). When expressed

as a recombinant receptor in Xenopus oocytes, it shows

equipotent responses to the triphosphates ATP, UTP, ITP,

CTP, and GTP and smaller responses to diphosphates and

tetraphosphates, but is not responsive to inorganic phos-

phates. Responses to activation of the X1P2Y receptor

have a long duration (40–60 min). These data suggest that

this novel P2Y receptor may be involved in the early for-

mation of the nervous system.

Suramin and Trypan blue, both substances that are

known to be antagonists at P2 receptors (see [18]), as well

as having other actions, have been shown to interfere with

gastrulation [19]. If injected early when the dorsal lip is

first invaginating, the Xenopus embryo develops no head or

trunk and sometimes no tail; somites and notocord are also

missing. If they are injected midway in gastrulation,

embryos develop without heads, but with trunks and tails,

while if injected at the end of gastrulation, the embryo is

completely unaffected.

Regulation of rhythmic movements by purinergic

transmitters in frog embryos has been described [20]. It

was shown that ATP is released during swimming that

activates P2Y receptors to reduce voltage-gated K? cur-

rents and cause an increase in the excitability of the spinal

motor circuits. It was also shown that adenosine, resulting

from the breakdown of ATP, acts on P1 receptors to reduce

the voltage-gated Ca2? currents to lower excitability of the

motor circuits thereby opposing the actions of ATP [21].

The authors suggest that a gradually changing balance

between ATP and adenosine underlies the run-down of the

motor pattern for swimming in Xenopus. In a later study,

Dale [22] presented evidence to suggest that delayed pro-

duction of adenosine underlies temporal modulation of

swimming in the frog embryo and is likely to result from

feed-forward inhibition of the 50-ectonucleotidase in the

spinal cord. A Xenopus homologue of apyrase has been

identified during early development [23].

Chick embryos

Together with muscarinic cholinergic receptors, extracel-

lular receptors to ATP were shown to be the first

functionally active membrane receptors in chick embryo

cells at the time of germ layer formation [24]. It was also

shown that in gastrulating chick embryo, ATP caused rapid

accumulation of inositol trisphosphate (IP3) and Ca2?

mobilization in a similar way and to the same extent as

ACh, whereas other neuroendocrine substances such as

insulin and noradrenaline (NA) had much weaker effects.

This suggests that, alongside ACh, other phylogenetically

old and universal regulators of cell metabolism such as

ATP (and perhaps nitric oxide) might play a leading role in

the functional regulation of gastrulation via the activation

of specific receptors triggering Ca2? mobilization.

ATP has been shown to induce precocious evagination

of the embryonic chick thyroid, an event which has been

hypothesized to be involved in the formation of the thyroid

gland from the thyroid primordium [25]. The requirement

for ATP was very precise, since it could not be replaced by

pyrophosphate, AMP, or ADP nor by GTP, suggesting a

high degree of specificity of the ATP-induced effect.

ATP acts on embryonic and developing cells of both

nervous and non-nervous systems by increasing intracel-

lular Ca2? concentrations. Release of Ca2? from

intracellular stores is evoked in the otocyst epithelium of

the early embryonic chick, incubated for 3 days (stage

18–19) [26] (Fig. 1), in developing chick myotubes [27]
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and in dissociated cells from whole early embryonic chicks

[24, 28].

In a study, the expression of the G protein-coupled P2Y1

receptor during embryonic development of the chick was

described [29]. During the first 10 days of embryonic

development, the P2Y1 receptor is expressed in a devel-

opmentally regulated manner in the limb buds,

mesonephros, brain, somites, and facial primordia (Fig. 2),

suggesting that there may be a role for ATP and P2Y1

receptors in the development of these systems.

Adenosine has been implicated in growth regulation of

the vascular system in the chick embryo [30], in common

with a similar role claimed for experimental angiogenesis

in the chorio-allantoic membrane [31–33].

Mammalian embryos

Puff-applied ATP has been shown to have two main effects

on a mouse mesodermal stem cell line: an increase in

intracellular Ca2? concentrations and a subsequent hyper-

polarization due to Ca2?-activated K? conductance [34]

(Fig. 3). The author speculates that the transient increase in

intracellular Ca2? may influence mesodermal cell differ-

entiation, particularly in relation to muscle differentiation.

In a later paper [35], two myoblastic cell lines, one from

rat, the other from mouse, showed similar properties to

those of the myogenic clonal cells derived from the mouse

mesodermal stem cell line described above.

ATP and ADP have been shown to enhance, reduce, or

have no effect (depending on the dose used) on the inci-

dence of Trypan blue-induced teratogenic malformations in

the rat fetus at day 20 [36]. Concomitant administration of

ATP and cortisone in mice either decrease the teratogenic

effect of cortisone (50 lg ATP) or enhance its teratogenic

effect ([100 lg ATP) [37]. Mouse heads of embryos from

14 to 24 pairs of body somites exposed to an ATP-con-

taining medium have been demonstrated to undergo rapid

epithelial thickening and invagination, a process that

appears to take part in the shaping of nasal pits and

formation of primary palate [38]. The trophoblast appears

at the blastocyst stage of embryogenesis and contributes to

placentation. ATP increases [Ca2?]i via a P2Y receptor in

proliferating bovine trophobast cells [39].

Besides ATP, a number of reports implicate adenosine

as one of the endogenous effectors that can selectively

modulate cell growth during embryonic development. For

example, adenosine is shown to potentiate the delaying

effect of dibutyryl cAMP (a membrane-permeable ana-

logue of cAMP) on meiosis resumption in denuded mouse

oocytes [40]. The role of adenosine has been particularly

well characterized in the morphogenetic outgrowth of

vertebrate limb buds [41]. Embryonic limb development in

the mouse is driven by rapid mesenchymal cell prolifera-

tion induced by trophic substances secreted by the apical

ectodermal ridge. This interaction can be restricted exper-

imentally by pharmacological agents that elevate

intracellular cAMP levels, or physiologically by the onset

of ‘‘programmed cell death’’ triggered by naturally occur-

ring negative regulators of growth. Mutations that affect

the pattern of limb/bud outgrowth provide invaluable

experimental means to investigate these growth-regulatory

processes. Knudsen and Elmer [41] studied the regulation

of polydactylous outgrowth (an expression of the

Hemimelia-extra toe (HmX/?) mutant phenotype) in hind-

limb buds explanted into a serum-free in vitro system at

stage 18 of gestation. Its expression was promoted by

exposure to exogenous adenosine-deaminase, the enzyme

that catalyzes the inactivation of endogenous adenosine,

and conversely suppressed by co-exposure to hydrolysis-

resistant adenosine analogues. Adenosine-induced effects

were mediated by activation of specific extracellular

receptors, since the P1 receptor antagonist, caffeine,

could completely prevent suppression of polydactylous

outgrowth. Measurement of both adenosine and adeno-

sine deaminase levels in embryonal plasma and whole

embryos argued against an endocrine mechanism of

adenosine secretion, in favor of an autocrine (self-regu-

latory) or paracrine (proximate-regulatory) mechanism.

These results suggest that the in vitro outgrowth of the

Fig. 1 Interaction between acetylcholine (ACh) and ATP recorded in

an otocyst from chick embryo. a The response to 10 lM acetylcho-

line. b The response to 100 lM ATP. c The response to the

co-application of 10 lM acetylcholine and 100 lM ATP. The records

in a–c were taken in this order at 5-min intervals. The bath solutions

contained 25 mM Ca2? (reproduced form [26] with permission from

John Wiley and Sons Ltd.)
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prospective polydactylous region is induced upon escape

from the local growth-inhibitory influence of extracellular

adenosine.

Micromolar concentrations of adenosine, inosine, and

hypoxanthine (but not guanosine) block the second or third

cleavage of mouse embryos developing in vitro [42].

Zygotes or early two-cell embryos, cultured in a purine-

containing medium for 24 h, resume development follow-

ing transfer to purine-free conditions. The precise

mechanism of the purine-sensitive process is not known,

but embryos conceived in vivo are sensitive until approx-

imately 28–30 h after fertilization and are no longer

sensitive by 34 h [43]. However, a later study by this group

has shown that the purine-induced block can be reversed by

compounds that elevate cAMP [44]. Changes in expression

of adenosine deaminase have been described in lymphoid

tissues of rat embryos [45]. In the thymus, cortical lym-

phocytes begin to express significant amounts of the

enzyme at 17 days of gestation; in the spleen and lymph

node, adenosine deaminase was initially detected in T cell

areas, but not primary follicles; in the duodenum, epithelial

cells of villi and the neck of crypts showed positive

staining; in the cartilage of 15-day fetuses, positive staining

was seen in perinchondrial and hypertrophic cells; while

Kupffer cells in the liver and vascular endothelial cells

showed positive staining for adenosine deaminase at every

autogenetic stage studied. In mouse embryonic develop-

ment adenosine deaminase increased 74-fold between days

7 and 9; deoxyadenosine kinase increased 5.4-fold during

the same period; adenosine kinase, deoxyguanosine kinase

and purine nucleoside phosphorylase exhibited less than

twofold changes in activity between days 7 and 13 [46].

