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BACKGROUND AND PURPOSE
ATP is released in response to cellular damage, and P2X7 receptors have an essential role in the onset and maintenance of
pathological changes. Haemorrhagic cystitis (HC) is a well-known adverse effect of therapy with cyclophosphamide used for
the treatment of many solid tumours and autoimmune conditions. Here we have evaluated the role of P2X7 receptors in a
model of HC induced by cyclophosphamide.

EXPERIMENTAL APPROACH
Effects of pharmacological antagonism or genetic deletion of P2X7 receptor on cyclophosphamide-induced HC in mice was
assessed by nociceptive and inflammatory measures. In addition, the presence of immunoreactive P2X7 receptors was
assessed by immunohistochemistry.

KEY RESULTS
Pretreatment with the selective P2X7 receptor antagonist A-438079 or genetic ablation of P2X7 receptors reduced nociceptive
behaviour scores in the HC model. The same strategies decreased both oedema and haemorrhage indices, on macroscopic or
histological evaluation. Treatment with A-438079 decreased the staining for c-Fos in the lumbar spinal cord and brain cortical
areas. Treatment with A-438079 also prevented the increase of urinary bladder myeloperoxidase activity and macrophage
migration induced by cyclophosphamide and reduced the tissue levels of IL-1b and TNF-a. Finally, P2X7 receptors were
markedly up-regulated in the bladders of mice with cyclophosphamide-induced HC.

CONCLUSIONS AND IMPLICATIONS
P2X7 receptors were significantly involved in a model of HC induced by cyclophosphamide. Pharmacological inhibition of
these receptors might represent a new therapeutic option for this pathological condition.

Abbreviations
HC, haemorrhagic cystitis; KO, knockout; Mesna, 2-mercaptoethane sulfonate; MPO, myeloperoxidase
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Introduction
Haemorrhagic cystitis (HC) is an inflammatory condition of
the urinary bladder, represented by haematuria, symptoms of
local irritability (dysuria, frequency and urgency of urination)
and pelvic pain. HC can be initiated by radiation or by chemi-
cal agents, such as busulfan, oxazaphosphorines (such as
cyclophosphamide and ifosfamide), and occasionally by
penicillins and non-steroidal anti-inflammatory drugs. Many
cases of mild HC are spontaneously resolved; nevertheless, in
some cases, moderate to severe HC can result in significant
morbidity, or even mortality (Traxer et al., 2001; Nickel, 2002;
Neheman et al., 2005; Giraud et al., 2006; Cheuk et al., 2007;
Manikandan et al., 2010).

The alkylating agent cyclophosphamide acts in a non-
specific manner on the cell cycle and it is commonly used for
the treatment of many solid tumours, B cell malignancies,
and as an immunosuppressive agent for autoimmune dis-
eases, such as lupus and rheumatoid arthritis. It is a prodrug,
metabolized by hepatic microsomal enzymes, generating its
active metabolite phosphoramide mustard, and the toxic
agent acrolein. Acrolein is highly toxic to the urinary bladder,
promoting the release of inflammatory mediators, which ulti-
mately lead to HC (Crocitto et al., 1996; Wong et al., 2000;
Traxer et al., 2001; Batista et al., 2006; Manikandan et al.,
2010).

Patient hydration, bladder instillation and the use of
diuretics lead to increased urinary flux, favouring the elimi-
nation of acrolein. In addition, some agents able to neutralize
the toxic metabolite, such as sodium 2-mercaptoethane sul-
fonate (Mesna), have also been widely used to prevent
cyclophosphamide-induced HC (Traxer et al., 2001). Never-
theless, once HC is present, these methods have only minor
beneficial effects. Other strategies have been described, such
as antifibrinolytic drugs, potassium alum, silver nitrate,
phenol, prostaglandins, formalin, arterial embolization,
hyperbaric oxygen therapy, to treat HC, but all of them
display limited efficacy (Traxer et al., 2001; Neheman et al.,
2005; Chow et al., 2006; 2007; Manikandan et al., 2010).

