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XPRESSION OF P2X PURINOCEPTORS DURING RAT BRAIN
EVELOPMENT AND THEIR INHIBITORY ROLE ON MOTOR

XON OUTGROWTH IN NEURAL TUBE EXPLANT CULTURES
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bstract—Extracellular ATP is well known as a neurotrans-
itter and neuromodulator in the CNS of adults. However,

ittle is known about the involvement of ATP during the de-
elopment of mammalian brain. In the present study, we have
xamined the expression pattern of P2X receptor subtype
RNA and protein during perinatal rat brain development

from embryonic day (E) 10 to postnatal day (P) 16 brain).
hile P2X3 receptors appeared early at E11, they declined in

he stages that follow. P2X2 and P2X7 receptors were ex-
ressed from E14 onwards, while P2X4, P2X5 and P2X6 recep-

ors were expressed from P1 onwards. P2X1 receptor expres-
ion was not observed in any of the developmental ages
xamined. We investigated the effect of 100 �M ATP and
,�-methylene ATP (�,�-meATP; selective agonist for P2X1,
2X2/3 and P2X3 receptors) on motor axon outgrowth in col-

agen-embedded neural tube explant cultures. Both ATP- and
,�-meATP-treated neural tubes showed a significant reduc-

ion in neurite outgrowth compared with the control explants.
his inhibitory effect could not be reproduced by uridine
riphosphate. In conclusion, all P2X receptor subtypes, ex-
ept for P2X1, were strongly represented in the developing rat
rain. ATP was shown to inhibit motor axon outgrowth during
arly embryonic neurogenesis, most likely via the P2X3 re-
eptor. It is speculated that P2X7 receptors may be involved
n programmed cell death during embryogenesis and that
2X4, P2X5 and P2X6 receptors might be involved in postnatal
eurogenesis. © 2005 IBRO. Published by Elsevier Ltd. All
ights reserved.

ey words: ATP, �,�-meATP, receptors, neurons, embryo,
eurogenesis.

TP was first shown to be released from sensory nerves
uring antidromic stimulation in 1959 (Holton, 1959). How-
ver, it was not until Burnstock et al. (1970) found evidence
or the role of ATP as a neurotransmitter in non-adrenergic,
on-cholinergic (NANC) nerves supplying the gut and
ladder that purinergic signaling was proposed (Burnstock,
972). It is now known that ATP mediates a wide range of
hysiological activities by activating two types of receptors:

igand-gated P2X receptors and G protein-coupled P2Y

Corresponding author. Tel: �44-20-7830-2948; fax: �44-20-7830-2949.
-mail address: g.burnstock@ucl.ac.uk (G. Burnstock).
bbreviations: BM, branchiomotor; DAB, diaminobenzidine; E, embry-
nic day; �,�-meATP, �,�-methylene ATP; NCAM, neural cell adhe-
w
ion molecule; P, postnatal day; RT-PCR, reverse transcriptase–poly-
erase chain reaction; UTP, uridine triphosphate; VM, visceromotor.

306-4522/05$30.00�0.00 © 2005 IBRO. Published by Elsevier Ltd. All rights reser
oi:10.1016/j.neuroscience.2005.03.032
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eceptors (Ralevic and Burnstock, 1998). To date, seven
2X receptor subunits (P2X1–7) (North, 2002) and eight
2Y receptors (P2Y1,2,4,6,11–14) have been cloned from
ammals (Abbracchio et al., 2003; Burnstock, 2003a).

ATP is released from peripheral and central neurons,
here it can act on P2X receptors to elicit fast excitatory
eurotransmission (Burnstock, 2003b). Of the seven
loned P2X receptor subunits, P2X2, P2X4, and P2X6 re-
eptor transcripts and proteins are widely distributed in
dult rat brains (Nörenberg and Illes, 2000). The P2X1

eceptor is localized in the adult cerebral cortex, striatum,
ippocampus and cerebellum. The P2X5 receptor shows
estricted localization, whereas the mRNA transcript was
nly found in the mesencephalic trigeminal nucleus. The
2X3 receptor is present in sensory-related areas such as
ucleus tractus solitarius (Nörenberg and Illes, 2000). The
2X7 receptor has been reported recently in the hippocam-
us and medulla oblongata (Deuchars et al., 2001; Sper-