The authors concluded that while phosphorylation of

adenosine was the principal route of metabolism up to day

9, after there is a switch to deamination. The possible role

of ectoadenosine deaminase in the development of the

nervous system and the neurological abnormalities that

occur in adenosine deaminase-deficient patients is discussed

in a review by Franco et al. [47].

Human embryos

A few studies have been made of receptors to purines and

pyrimidines in human embryos. Human embryonic kidney

cells (HEK293) endogenously express P2Y1 and P2Y2

receptors [48]. These embryonic cells have also been

shown to express an endogenous A2B adenosine receptor

[49]. ATP and adenosine-50-O-3-thiotriphosphate (ATPcS)

were shown to stimulate DNA synthesis in human fetal

astrocyte cultures [50]. In addition, ATP stimulated a

Fig. 2 Expression of P2Y1 receptors during embryonic development

of the chick as visualized by whole-mount in situ hybridization.

Stages of development are shown in bottom right corner. a Ventral

view of stage 20 embryo showing P2Y1 expression in mesonephros

and limb buds (scale bar 200 lm). b Lateral view of the chick somite

at stage 21 showing P2Y1 expression in the anterior region. The dark
area in the head region is due to an artefact of photography (scale bar
200 lm). c Dorsal view of stage 36 brain (anterior to the left),

showing increased levels of expression in telecephlon (tel), dorsal

diencephlon and posterior midbrain. Mes mesencephalon, cb cere-

bellum (scale bar 1 mm). d An anterior-uppermost view of a leg at

embryonic stage 33. Expression of P2Y1 is seen in the digits, but not

in areas of joint formation. The same expression pattern is also seen in

the wing (scale bar 100 lm) (reproduced from [29] with permission

from Wiley-Liss, Inc.)
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mitogen-activated protein kinase (MAPK) termed ERK

(extracellular signal-regulated protein), a key component of

signal transduction pathways involved in cellular prolifer-

ation and differentiation. The activation of MAPK was

mediated, at least in part, by P2 receptors since suramin

produced 50% block.

There has been a study of plasma ATP levels in the fetus

at the time of obstetrical delivery, with samples being

collected immediately after clamping of the cord [51]. The

results showed that the plasma ATP was significantly

higher in arterial compared to venous or maternal venous

blood. It was suggested therefore that the ATP in arterial

blood was of fetal origin and that the levels decrease in

response to stress during vaginal delivery and correlate

with the oxygen supplied from the placenta.

In a study of human fibroblasts, differential sensitivity

to adenosine was demonstrated in donors of different ages

[52]. Fetal fibroblasts were the most sensitive to adeno-

sine, which produced inhibition of growth and RNA

synthesis; in contrast, fibroblasts taken from 4-year-old

donors showed growth stimulation to adenosine. Activa-

tion of A2 receptors by adenosine stimulates L-arginine

transport and nitric oxide synthase in human fetal endo-

thelial cells [53].

Fig. 3 K? responses to ATP

analogues of a mouse

mesodermal cell line. Each of

the two traces was obtained

from the same cell (a–e). The

responses induced by ATP (left
traces) and ATP analogues

(right traces) are shown. The

names of the analogues are

shown near the traces. Each

drug was applied at 20 lM, and

the holding potentials were

0 mV (reproduced from [34]

with permission from John

Wiley and Sons)
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Cardiovascular system

Heart

Studies of the development of pharmacological sensitivity

to adenosine analogues in embryonic chick heart [54, 55]

show that pharmacological sensitivity to A1 receptor ago-

nists begins at embryonic day 7 and then increases

continuously to day 12, when the atria became fully

responsive. Ligand binding shows that A1 receptors are

present at days 5 and 6, but are not responsive to adenosine,

and the author concluded that the development of sensi-

tivity to A1 adenosine receptor-mediated negative

chronotropic responses was not paralleled by develop-

mental changes in adenosine inhibition of adenylyl cyclase,

or by the development of sympathetic and parasympathetic

innervation. Chronic exposure of the embryonic chick heart

(15–17 days old) to R-N6-2-phenylisopropyladenosine

(R-PIA) produces down-regulation of A1 adenosine recep-

tors and desensitization of the negative inotropic response to

adenosine [56]. A study of ventricular cells cultured from

chick embryos 14 days in ovo showed that a functional A2A

receptor is expressed and mediates augmentation of myocyte

contractility [57]. The A2A receptor coexists with an A2B

receptor, although it has 50-fold higher affinity, and the

authors suggest that high affinity A2A receptors play an

important modulatory role in the presence of low levels of

adenosine, while the low affinity A2B receptor becomes

functionally important when the adenosine level is high.

In fetal sheep, centrally administered adenosine influ-

ences cardiac function [58]. The ontogeny of A1 adenosine

receptors was studied in rats with binding assays using

[3H]1,3-dipropyl-8-cyclopentylxanthine (DPCPX), an A1

antagonist, and by in situ hybridization of mRNA [59]. In a

later study of mouse embryo cardiac function [60], aden-

osine, via A1 receptors, was shown to potently regulate

heart rate via multiple effector systems at very early stages

of prenatal development (9–12 days post-conception). At

gestational days 8–11, mRNA expression for A1 receptors

was detected in the atrium (one of the earliest G protein-

coupled receptor genes to be expressed in the heart), but

not in other fetal structures, while at gestational day 14, A1

mRNA was present in the CNS (thalamus, ventral horn of

spinal cord), as well as the atrium; by gestational age 17,

patterns of A1 receptor expression in the brain were similar

to those observed in adults [61, 62]. Determination of A1

receptor density in developing rat heart using [3H]DPCPX,

showed that functional A1 receptors are present in greater

numbers in the immature perinatal heart than in the adult

heart [63].

Intravenous infusion of adenosine analogues into

fetal lambs produced dose-dependent bradycardia and

hypotension [64–66]. In contrast, in the newborn,

50-N-ethylcarboxamidoadenosine produced dose-dependent

tachycardia, while R-PIA and cyclohexyladenosine pro-

duced dose-dependent bradycardia. Although adenosine

causes cardiovascular changes in pregnant ewes, the effects

are well tolerated and do not significantly affect the

cardiorespiratory status of the fetus [67].

P2 receptors are widely expressed in human fetal heart

[68]. Sequence analysis demonstrated P2X1, P2X3, and

P2X4 receptor subtypes, as well as P2Y2, P2Y4, and P2Y6

receptors were present. It has been claimed that a new

subunit of the P2X receptor family had been isolated from

cardiomyocytes and brain from 14-day-old chick embryos;

the primary sequence shares 75% identity with the rat and

human P2X4 receptor, suggesting that the cDNA isolated

may be the corresponding chick isoform and the pharma-

cological properties of the receptor expressed in Xenopus

oocytes was consistent with this view [69].

Skeletal muscle and neuromuscular junction

A transmitter-like action of ATP on patched membranes of

myoblasts and myotubes cultured from 12-day-old chicken

embryos was first demonstrated by Kolb and Wakelam [70].

Using biochemical methods, ATP-induced cation influx was

later demonstrated in myotubes prepared from 11-day-old

chick embryos and shown to be additive to cholinergic ago-

nist action [71]. Later papers from this group claimed that the

myotube P2 purinoceptor triggers phosphoinositide turnover

[27, 72] and alters Ca2? influx through dihydropyridine-

sensitive channels [73]. ATP has a potent depolarizing action

on myotubes derived from pectoral muscle cultured from

11-day-old chick embryos [74] and its physiological and

pharmacological properties have been described in a series of

papers [75–78]. The myotube P2 purinoceptor is not activated

by ADP, AMP, adenosine, or the non-hydrolyzable ATP

analogues a,b-methylene ATP (a,b-meATP) or b,c-methy-

lene ATP [74]. A single class of ATP-activated ion channel

conducts both cations and anions in the myotube [76] and the

P2 purinoceptors involved showed marked desensitization

[77]. The sensitivity of extracellular ATP has been tested at

various stages of development of different muscles [79]. At

embryonic day 6 (stage 30 of Hamburger and Hamilton [80])

ATP (50–100 lM) elicits vigorous contractions in all the

muscles tested, but by embryonic day 17 (stage 43) none of

the muscles contract in response to ATP (Fig. 4). However,

denervation of muscles in newly hatched chicks leads to the

reappearance of sensitivity to ATP, suggesting that the

expression of ATP receptors is regulated by motor neurons.

An immunohistochemical study of the distribution of 50-
nucleotidase during the development of chick striated muscle

shows that the adult exhibits a more restricted distribution

compared to the embryo [81]. An orthologue of the
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mammalian P2X1 receptor has been identified in embryonic

chicken skeletal muscle, perhaps forming heteromultimers

with P2X4 and P2X5 receptor subunits [82]. P2X5 and P2X6

receptors were identified in developing chick skeletal muscles

[29, 83].