The purinergic system is involved in several pathophysi-
ological events. Purines exert their main effects by interacting
with two general classes of purinergic receptors, P1 and P2
(Ralevic and Burnstock, 1998; Burnstock, 2011). The P1 class
consists of the adenosine GPCRs (A1, A2A, A2B, A3) preferen-
tially binding adenosine, whereas the P2 receptors recognize
the nucleotides ADP, ATP, UTP and UDP. The P2 receptors are
divided into two families; the P2Y GPCRs (metabotropic)
with eight subtypes (P2Y1,4,6,11–14), and the P2X receptors
(ligand–gated ion channels) with seven subtypes (P2X1-7)
(Burnstock, 2007; 2009; 2011; Surprenant and North, 2009;
receptor nomenclature follows Alexander et al., 2011). Several
P2 receptor subtypes are expressed in the urinary bladder and
are likely to be involved in functions such as sensory and
motor transmission under normal conditions. Understanding
the involvement of these receptors in the pathophysiology of
micturition, urinary dysfunction, and mainly in disease states
might identify new therapeutic targets to treat bladder dys-
function (Burnstock, 2009; 2011).

Among the P2X receptor family, the P2X7 subtype pre-
sents a series of peculiar features. First, its activation requires
near-millimolar concentrations of ATP (up to 300 mM), while

the other P2X receptors display a very high sensitivity for
ATP. Next, P2X7 receptors are highly expressed in immune
and inflammatory cells, throughout the central or peripheral
nervous systems. Activation of P2X7 receptors results in Ca2+

and Na+ influx and efflux of K+, accompanied by the release of
the pro-inflammatory cytokine IL-1b (Ferrari et al., 1997;
MacKenzie et al., 2001; Chen and Brosnan, 2006; Donnelly-
Roberts and Jarvis, 2007; Dubyak, 2007; Skaper et al., 2010;
Burnstock, 2011). This receptor has been implicated in acti-
vation of peripheral macrophages and glia, neutrophil infil-
tration and prostaglandin production (Labasi et al., 2002;
Chessell et al., 2005; Burnstock, 2006; Di Virgilio, 2007;
Donnelly-Roberts and Jarvis, 2007; King, 2007; Yoon et al.,
2007; Burnstock, 2011). A number of recent studies have
demonstrated the relevance of P2X7 receptors in a wide range
of experimental models of disease, such as depression, epi-
lepsy, Parkinson’s disease, arthritis, cancer and chronic pain,
by using either selective receptor antagonists or mice with
genetic deletion of P2X7 receptors (KO mice) (Chessell et al.,
2005; Honore et al., 2006; Li et al., 2006; Donnelly-Roberts
and Jarvis, 2007; Basso et al., 2009; Marcellino et al., 2010;
Teixeira et al., 2010).

We therefore designed the present study to evaluate
whether P2X7 receptors are implicated in inflammatory and
nociceptive changes in a mouse model of HC, induced by
cyclophosphamide. In this study, we have evaluated the effects
of the selective P2X7 receptor antagonist A-438079 and when
possible, we have also assessed the inflammatory and nocice-
ptive responses related to cyclophosphamide-induced HC in
mice with genetic deletion of P2X7 receptors (KO mice).

Methods

Animals
All animal care and the experimental procedures were in
accordance with the Guidelines for the Use and Care with
Laboratorial Animals from National Institute of Health and
ethical guidelines for investigations of experimental pain in
conscious animals, and were approved by the Local Animal
Ethics Committee (protocol number 08/00074). The number
of animals and the intensity of noxious stimuli were the
minimum necessary to demonstrate the consistent effects of
the drug treatments.

Male Swiss, C57/BL6 and P2X7 receptor deleted (KO) mice
(25–30 g) were used throughout this study. Swiss and C57/
BL6 mice were obtained from Universidade Federal de Pelotas
(UFPEL; Pelotas, RS, Brazil), and P2X7 receptor KO mice were
donated by Dr Robson Coutinho, Federal University of Rio de
Janeiro (UFRJ, Rio de Janeiro, Brazil). The KO mice were
generated by the method developed by Dr James Mobley
(PGRD, Pfizer Inc, Groton, CT, USA). The KO mice used in the
present study were C57/BL6 inbred. The animals were housed
in groups of five per cage and maintained in controlled tem-
perature (22 � 2°C) and humidity (60–70%), under a 12 h
light–dark cycle, with food and water ad libitum.

