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Abstract

Observation of the changes in the occurrence and distribution of nucleotide (P2X) receptors in the adrenal gland during
development and ageing, and correlation with the changes in adrenal status at similar stages may give morphological insights

into the functions of purine nucleotides in the gland. Age-related changes in the localization of all seven subtypes of the P2X
receptor in the adrenal gland of rat were therefore investigated immunohistochemically. In the adrenal glands of prenatal rats,
immunoreactivity to P2X receptor subtypes was not observed. In glands of the postnatal rat at the developmental stages studied,
only immunoreactivity for the P2X5 receptor subtype was observed. A small number of faintly P2X5-immunoreactive chroma�n

cells were found in the adrenal glands of 1-day-old rats; the frequency of localization and intensity of staining of
immunoreactive cells had increased by day 4 and was further increased at day 7. P2X5 immunoreactivity was not observed in
the adrenal glands from 14- and 21-day-old rats. At 8 weeks of age, immunoreactivity with a speci®c distribution for each of the

seven receptor subtypes was observed. Except for the P2X4 receptor, adrenal glands at 24 months showed a similar pattern of
immunoreactivity for the receptor subtypes as that observed at 8 weeks. Immunoreactivity for P2X4 was ®rst observed in the
adrenal cortical cells of the zona reticularis at 8 weeks, but was absent in 24-month-old rats. However, several P2X4-

immunoreactive chroma�n cells appeared at 24 months. Such immunoreactive cells were not seen in rats of any of the other
ages studied. It was concluded that the greater expression of P2X5 receptor at an early developmental stage and of P2X4 in
ageing might re¯ect functional roles for purines in cellular proliferation and/or di�erentiation, and in cellular degeneration,

respectively, in adrenal glands of rat. 7 2000 ISDN. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Adenosine 5 '-triphosphate (ATP) is involved in sev-
eral extracellular activities, in addition to its function
as an intracellular energy source (see [7,8]). In the
extracellular activities, ATP plays roles in long term
events such as embryonic development, growth, cell
proliferation and di�erentiation [28], while in short

term events it is involved in activities such as neuro-
transmission and/or modulation, regulation of visceral
muscle contraction and neuroendocrine secretion [7,8].
Such e�ects of ATP are mediated through di�erent
types of receptors located on the surface of cells, con-
sisting of two families of P2 receptors that are widely
distributed among mammalian cells: P2X receptors are
ligand-gated non-selective cation channels; while P2Y
receptors are G protein-coupled membrane receptors
[1,5,6]. So far, seven subtypes of P2X receptors and
nine subtypes of P2Y receptors have been identi®ed
[1,9,17,31].

Using antisera raised against the unique peptide
sequences to each of the seven subtypes of the P2X
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receptors [32], immunohistochemical localization of the
receptors has been achieved recently in di�erent
regions [10,18,19], including rat adrenal gland [3]. In
the adrenal gland, ATP is stored and released along
with the catecholamines from chroma�n cells [38].
ATP is also released from the adrenal capsule and
zona glomerulosa region of the gland [23]. Functional
studies have shown that ATP can facilitate [12,25] and
inhibit [11] catecholamine secretion from adrenal chro-
ma�n cells. ATP can also stimulate steroidogenesis
from adrenal cortical cells [23,24,27,30]. These obser-
vations suggest that ATP receptors located on the
adrenal gland cells play important physiological roles
in the activity of the gland.

During development, adrenal gland cells exhibit
changes in their innervation and expression of various
messenger molecules [2,4,21,37]. In addition, during
ageing, adrenal medullary cells show changes in their
innervation, expression of various mediator molecules,
and evidence of proliferative lesions and structural
changes [4,15,22,35,36]. It is not known whether
changes also occur in the P2X receptor subtypes of the
adrenal gland during development and ageing, and so
this warrants examination. Understanding the level
and pattern of any change in the occurrence of the
receptors during di�erent conditions, such as in devel-
opment and ageing, would give morphological insights
into the functions of purines in the gland. Using
immunohistochemical techniques we have, therefore,
investigated the occurrence of all seven subtypes of the
P2X receptors in the adrenal glands of the rat at ten
di�erent ages, ranging from embryonic day 16 to 24
months after birth.

2. Experimental procedures

2.1. Animals

The study was conducted on male (postnatal) Spra-
gue±Dawely rats and either sex (prenatal). The animals
were housed under normal conditions at 218C, 12 h
light and 12 h darkness. Adrenal glands from ®ve rats
of each of the following ages were studied: developing
rats of embryonic day (E) 16, E18, E20; postnatal rats
1, 4, 7, 14 and 21 days of age; adult rats of 8 weeks
and ageing rats of 24 months.