Purinoceptors have been characterized in mouse C2C12

myotubes [84–87]. Adenosine-sensitive P1 receptors acti-

vating cAMP formation were identified and a P2

purinoceptor was also postulated, sensitive to ATP, ADP,

and ATPcS. The P2 receptor was also sensitive to UTP, but

not a,b-meATP, 2-methylthio ATP (2-MeSATP), GTP or

CTP, thus resembling the P2Y2 (or P2Y4) purinoceptor

identified in mammals. The response to ATP and UTP was

biphasic, a transient hyperpolarization being followed by a

slowly declining depolarization; the hyperpolarization was

blocked by apamin and suramin and abolished under

Ca2?-free conditions. Occupation of the receptor by ATP

or UTP led to formation of IP3 and release of Ca2? from

internal stores, as well as from the extracellular space. The

responses to ATP of myotubes prepared from E18 mouse

embryos from normal and mutant mdg/mdg mice with

muscular dysgenesis were studied by Tassin et al. [88].

Using Fura-2 as a probe, they showed that many of the

mdg/mdg myotube preparations showed little or no

increase in cytoplasmic Ca2? levels.

Functional studies have been described, which are

consistent with the presence of P2X receptors in freshly

isolated skeletal muscle cells from prenatal mice [89]. ATP

released at the neuromuscular junction is involved in reg-

ulation of skeletal muscle development and proliferation.

P2Y1 receptors appear to modulate muscle development

via dual signaling mechanisms i.e., IP3 receptor-modulated

Ca2? transients and Ca2?-insensitive phosphorylation of

ERK1/2 [90]. Transient changes in responsiveness to ATP

[79] and in P2 receptor expression have been described in

developing skeletal muscle [29, 91, 92]. In particular,

P2X5, P2X6, and P2X2 receptors were expressed in a

sequential manner. P2X5 and P2X6 receptors appear to be

associated in the development of the myotube, while P2X2

and P2Y1 receptors appear to be involved in the formation

of the skeletal neuromuscular junction [92–95].

There have been a number of studies of the actions of

ATP in developing Xenopus neuromuscular synapses by Fu

and colleagues [11, 16]. Extracellular applications of ATP

to developing Xenopus neuromuscular synapses in culture

potentiate ACh responses of developing muscle cells dur-

ing the early phase of synaptogenesis. The possibility that

extracellular ATP, coreleased with ACh, may serve as a

positive trophic factor at developing neuromuscular syn-

apses was also raised. It was further suggested that CGRP

and ATP coreleased with ACh from the nerve terminal may

act together to potentiate postsynaptic ACh channel

activity during the early phase of synaptogenesis. CGRP

actions are mediated by cAMP-dependent protein kinase A,

while ATP exerts its effects via protein kinase C (PKC). It

was suggested that endogenously released ATP, acting in

concert with various protein kinases, is involved in the

maintenance and/or development of the quantum size of

synaptic vesicles at embryonic neuromuscular synapses.

Central nervous system

Radioligand-binding studies provided early information

about the development of A1 receptors in guinea-pig and

rat brain, in particular the forebrain and cerebellum [96–

98]. In guinea-pig forebrain, it appears that A1 receptors

are present from embryonic day 19, with adult binding

Fig. 4 Location of the muscles

of the chick embryo that were

responsive to ATP. Three chick

embryos from stages 35–37

were killed, and each muscle

was identified and tested in at

least two of the three embryos.

All muscles tested in embryos

of these ages contracted in

response to ATP. By embryo

day 17 (stage 43), none of the

muscles contracted in response

to ATP (reproduced from [79]

with permission from Wiley-

Liss, Inc.)
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levels achieved about 25 days postpartum. In guinea-pig

cerebellum, however, A1 receptor binding is low until just

prior to birth, when a dramatic increase in binding is

observed, which then continues to increase up to adult-

hood. A similar development is seen in rat forebrain and

cerebellum with A1 receptor binding changing very grad-

ually in the forebrain, whereas binding in the cerebellum

increases markedly after birth [99, 100]. The developmental

appearance of A1 receptor gene expression was examined in

rats by in situ hybridization [101]. Expression of A1 receptor

mRNA in brain was first detected on gestation day 14, and

was restricted to portions of neuroepithelium caudate puta-

men, piriform cortex, hypoglossal nucleus, and ventral horn

of spinal cord; by gestational age 17 patterns of A1 receptor

expression in the brain were similar to those observed in

adults. The ontogeny of adenosine uptake sites in the guinea-

pig brain has been described [102]. A1 receptor down-reg-

ulation has been shown in fetal brain after caffeine or

theophylline treatment of pregnant rats [103]. A1 receptor

activation mediates ethanol-induced inhibition of stimulated

glutamate release in the hippocampus of near-term fetal

guinea-pig [104].

There are a number of reports about changes in the

distribution of the ectoenzymes involved in the breakdown

of ATP and adenosine in the brain during fetal and neonatal

development. 50-Nucleotidase shows a marked redistribu-

tion during development of the cat visual cortex and is

thought to be involved in the remodeling of ocular domi-

nance columns [105]. A later electron microscopic study by

the same group has suggested that synapse-bound

50-nucleotidase activity plays a role in synaptic malleability

during development; its later association with glial cell

profiles may reflect other functions for this enzyme [106].

At 30 and 35 days of gestation of fetal guinea-pigs,

50-nucleotidase levels were low, but increased rapidly during

the 40 to 60-day period; in contrast, adenosine deaminase

was present at 30 days gestation and remained at the same

level until 60 days [107]. Complex changes in the activity

of adenosine deaminase in the different regions of the

developing rat brain suggest that there are important roles

for purines in very early stages of development from 15 to

18 days of gestation in specific regions of the brain, namely

the hypoglossal motor nucleus, cingulate, retrosplenial and

visual cortex, posterior basal hypothalamus and in the

facial motor nucleus [108–110]. Adenosine deaminase-

containing neurons were seen in the olfactory cortex of rat

embryos as early as E15; this was suggested to indicate

precocious development of purinergic neurotransmis-

sion within this system [111]. A histochemical study of

Ca2?-ATPase in the rat spinal cord during embryonic

development demonstrated intense activity in the roof and

floor plates, rather than in the basal and lateral plates at

embryonic day 12, indicating a possible role for

Ca2?-ATPase in early differentiation of neuroepithelial

cells [112, 113]. ATP induces rises in intracellular Ca2? in

embryonic spinal cord astrocytes [114].

An immunohistochemical study has revealed intense

labeling of P2X3 receptors in the embryonic rat brain [115]

(Fig. 5). The staining was restricted to the hind brain at

E16, in particular the mesencephalic trigeminal nucleus,

the superior and inferior olives, the intermediate reticular

zone, the spinal trigeminal tract and the prepositus hypo-

glossal nucleus. Other areas labeled included the

mandibular nerves to the teeth, the auditory nerve from the

inner ear and the trigeminal ganglion. In the E19 rat

embryo P2X7 receptor mRNA was detected by in situ

hybridization in brain ependyma but not neurons [116].

Primary cultures of human fetal astrocytes express low

levels of P2X7 receptor mRNA and protein [117].

Utilization of green fluorescent protein-tagged P2X2

receptors on embryonic hippocampal neurons has led to the

claim that ATP application can lead to changes in dendritic

morphology and receptor distribution [118]. P2X2 recep-

tors were identified on Purkinje neurons in the neonatal

cerebellum and with the aid of RT-PCR technology,

mRNAs for P2X1-4 and P2X6 subunits were identified in

the cerebellum during the first postnatal week with coex-

pression of two units in Purkinje cells demonstrated with

patch-clamping [119].

A combined immunohistochemical and physiological

study of purinergic signaling on precursor cells, neuroglial

progenitors and differentiating neurons during neurogenesis

of embryonic rat neocortex was carried out [120]. Neuroglial

progenitors from the ventricular and subventricular zones

prominently exhibited Ca2? response to ATP. A detailed

expression pattern for the P2X3 receptor in embryonic

neurogenesis has been published [121]. P2X3 receptors first

appeared in the hindbrain neural tube and sensory ganglia in

E11–11.5 embryos; at E14.5 they appeared in the optic tract,

NTS mesencephalic trigeminal nucleus, but P2X3 immu-

noreactivity was down-regulated in early postnatal brain

stem. The P2X3 receptor was coexpressed with the P2X2

receptor in neurons in NTS and sensory ganglia.

P2Y receptors (particularly the P2Y1 subtype) were

widely expressed in the embryonic rat brain as early as day

11 [122]. There was marked decrease in mRNA to P2Y1

receptors and upregulation of mRNA for P2Y2 receptors on

freshly isolated astrocytes during development of rat hip-

pocampus [123]. P2Y receptor proteins were strongly

expressed transiently in structures that do not have correlates

in the adult animal, suggesting that these receptors were

likely to be involved in functions specific to embryonic

development. For example, P2Y4 receptors disappeared

from the brain stem and ventricle spinal cord postnatally.

