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Abstract

Background. The involvement of IL-1b and other pro-
inflammatory cytokines in most forms of glomerulo-
nephritis is now well established. The P2X7 receptor,
an ATP-sensitive P2X receptor, functions not only
as a non-selective cation channel, but it is also
involved in the rapid processing and release of IL-1b,
apoptosis and necrotic cell death. Therefore, we
wanted to investigate if expression of this receptor
is altered in the glomeruli of rodent models of
glomerulonephritis.
Methods. P2X7 receptor protein expression was inves-
tigated using immunohistochemistry, and apoptosis
was assessed using the TUNEL assay and caspase-3
immunostaining. Real-time PCR with gene-specific
primers was used to detect P2X7, IL-1b, p53, bax and
bcl-2 mRNA expression.
Results. Although the levels of the P2X7 receptor
protein in mouse kidney are normally very low, or
undetectable, we detected an increase in glomerular
expression of this receptor and an increase in
glomerular apoptotic cells in a mouse model of
accelerated nephrotoxic nephritis. We also observed
increased glomerular and tubular expression of
the P2X7 receptor protein in renal biopsy tissue of
patients with autoimmune-related glomerulonephritis.
Furthermore, P2X7 receptor mRNA increased in the
kidneys of a rat model of proliferative glomerulo-
nephritis and this coincided with the onset of
proteinuria. We also observed increased mRNA
expression of Il-1b and the pro-apoptotic markers
p53 and bax, but not of anti-apoptotic bcl-2.
Conclusion. Although there is an association between
expression of the pro-inflammatory and pro-apoptotic
P2X7 receptor and glomerulonephritis in these

rodent models, and in at least one form of human
glomerulonephritis, the underlying relationship and its
functional significance remain to be explored.
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Introduction

Glomerulonephritis (GN) is still a leading cause of
end-stage renal disease and its treatment is non-specific
immunosuppression, which has significant adverse side
effects. Deposition of antibodies against autoantigens,
or exogenous antigens, leading to immune complex-
mediated inflammation and tissue injury has been well
documented in clinical disease and in experimental
models of GN [1].

Multiple cytokines are involved in the pathogenesis
of GN via recruitment of monocytes, macrophages
and T cells into glomeruli [2,3]. Moreover, increased
glomerular production of interleukin-1b (IL-1b),
tumour necrosis factor-a (TNF-a) and monocyte
chemo-attractant protein-1 (MCP-1) has been detected
in rodent models of experimental GN [4,5], and
glomerular IL-1b has been found in patients
with proliferative forms of GN [6,7]. Treatment
with IL-1 receptor antagonist, or TNF-a inhibitor,
has been shown to suppress the development of rat
crescentic anti-glomerular basement membrane (GBM)
GN [8,9].

ATP, via the P2X7 receptor, has been shown to
rapidly promote the processing and release of mature
IL-1b from lipopolysaccharide (LPS) primed macro-
phages and monocytes [10–14]. Indeed, P2X7 receptor
knockout mice fail to generate mature IL-1b from
macrophages challenged with LPS and ATP [15], and
exhibit a reduced inflammatory response to antibody-
induced arthritis [16]. It has also been reported
that a P2X7 receptor agonist, 3
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ATP (BzATP), can induce TNF-a production in rat
and human microglia [14,17], as well as expression of
MCP-1 in cultured rat astrocytes [18].

The P2X7 receptor is a member of the P2X receptor
family of ligand-gated cation channels, which com-
prises seven subtypes, P2X1–7 [19]. All seven members
of the P2X receptor family form non-specific cation
channels on binding to a nucleotide ligand. Although
structurally similar to the other P2X receptors, the
P2X7 receptor has several unique properties: its affinity
for ATP is low, requiring 10–100 times higher
concentrations of ATP for activation compared with
other P2X receptors [20,21]; stimulation of the P2X7

receptor after brief exposure to ATP leads to apoptosis
in several cell types, including macrophages and
lymphocytes [20,22], dendritic cells [23] and mesangial
cells [24]; sustained activation triggers formation of a
large non-selective pore for molecules up to 900 Da in
size [25,26]. The opening of the membrane pore is
thought to cause cell death by disrupting ionic
gradients and/or providing pathways for efflux of
vital intracellular molecules [20].