Treatments
In our model, HC was induced by a single administration of
cyclophosphamide (300 mg·kg-1) (Olivar and Laird, 1999;
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Wantuch et al., 2007). The selective P2X7 receptor antagonist
A-438079 (50, 100 and 200 mmol·kg-1) or with the reference
compound Mesna (60 mg·kg-1) was given in two doses; the
first one was given 30 min before cyclophosphamide, and the
second dose 4 h after the injection of cyclophosphamide,
except in the experiments for assessing cytokines, in which
the drugs were given as a single i.p. dose, 30 min before
cyclophosphamide. The doses of A-438079 or Mesna were
chosen on the basis of published data (Batista et al., 2006;
McGaraughty et al., 2007).

In separate groups of experiments, the relevance of P2X7
receptors was assessed by using animals with genetic deletion
this receptor (KO mice). C57/BL6 mice were used as the
control group for this series of experiments. HC was induced
as described above.

Behavioural studies (nociception)
The method used in the present study was similar to that
described by Olivar and Laird (1999), with minor modifica-
tions. Experiments were performed between 8:00 and 12:00
AM to minimize the potential circadian variations in the
behavioural responses. Immediately after the i.p. injection of
cyclophosphamide, mice were housed in individual plastic
cages, without sawdust bedding, and the spontaneous
behaviour was measured for 2 min, every 30 min, over a
total period of 4 h. The following behavioural changes were
evaluated: (i) activity (walking, rearing, climbing, grooming,
etc.); (ii) immobility; and (iii) behaviours indicative of vis-
ceral pain (‘crises’). In addition, the behavioural alterations
were scored according to the following scale: 0 = normal;
1 = piloerection; 2 = strong piloerection; 3 = laboured breath-
ing; 4 = licking of the abdomen; or 5 = stretching and con-
tractions of the abdomen. At the end of the 4 h observation
period, an open-field test was carried out. The animals were
placed individually in a box divided in nine squares, for
5 min. The time spent in the following behavioural catego-
ries was recorded: (i) rearing; (ii) walking; and (iii) not
exploring (grooming, immobility). The number of squares
crossed with the four paws was also registered, and taken as
an index of locomotor activity (Olivar and Laird, 1999;
Wantuch et al., 2007).

For behavioural experiments, we have used 6–10 Swiss
mice, or 3–4 C57/BL6 or KO mice per group. The same
number of animals was employed for gross evaluation and
histological analysis.

Gross evaluation
For this series of experiments, the animals were killed 6 h
following cyclophosphamide administration. The gross
evaluation was based on criteria established by Gray et al.
(1986). All bladders were dissected free from connecting
tissues, and transected at the bladder neck. Each bladder was
macroscopically evaluated, by an examiner unaware of the
treatment groups. The oedema formation was categorized as
severe (3), moderate (2), mild (1) or absent (0). Oedema was
considered severe when fluid was seen externally in the walls
of the bladder, as well as internally. When oedema was con-
fined to the internal mucosa, it was reported as moderate;
when it was between normal and moderate, the oedema was
defined as mild. Upon examination, the bladders were also

surveyed for bleeding in the walls and categorized into four
classes, depending on the presence of intravesical clots (3),
mucosal hematomas (2), telangiectasia or dilatation of the
bladder vessels (1), or normal aspect (0). As an additional
measure of bladder oedema, the wet weight of each bladder
was recorded and expressed as mg per 100 g of animal, (Gray
et al., 1986).

Histological analysis
Following the gross evaluation, the bladders were fixed in
buffered formalin solution (10%) for 24 h. After this period,
the samples were embedded in paraffin, and stained with
haematoxylin and eosin. A pathologist, who was unaware of
the treatment, reviewed each specimen, considering the fol-
lowing parameters, as proposed by Gray et al. (1986), with
some modifications: normal (normal epithelium, no inflam-
matory cell infiltrate or ulcers); mild (diminished epithelial
cells, flattening with submucosal oedema, mild haemorrhage,
few ulcerations); moderate (mucosal erosion, inflammatory
cell infiltrate, fibrin deposition, haemorrhage and multiple
ulcerations); severe (mucosal erosion, inflammatory cell infil-
trate, fibrin deposition, multiple ulcerations and transmural
haemorrhage with severe oedema).