The sequential expression of P2X receptor subtypes

during embryonic rat brain development was examined
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[124] (Fig. 6). P2X3 receptors appeared first at E11, P2X2

and P2X7 receptors at E14, while P2X4, P2X5 and P2X6

receptors did not appear until birth and P2X1 receptors

even later.

In this study, ATP was shown to inhibit motor axon out-

growth during early embryonic neurogenesis, most likely via

the P2X3 receptor and it was speculated that P2X7 receptors

might be involved in programmed cell death during

embryogenesis. At E9.5, P2X3 immunostaining was found

in the hindbrain, midbrain, diencephalon, and forebrain

neuroectoderm of mouse brain and in the marginal layer of

diencephalon, midbrain, and hindbrain at E10.5 [125].

However, P2X3 receptor immunoreactivity disappeared

from the marginal and mantle layers of the ventral horn by

E14.5, although retained in the dorsal horn.

A subset of spontaneous and evoked postsynaptic

currents in embryonic chick hypothalamus appear to arise

from the concurrent activation of both GABA and P2X

receptors [126]. The radial glial cell is a transient embry-

onic cell type known for its crucial role in neuronal

migration and a progenitor cell for most cortical pyramidal

neurons. It has been shown that calcium waves propagate

through radial glial cells in the proliferative central ven-

tricular zone and this requires both P2Y1 receptors and

connexin hemichannels [127]. ATP has been shown to

induce proliferation of human neural stem cells cultured

from telecephalon tissues from a 15-week gestational age

embryo [128].

Several studies of purinoceptors in the embryonic

development of the brain of non-mammalian vertebrates

have contributed to the field. For example, a novel P2Y

receptor (p2y8) has been cloned and sequenced that is

expressed (as seen by Northern blots and in situ

Fig. 5 Immunoreactivity for P2X3 receptors in the trigeminal

nucleus (Me5) of E16 (A, B) and P7 (C, D) rats. Immunohistochem-

istry was performed with a polyclonal antibody raised to a nine-

amino-acid peptide identical to the carboxy terminus of the rat P2X3

receptor. The sections were counter-stained using Methyl Green.

Labeled cell bodies can be detected for the majority of the Me5

neurons in the E16 rat (a, b) while in the P7 rat (c, d) a diminishing

subpopulation of cells was labeled. Fibers and processes can clearly

be seen in the P7 animal (arrowhead d). No staining was seen in

control sections incubated with pre-immune serum in place of the

P2X3 antibody (b). Scale bars 25 lm (a, b, d), 50 lm (c) (reproduced

from [115] with permission from Elsevier)

Fig. 6 Summary of the sequential expression of P2X receptor mRNA

and protein during neurogenesis in the rat brain. P2X receptors are

arranged from top to bottom according to the chronological order of

expression during rat brain development from E11 to adult. While

P2X3 receptors appeared early, they declined in the stages that

followed (represented by dotted line). P2X2 and P2X7 receptors were

expressed from the same day (E14) onwards, while P2X4, P2X5, and

P2X6 receptors were expressed from P1 onwards. Initial dotted line
for P2X1 receptor represents unknown starting point, since expression

of P2X1 receptor was not observed in any of the developmental ages

examined in this study. (reproduced from [124] with permission from

Wiley-Liss Inc.)
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hybridization) in the neural plate of Xenopus embryos from

stages 13 to 18 and again at stage 28 when secondary

neurulation occurs in the tail bud [17]. It differs from other

members of the P2Y purinoceptor family in that it has an

intracellular C terminus with 216 amino acid residues

(compared to 16–67 in P2Y1–7). When expressed as a

recombinant receptor in Xenopus oocytes, it shows

equipotent responses to triphosphates ATP, UTP, ITP,

CTP, and GTP and smaller responses to diphosphates and

tetraphosphates, but is not responsive to inorganic phos-

phates. Responses to activation of the p2y8 receptor have a

long duration (40–60 min). These data suggest that this

novel P2Y receptor may be involved in the early formation

of the nervous system. Regulation of rhythmic movements

by purinergic transmitters in frog embryos has been

described [129]. It was shown that ATP is released during

swimming that activates P2Y receptors to reduce voltage-

gated K? currents and cause an increase in the excitability

of the spinal motor circuits. It was also shown that aden-

osine, resulting from the breakdown of ATP, acts on P1

receptors to reduce the voltage-gated Ca2? currents to

lower excitability of the motor circuits, thereby opposing

the actions of ATP. The author suggests that a gradually

changing balance between ATP and adenosine underlies

the run-down of the motor pattern for swimming in

Xenopus. The cloning and functional characterization of a

P2X receptor subunit in embryonic chick brain has been

reported, which is highly homologous to the mammalian

P2X4 receptor (human and rat) with approximately 75%

sequence identity [69]. P2X3 receptors are expressed in the

trigeminal ganglia of zebrafish from a very early stage of

development, most likely in neural crest-derived trigeminal

cells rather than placode-derived cells [130]. P2X3 recep-

tors were also expressed in the spinal sensory Rohan-Beard

cells and in the putative lateral line ganglion in the early

development of zebrafish.

In a study of 48-h-old cultured ciliary ganglia and

confluent peripheral and central nervous system glial cul-

tures taken from 12 to 14-day-old embryonic chicks,

Meghji et al. [131] concluded that adenosine is formed

intracellularly and exported out of the cell by the nucleo-

side transporter; the participation of ecto-50-nucleotidase

was excluded. Adenosine transport into primary cultures of

neurons and glial cells from chick embryonic brain has also

been demonstrated [132, 133]. A2-like adenosine receptors

were postulated to be present in glial cell membranes of

chick embryonic brains [134]. Widespread programmed

cell death has been demonstrated in proliferative regions of

chick optic tectum during early development, particularly

in the ventricular zone between stages E7.5 and E8 [135].

This is of particular interest since purinoceptors (particu-

larly P1 and P2X7) are apoptosis-signaling molecules (see

[136–138]).

Ganglia

Responses to ATP have been described in ciliary neurons

acutely dissociated from embryonic chick ciliary ganglia

taken at day 14 [139]. The relative potency of agonists in

producing transient inward currents with patch recording is

ATP [ 2-MeSATP [ ADP; neither adenosine, AMP nor

a,b-meATP are effective, but suramin is an antagonist

(Fig. 7). The authors suggest that the P2 receptor subtype

involved might be P2Y, but in view of more recent

knowledge about the functional properties of cloned sub-

types of the P2 receptor family, it seems more likely to

belong to the P2X receptor family. ATP-evoked currents in

cultured dorsal root ganglion (DRG) neurons from rat

embryos modulate spontaneous glutamate release [140].

Adenosine inhibits neurite outgrowth of chick sympa-

thetic neurons taken from 11-day chick embryos and kills

Fig. 7 Chick embryo (day 14) ciliary ganglion cells: the inhibition of

ATP-induced inward current by suramin. The neurons were pretreated

with suramin of various concentrations for 2 min. In the upper panel
the filled and open horizontal bars indicate the periods of application

of ATP and suramin, respectively. In the lower panel, the responses in

the presence of suramin are normalized to the peak current amplitude

induced by 10 lM alone. Each point is the average of four neurons,

and the vertical bars indicate standard error of the mean (reproduced

from [139] with permission from Elsevier)
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by apoptosis about 80% of sympathetic nerves supported

by growth factor over the next 2 days in culture [138].

Specific A1 or A2 agonists are not neurotoxic. The toxic

effects of adenosine are not antagonized by aminophylline,

but are prevented by an adenosine transporter or adenosine

deaminase inhibitor, suggesting an intracellular site of

action for the toxic effects of adenosine. The authors

conclude that adenosine and its breakdown enzymes play

an important role in the regulation of growth and devel-

opment of sympathetic neurons. In follow-up experiments,

the authors suggest that adenosine induces apoptosis by

inhibiting mRNA and protein synthesis [141].

During early embryological development, the neural

ectoderm folds to form the neural tube. Cells in the over-

lying ectoderm (the neural crest) then migrate within

ectoderm and into the mesoderm. The cells that follow this

latter pathway differentiate and mature to become glial

cells and neurons. Some become primary afferent neurons

of the DRG, while others become the post-ganglionic

neurons of the sympathetic and parasympathetic ganglia. A

third group of cells go on to form the enteric nervous

system. One group of potential sympathetic neurons

become surrounded by developing adrenal cortical cells

and develop into adrenomedullary chromaffin cells. The

sensory neurons of cranial nerves, including those of

nodose, petrosal and trigeminal ganglia, however, are

derived partly or entirely from the neural placodes.

ATP-gated currents activated in cultured embryonic rat

DRG neurons show heterogeneity of time-courses compara-

ble to that seen in different adult subpopulations of dissociated

adult DRG neurons associated with the immunohistochemical

demonstration of expression of P2X2 and P2X3 subunits

[140]. Activation of P2X receptors on cultured embryonic

DRG neurons results in the release of substance P [142].