Pregnant rats were killed by a rising concentration
of CO2, foetuses were removed and their adrenals
quickly dissected out and immersion-®xed for 1 h at
room temperature in 4% formaldehyde containing
0.03% picric acid in 0.1 M phosphate-bu�ered saline
(PBS), pH 7.4. Similarly, all postnatal rats were sacri-
®ced under CO2 anaesthesia, their adrenals removed
and immersion-®xed for 1 h. The adrenals were left
overnight in 10% sucrose in PBS at 48C. Frozen sec-

tions were cut at 14 mm in a cryostat (Leica CM 1800,
Germany) and thaw-mounted onto gelatinized slides.

2.2. P2X antibodies

Immunohistochemistry for P2X receptors was car-
ried out using rabbit polyclonal antibodies against
unique peptide sequences of each of P2X1±7 receptor
subtypes provided by Roche Bioscience, Palo Alto,
USA [32].

The immunogens were synthetic peptides represent-
ing 15 receptor-type speci®c amino acids in the C-
terminal part of the receptor: P2X1, amino acid 385-
399 (ATSSTLGLQENMRTS); P2X2, amino acid 458-
472 (QQDSTSTDPKGLAQL); P2X3, amino acid 383-
397 (VEKQSTDSGAYSIGH); P2X4, amino acid 374-
388 (YVEDYEQGLSGEMNQ); P2X5, amino acid
437-451 (RENAIVNVKQSQILH); P2X6, amino acid
357-371 (EAGFYWRTKYEEARA); P2X7, amino acid
555-569 (TWRFVSQDMADFAIL). The peptides were
covalently linked to keyhole limpet haemocyanin. Rab-
bits were immunized with the conjugated peptides in
multiple monthly injections (performed by Research
Genetics, Inc., Huntsville, AL, USA). The speci®city
of the P2X antibodies has been veri®ed by immuno-
blotting with membrane preparations from cloned
P2X1±7 receptor-expressing CHO-K1 cells or 1321N1
cells [32]. The antibodies recognize only one protein of
the expected size in the heterologous expression sys-
tems and have been shown to be receptor subtype.

Immunoglobulin G (IgG) fractions were isolated
from the pre-immune and immune sera (P2X1±7) fol-
lowing the method of Harboe and Ingild [20]. The pro-
tein concentration was determined at 280 nm using an
extinction factor of 1.43 for 1 mg/ml.

2.3. Immunohistochemistry

Endogenous peroxidase was blocked with 50%
methanol and 0.4% hydrogen peroxide for 10 min.
Non-speci®c binding sites were blocked by incubation
for 20 min with 10% normal horse serum in PBS con-
taining 0.05% merthiolate. Sections were incubated
overnight at room temperature in a humid chamber
with the polyclonal antibodies against P2X1±7 receptor
subtypes (see below), P2X1±3 and P2X5±7 at dilutions
of 1 mg/ml in 10% normal horse serum, and P2X4 at
0.5 mg/ml, were used. These dilutions were found to be
optimal by titration. The sites of antibody-antigen
reaction were visualized by incubation with biotiny-
lated donkey anti-rabbit IgG (Jackson Immunore-
search, PA, USA) at a dilution of 1:500 for 1 h, and
then with ExtrAvidin peroxidase conjugate (Sigma,
Poole, UK) at a dilution of 1:1500 for 1 h. After each
incubation, sections were washed in PBS (3 � 5 min).
The nickel-intensi®ed 3,3 '-diaminobenzidine (DAB)
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reaction was performed for 5±10 min according to the
protocol developed by Llewellyn-Smith et al. [26]. Sec-
tions were dehydrated in graded alcohol, cleared in
xylene and mounted with Eukitt (BDH, Leicester,
UK).

Immunoprocessed sections were studied using an
Edge R 400 high-de®nition light microscope (Edge
Scienti®c Instrument Co., Santa Monica, CA) and
photographed with Kodak TMX 100 black and white
®lm.

Controls included: omission of the primary anti-
bodies, replacement of the primary antibodies with
rabbit preimmune IgG, and preabsorption of the pri-
mary antibodies with their respective homologous pep-
tide antigens.

3. Results

The control experiments in which the primary anti-
bodies were omitted or replaced by rabbit preimmune
IgG or preabsorbed with the respective peptide anti-
gens did not show any staining.