ágh et al., 2002). Functional analysis showed that ATP
cts both as a fast neurotransmitter and as a neuromodu-

ator regulating the release of classical neurotransmitters
uch as glutamate and GABA (Labrakakis et al., 2000;
’Ambrosi et al., 2001; Sperlágh et al., 2002; see Burn-
tock, 2003b). Despite a detailed expression of P2X re-
eptors studied in the adult brain, little is known about the
xpression pattern during neurogenesis.

We have previously identified P2X2 and P2X3 receptor
xpression in rat embryonic brain (Cheung and Burnstock,
002). The P2X2 receptor is first expressed weakly in the
ucleus tractus solitarius at embryonic day (E) 14,
hereas the P2X3 receptor is expressed even earlier in a
ubpopulation of the neurons and its extended axons in the
entral hindbrain neural tube as early as E11. At E12, the
xons expressing the P2X3 receptor grew dorsally, to

eave the hindbrain via the large dorsal exit point to trigem-
nal ganglia, suggesting that the P2X3 receptor immunore-
ctive cells were branchiomotor (BM) or visceromotor (VM)
eurons (reviewed by Jacob et al., 2001). However, ex-
ression of the P2X3 receptor was downregulated during

urther development. According to the spatial and temporal
nformation of P2X3 receptor expression in the ventral
eural tube, we propose that the receptor has a role to play

n axon outgrowth during hindbrain development.
In the present study, we use reverse transcriptase–

olymerase chain reaction (RT-PCR) and immunohisto-
hemistry to examine the expression pattern of all the
even P2X receptor subunits during embryonic rat brain
evelopment from E14 to postnatal day (P) 16. In addition,

e explore the role of ATP on axon outgrowth during

ved.
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mbryonic neurogenesis by culturing hindbrain neural tube
xplants containing motor neurons in collagen gels in the
resence of ATP and its derivative �,�-methylene ATP
�,�-meATP), which is a stable and specific agonist for
2X3 (and P2X1) receptors.

EXPERIMENTAL PROCEDURES

nimals

rocedures and experiments involving animals and their care
onformed to the UK Animals (Scientific Procedures) Act 1986
nd associated guidelines on the ethical use of animals. Pregnant
ats were killed by asphyxiation with a rising concentration of CO2

nd death was confirmed by cervical dislocation according to
ome Office (UK) regulations covering Schedule One procedures

o minimise suffering. The day of identification of the presence of
vaginal plug was designated as day zero (E0). The minimum

umber of animals needed for this study was used.

T-PCR analysis

mbryonic and neonatal Sprague–Dawley rat brain tissues of
ifferent ages were dissected and the meninges were removed to
revent contamination by blood vessels or cells. Total RNA was
xtracted from whole brain tissues of four developmental ages
E14, E18, P1 and P16) using SV Total RNA Isolation system
Promega, Madison, WI, USA). A non-quantitative reverse tran-
cription and cDNA amplification for all the P2X receptors was
arried out with a thermal cycler (Hybaid, Witchford, UK) in a
wo-step protocol using Ready-To-Go RT-PCR Beads (Amersham
harmacia Biotech, Amersham, UK). Every sample was further

reated with Amplification Grade DNase I (Sigma Chemical Co.,
oole, UK) and tested to confirm the absence of any residual DNA

hat may generate false positive results. Briefly, 1 �g of total RNA
as reverse transcribed using the pd(T)12–18 as the first-strand
rimer at 42 °C for 30 min and the enzyme was denatured at 95 °C
or 5 min. The sequence specific primers (Life Technologies, NY,
SA) for P2X receptors (Shibuya et al., 1999, see Table 1) were

hen added to the reaction mixtures and the PCR cycling param-
ters were 95 °C for 30 s, 58 °C for 1 min (58 °C for P2X1, P2X3,
2X4, P2X5, P2X7; 61 °C for P2X2 and 64 °C for P2X6), 72 °C for
.5 min for 35 cycles, followed by a further cycle of 10-min
xtension at 72 °C. The resulting PCR products were resolved in
2% agarose gel and observed under ultraviolet illumination. At

east three separate RT-PCR experiments were performed for
ach P2X receptor on each individual embryonic tissue.