The P2X7 receptor is expressed in immune cells,
including monocytes, macrophages, lymphocytes and
bone marrow-derived cells [16,27]. In normal adult rat
kidney, there is little or no P2X7 receptor expression
[28]; however, increased expression has been observed
in the glomeruli of diabetic and hypertensive rat
models [29]. A low level of P2X7 receptor expression
has also been detected in cultured mesangial cells,
which can be upregulated by exposure to TNF-a [24].
Currently, very little is known about expression of
the P2X7 receptor in other forms of renal disease,
including GN. We have been able to demonstrate
increased expression of P2X7 receptor protein in
glomeruli of a mouse model of GN, and in renal
biopsy tissue from patients with lupus nephritis. There
was double-labelling of the P2X7 immunostaining in
the mouse model with caspase-3 indicating apoptotic
cells. Moreover, we have also shown increased mRNA
expression of the P2X7 receptor, IL-1b and of the
pro-apoptotic genes p53 and bax in a rat model of
proliferative GN.

Methods

Experimental models

The rat model of proliferative and necrotizing GN was used
previously [30]. Briefly, male Wistar Kyoto rats weighing
200–250 g were injected with 0.1ml of rabbit anti-rat GBM
globulin and then sacrificed at 2, 4 and 7 days after the
nephrotoxic serum injection (n¼ 6 for each time-point). The
nephrotoxic serum injection causes a rapid influx of
monocytes and macrophages into glomeruli within hours
of administration, followed by segmental fibrinoid necrosis
by day 4 [30]. This is a well-characterized model with the
onset of detectable proteinuria and maximal macrophage
infiltration of glomeruli occurring 4 days after the
nephrotoxic serum injection [30]. Kidneys were removed
for RNA extraction. This model proved unsuitable for

immunostaining due to cross-reaction between the anti-
rabbit secondary antibody used to detect P2X7 positive
staining and the rabbit anti-GBM used to induce GN.

Mouse renal tissue obtained previously [31] was used in
the present study. The mouse model is an accelerated form
of nephrotoxic nephritis in which C57BL/6 mice (purchased
from Harlan Ltd, Bicester, UK) were first pre-immunized
with 0.2mg sheep IgG mixed with Freund’s complete
adjuvant (50:50 v/v) (Sigma, Poole, UK). Five days later
mice were given an injection of 10mg sheep anti-mouse GBM
globulin [31]. The animals were sacrificed at 24 h and 8 days
after nephrotoxic serum injection and their kidneys
embedded in Tissue-Tek (Sakura Finetek, The Netherlands)
in preparation for cryosectioning. This GN model is
characterized by leukocyte infiltration, proteinuria, glomer-
ular capillary thrombosis, glomerular crescent formation and
renal impairment. All procedures were carried out in
accordance with the Animals (Scientific Procedures)
Act 1986.

Patients with the clinical features of lupus nephritis
(including positive anti-double stranded DNA antibodies
and diagnostic renal histology) were selected for this study
and paraffin sections from their renal biopsies were
examined. The Hammersmith, Queen Charlotte’s and
Chelsea Hospitals Research Ethics Committee approved
the study and all the patients who contributed biopsy
samples gave their consent.

Real-time PCR

Glomeruli from the rat model of proliferative GN were
isolated from the renal cortex using a differential sieving
technique, described in detail in [3]. Total glomerular
RNA was extracted using RNAzol B according to the
manufacturer’s protocol (Biogenesis, Poole, UK). One
microgram of glomerular RNA was reverse transcribed
with 0.5 mg oligo(-dt) 12–18 primer and a first-strand
cDNA synthesis kit, (Superscript II RNase H� reverse
transcriptase, Gibco BRL, UK). The resulting cDNA
transcripts of glomerular mRNA were used for PCR
amplification using the Roche Lightcycler (Roche
diagnostics, Germany) and QuantiTect SYBR� Green PCR
kit (Qiagen, West Sussex UK). Gene-specific primers for
P2X7 receptor, IL-1b, the apoptosis markers p53, bax and
bcl-2 and the constitutively expressed gene hypoxanthine
phosphoribosyl transferase (HPRT) were used (Table 1).
To quantify mRNA expression, standard curves were
generated with known amounts of each gene product.
A ratio of relative abundance of each gene to the house-
keeping gene HPRT was calculated by the Lightcycler
Relative Quantification software version 1.0 (Roche
Diagnostics, Germany). Melting curve analysis was carried
out to ensure primer specificity. PCR products were
also analysed by gel electrophoresis and visualized using
a Bio-Rad multi-imager (Bio-Rad, Hemel Hempstead,
Herts, UK).