Uniform immunostaining of P2X3 receptors found in most

neurons was observed in embryonic mouse trigeminal and

DRG, in contrast to adult ganglia, which express P2X3

receptors only on small-diameter neurons [121, 125, 143].

Nearly all sensory neurons in mouse DRG, trigeminal and

nodose ganglia expressed P2X3 receptors at embryonic day

14, but after birth there was a gradual decline to about 50% of

neurons showing positive staining [143]. ATP augments

peptide release from neurons in embryonic DRG through

activation of P2Y receptors [144].

Sympathetic neurons of the rat superior cervical gan-

glion (SCG) are more responsive to ATP and a,b-meATP

at E18, birth and during the early postnatal period, with

sustained inward currents via P2X2/3 heteromultimer

receptors, but these responses are much reduced in mature

rats [145]. Since this change in P2X receptor expression

occurs at a time when synaptogenesis is taking place in the

SCG, this might indicated a role for purinergic signaling in

this process. IB4-binding DRG neurons (that express P2X3

receptors) switch from nerve growth factor to glial cell-

derived neurotrophic factor dependence in early postnatal

life [146]. A study of P2 receptors modulating NA release

from chick sympathetic neurons cultured from 12-day-old

embryos suggested that two different P2 receptor subtypes

were involved: a facilitatory receptor and an inhibitory

receptor [147]. In a sister paper, the authors postulated that

the ATP receptor involved in NA release acted via a

subclass of the nicotinic cholinoceptor [148].

Retina

While there are many studies of purinergic signaling in the

retina of adult mammals there are only a few reports about

embryonic retina. Spontaneous waves of excitation in the

developing mammalian retina are believed to play an

important role in activity-dependent visual development of

retinogeniculate connectivity [149]. The earliest age at

which spontaneous waves were detected in rabbit retina was

E22 and the possibility of an involvement of purinergic

receptor activation in these waves was investigated [150].

Suramin blocked the wave, but pyridoxalphosphate-6-azo-

phenyl-20,40-disulphonic acid (PPADS) did not have a

consistent antagonist action. A study of embryonic chick

neural retina [151] (Fig. 8) has shown that the ATP-induced

rise in intercellular Ca2? is mediated by P2U (= P2Y2 or

P2Y4) purinoceptors and that there is a dramatic decline of

the ATP-induced rise in intracellular Ca2? just before syn-

aptogenesis. Suramin and Reactive blue 2 almost completely

blocked these responses. These authors also reported that

injection of Reactive blue 2 into early embryonic chicks

produced severe effects in embryogenesis. While both the

muscarinic and purinergic Ca2?-mobilizations utilize IP3-

sensitive Ca2? stores, different signal transduction pathways

were involved [152]. P2 purinoceptor activated by autocrine

or paracrine release of ATP have been claimed to be involved

in the regulation of DNA synthesis in the neural retina at

early embryonic stages [153]. ATP increased [3H]thymidine

incorporation in retinal cultures from embryonic day 3 (E3)

and suramin and PPADS inhibited these activities in a dose-

dependent manner; the concentration of ATP increased

25-fold in the medium of E3 retinal organ cultures within 1 h

of incubation and was maintained for at least 24 h (3 lM

ATP at E3, declined to 0.15 lM at E7). In a review it was

suggested that the change in Ca2? signaling mediated by

P2U receptors during development may underlie the differ-

entiation of neuroepithelial cells or undifferentiated

progenitor cells into neurons [154]. ATP acting on P2

receptors is involved in the regulation of retinal progenitor

cell proliferation at early embryonic stages perhaps in col-

laboration with growth factors [153]. ATP, probably via

P2Y1 receptors coupled to PLC, PKC, and MAP kinases,
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stimulates proliferation of both bipolar and Müller cells in

early developing chick retina at embryonic days 6–8 [155].

Guanine nucleotides block agonist-driven Ca2? influx in

chick embryo retinal explants [156].

Adenosine has also been implicated in chick retinal

development. Adenosine induction of cAMP increased

strongly from the 14th to the 17th embryonic day, P1 (A1)

subtype receptors modulating D1 dopamine receptor-med-

iated stimulation of adenylate cyclase activity [157–159].

A1 receptors were localized predominantly in plexiform

regions by E12. They were absent in the retina at E8, but

were detected at E12 in the ganglion cell layer, as well as

cells in the nuclear cell layer and photoreceptors. It was

suggested that A1 receptors may have different functions in

the embryonic retina as compared to mature chick retina,

and the localization of A1 receptors and uptake sites in the

developing chick retina were examined [160].

A fascinating paper has shown that purine-mediated

signaling triggers eye development in Xenopus [161]. The

authors have shown that over expression of ecto-NTP-

Dase2 (that converts ATP to ADP) caused ectopic eye-like

structures and occasionally complete duplication of the eye

and increased expression of Pax6, a key gene in eye

development. Downregulation of ecto-NTPDase2 decrea-

ses Pax6 expression. Further, evidence that ADP is acting

via P2Y1 receptors was presented.

Gastrointestinal tract

In the gastrointestinal tract, non-adrenergic, non-cholin-

ergic (NANC) nerve-mediated effects have been observed

before birth in rat stomach [162] and in mouse and rabbit

small intestine [163]. Also, quinacrine fluorescence, which

indicates the presence of high levels of bound ATP, was

observed before birth in enteric neurons of rabbit ileum

and stomach, about 3 days before catecholamine fluores-

cence was detected in enteric nerves [164]. NANC

inhibitory and cholinergic excitatory innervation appear

simultaneously in the rabbit at 17 days of gestation and

both were present in the mouse by the 16th day of gesta-

tion; however, the development of adrenergic innervation

lagged far behind the other two components, clearly

establishing that the intrinsic innervation of the gut is not

adrenergic [163, 165].

An electrophysiological study of developmental changes

in the innervation of the guinea-pig taenia coli has been

carried out [166]. The non-adrenergic (largely purinergic)

inhibitory system appeared before and matured faster than

the cholinergic excitatory system. The NANC inhibitory

system was present by 8 weeks of gestation, while cho-

linergic excitatory transmission was not seen until birth.

Responses to a,b-meATP were also recorded in the fetal

taenia coli.

Fig. 8 Effects of P2 receptor antagonists on the Ca2? responses to

ATP and UTP in embryonic (E3) chick neural retinas. A The effects

of suramin (100 lM; A a) and Reactive blue 2 (50 lM; A b) on the

response to 500 lM ATP. The records in the presence of suramin or

Reactive blue were taken 7 min after changing the bath solutions to

the antagonist-containing medium. The recovery controls (Wash)

were taken after washing suramin for 7 min or Reactive blue for

25 min. The duration of ATP application (20 s) is indicated by the

bars. All records were taken in the bath solutions containing 2.5 mM

Ca2?. B The effects of suramin (100 lM; B a) and Reactive blue 2

(50 lM; B b) on the response to 200 lM UTP. The records in the

presence of suramin or Reactive blue were taken 7 min after changing

the bath solutions to the antagonist-containing medium. The recovery

controls were taken after washing suramin for 7 min or Reactive blue

for 15 min. The duration of UTP application (20 s) is indicated by the

bars. All records were taken in the bath solutions containing 2.5 mM

Ca2? (reproduced from [151] with permission from John Wiley and

Sons Ltd.)
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Lung

ATP and UTP evoke [Ca2?]i signals in rat fetal lung epithelial

cells, but only if grown into functionally polarized epithelia on

permeable supports; moreover, RT-PCR identification of the

mRNA for the P2Y2 receptor was clearly expressed in the

polaroid cells [167]. In another study of epithelia explanted

from fetal rat lung, receptors to adenosine, ATP and UTP were

present on apical membranes throughout the lung; basolateral

receptors for these agonists in distal lung and ATP/UTP

receptors in trachea function later in gestation [168]. In E19 rat

embryos P2X7 mRNA was detected by in situ hybridization in

bronchial epithelium (as well as salivary gland, liver, bone

marrow and brain endyma) [116].

ATP, ADP and adenosine are claimed to be important

mediators of oxygen-induced pulmonary vasodilatation in

fetal lambs [169, 170], probably via both A2A and P2Y

receptors [171]. Vagal sensory nerve terminals in rat lung

express P2X3 receptors from the first moment that they make

contact with neuroepithelial bodies (NEBs) a few days before

birth [172]. This is consistent with the important function of

NEBs as oxygen sensors perinatally before the carotid body

O2-sensory system is fully developed at about 2 weeks after

birth. It has been claimed that adenosine plays a central role in

modulating ventilation in the newborn piglet and is involved

in the diphasic ventilatory responses to hypoxia.

Urinary bladder

In fetal human bladder, expression of P2X1 receptor tran-

scripts was much lower than in adult bladder; P2X4 and

P2X7 receptors were also present in the fetus [173]. With

increasing gestation, the P2 receptor expression shifted

from the dome to the body of the bladder. Obstruction of

the fetal male sheep bladder leads to enlarged, hypocon-

tractile and compliant bladder; however, there was no clear

evidence for changes in purinergic (or in cholinergic or

nitrergic) neurotransmitter effects [174].