Immunohistochemistry for c-Fos
The expression of c-Fos, a known biochemical marker of
nociception, was measured by immunohistochemistry, as
previously described by Labrousse et al. (2009). The lumbar
spinal cords and the brains were rapidly excised (6 h after
cyclophosphamide application), and fixed in buffered neutral
formalin. Sections were mounted onto gelatine-coated slides.
Rabbit polyclonal antiserum raised against c-Fos (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) was diluted
in Tris buffered saline containing 0.3% Triton X-100, 2%
donkey serum and 1% BSA, and the sections were incubated
overnight at room temperature, before being incubated for
2 h with biotinylated donkey antirabbit antibody (1:1000;
Amersham Pharmacia Biotech Europe, Freiburg, Germany),
for 2 h with avidin-biotin peroxidase complex (1:1000;
Vectastain ABC kit, Vector laboratories, Burlingame, CA,
USA), and finally revealed with diaminobenzidine via the
nickel-enhanced glucose-oxidase method. The procedure also
included negative controls with omission of the primary anti-
body, which did not show any immunoreaction. The images
were captured by a digital camera (DS-5 M-L1, Nikon, NY,
USA), connected to an optical microscope (Nikon Eclipse 50i)
and analysed through the Image NIH Image J 1.36b Software.
The number of c-Fos-positive cells was quantified and
expressed as the positive area per field (Labrousse et al., 2009).
For this series of experiments, we have used five Swiss mice
per group.

Immunohistochemistry for F4/80 and
P2X7 receptors
Expression of P2X7 purinergic receptors and macrophage
migration in bladder tissue were assessed by immunohis-
tochemical analysis. For these experiments, the bladders were
collected 6 h after HC induction. Macrophages were quanti-
fied in the bladder tissues using the F4/80 rat antimouse

BJPP2X7 receptors and mouse hemorrhagic cystitis

British Journal of Pharmacology (2012) 165 183–196 185



macrophage monoclonal antibody (1:100; Serotec Ltd,
Oxford, UK), while the expression of P2X7 receptors was
determined, using the rabbit anti-P2X7 receptor-purified
polyclonal antibody (1:200; Alomone, Jerusalem, Israel, cata-
logue number APR-004). For the immunostaining study, the
general procedures described in the previous section were
adopted. For immunohistochemistry, we have used 4–10
Swiss mice depending on the experimental protocol, or 3–4
C57/BL6 or KO mice per group.

Myeloperoxidase (MPO) activity
Neutrophil recruitment to the mouse bladder was measured
by means of tissue MPO activity, according to the method
described by Passos et al., (2004). The bladders of 5–7 Swiss
mice were removed at different time points (1, 2, 4, 6, 8 and
12 h) after cyclophosphamide injection. The tissues were
homogenized at 5% (w·v-1) in EDTA/NaCl buffer (pH 4.7)
and centrifuged at 4000¥ g for 15 min, at 4°C. The pellet
was resuspended in 0.5% hexadecyltrimethyl ammonium
bromide buffer (pH 5.4), and the samples were
re-centrifuged (4000¥ g, 15 min, 4°C). Twenty-five micro-
litres of the supernatant was used for the MPO assay.
The enzymatic reaction was assessed with tetramethylben-
zidine 1.6 mM, NaPO4 80 mM and hydrogen peroxide
0.3 mM. The absorbance was measured at 595 nm, and the
results are expressed in optical density per milligram of
tissue. As the increase in MPO activity peaked at 6 h fol-
lowing cyclophosphamide administration, this time interval
was used for additional experiments on MPO activity
determination.

Determination of cytokine production
The levels of IL-1b and TNF-a were measured according to the
protocol described by Fernandes et al. (2005), with minor
adaptations (Fernandes et al., 2005). The animals were treated
with cyclophosphamide (300 mg·kg-1, i.p.), and the bladders
of six Swiss mice were collected at 4 h. Tissues were placed on
PBS containing Tween-20 0.05%, phenylmethylsulphonyl
fluoride 0.1 mM, benzethonium chloride 0.1 mM, EDTA
10 mM and aprotinin A 20 KIU, homogenized, centrifuged at
3000¥ g for 10 min and stored at -70°C until further analysis.
Cytokine levels were evaluated using specific ELISA kits,
according to the manufacturer’s recommendations (R&D
Systems).