Immunohistochemistry

Mouse kidneys were embedded in Tissue-Tek (Sakura
Finetek) and sectioned at 8 mm using a cryostat (Reichert
Jung CM1800), collected on gelatin-coated slides and
air-dried at room temperature. Slide-mounted sections
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were fixed for 2min in 4% formaldehyde diluted with
phosphate-buffered saline (PBS).

Sections (4 mm) were cut from archived wax-embedded
human kidney tissue using a microtome, placed on poly-L-
lysine-coated slides and dried overnight at 378C. The sections
were subsequently de-waxed with Histoclear (National
Diagnostics, Hessle, UK) and re-hydrated in decreasing
concentrations of ethanol. Slides were heated in 10mM
citrate buffer (pH 6.0) in a microwave oven for 10min and
allowed to cool for 1 h.

The procedure for both frozen and wax-embedded
sections was as follows: slides were washed three times
for 5min each with excess PBS. Non-specific binding was
blocked by incubation with 10% normal horse serum (NHS)
(Invitrogen Ltd., Renfrew, UK) for 30min. Subsequently,
the sections were incubated overnight at room temperature
with the primary antibody, rabbit anti-P2X7 (Roche
Bioscience, Palo Alto, CA) at 5mg/ml diluted in 10% NHS.
The following day, slides were washed three times for 5min
each with excess PBS and the secondary antibody for
fluorescent microscopy was Cy3 labelled anti-rabbit IgG
(Abcam, Cambridge, UK).

Co-staining experiments

To identify macrophages, slides were incubated for 1 h with a
biotin-conjugated anti-CD68 antibody (Serotec Ltd., Oxford,
UK), and the secondary antibody was streptavidin-linked
FITC (Amersham Lifescience, Bucks, UK).

To identify podocytes, the podocyte nuclear marker WT-1
was used; however, antibodies for P2X7 and WT-1 were
raised in the same species and so further steps were required
to avoid cross-reactivity. P2X7 receptor immunoreactivity
was detected by tyramide signal amplification (Renaissance,
TSA indirect, NEN, USA) using antibody concentrations
below the detection limit of a fluorophore-coupled secondary
antibody. After incubation overnight with anti-P2X7, the
layers of secondary antibody were biotinylated donkey
anti-rabbit IgG (Jackson Immunoresearch, Luton, UK)
and ExtrAvidin peroxidase (Sigma); the tyramide signal
amplification solution was applied for 8min and the final
layer was streptavidin-linked FITC (Amersham Lifescience).

Finally, sections were incubated overnight with anti-WT-1
and then detected with donkey anti-rabbit Cy3. Controls
were performed by incubating slides with pre-immune
rabbit IgG and with P2X7 receptor antibody pre-
absorbed with the homologous peptide—no staining was
observed.

For caspase-3 co-staining experiments, mouse GN slides
were prepared as described above. Non-specific binding
was blocked by incubation with 10% NHS (Invitrogen Ltd.)
for 30min. Subsequently, the sections were incubated over-
night at room temperature with the primary antibody,
goat anti-P2X7 (Santa Cruz Biotechnology, Ca, USA) at
1 mg/ml and rabbit anti-caspase 3 (Abcam) at 1 mg/ml diluted
in 10% NHS. The following day, slides were washed
three times for 5min each with excess PBS and incubated
with Cy3-conjugated anti-goat IgG for 1 h, again washed
with PBS three times 5min each and finally incubated with
FITC-conjugated anti-rabbit IgG for 1 h.

Slides were mounted in Citifluor (Citifluor Ltd.,
London, UK) and examined using a Zeiss Axioplan
immunofluorescent microscope (Zeiss, Göttingen,
Germany), and photographs were documented using a
Leica DC200 digital camera (Leica, München, Germany).