Inner ear

During embryonic development of the rat inner ear, P2X2

receptor mRNA expression was present in the precursors of

the cells bordering the cochlear endolymphatic compart-

ment at E12, as well as spinal and vestibular ganglia [175].

Both inner and outer hair cells did not exhibit P2X2

receptor mRNA until after P10 through P12, concomitant

with the onset of hearing. These data are consistent with

roles for the P2X2 receptor both in the process of laby-

rinthine development and in the regulation of auditory and

vestibular sensory transduction. A later paper from this

group showed that P2X1 receptors provide the signal

transduction pathway for development of afferent and

efferent innervation of the sensory hair cells and purinergic

influence on cochlea morphogenesis [176]. P2X3 receptor

expression has been characterized in the mouse cochlea

from E16 using confocal immunofluorescence [177]. From

E18 to P6, spiral ganglion neuron cell bodies and periph-

eral neurites projecting to the inner and outer hair cells

were labeled for P2X3 receptor protein, but diminished

around P6, and were no longer detected at the onset of

hearing (around P11). These data suggest a role for P2X3

receptor-mediated purinergic signaling in cochlea synaptic

reorganization and establishment of neurotransmission that

occurs just prior to the onset of hearing function [178].

Other organs

Chondrocytes, isolated from the cephalic region of day 19

chick embryo sterna, release nucleotides into the extra-

cellular milieu, although they are rapidly degraded; it is

claimed that they are involved in both chondrocyte matu-

ration and matrix mineralization [179]. Extracellular ATP

modulates [Ca2?]i in retinoic acid-treated chondrocytes

isolated the cephalic portion of day 14 chick embryonic

sterna [180]. They speculate that immature chondrocytes

may generate adenine nucleotides that then act in a

paracrinal manner on chondrocytes that are at a later stage

of maturation. Rapid deamination of adenosine in cultures

of fetal mouse calvarial bones was shown and taken to

account, at least in part, for the failure to observe effects of

adenosine in bone metabolism in culture [181]. Cells of

osteogenic and chondrogenic lineage derived from fetal

metatarsal bones were exposed to ATP4-; cells of hemo-

poietic origin were permeabilized and killed, while cells of

non-hemopoietic origin (e.g. osteoblasts, chondrocytes)

were insensitive to ATP4- and survived [182]. This system

allows the study of the properties and functions of osteo-

genic or chondrogenic cells without interference by the

presence of cells of hemopoietic origin. ATP pyrophos-

phohydrolase has been purified and partially characterized

from fetal bovine epiphyseal cartilage of patients with

chondrocalcinosis [183]. The most prominent location of

P2X7 receptor mRNA in E19 rat embryos is bone marrow;

but bone marrow cells from mouse femur also showed

strong immunoreactivity for P2X receptors [116].

In the skin, Merkel cells appear in the epidermus of

planum nasale or rat fetuses from the 16th day of intra-

uterine development and nerve fibres form close

association with them by day 20 [184]. This is of interest

since it is known that Merkel cells contain high levels of

peptide-bound ATP and are in close association with

sensory fibres expressing P2X3 receptors (see [185]).
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Taken together, these results point to a role for purines

in both physiological fertilization and normal development

and also underline that alterations of the purinergic

regulation of embryonal growth might be involved in the

onset of morphological malformations. Depending upon

the purine derivative, and probably upon the purinocep-

tor involved as well, ATP and adenosine can act as both

positive and negative regulators of growth. This is also

consistent with data obtained from in vitro cell lines,

which implicates purines in cell proliferation, differenti-

ation and apoptotic cell death. Further studies are needed

to better characterize the receptor subtypes involved and

also to identify more precisely the developmental events

specifically controlled by purines.

Stem cells

Understanding the mechanisms underlying development,

including cell proliferation, differentiation and death, has

raised much interest over recent years. Stem cell models

are being used to study mechanisms of differentiation in

simplified conditions, as the investigation of mechanisms

of development is difficult to perform in vivo. These

studies aim to develop in vitro protocols for stem cell

culture and differentiation into defined specialized cell

types. Moreover, the investigation of stem cell biology will

help to elucidate the molecular basis of phenotype deter-

mination and how endogenous stem cells are mobilized for

tissue repair. Such knowledge is important for therapeutic

applications of cell therapy, since optimization of culture

conditions and verification of adequate endogenous stem

cell niche conditions are essential for successful

transplantation.

Stem cells can characterize different stages of devel-

opment. Pluripotent stem cells (embryonic carcinoma and

embryonic stem cells) have characteristics of early

embryonic cells [186, 187] and differentiate into the three

primary germ layers of the embryo. Embryonic stem cells

originate tissue-specific stem cells, which are present in the

fetal, as well as in the adult tissue. These fetal and adult

tissue-specific stem cells have often a limited potential in

giving rise to different cell types. However, it is known that

endogenous stem progenitor cells are present throughout

life and are recruited by specific signaling events for

replacement of damaged tissue. The importance of puri-

nergic signaling in stem cell biology, including regulation

of proliferation, differentiation and cell death, has become

evident [7, 188]. In the following text, we will discuss the

expression of the purinergic system in embryonic and

adult stem cells and its participation in induction of

differentiation.

Induction of stem cells to neural differentiation

The P19 murine embryonal carcinoma cell line has been

used for decades for studying mechanisms of early neu-

rogenesis and resembles the developmental stages that are

encountered during neuronal development [189]. When

induced to neuronal differentiation in the presence of ret-

inoic acid and kept in suspension culture, P19 cells form

tri-dimensional cell aggregates, denominated embryonic

bodies, which resemble the blastula stage of embryonic

development. When collected after 48 h of suspension

culture and re-plated in adherent culture dishes, cells on

day 4 of differentiation express nestin, specific for neural-

progenitor cells. Differentiation into neuronal cells is

completed on day 8 (Fig. 9a), while glial cells predominate

in the culture on day 14. Purinergic receptor activity was

essential for proliferation and the progress of neurogenesis

(Fig. 9b, c). Exposure of differentiating P19 cells at the

neural progenitor stage to blockers of P2Y and P2X

receptor-mediated calcium signal transduction resulted in

inhibition of proliferation (Fig. 9b).

Gene and protein expression of P2X2, P2X6, P2Y2, and

P2Y6 receptors increased during the course of differentia-

tion, whereas P2X3, P2X4, P2Y1, and P2Y4 receptor

expression was high in embryonic P19 cells and then

decreased following induction of differentiation [190]. A

further published work revealed that P2X4/6 and P2X2/6

heteromultimer receptors may also be expressed on P19

cells and it was concluded that the P2Y1 receptor is the

major subtype involved in regulating cell proliferation and

differentiation, followed by the P2Y2 receptor subtype and

with a minor role for the P2X4 receptor [191] (Fig. 10).

These conclusions were based on functional assays per-

formed with the various purinergic receptor agonists and

antagonists that have distinct pharmacological profiles.

Recent, as yet unpublished, data showed that induction of

proliferation was affected in the presence of siRNA for

down-regulation of P2X4 receptors. In addition to its par-

ticipation in neuronal differentiation, purinergic receptor

activity is also important for neuronal phenotype definition.

For instance, chronic inhibition of P2Y1 and possibly P2X2

receptor activity along differentiation of P19 cells led to a

loss of NMDA receptor activity in neuronal-differentiated

cells, whereas blockade of P2Y2 and possibly P2X2 recep-

tors led to inhibition of cholinergic receptor responses.

Figure 10 summarizes the major functions of purinergic

receptor subtypes along neuronal differentiation of P19 cells.

Neural stem cells are self-renewing multipotent pro-

genitor cells, whose daughter cells can differentiate into

both neurons and glia [192]. Isolated from fetal brain or

neurogenic areas of adult brain, cells proliferate as free-

floating spheric expansions, denominated neurospheres,
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expressing the neural-progenitor marker nestin. When

induced to differentiation by removal of growth factors,

cells of the outer layers of the neurosphere migrate and

differentiate into three major neural phenotypes of the

brain, neurons, astrocytes and oligodendrocytes ([193]

reviewed in [194]) (Fig. 11).

Neurospheres obtained from fetal rat brain expressed

P2X2-7 receptor subunits, as well as P2Y1, 2, 4, 6 metabo-

tropic receptors ([195] and unpublished data). In conditions

of differentiation favoring neurogenesis, upregulation of

P2X2 and P2X6 receptor subunits was observed (Fig. 11),

being in agreement with data obtained in P19 cells [190,

191], pointing at the importance of P2X2 and P2X2/6

heteromeric receptors in this process. In agreement, P2X6

receptor subunit expression increases during pre- and

postnatal mouse brain development [196].

ATP induces proliferation of human neural stem cells

and activation of P2 receptors was coupled to release of

[Ca2?]i from thapsigargin-sensitive intracellular stores

[128], indicating mediation via P2Y receptors. It was fur-

ther shown that ATP-induced proliferation was through the

P13-kinase-dependent P70S6 kinase signaling pathway and

it was suggested, therefore, that extracellular ATP plays an

important physiological role during embryonic mammalian

brain development.