able 1. P2X receptor primer sequences

eceptor Primer sequence (5= to 3=) Shibuya et

2X1 forward GAAGTGTGATCTGGACTGGCACGT
2X1 reverse GCGTCAAGTCCGGATCTCGACTAA
2X2 forward GAATCAGAGTGCAACCCCAA
2X2 reverse TCACAGGCCATCTACTTGAG
2X3 forward TGGCGTTCTGGGTATTAAGATCGG
2X3 reverse CAGTGGCCTGGTCACTGGCGA
2X4 forward GAGGCATCATGGGTATCCAGATCAA
2X4 reverse GAGCGGGGTGGAAATGTAACTTTAG
2X5 forward GCCGAAAGCTTCACCATTTCCATAA
2X5 reverse CCTACGGCATCCGCTTTGATGTGATA
2X6 forward AAAGACTGGTCAGTGTGTGGCGTTC
2X6 reverse TGCCTGCCCAGTGACAAGAATGTCA
2X7 forward GTGCCATTCTGACCAGGGTTGTATAA
2X7 reverse GCCACCTCTGTAAAGTTCTCTCCGAT
Table showing the primer sequences for P2X receptor in RT-PCR analysis.
mmunohistochemistry

rains collected were fixed in 4% paraformaldehyde in 0.1 M
hosphate buffer (PB; pH 7.2) at 4 °C, cryoprotected, embedded

n Tissue-Tek and kept at �80 °C until cryosectioning. Brains from
ostnatal animals were divided into at least three portions to

mprove fixative penetration. Frozen sections (12 �m) were cut in
cryostat and mounted for immunohistochemistry. In immunohis-

ochemical experiments for P2X receptors using diaminobenzi-
ine (DAB) as the chromogen, the procedures were performed
ccording to the protocol previously described (Cheung and Burn-
tock, 2002). The primary antibodies used were rabbit polyclonal
ntibodies against P2X1–6 receptors (gifts from Roche Palo Alto,
A, USA; 1:200) and the P2X7 receptor (Alomone Laboratories,
erusalem, Israel, 1:500). For control experiments, the sections
ere incubated with the primary antibodies pre-adsorbed with the
ontrol peptide antigens that were used in raising the antibodies or
ith normal horse serum only. Double labeling experiments for the
2X3 receptor and the NCAM antibody (1:4000, Sigma) was
erformed as previously described (Cheung and Burnstock,
002). All the fluorescence-labeled secondary antibodies were
rom Jackson ImmunoResearch Laboratory (Westgrove, PA,
SA).

hotomicroscopy

mages of DAB immunohistochemical staining were taken with a
eica DC 200 digital camera (Leica, Heerbrugg, Switzerland)
ttached to a Zeiss Axioplan microscope (Zeiss, Oberkochen,
ermany). Images were imported into a graphics package (Adobe
hotoshop 5.0, USA).

eural tube explant culture

at embryos were obtained at E12. The hindbrain neural tube
xplants used were taken between rhombomere 1 (r1) to r4 axial

evels (Caton et al., 2000). Motor neuron-containing explants were
issected using Dispase (Roche Pal Alto) and tungsten needles.
he bilateral explants were cut open at the dorsal midline and
attened. Only the medial one-third of each side of the neural tube
as used for culture to avoid contamination of the roof plate and
orsal neural tube. Tissues were washed in Hanks’ Balanced Salt
olution (HBSS, Gibco, Paisley, UK) and kept on ice until needed.
at tail collagen (Roche Palo Alto) was prepared and made into
els according to Guthrie and Lumsden (1994). Tissues were
mbedded into gels on four-well plates (Fisher Scientific, Lough-
orough, Leics, UK) and covered with high glucose-Dulbecco’s
odified Eagle medium (Gibco) with Glutamax I (Gibco) supple-