Data analysis
Results are expressed as the mean � SEM. The percentages of
inhibition were determined for each individual experiment.
Statistical analysis was performed by one or two way analysis
of variance (ANOVA), depending on the experimental proto-
col, followed by Bonferroni’s post hoc test. P-values < 0.05
were considered as significant. All tests were performed using
the GraphPad 4 Software (USA).

Materials
The following drugs were used: cyclophosphamide
[Genuxa1@200 and Mesna (Mitexan) were from Baxter
Oncology Gmbh (Frankfurt, Germany), A-438079 (3-((5-(2,3-
dichlorophenyl)-1H-tetrazol-1-yl)methyl pyridine; Tocris,

Bristol, UK]. Hexadecyltrimethyl ammonium bromide and
tetramethylbenzidine (Sigma-Aldrich, St. Louis, MO, USA).
NaPO4, hydrogen peroxide, NaCl and Tween 20 (all from
Merck, Haar, Germany). All the dilutions were made in NaCl
0.9% (saline solution).

Results

Antagonism or absence of P2X7 purinergic
receptor decrease nociceptive-related behaviour
associated to HC
The i.p. injection of cyclophosphamide (300 mg·kg-1)
induced a marked and time-related increase in the nocicep-
tive behaviour score, in either Swiss or C57/BL6 mice, scores
that were clearly reduced by pretreating animals with the
reference compound Mesna (Figure 1).

Interestingly, systemic administration of the selective
P2X7 receptor antagonist A-438079 (50 mmol·kg-1; i.p.)
resulted in a significant inhibition of the nociceptive behav-
iour evoked by cyclophosphamide, as assessed in Swiss mice
(Figure 1A 1B). Treatment with higher doses of A-438079, 100
and 200 mmol·kg-1, also significantly reduced the nociceptive
response, to the same level as the dose of 50 mmol·kg-1

(Figure 1B). Additionally, P2X7 receptor KO mice displayed a
partial reduction of the nociceptive behaviour score
(Figure 1D), compared with C57/BL6 mice. Note that either
the pharmacological antagonist or the genetic deletion of
P2X7 receptors produced significant reductions of
cyclophosphamide-induced nociceptive changes between 2.5
and 4 h of evaluation (Figure 1A and C). Furthermore, none
of the treatments (A-438079 and Mesna), or genetic deletion
of P2X7 receptors, produced significant changes of rearing,
walking or general exploring, as assessed by the open-field
arena (data not shown).

Antagonism of P2X7 receptors is able to
modulate the increased c-Fos expression
in central structures of
cyclophosphamide-treated mice
As described above, the nociception associated with
cyclophosphamide-evoked HC was significantly inhibited by
blocking P2X7 receptors. In an attempt to determine whether
the effects of A-438079 might involve the modulation of
central pathways of pain transmission, we have tested the
effects of this antagonist on c-Fos expression in the lumbar
spinal cord and the brain cortical areas of mice treated with
cyclophosphamide.

The administration of cyclophosphamide increased the
levels of c-Fos, in both the spinal cord and the brain, com-
pared with the saline control groups. Interestingly, treatment
with A-438079 (100 mmol·kg-1 i.p.) produced a striking
decrease of c-Fos levels, in both brain and spinal cord as did
treatment with Mesna (60 mg·kg-1) (Figure 2A and B). Repre-
sentative images of immunostaining for c-Fos are provided in
the Figure 2C–J. Regarding the brain, the c-Fos immunoreac-
tion was predominantly located in the cortical areas (panels C
to F); for this reason only this area has been considered for
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the analysis. In the lumbar spinal cord, the immunoreactive
c-Fos protein was found mainly in the lateral and the medial
dorsal horn, as well as in the sacral parasympathetic nucleus
(panels G to J).