The major challenge for scientists in the stem cell

therapy field is to control cell fate and develop ideal culture

conditions for neural progenitor cells (NPC) expansion in

vitro, without altering their features. Transplantation of ex

vivo-expanded human neural stem/progenitor cells is being

used for treating intractable neuronal diseases and injuries.

The stem cells are selectively expanded as free-floating

neurospheres in serum-free culture medium containing

fibroblast growth factor 2 (FGF-2) and/or epidermal growth

factor (EGF). It has been suggested that NPC have a great

potential for the treatment of neurological disorders

including amyotrophic lateral sclerosis, Parkinson0s disease

and epilepsy. NPC could provide a source of new neurons

Fig. 9 Participation of purinergic receptors in neurogenesis of P19

embryonal carcinoma cells. a. Cell differentiation: In vitro differen-

tiation of P19 embryonal carcinoma cells resembles processes

occurring during early neuroectodermal differentiation. Stages of

differentiation: Pluripotent P19 are treated with 1 lM retinoic acid in

defined serum-free medium and cultured for 48 h in non-adherent

flasks for formation of embryonic bodies as described previously

[246–248]. On the third day, embryonic bodies are collected and

re-plated for neural differentiation to take place. Progenitor cells

migrating from embryonic bodies express nestin, a specific marker for

neural progenitors. Differentiation into neurons is complete on day 8

when cells reveal neuronal morphology, express b-3-tubulin and

neuron-specific enolase (NEL) and form neuronal networks. Glial

cells were eliminated from differentiating neuronal cultures by

addition of cytosine–arabinoside [190]. b ATP-induced proliferation

and differentiation. Prior to proliferation assays, P19 cells at the

neural progenitor cell stage were kept in the absence or presence of

the purinergic receptor antagonist PPADS (10 lM), cyclopiazonic

acid (10 lM) for depletion of intracellular calcium pools or EGTA for

chelating extracellular calcium (10 mM). Then 100 lM ATP was

added and BrdU-incorporation was determined following 48 h of

culture as a measure of cell proliferation. c Neural progenitors from

day 4 of differentiation were incubated for 48 in the presence (?) or

absence (-) of 100 lM ATP. Nestin, NEL and b-actin expression in

cell extracts was determined by Western-blot analysis. (b and c are

reproduced from [191] with permission from Elsevier)
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to alleviate neural injury. However, despite the initial

euphoria, it soon turned out that transplantation of neuro-

spheres did not result in any significant recovery of

neuronal activity and function as, for example, investigated

in a spinal cord injury model [197]. It became clear that

successful integration of in vitro differentiated neural stem

cells depends on favorable conditions in the stem cell

niche, such as the availability of neurotrophic factors.

Measurement of the ATP content of differentiating stem

cells has been used to optimize culture conditions for the

best clinical performance [198] indicating that ATP is

essential for the stem cell niche. ATP increased survival of

PC12 cells and induced neuritogenesis in vitro, while

inhibition of purinergic receptors abolished ATP- and

nerve growth factor-induced effects on neurite outgrowth

[199].

One possible positive regulator of neurogenesis is ATP

liberated in conditions of neuronal injury and death or from

gentle mechanical deformation of local cells, which then

could mobilize endogenous stem cells and induce them to

undergo proliferation and neuronal differentiation. Puri-

nergic activation has been associated with proliferation and

neurogenesis in neonatal and adult mouse olfactory

epithelium [200]. ATP-induced neurogenesis was mediated

by induction of synthesis and liberation of neuropeptide Y

(NPY), a well-known neurotrophic factor. Later on, Jia and

Hegg [201] provided evidence for in vivo induction of

neurogenesis by ATP. Intranasal application of ATP led to

an increase in the number of NPY? cells and BrdU?

incorporation in adult mouse epithelium. ATP-promoted

neurogenesis was blocked in the presence of the purinergic

receptor antagonist PPADS.

Functional purinergic receptors were also detected in

other neurogenic areas of the brain. In more than 70% of

undifferentiated progenitor cells from adult rat hippocam-

pus, ATP and BzATP evoked an inward current and

membrane depolarization, whereas ACh, NA, glutamate

and GABA had no detectable effect; differentiated cells,

however, possessed functional glutamate, GABA and gly-

cine receptors, as well as P2X receptors [202]. Functional

P2 receptors and NTPDase 2 were identified in adult hip-

pocampal progenitor cells from both the subventricular

zone (type B cells) and the dentate gyrus of the hippo-

campus [203]. ATP, ADP and to a lesser extent UTP

evoked rapid Ca2? transients in neurospheres mediated by

P2Y1 and P2Y2 receptors and augmented cell proliferation

in the presence of growth factors, suggesting synergistic

activation of mitogenic growth factors and purinergic

receptor-mediated signaling pathways [204]. The authors

suggest that this supported the notion that extracellular

nucleotides contribute to the control of adult neurogenesis.

UTP, combined with the mitogens FGF-2 and EGF,

boosted proliferation of human midbrain mesencephalic

stem/progenitor cells and stimulated dopaminergic differ-

entiation [205]. Nucleotide agonists increased [Ca2?]i in

the rank order of potency ATP [ ADP [ UTP [ UDP in

human midbrain-derived neural progenitor cells and it was

also shown that UTP evoked the release of ATP from the

cells, probably via P2Y2 receptors [206].

Ventricular zone neural stem and progenitor cells

express P2Y receptors, occupation of which leads to

increase in [Ca2?]i [207]. The progenitor cells themselves

release ATP in episodic bursts. P2Y receptor antagonists

suppressed proliferation and permitted differentiation into

neurons and glia, while subsequent removal of purinergic

inhibition restored progenitor cell expansion. Primary

neurospheres prepared from the subventricular zone

expressed mRNA for P2X4 and P2X7 receptors, all P2Y

receptor subtypes (with the exception of P2Y4) and A1,

A2A and A2B adenosine receptors [208]. Further, P2Y1 and

A2A receptor antagonists reduced the size and frequency of

primary neurospheres.

P2X7 receptors have been identified on neural progen-

itor cells, prepared from the striatum of mice at E14.5 day

and prolonged occupation of these receptors by ATP or

BzATP leads to cell death [209]. The authors conclude that

Fig. 10 Neurogenesis and phenotype determination of P19 cells

involves sequential P2X and P2Y receptor activities. P19 embryonal

carcinoma cells were induced to neuronal differentiation by addition

of retinoic acid and embryonic body formation. Glial cells were

eliminated from differentiating neuronal cultures by addition of

cytosine-arabinoside [190]. Metabotropic P2Y1 and P2Y2 receptors,

with a minor role of P2X4 receptors, participate in induction of

proliferation of embryonic cells and embryonic body formation [191].

P2Y1, P2Y2, and P2X2 receptor activities are important for later

differentiation and final phenotype determination, since, when these

receptors were inhibited during P19 neurogenesis, no NMDA-

glutamate and cholinergic receptor activities were detected in

differentiated cells [190]. Neuronal-differentiated P19 cells express

functional P2Y2 and P2X2 receptors
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their data supports the notion that high levels of extracel-

lular ATP in inflammatory CNS lesions may delay the

successful graft of neural progenitor cells used to replace

cells and repair CNS damage. Induction of neuronal dif-

ferentiation of Neuro-2a cells was accompanied by down-

regulation of P2X7 receptor expression. Down-regulation

of P2X7 receptor expression by siRNA induced neuronal

differentiation [210].

The adult subventricular zone contains neural stem cells

that generate neuroblasts migrating to the olfactory bulb

and differentiate into interneurons. Nucleotides and EGF

induce the formation of stress fibres, an increase in the

cortical actin cytoskeleton and in cell migration [211].

GABAergic neurons derived from mouse embryonic stem

cells liberate [Ca2?]i predominately via the activation of

P2X2, P2X4 and P2Y1 receptors [212]. Adenosine A1

receptor agonists stimulate proliferation of neural stem

cells derived from the subventricular zone of mouse brain

via MEK/ERK and Akt signaling pathways [213]. Aden-

osine-releasing embryonic stem cells have been generated

by disruption of both alleles of adenosine kinase (AdK-/-)

[214]. When grafted into the lateral brain ventricles they

have been claimed to suppress seizure activity [215, 216].

The same adenosine-releasing brain implants have been

used to provide neuroprotection in ischemic mouse brain

[217].

Human neural stem cells and their differentiated cultures

have been used to evaluate the mechanisms involved in

rotenone- and camptothecin-induced cytotoxicity [218].

Time-dependent ATP depletion occurred and it was sug-

gested that intracellular ATP levels may play an important

role in determining whether neural progenitors or their

differentiated cells follow a caspase 9/3-dependent or

-independent pathway in response to acute insults from

neural toxicants.