Primer position Product length (bp)

776–801 452
1203–1231
826–845 357

1183–1164
708–731 440

1126–1147
749–774 447

1170–1195
553–577 418
944–970
444–468 520
938–963
384–410 354
711–737
al. (1999)

G

G

A
A
T



m
f
e
�
t
e
a
p
c

I
a

C
a
m
n
s
i
V
(
U
e
f
p
r
f
d
m
t
n
c

E
d

I
s
t
t
r
a
k

m
(
P
E
a
p
s
t
b
i
r

o
i
w
w
c
B
s
P
n
t
t
l
P
a
c
a
p
c
t
T
t
i
P
s
z
c
(

F
d
p
R
P
e
w

K. K. Cheung et al. / Neuroscience 133 (2005) 937–945 939
ented with 1� antibiotic/antimycotic solution and insulin–trans-
errin–selenium supplements (Gibco). To examine the effects of
xtracellular nucleotides on the axon outgrowth, 100 �M of ATP,
,�-meATP or uridine triphosphate (UTP; Sigma) was added to

he medium at the beginning of the culture period. The collagen-
mbedded explants were cultured for 4 days in a humidified
tmosphere of 5% CO2 at 37 °C. The culture medium was re-
laced every 2 days with fresh medium containing the same
oncentration of nucleotides.

mmunostaining of collagen gels and quantitation of
xon outgrowth

ollagen gels were fixed for immunostaining according to Guthrie
nd Lumsden (1994) using monoclonal antibody 2H3 (Develop-
ental Studies Hybridoma Bank), which recognizes the 165 kDa
eurofilament protein. Gels were mounted under propped cover-
lips in 90% glycerol/10% PBS and photographed. Images were
mported into both Neurolucida (MicroBrightField Inc, Williston,
T, USA) for analysis of neurite length and an analytical package

Metamorphs, Universal Imaging Corporation, Downington, PA,
SA) for comparison of the number of neurites projecting from the
xplants between treatment groups. A total of 50 longest neurites
rom each explant was taken for comparison of neurite length. The
ixels occupied by immunostained neurites were taken as a rep-
esentative of the number of neurites projecting from the explants
or comparison. The pixels occupied by total neurites were then
ivided by the pixels occupied by the explants in order to deter-
ine the neurite/explant ratio. Neural tube explants together with

he collagen gels were cryoembedded, sectioned and stained for
eural cell adhesion molecule (NCAM) expression using mono-
lonal NCAM antibody (1:4000; Sigma).

RESULTS

xpression pattern of P2X receptors during rat brain
evelopment

n keeping with our previous report (Cheung and Burn-
tock, 2002), the P2X3 receptor was the first purinoceptor
o be expressed during neurogenesis. It was detected in
he cranial motor neurons early at E11, whereas P2X2

eceptor protein was found in the nucleus tractus solitarius
t E14. We examined the expression pattern of all the
nown P2X receptor subtypes during rat brain develop-

ig. 1. RT-PCR analysis of P2X receptor mRNA expression durin
evelopmental ages (E14, E18, P1 and P16) was reverse-transcribed
rimers (see Experimental Procedure). Lane L represents 100 bp-DN
T-PCR products of E14, E18, P1 and P16 rat brains (from left to rig
2X3 (lanes 9–12); P2X4 (lanes 13–16); P2X5 (lanes 17–20); P2X6 (la

xpression in brain samples showed strong positive signals using rat uterus as a
as confirmed in three independent experiments.
ent using RT-PCR (P2X1–7) and immunohistochemistry
for P2X1,4–7). The mRNA transcripts of receptor subtypes
2X2, P2X3, P2X4 and P2X7 were detected as early as
14 brain (Fig. 1) and they continued to be expressed,
lthough to different extents, from this stage on to the
ostnatal period (E14–P16). P2X5 and P2X6 receptor tran-
cripts were expressed weakly at E18 and P1, respec-
ively. The P2X1 receptor transcript was not detected in the
rain at any of the stages examined, although in the pos-

tive control using uterine tissues, primers for the P2X1

eceptor showed strong positive signals (data not shown).
The P2X3 receptor was expressed in neurons and