Identification of apoptotic cells by TUNEL assay

The terminal deoxynucleotidyl transferase-mediated nick
end-labelling (TUNEL) assay was performed using the
in situ cell death detection kit (Roche Molecular
Biochemicals, Mannheim, Germany). TUNEL identifies
fragmented DNA as a marker of apoptosis. Briefly, mouse
GN kidney sections were fixed with ice cold acetone for
10min and then washed three times with PBS. Cells were
permeabilized with 0.1% triton-X-100 in PBS for 2min at
48C, rinsed three times with PBS and incubated for 1 h in
the TUNEL reaction mixture (terminal deoxynucleotidyl
transferase with FITC conjugated dUTP). After a further
washing in PBS, the slides were mounted in citifluor
and examined with a Zeiss Axioplan light/fluorescent
microscope, and images were captured using a Leica
DC200 digital camera.

Statistics

Real-time PCR results are expressed as means� SEM of n
observations. To compare sets of data, one-way ANOVA,
followed by the Tukey–Kramer multiple comparisons
post hoc test, was used (‘Graphpad Instat’ version 3.06).
Differences were considered statistically significant at
P< 0.05.

Results

Increased mRNA expression of the P2X7 receptor,
IL-1b and pro-apoptotic p53 and bax genes,
but not anti-apoptotic bcl-2 in rat GN

Experiments were repeated in triplicate in six rats
at each time-point, expression levels were calculated
as a ratio to the housekeeping gene HPRT and control
values were normalized to 1.0 (Figure 1). Glomerular
P2X7 receptor mRNA expression was unchanged on

Table 1. Gene-specific forward and reverse primer sequences used in
the study

Gene Sequence Accession

P2X7 F GTGCCATTCTGACCAGGG
TTGTATAAA

NM 019256

R GCCACCTCTGTAAAGTTC
TCTCCGATT

IL-1b F CACCTCTCAAGCAGAGCACAG NM_031512
R GGGTTCCATGGTGAAGTCAAC

P53 F CAGCTTTGAGGTTCGTGTTTGT NM 030989
R ATGCTCTTCTTTTTTGCGGAAA

bax F CCAAGAAGCTGAGCGAGTGTCTC NM 017059
R AGTTGCCATCAGCAAACATGTCA

Bcl-2 F GGAGCGTCAACAGGGAGATG NM 016993
R GATGCCGGTTCAGGTACTCAG

HPRT F GCTGACCTGCTGGATTACATTA NM 012583
R CCACTTTCGCTGATGACACAA
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day 2 after nephrotoxic serum injection, but increased
3-fold by day 4 (P< 0.01), which coincided with the
onset of detectable proteinuria and the peak in
macrophage infiltration reported previously in this
model [30]. By day 7, there was no significant increase
in P2X7 receptor expression.

Expression of IL-1b mRNA was significantly
increased in this model: by day 2, IL-1b had increased
500-fold (P< 0.001) and by day 4, this had increased

to 6000-fold (P< 0.001); by day 7, this had fallen to a
400-fold increase (P< 0.001).

Expression of the pro-apoptotic p53 and bax
genes increased 2.5-fold (NS) and 6-fold (P¼ 0.01),
respectively, by day 2 and was increased maximally by
day 4 at 5-fold (P< 0.01) and 9-fold (P< 0.01),
respectively. By day 7, p53 and bax expression levels
were still increased, but only 3-fold (P¼ 0.01)
and 2-fold (NS), respectively. Expression of the

Fig. 1. P2X7 receptor, IL-1b, P53 and bax gene mRNA is upregulated in experimental glomerulonephritis. The expression of mRNA
encoding (A) P2X7 receptor, (B) IL-1b, (C) p53, (D) bax and (E) bcl-2, in kidneys from rats after induction of experimental proliferative
glomerulonephritis. Mean expression at each time-point is expressed as a ratio to that of the housekeeping gene HPRT; control (no GN)
values are normalized to one (n¼ 6 for each time-point, *P� 0.01, error bars¼� SEM).
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anti-apoptotic gene bcl-2 was unchanged at each
time-point.