3.1. Developing rat

Immunoreactivity to the seven P2X receptor sub-
types was not found in the adrenal gland sections from
prenatal rats at stages E16, E18, E20.

Only P2X5 immunoreactivity showed a transitory
appearance during early postnatal life, while no immu-
noreactivity was seen for any of the remaining six
receptor subtypes in the di�erent age levels studied,
until the age of 8 weeks. Immunoreactivity for P2X5

receptors in the adrenal gland ®rst appeared as some
faintly labelled chroma�n cells at day 1 (Fig. 1(a)).
P2X5-immunoreactive chroma�n cells had increased in
frequency and staining intensity in adrenal glands of 4-
day-old rats and had further increased by day 7
(Fig. 1(b)). At this latter stage, the labelled cells were
found dispersed singly or in groups of two or three
cells among non-immunoreactive chroma�n cells.
However, immunoreactivity for P2X5 had disappeared
at 2 and 3 weeks (Fig. 1(c)) and reappeared at 8 weeks
(Fig. 1(d)).

3.2. Adult rat

In the adrenal glands of the 8-week-old rat, immu-
noreactivity for each of the seven receptor subtypes,
including the P2X5 subtype, was comparable to that of
adult rat observed and reported previously [4]. Brie¯y,
P2X1 was found in the nerve ®bres innervating adrenal
chroma�n cells and blood vessels in the medulla.
P2X2 and P2X3 receptor immunoreactivities were loca-
lized in the adrenal intrinsic neurones. Immunoreactiv-

Fig. 1. P2X5 receptor immunoreactivity in adrenal gland sections of

1-day (a), 7-day (b), 2-week (c) and 8-week-old (d) rats. Note that

the immunoreactive chroma�n cells (arrows in (a), (b) and (d))

appeared as a small number of slightly immunoreactive cells at day 1

(a), increased in number and intensity of staining at day 7 (b), and

disappeared at 2 weeks (c) to reappear in a small number of chro-

ma�n cells at 8 weeks (d). Bar=40 mm.
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ity to P2X2 antibodies were also found in the smooth
myocytes of capsular and subcapsular blood vessels.
P2X4, and P2X5, P2X6 and P2X7 were localized in
adrenal cortical cells of zona reticularis and zona fasci-
culata, respectively. P2X5- and P2X7-immunoreactivi-
ties were also found in the adrenal chroma�n cells.

3.3. Ageing rat

In the adrenal glands from 24-month-old rats, the
immunoreactivity to each of the receptor subtypes,
except that to the P2X4 subtype, was comparable to
that of the 8-week-old animals as mentioned above.
However, striking changes were observed in the occur-
rence of the P2X4 receptor. Firstly, the P2X4-immuno-
reactive cortical cells of the zona reticularis observed
at 8 weeks of age (Fig. 2(a)) were absent from the 24-
month old rat (Fig. 2(b)). Secondly, several P2X4-im-
munoreactive chroma�n cells were seen in the adrenal
glands at 24 months (Fig. 2(b)). These immunoreactive

chroma�n cells were localized singly, dispersed among
non-immunoreactive chroma�n cells. P2X4-immuno-
reactive chroma�n cells were not observed in rats of
any of the other age groups investigated.

4. Discussion

4.1. Changes in the localization of P2X5 receptor
subtype

The absence of localization of P2X receptor sub-
types, except the P2X5, during the early postnatal
development of the adrenal gland, in spite of their
occurrence in the adult, suggests a lack of functional
involvement of most of the receptor subtypes until the
gland reaches full functional maturity. However, the
progressive increase in the occurrence of the P2X5

receptor subtype in the ®rst week and the subsequent
transitory disappearance at 2 and 3 weeks postnatally
suggests a temporary functional signi®cance of the
P2X5 receptor during the ®rst week of development.