utgrowing axons in the hindbrain neural tubes as early as
n E11. Immunoreactivities of other P2X receptor subtypes
ere not observed at this early stage. The P2X2 receptor
as expressed in the nucleus tractus solitarius at E14,
onfirming the findings from our earlier study (Cheung and
urnstock, 2002). To obtain spatial information of expres-
ion of the P2X receptors, we examined the distribution of
2X1, P2X4, P2X5, P2X6 and P2X7 receptor protein immu-
ohistochemically during rat brain development. Consis-
ent with the RT-PCR results, P2X7 receptor immunoreac-
ivity was observed at E14. Expression was localized in the
ateral hypothalamus (Fig. 2) and the isthmus. At E18, the
2X7 receptor was detected in the lateral olfactory tract
nd the optic tract, and widespread throughout the dien-
ephalon (thalamus and lateral hypothalamus), cerebellum
nd brainstem (midbrain, pons and medulla) and this ex-
ression persisted after birth (data not shown). P2X4 re-
eptor immunoreactivity was not observed until P1, al-
hough its mRNA transcript was expressed early at E14.
he P2X4 receptor was expressed in distinct subpopula-

ions of cells rather than the widespread expression seen
n the adult (see review Nörenberg and Illes, 2000) (Fig. 3).
2X4 receptor-immunopositive cells showed cytoplasmic
taining and were located in the striatal subventricular
one, mesencephalic trigeminal nucleus, parabrachial nu-
leus, lateral deep cerebellar nucleus and cuneate nucleus
Fig. 3A–D). Likewise, both P2X5 and P2X6 receptor pro-

tal rat brain development. Total RNA from brain samples of four
resulting cDNA was PCR-amplified using gene-specific P2X receptor
. The amplified products are arranged in four lanes corresponding to
ch P2X receptor examined, i.e. P2X1 (lanes 1–4); P2X2 (lanes 5–8);
4) and P2X7 (lanes 25–28). The P2X1 receptor primers that detect no
g prena
, and the
A ladder
ht) for ea
nes 21–2
positive control (data not shown). The expression pattern shown here
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ein was detected in P1 brain. The P2X5 receptor was
xpressed in the supraoptic nucleus, striatal subventricular
one and cuneate nucleus and in cells scattered over the
ortex and diencephalons (Fig. 3E–G). Similar to P2X4

eceptor staining, the P2X5-immunopositive cells in the
upraoptic nucleus were spherical and showed cytoplas-
ic staining, whereas the scattered P2X5-immunoreactive

ells in the cortex and those in the striatal subventricular
one were pyramidal in shape (Fig. 3G). The P2X6 recep-
or was, however, expressed weakly in the lateral hypo-
halamus (Fig. 3H). Specific immunoreactivity for the
2X1 receptor was not detected at any of the stages
xamined.

Based on the timing of the initial appearance of the
eceptors, the sequential expression for P2X receptors
uring brain development is summarized in Fig. 4.

eural tube explant culture and axon outgrowth

2X3 immunoreactivity was also localized in the motor
eurons and its outgrowing nerves in the hindbrain neural

ube at E11–E12 (Fig. 5C). In order to investigate if ATP,
he receptor ligand, also participated in motor axon out-
rowth, the collagen-embedded cranial neural tubes con-
aining motor neurons were treated with ATP and related
ompounds. In a control experiment where the collagen
el was bathed with medium only, motor axon outgrowth

ig. 2. Immunoreactivity of P2X7 receptor protein in the developing br
t E14 (B), the lateral olfactory tract (lot) and optic tract (opt). Diagram i
cb and mb) and (D) medulla (md) at E18. aq, aqueduct; 3v, third ven
xtended from the lateral sides as well as the rostral and e
audal borders of the explants. The outgrowing motor
xons were visualized with immunostaining using mono-
lonal 2H3 antibody. After staining, the axons appeared
ark brown in color. In the ATP-treated group, the extent of
he axon outgrowth was significantly reduced compared
ith the control group (Figs. 5, 6). There was a 46%