Increased glomerular expression of P2X7 receptor
protein in mouse GN

P2X7 receptor immunoreactivity was not detectable
in normal mouse kidney (Figure 2A). However,
P2X7 receptor immunoreactivity was clearly visible in
the glomeruli of mice with accelerated nephrotoxic
nephritis and was readily detectable 24 h (n¼ 5) and
8 days (n¼ 7) post injection of the nephrotoxic serum
(NTS). A pattern suggesting mesangial staining was
observed in the glomeruli (Figure 2B–D). Apical
membrane distal tubule staining was also evident 24 h
post injection (Figure 2B). No immunoreactivity was
seen in mice glomeruli, neither with non-immune
serum nor when the antibody was pre-absorbed with

homologous peptide (Figure 2E). To determine
whether podocytes or macrophages were immuno-
positive, co-localization studies were carried out. P2X7

receptor immunoreactivity did not co-localize with the
podocyte nuclear protein WT-1 (Figure 2F). However,
P2X7 receptor expression was detected in glomeruli
(Figure 3A); infiltrating macrophages were identified
with anti-CD68 antibody (Figure 3B). Areas of
co-localization appear yellow where P2X7 receptor
positive macrophages were identified (Figure 3C)
alongside non-macrophage glomerular P2X7 receptor
immunostaining.

Increased numbers of apoptotic cells in mouse GN

Active caspase-3 is part of the apoptotic machinery of
the cell and has previously been reported to increase
with time in experimental glomerulonephritis [32].

Fig. 2. Increased P2X7 receptor protein expression in mouse accelerated nephrotoxic nephritis compared with control. (A) Photomicrograph
of a control mouse glomerulus showing minimal P2X7 receptor immunoreactivity (scale bar¼ 50 mm). (B) Photomicrograph of a mouse
glomerulus 24 h post-injection of nephrotoxic serum showing dense and localized P2X7 receptor immunoreactivity in glomerular cells and
apical expression on distal tubule cells (arrow) (scale bar¼ 50 mm). (C) and (D) Mouse glomeruli after 8 days post injection of nephrotoxic
serum showing dense P2X7 receptor immunoreactivity (scale bars¼ 50 mm). (E) An immunohistochemical control showing no
immunostaining of a mouse glomerulus, 8 days post-injection, P2X7 receptor antibody pre-absorbed with excess homologous peptide
(scale bar¼ 30 mm). (F) P2X7 receptor immunoreactivity (green) 24 h post-injection co-stained with the podocyte marker WT-1 (red) showing
no co-localization (scale bar¼ 50 mm).
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Caspase-3 immunoreactivity was detected in some
glomerular cells in mouse GN, 24 h post-injection
with NTS and this co-localized with P2X7 immuno-
reactivity (Figure 4A–C). Moreover, there was an
increase in caspase-3 positive cells in glomeruli
and some tubular cells 8 days post-NTS and again
this co-localized with P2X7 receptor expression
(Figure 4D–F). Caspase-3 and P2X7 immunoreactivity
could not be detected in normal mouse tissue
(Figure 4G–I). TUNEL-positive cells, as an index of
cell apoptosis, were also detected in glomeruli and
surrounding tubules in mouse GN 8 days post-
injection of the NTS (Figure 5A). TUNEL-positive
cells were undetectable in normal mouse kidney
(Figure 5B).

Altered P2X7 protein expression in lupus nephritis

We also investigated P2X7 receptor protein expression
in patients with lupus nephritis: proliferative lupus GN
(n¼ 6) and membranous lupus GN (n¼ 3). P2X7

receptor protein expression was detectable in biopsy
tissue from all of the patients examined. The majority
of the P2X7 immunopositive staining was found in the
glomeruli (Figure 6A and B); however, the density of
immunostaining varied between glomeruli, even in the
same patient (Figure 6C). Dense intracellular staining
was found in some proximal tubules and positive
staining was detectable in Bowman’s capsule
(Figure 6C). Apical tubular immunostaining was also
detected in some tubules in the outer medulla
(Figure 6D). No P2X7 receptor immunoreactivity was
observed in GN biopsy tissue when the antibody was
pre-absorbed with homologous peptide (Figure 6E) or
when pre-immune serum was used.