In summary, data discussed in this review indicate that

ATP-mediated effects on neural stem cells mobilize

endogenous stem cells by inducing proliferation, thereby

increasing the pool of cells which undergo differentiation.

ATP-promoted neurogenesis, measured as increased

Fig. 11 Purinergic P2X receptor subunit expression during in vitro

neurogenesis of embryonic rat brain neural progenitor cells. A Cell

differentiation: Neural stem and progenitor cells (NPC) are obtained

by dissection of fetal rat telencephalon from embryonic day 14. NPC

proliferation is maintained for 10 days in the presence of epidermal

growth factor (EGF) and fibroblast growth factor 2 (FGF-2) for

formation of neurospheres as clonal expansions of a single precursor

cell (left panel, day 0). Neurogenesis is induced by removal of growth

factors and plating in adherent cell culture dishes pre-coated with

poly-L-lysine and laminin [193]. Neurosphere differentiation is

complete following 7 days of induction. Cells migrate and differen-

tiate into neurons and glial cells (panels from left to right: cell nuclei

staining by 40,60-diamidino-2-phenylindole (DAPI); neuronal and

astroglial differentiation detected by immunofluorescence staining

against b-3-tubulin and glial fibrillary acidic protein, respectively).

b Changes of P2X receptor expression in NPC induced to neurogen-

esis by growth factor deprivation. Following neurosphere expansion,

half of the population was kept for 7 days in complete culture

containing EGF and FGF-2 (Control group—Ctr NPC), while the

other half was maintained in the absence of growth factors for

induction of neurogenesis (EFless NPC). Gene expression of P2X1–

P2X6 receptor subunits in Ctr and EFless NPC was determined by

real-time PCR. Relative gene expression levels were obtained by

comparing them to glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) levels, which are not supposed to vary under the chosen

experimental conditions. Increased neurogenesis was accompanied by

elevated P2X2 and P2X6 receptor subunit expression (*p \ 0.05,

determined by Student0s t test) (b reproduced from [195], with

permission from Springer)
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proliferation of neural marker proteins in vitro and aug-

mented production of neurotrophic factors in vivo, could be

due to activation of neural-specific transcription programs,

which promote progression to the next stage of differenti-

ation and/or increase of cell survival by inhibition of

apoptosis.

Mesenchymal stem cells

Mesenchymal stem cells (MSCs) have been taken from a

variety of tissues, including bone marrow stromal cells,

adipose tissue, dental pulp, skin, and umbilical cord.

Non-hematopoietic human bone marrow-derived stro-

mal MSCs have the potential to develop into several types

of cells. ATP autocrine/paracrine release via hemichan-

nels (and perhaps vesicular exocytosis) [219] provides a

signaling pathway involving Ca2? oscillations mediated by

P2Y1 receptors [220]. ATP released from human MSCs not

only modulates their proliferation rate, but appears to act

via P2Y1 receptors as one of the early factors determining

their cell fate [221], including osteoblasts, chondrocytes,

and adipocytes [219]. The order of potency of nucleotide

agonists acting to increase [Ca2?]i in bone marrow stromal

cells was ATP = UTP [ ADP [ UDP and RT-PCR and

immunohistochemical studies identified P2Y2 receptors on

these cells [222]. Adenosine A2A receptors are claimed to

play an active role in mouse bone marrow-derived MSC

development in tissue repair [223]. Evidence has been

presented for adenosine receptor regulation of osteogenesis

versus adipogenesis in MSCs derived from bone marrow

[224]. Adenosine inhibits chemotaxis and induces hepato-

cyte-specific genes in bone marrow MSCs [225]. It was

reported that bone marrow stromal cells that produce

adenosine (perhaps after breakdown of released ATP)

express CD73 and all four adenosine receptor subtypes that

may be involved in regulation of progenitor cell differen-

tiation and thereby contribute to bone formation and

resorption [226].

Human MSCs derived from human skin biopsies

increased [Ca2?]i in response to ATP, probably via P2X

receptors [227]. Human MSCs generated from umbilical

cord secrete trophic molecules, such as vascular endothelial

growth factor A, hepatocyte growth factor and transform-

ing growth factor-b, which enhance intracellular ATP

content and insulin secretary function of human pancreatic

islets from cadaveric donors [228]. Human MSCs derived

from adipose tissue, which can differentiate into adipocytes

and osteoblasts, express both P2X and P2Y receptors,

which are involved in the selective differentiation process

[229]. Human MSCs derived from bone marrow have been

used largely for bone formation, but have also been used

successfully in models of stroke [230], traumatic brain

injury [231] and epilepsy [232]. As there is at present no

conclusive evidence for the trans-differentiation of MSCs,

it is believed that transplanted MSCs secrete neurotrophic

factors, which recruit endogenous NPC.

Hematopoietic stem cells

The survival, proliferation and development of hemato-

poietic stem cells (HSCs) in vitro requires the presence of

specific growth factors, such as interleukin 3 (IL-3) [233].

ADP receptors were claimed to be present on both human

and rat hematopoietic cell lines [234]. High concentrations

of ATP induced irreversible damage of leukemic cells,

without injuring normal HSCs, offering the possibility of

purging residual tumor cells in HSCs used for bone marrow

transplantation [235]. Adult human (CD34?) HSCs from

transplant donors were shown to express functional P2X7,

P2Y1 and P2Y2 receptors and UTP shown to enhance

proliferation of HSCs [236]. UTP is also a potent inducer

of migration of HSCs [237]. RT-PCR analysis of murine

bone marrow-derived HSPs confirmed the presence of

P2X7 receptors and showed that occupation of these

receptors could lead to cell death [238].

Adenosine potentiates the stimulatory effect of growth

factors and cytokines on hematopoietic progenitor cells

from granulocytes and macrophages [239]. An A3 receptor

agonist caused proliferation of hematopoietic precursor

cells during the depletion phase, while an A1 receptor

agonist suppressed proliferation in the regenerative phase

[240]. Activation of A3 receptors potentiates the stimula-

tory effects if IL-3 and stem cell factor on these cells [241].

Adenosine A2A receptor activation limits graft-versus-host

disease after allogenic HSC transplantation [242].

Future perspectives

Roles for purinergic receptors (P2X, P2Y, and P1 adeno-

sine receptors) have been defined in most developmental

processes, including fertilization, embryological develop-

ment and differentiation of various tissue types. The

alteration of expression of purinergic receptors during

development indicates specific functions for progression of

differentiation and final phenotype specification. Studies

carried out in vitro with cell lines, as well as in vivo with

Xenopus embryos, point to the importance of purinergic

signaling in early development, e.g., induction of differ-

entiation was abolished in the presence of purinergic

receptor antagonists. Furthermore, the trophic actions of

purines on migration and differentiation of stem and pro-

genitor cells and axonal growth of neuronal cells were

observed. These differentiation-promoting effects may be

further explored for optimizing transplantation procedures

and recruiting quiescent endogenous stem cells and NPC
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for tissue repair. Uridine and its nucleotide metabolites

activate brain P2Y receptors, which control neuronal dif-

ferentiation and synaptic protein synthesis. For instance,

activation of brain P2Y receptors promotes neuronal dif-

ferentiation and synaptic protein synthesis. A preparation

containing these compounds is currently under clinical

evaluation for treating Alzheimer’s disease [243].

It is important to note that the same purinergic receptor

subtypes do not necessarily induce similar effects in dif-

ferent cell types and/or developmental stages. For instance,

the P2Y1 receptor has been implicated to function in

proliferation induction and progress of development in

different tissues and organisms, as detailed in this review.

However, in contrast to its apparent function of promoting

cell survival and proliferation, the receptor in distinct cel-

lular conditions may also promote apoptosis of astrocytes

[244]. The divergence in cellular responses by the same

receptor subtype is based on the possible activation of

multiple intracellular signaling pathways. Moreover, puri-

nergic receptors interact with a variety of growth factors

and neurotransmitter receptors (the nicotinic ACh receptor

is a classical example), which may modulate ATP- or

adenosine-induced responses.

Further studies are needed to better characterize the

receptor subtypes involved and also to identify more pre-

cisely the developmental events specifically controlled by

purines. It is already known that purinergic receptor dys-

function can affect the progress of normal development.

For instance, adenosine A1 receptor activation potently

inhibits the development of axons and can lead to leuko-

malacia [245] and ATP-derived ADP signaling via P2Y1

receptors has been implicated in triggering the gene

expression necessary for formation of the eye [8, 161].

The major draw-back in relating purinergic receptor

activity with normal and pathophysiological developmental

processes is the lack of specific agonists and antagonists for

some purinergic receptor subtypes. In view of this, the

elucidation of purinergic receptor function will rely on the

use of animal models carrying knock-out constructs for

individual receptor subtypes, as well as the use of RNA

interference in vitro and in vivo. Purinergic receptors with

evidenced functions in developmental diseases will be

subject to structure- and combinatorial library screening-

based discovery of novel specific ligands that may reveal

therapeutic approaches for treatment of developmental

diseases resulting from purinoceptor dysfunction.
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