eduction of neurite length in the ATP-treated group (Fig.
A). Similarly, �,�-meATP, a stable analog of ATP and
lso the agonist for P2X3 receptors, caused a 41% de-
rease in axon length (Fig. 6A). Application of UTP did not
how a significant inhibitory effect on neurite outgrowth
rom neural tube explants compared with control explants,
liminating the possibility of P2Y2 and P2Y4 receptor in-
olvement (Fig. 6A). We subsequently compared the area
ccupied by all the outgrowing neurites (excluding the
eural tube explants) between treatment groups. Both ATP
nd �,�-meATP caused a reduction of 61% and 62%,
espectively, of the total area occupied by the neurites (Fig.
B). To minimize the variation in neurite outgrowth due to
he difference in the sizes of the neural tube explants, the
eurite-occupied areas were then divided by the area oc-
upied by the explants. A reduction of 47% in total neurite
rea was observed in both ATP-treated groups and 46% in
,�-meATP-treated groups (Fig. 6C). ATP and �,�-meATP
ppeared to reduce the length and probably the number of

7 immunoreactivity was detected in: (A), the lateral hypothalamus (lh)
outlines the region represented (arrows). (C) Cerebellum and midbrain
, fourth ventricle. Scale bar�250 �m (A, C, D) and 500 �m (B).
ain. P2X
xtending neurites, too.
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ig. 3. Immunoreactivity of P2X receptors in neonatal (P1) brain. Rectangular boxes in the insets outline the regions shown in the corresponding
ictures and the black dots in some of the inserts represent P2X immunoreactivity. (A) P2X4 receptor-positive cells (arrows) were detected in regions
long the striatal subventricular zone. (B) A high magnification of the rectangular box is shown in (A) with immunopositive cells indicated by arrows.
C) P2X4 receptor immunoreactivity was also detected in mesencephalic trigeminal nucleus and (D) lateral deep nucleus of the cerebellum. (E) P2X5

eceptor expression was located in the supraoptic nucleus and (F) in cells along the striatal subventricular zone. (G) Scattered P2X5 immunoreactive
ells were also observed throughout the cortex (G). (H) P2X receptor expression was detected in the lateral hypothalamus. Scale bar�750 �m (A),
6

00 �m (B, E, H) and 200 �m (C, D, F, G).
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The neural tube explants were stained with the P2X3

eceptor antibody and NCAM, a marker for neural cell
dhesion and neurite outgrowth. Results of immunofluo-
escence showed that both P2X3 and NCAM were ex-
ressed in the neurons as well as the outgrowing neurites
Fig. 5D–F). Double labeling experiments showed that co-
ocalization of the P2X3 receptor and NCAM was fre-
uently seen in the outgrowing neurites, although neurites
howing NCAM, but not P2X3 receptor expression, were
lso observed (Fig. 5F).

DISCUSSION

he idea of extracellular ATP acting as a neurotransmitter
r neuromodulator has been examined extensively in both
he CNS and peripheral nervous system in adult animals,
nd a large body of evidence shows that the ATP-induced
ast synaptic response is mediated by activation of ATP-
ated ion channels, the P2X receptors (Burnstock, 1972,
003b; Burnstock and Kennedy, 1985; Nörenberg and
lles, 2000; North, 2002). The present study shows for
he first time the developmental expression of six of the
even P2X receptor subtypes during perinatal brain
evelopment.

We have demonstrated that the neuronal P2X3 and
2X2 receptors are first expressed in the embryonic rat
NS at E11 and E14, respectively, confirming our earlier
ndings (Cheung and Burnstock, 2002). P2X7 receptors in
he embryonic brain were also expressed from E14 on-
ards. P2X7 receptors have been shown to be involved in
rogrammed cell death or to induce cytotoxicity at a high
oncentration of ATP released during inflammation or
pon tissue trauma (Le Feuvre et al., 2002). Sperlágh et al.
2002) demonstrated that ATP regulates glutamate re-
ease via activation of the P2X receptor, and excessive

ig. 4. Summary of the sequential expression of P2X receptors durin
o the chronological order of expression during rat brain development
tages that followed (represented by dotted line). P2X2 and P2X7 recep
2X6 receptors were expressed from P1 onwards. Initial dotted line fo

eceptor was not observed in any of the developmental ages examine
7

lutamate release altered Ca2� homeostasis and resulted a
n activation of the apoptosis-related gene, caspase (Le
euvre et al., 2002). Since apoptosis is a common event

n developing brain, it seems likely that activation of
2X7 receptors is also involved in cell death during
eurogenesis.