Control kidney tissue was obtained from four
patients: patients undergoing nephrectomy for renal
carcinoma (n¼ 2) during which a small portion of
normal kidney tissue distant from the tumour site was
also excised (to ensure complete tumour excision),
or from cadaver donor kidneys removed for renal
transplantation, but found to be unsuitable for
transplantation (n¼ 2). Very little P2X7 receptor
immunoreactivity was detectable in tubules or

glomeruli of the human control tissue (Figure 6F).
However, P2X7 immunopositive vascular smooth
muscle cells were seen in both control tissue and in
GN biopsy tissue (not shown).

Discussion

The P2X7 receptor (previously called P2Z) is normally
expressed by cells of the immune system, but there is
very little expression in normal kidney tissue [20,27,28].
Expression of this receptor has been detected in
cultured mesangial cells on exposure to TNF-a [24]
and in podocyte cells and renal tubular cells, where
expression is upregulated in chronic and inflammatory
conditions [29,33]. The present study provides the
first reported evidence for increased P2X7 mRNA
expression in a rat model of GN and increased
expression of P2X7 receptor protein in the glomeruli
of a mouse model of accelerated nephrotoxic GN,
as well as in patients with GN.

Currently, the role of P2X7 in the etiology of
GN is unknown. However, previous studies have
shown that brief stimulation of the P2X7 receptor
promotes activation of caspase-1 and release of
the pro-inflammatory cytokine IL-1b from activated
macrophages and HEK-293 cells [13,34,35]. Caspase-1,
also known as IL-1b-converting enzyme, cleaves
the inactive precursor pro-IL-1b to form the mature
active cytokine [36]. When macrophages are exposed to
LPS and ATP, they generate �20–35 times more
mature IL-1b than if stimulated with LPS alone [11].
Previous reports have suggested that a P2X7 receptor-
induced rise in intracellular Ca2þ concentration initi-
ates release of IL-1b-containing microvesicles [12] and/
or that P2X7 receptor stimulation by ATP accelerates
caspase-1 processing and activation following
increased Kþ efflux via a phospholipase A2-dependent
mechanism [37], although the exact mechanism of
caspase-1 activation is still unclear.

IL-1b has been shown to be responsible for the
prominent macrophage infiltration seen in most
forms of GN and promotes TNF-a production and
glomerular injury in murine GN [38,39]. Interestingly,
in the rat model of crescentic GN, maximal P2X7

Fig. 3. Expression of P2X7 receptor on glomerular macrophages. Photomicrographs of a mouse glomerulus 8 days post-injection of
nephrotoxic serum showing (A) P2X7 immunoreactivity and (B) CD68 positive macrophages. In the overlay (C), areas of co-localization
appear yellow, demonstrating P2X7 receptor positive macrophages (arrows) and additional P2X7 receptor staining of glomerular cells
(scale bars¼ 50 mm).
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Fig. 4. Double-labelling of P2X7 receptor protein (red) with caspase-3 (green) in mouse accelerated nephrotoxic nephritis. P2X7 receptor
immunoreactivity was abundant in glomeruli 24 h post-injection with nephrotoxic serum (A), but there was only minimal caspase-3 staining
(B). The overlay (C) does show some double-labelling of P2X7 receptor-positive cells with caspase-3, which appear yellow—the same cells are
indicated by arrows in all three plates. Abundant P2X7 receptor (D) and abundant caspase-3 positive cells (E) are seen in glomeruli and some
tubular cells (arrow) 8 days post injection and show double-labelling in the overlay (F). (G) and (H) are sections from a normal mouse
glomerulus showing no P2X7 or caspase-3 immunoreactivity, respectively; (I) is the overlay (scale bars¼ 50 mm).

Fig. 5. Increased TUNEL-positive glomerular cells in mouse accelerated nephrotoxic nephritis compared with control. (A) TUNEL-positive
cells detected in glomeruli and in some surrounding tubule cells of mice with experimental nephrotoxic nephritis (arrows) 8 days post-injection
of nephrotoxic serum (n¼ 4), but not in (B) normal mouse kidney sections (scale bars¼ 50 mm).
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receptor mRNA expression was detected on the 4th
day after injection of nephrotoxic serum. We have also
shown a significant increase in IL-1b mRNA, which is
perhaps not so surprising in an inflammatory model of
GN; however, the increase was also maximal by day 4.
This coincides with our previous report of glomerular
infiltration with monocytes and macrophages,
which was also maximal on day 4, as well as the
onset of glomerular cell damage and proteinuria in
this model [30].