Developing adrenal chroma�n cells exhibit two dis-
tinct phases: an initial phase that is controlled by
intrinsic genetic information and is subjected to modi-
®cation by hormonal and other metabolic inputs; and
a second phase of transynaptic control mediated by
the acetylcholine released from splanchnic nerve term-
inals [33]. The second phase appears towards the end
of the ®rst week and becomes fully operational by 10
days postnatally [33]. In this present study, the
increased occurrence of P2X5 receptors observed
during the ®rst week, when the non-neurogenic mech-
anism is prevailing may indicate that purines are
involved in modulating the developmental activities of
the chroma�n cells during the initial phase of their
development. In this connection, ATP has already
been implicated in cellular development because con-
current treatment of astrocytes with extracellular ATP
and ®broblast growth factors leads to a P2 receptor-
mediated synaptic activation of DNA synthesis [29].
Moreover, in the skin, P2X5 immunoreactivity was
localized in di�erentiating cell layers of the epithelia
[18]. The presence of P2X5 receptor subtype in the
adrenal chroma�n cells, at an early developmental
stage, also suggests the involvement of ATP in the
regulation of catecholamine secretion from the gland
at this stage. A non-neurogenic mechanism has been
previously suggested to precede the acetylcholine-
mediated transynaptic neurogenic input from the
splanchnic nerves for the control of the release of cat-
echolamines from developing medullary chroma�n
cells [33].

Since during the early developmental period chro-
ma�n cells are known to actively divide and be smal-
ler in size [15], it was not unexpected to ®nd that at 8

Fig. 2. P2X4 receptor immunoreactivity in adrenal gland sections of

8-week (a) and 24-month-old (b) rats. Note that immunoreactive

adrenal cortical cells of zona reticularis at 8 weeks (arrows in (a)) are

not visible in the gland of the 24-month-old rat (b). Instead, P2X4-

immunoreactive chroma�n cells have appeared at 24 months (arrows

in (b)), which are not found in the glands of the 8-week-old rat. c:

cortex, m: medulla. Bar=40 mm.
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weeks of age the P2X5-labelled chroma�n cells were
larger (Fig. 1(d)) than those at early postnatal stages
(days 1 and 7; Fig. 1(a) and (b)).

4.2. Changes in the localization of P2X4 receptor
subtype

The plasticity of the occurrence of P2X4 receptors
seen in the ageing rat is another interesting observation
of the present study. Localization of the P2X4 receptor
in the adrenal cortical cells of zona reticularis in the
adult rat may suggest that ATP is involved in steroido-
genesis in the gland. Previously, functional studies
have shown that ATP facilitates steroidogenesis from
adrenal cortical cells of the zona glomerulosa and fas-
ciculata cells [23,24,27,30]. However, the reason for the
absence of immunoreactivity in the cortical cells of
zona reticularis of the ageing rat is intriguing, and
awaits further investigation. It may be because of an
age-related disappearance of the speci®c cortical cells
possessing the receptor. Alternatively, it may be
because the receptors disappear from these cells in the
ageing rat. There is circadian variation of the level of
corticosteroid secretion by the adrenal cortex and,
thus, it could be hypothesized that the level of occur-
rence of purine receptors may also show changes
during a 24-h period. Investigation of this will consti-
tute a separate study in the future. However, since in
the present study we investigated age-related changes
at a speci®c time of the day, circadian rhythm is unli-
kely to have any in¯uence on the current ®ndings.

The localization of P2X4 receptors in some chromaf-
®n cells of the ageing rat, but their absence in those of
the other age groups, is interesting. This may indicate
the emergence of new chroma�n cells that express
P2X4 receptors, or perhaps the expression of the recep-
tors in previously negative cells. It is known that
during ageing there is an increased frequency of spon-
taneous changes in the adrenal chroma�n cells of the
rat. These changes occur as proliferative lesions of
adrenal medullary cells from hyperplasia, phaeochro-
macytoma and/or hypertrophy of chroma�n cells
[15,35,36]. It is, therefore, possible that the P2X4

receptor is expressed in any of the a�ected adrenal
chroma�n cells showing such changes in ageing. The
smaller size of the P2X4-labelled chroma�n cells from
the ageing rat (Fig. 2(b)) compared to chroma�n cells
showing P2X5 immunoreactivity in the 8-week-old rat
(Fig. 1(d)) may also result from the proliferative
changes in ageing. However, it is known that there are
at least two subtypes of chroma�n cells of di�erent
sizes [14], and the possibility exists that the P2X4

receptor is expressed in a small-sized subtype of chro-
ma�n cells. Moreover, the presence of P2X4 receptor
in the chroma�n cells could be associated with cellular
degeneration that is caused by ageing. In fact, P2X1,

P2X4 and P2X7 receptors have been previously impli-
cated with apoptosis at di�erent sites [13,16,34], and
ATP has been found to induce cell death [39,40].

Part of this study was presented at the 4th Inter-
national Congress of the Society of the Neuroscientists
of Africa, 12±16 April 1999, Dakar, Senegal.
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