Although the expression of P2X4, P2X5 and P2X6 re-
eptors appeared late during development, P2X4 and
2X5 receptors were both expressed in the subventricular
one, the site of postnatal neurogenesis (see review by
onover and Allen, 2002). It has been claimed that astro-
ytes in the subventricular zone serve as neural stem cells
Doetsch et al., 1999) that give rise to both neurons and
lia. An opposing report by Johansson et al. (1999), how-
ver, suggests that it is the ependymal cells adjacent to
ubventricular zone that generate multipotent neuro-
pheres. It is as yet unknown whether the P2X receptor-
ositive cells present in the subventricular zone are neural
tem cells or migrating neuroblasts. P2X4 and P2X5 may
onstitute two different types of cells in terms of the mor-
hology and area of expression. P2X4 receptor-expressing
ells appeared round and resided in the subventricular
one, while cells positive for P2X5 receptor looked pyra-
idal in shape and were scattered throughout different

ayers of the cortex as well as being located in the sub-
entricular zone. An investigation of the identity of the
2X4 and P2X5 receptor-expressing cells in the subven-

ricular zone is in progress. Little is known about the role of
2X6 receptors in the neonatal hypothalamus, but the
2X6 receptor has been implicated in hormone release

rom axon terminals as well as membrane recycling of the
ranular vesicles and microvesicles in the adult hypo-
halamo–neurohypophysial system (Loesch and Burn-
tock, 2001). It is therefore suggested that such expres-
ion may not relate to development. The P2X1 receptor,

rogenesis. P2X receptors are arranged from top to bottom according
to Adult. While P2X3 receptors appeared early, they declined in the
expressed from the same day (E14) onwards, while P2X4, P2X5 and

eceptor represents unknown starting point, since expression of P2X1

study.
g rat neu
from E11
tors were
ccording to the present results, was not expressed in any
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f the perinatal stages examined. However, previous stud-
es have shown P2X1 receptor expression in the adult
erebellum (Loesch and Burnstock, 1998) and P2X1 re-
eptor up-regulation in the CNS after injury (Franke et al.,
001; Florenzano et al., 2002). The presence of molecules
hat are involved in both embryonic neurogenesis and
egeneration after injury is not unusual (Waschek, 2002).
owever, the possibility that ATP is involved in both pro-
esses is yet to be established (but see Volonté et al.,
999; Burnstock, 2003b; Viscomi et al., 2004).

Among all the P2X receptors examined, the homo-
eric P2X receptor was the first to be expressed during

ig. 5. Neural tube explants in collagen gel after treatment with 100 �
howing P2X3 receptor immunoreactivities (red) in the motor neurons
ryosectioned and immunostained with the P2X3 receptor (red) and
yellow/orange) of P2X3 and NCAM (arrows). Scale bar�500 �m (A,
3

eurogenesis in both CNS and peripheral nervous sys- t
ems. P2X3 immunoreactivity was detected in the cranial
otor neurons as early as E11, by the time the neurons

nish their final mitosis, exit the cell cycle, and start axon
utgrowth (Ericson et al., 1992; Yamada et al., 1993).
ased on the locations of immunoreactivities which are
verlapping with dorsal axon trajectories and the dorsal
igratory pathway of motor neurons from the ventral neu-

al tube, it was suggested that the P2X3 receptor-express-
ng cells are the BM and/or VM neurons, rather than so-

atomotor (SM) neurons (see review Jacob et al., 2001).
lthough the P2X3 immunoreactivity in the spinal neural

ube suggests that the VM neurons express the receptor,

TP and (B) control. (C) Cross-section from E12 hindbrain neural tube
otor fibers in the ventral neural tube. (D, E) Neural tube explants are
(green). (F) Image merged from D and E showing co-localization

00 �m (C–F).
M of (A) A
and the m

NCAM
he intense staining in the hindbrain neural tube compared
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ith the weak staining in the spinal neural tube suggests
hat the BM neurons also express the receptor.