In HEK-293 cells membrane blebbing and micro-
vesiculation have been observed within seconds to

minutes of P2X7 receptor activation leading to
apoptosis [40]. P2X7 receptor-induced processing and
release of IL-1b, and its triggering of the apoptotic
pathway can occur simultaneously. However, these
events can be dissociated, suggesting that they occur
via parallel and independent pathways [13]. As an
index of apoptosis, we detected caspase-3 positive
cells in glomeruli 24 h post-NTS injection, which
co-localized with P2X7 immunoreactivity.
Furthermore, there was a significant increase in
caspase-3 activity 8 days post-NTS, also evident by
the significant number of TUNEL-positive cells in

Fig. 6. Expression of P2X7 receptor protein in renal tissues from patients with glomerulonephritis. (A) and (B) Photomicrographs of renal
biopsy tissue from a patient with proliferative lupus glomerulonephritis showing dense and localized P2X7 receptor staining in the glomerulus
(scale bars¼ 50 mm). (C) P2X7 receptor staining of Bowman’s capsule (arrows) and some dense intracellular proximal tubule staining in a
patient with membranous lupus glomerulonephritis (scale bar¼ 50 mm). (D) Photomicrograph of a renal biopsy specimen from a patient with
membranous lupus glomerulonephritis, showing mostly apical (arrows) and intracellular P2X7 receptor tubule staining in the outer medulla
(scale bar¼ 50 mm). (E) An immunohistochemical control showing no immunostaining with proliferative lupus GN when antibody is pre-
absorbed with excess homologous peptide (scale bar¼ 50 mm). (F) Human control kidney showing no P2X7 receptor staining in the tubules or
glomeruli (scale bar¼ 50 mm).
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glomeruli 8 days post-NTS injection in the mouse.
In addition, there was increased glomerular mRNA
expression of the pro-apoptotic markers p53 and bax
in rat experimental GN, but no significant difference
in the expression of the anti-apoptotic bcl-2 gene.
This suggests a link between altered expression of P2X7

receptor and activation of the apoptotic pathway.
ATP is released following cell damage, including

renal cell injury, as occurs during the mesangiolytic
stage of anti-Thy-1 GN [41]. The length of exposure to
the agonist probably determines the response gener-
ated by activation of the P2X7 receptor. Activation of
the ligand-gated ion channel after brief exposure to
ATP may lead to membrane blebbing and apoptosis,
and processing and release of IL-1b [20]; whereas,
prolonged exposure to ATP leads to formation of a
membrane pore which is likely to result in cell death by
lysis and necrosis [42]. Whether or not a cell undergoes
apoptosis in response to ATP depends on the cell type,
the level of P2X7 receptor expression at the cell surface,
the concentration of released ATP and the duration of
exposure to ATP.

In summary, the pro-inflammatory and pro-
apoptotic P2X7 receptor is upregulated in rodent
models of GN and in human lupus-related GN. P2X7

receptor mRNA increased on day 4 in a rat model of
proliferative GN, which coincided with the onset of
proteinuria. We also observed an increase in IL-1b
mRNA and in mRNA of the pro-apoptotic markers
p53 and bax, as well as an increase in apoptotic cells in
glomeruli in the mouse. An increase in P2X7 receptor
protein was also detected in glomeruli of the mouse
model of accelerated nephrotoxic nephritis, in part due
to infiltrating macrophages. In patients with lupus GN,
P2X7 receptor protein was detected in glomeruli and
renal tubules, but not in control tissue.

In conclusion, our findings suggest that de novo
renal expression of the P2X7 receptor could be
important in the pathogenesis of GN, perhaps through
cell loss by apoptosis or the regulation of pro-
inflammatory cytokine production. However, selective
P2X7 receptor agonists or antagonists suitable for
in vivo use are not yet available; future work will need
to focus on the effect of deleting the P2X7 receptor
in vivo and in vitro.
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