We have shown that both ATP and �,�-meATP signif-
cantly reduced neurite extension from motor neuron-con-
aining neural tube explants at E12. ATP is a non-selective
gonist for most of the P2X and P2Y receptor subtypes.
lthough it is possible that P1 adenosine receptors may
lso be involved after adenosine is produced following
ctoenzymatic breakdown of ATP, adenosine receptors
ere not included in our present study. Instead, �,�-
eATP, a stable analog of ATP, was used to exclude any

ig. 6. Quantitation of neurite outgrowth from collagen embedded
eural tube explant culture. Neural tube explants were bathed with
00 �M of extracellular nucleotides (ATP, �,�-meATP and UTP).
ontrol explants were treated with medium only. Images of treated
eural tube explants were imported into Neurolucida and neurite out-
rowth was analyzed by measuring the 50 longest neurites from each
xplant. (A) Results expressed as the average length of neurites
ounted with error bar representing the standard error. (B) Images of
reated neural tube explants were imported into Metamorph and the
otal pixel area (arbitrary units) of the neurites (excluding the explants)
as computed (B). (C) To minimize the variations of the neurite
utgrowth due to the differences in individual explant size, the total
ixel area occupied by the neurites (excluding the explants) was
ivided by the total pixel area occupied by the corresponding explants
nd the ratios were compared between groups. Significant difference

s represented by ** (P�0.001) or * (P�0.05) analyzed by unpaired
-test.
ossible P1 receptor involvement, since it is a selective
gonist for P2X1, P2X2/3 and P2X3 receptors. Since nei-
her RT-PCR nor the immunohistochemical data showed
ny P2X1 receptor expression in embryonic and postnatal
rains and P2X2 receptor expression was not observed in

he brain until E14, it is most likely that the effect of �,�-
eATP was mediated via P2X3 receptors. In addition to

he P2X3 receptor, P2Y2 and P2Y4 receptors, which are
TP-activated receptors, have also been demonstrated
reviously in motor neurons in the ventral neural tube
Cheung et al., 2003). However, the P2Y receptors reside
ainly in the spinal, rather than cranial, neural tube. Fur-

hermore, the present result also showed that the inhibitory
ffect was not observed when UTP was used instead of
TP, thus excluding the involvement of P2Y2 and P2Y4

eceptors.
ATP has previously been shown to inhibit neurite out-

rowth in hippocampal neurons transfected with NCAM, a
arker for neural cell adhesion and neurite outgrowth, and

he inhibitory effect of ATP was lost when the hippocampal
eurons did not express NCAM, suggesting that ATP reg-
lates neurite extension via NCAM (Skladchikova et al.,
999). Immunohistochemical studies showed that most of
he axons growing out from the neural tube at E12 coex-
ressed NCAM and P2X3 receptors, suggesting that ATP-
ediated inhibition in neurite outgrowth might act, at least
artly, through the NCAM signaling system. Note, P2X1

eceptors have been shown recently to be expressed in
icroglia isolated from developing rat brain (Xiang and
urnstock, 2005), but the expression was too dispersed
nd low to be seen in the present study of brain sections.

CONCLUSION

n summary, this study demonstrates for the first time, the
evelopmental expression profile of P2X receptors sub-
ypes during perinatal brain development in the rat. Our
esults indicate that different P2 receptor subtypes may
articipate in different developmental processes such as
eurite outgrowth (involving P2X3 receptors), postnatal
eurogenesis (related to P2X4 and P2X5 receptor expres-
ion) and cell death (possibly involving P2X7 receptors),
hereas others may not play a role in development (P2X1

nd P2X6 receptors). Furthermore, extracellular ATP may
unction as a signaling molecule to inhibit motor axon
utgrowth in the embryonic neural tube, most likely via
2X3 receptors acting through the NCAM signaling
ystem.
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