Blocking P2X7 purinergic receptors decreases
oedema and haemorrhage caused
by cyclophosphamide
The indices of oedema and haemorrhage in the cyclophos-
phamide group were significantly higher than in the saline
groups. As well, the inflammatory changes associated with
cyclophosphamide-induced HC were similar in Swiss and
C57/BL6 mice. From the gross evaluation of the bladders, the
positive control drug Mesna (60 mg·kg-1) decreased haemor-
rhage and the oedema induced by cyclophosphamide, in
either the Swiss or the C57/BL6 mouse strains (Figure 3A–F).
Treatment with the selective P2X7 receptor antagonist

A-438079 (50, 100 and 200 mmol·kg-1) dose-dependently
inhibited oedema formation, induced by cyclophosphamide
(Figure 3A). However, haemorrhage scores were significantly
reduced by A-438079, at 50 mmol·kg-1 and 100 mmol·kg-1, but
not by the highest dose (200 mmol·kg-1) (Figure 3B). Oedema
in response to cyclophosphamide was significantly reduced
in P2X7 receptor KO mice (Figure 3D) but not the haemor-
rhage score (Figure 3E), although, visually, haemorrhage
appeared to be less in KO mice, compared with that in the
C57/BL6 mice.

Oedema induced by cyclophosphamide was also assessed
by determining the mean empty bladder wet weight,
expressed per 100 g of body weight. The treatment with
A-438079 (50, 100 and 200 mmol·kg-1) produced a potent
reduction of the increased wet bladder weights (Figure 3C).
The KO mice showed an apparent reduction of the wet
bladder weight, compared with the C57/BL mouse strain, but
this effect was not significant (Figure 3F).

Figure 1
Behavioural scores, assigned at 30 min intervals, over 4 h after injection of cyclophosphamide (CYP). (A) Time course of behavioural scores plotted
as cumulative score over the 4 h observation period. (B) Effect of treatment with Mesna (60 mg·kg-1, i.p.) and A-438079 (50, 100 or
200 mmol·kg-1, i.p.) on the nociceptive responses in the model of HC induced by cyclophosphamide in Swiss mice. (C) Time course of behavioural
scores plotted as cumulative score over the 4 h observation period. (D) Effect of treatment with Mesna (60 mg·kg-1, i.p.) or effect of P2X7 receptor
genetic deletion on the nociceptive responses in cyclophosphamide-induced HC in C57/BL6 mice. Each column represents the mean of 3–10
animals, and the vertical lines show the SEM **P < 0.01 significantly different from saline values; ##P < 0.01 significantly different from control
(CYP) values.
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Histological changes following
cyclophosphamide administration and the
effects of P2X7 receptor inhibition
A brief description of the main histological findings is pre-
sented below and representative images to each group are
provided in Figure 4. Overall, the treatment with A-438079
and genetic deletion of P2X7 receptors partly blocked inflam-
matory changes in the model of HC. Histologically, the
bladder wall appeared thickened in cyclophosphamide-
treated mice compared with controls and was associated with
partial loss of the urothelium. The remaining urothelial cells in
cyclophosphamide-treated mice were abnormally large, when
compared with saline controls (Figure 4A and E). Furthermore,
histological evaluation showed that submucosal layer was
enlarged and presented severe oedema, fibrosis, haemorrhage
and inflammatory cell infiltrate in both Swiss and C57/BL6
mice (Figure 4B and F). The animals pretreated with Mesna
(60 mg·kg-1) displayed histology close to normal (Figure 4D).

The animals treated with A-438079 (Figure 4C), as well as the
P2X7 KO mice (Figure 4G) presented moderate mucosal ulcer-
ation, and mild to moderate oedema and haemorrhage. The
smooth muscle had a normal appearance in all groups.

P2X7 receptors and
cyclophosphamide-induced
macrophage migration
From the immunohistochemical analysis with the macroph-
age marker F4/80, HC induced by cyclophosphamide was
accompanied by the recruitment of macrophages to the
bladder tissue, in either Swiss (Figure 5) or C57/BL6 (results
not shown) mice. This macrophage migration was visibly
reduced by pretreating Swiss mice with the reference com-
pound Mesna (60 mg·kg-1) (Figure 5). Notably, immunoreac-
tive F4/80 was significantly diminished by pretreating Swiss
mice with the selective P2X7 receptor antagonist A-438079,
at 200 mmol·kg-1 but not by a lower dose 100 mmol·kg-1

Figure 2
Effect of treatment with Mesna (60 mg·kg-1, i.p.) and A-438079 (100 mmol·kg-1, i.p.) on c-Fos expression in the brain cortical areas (A) and the
lumbar spinal cord (B) in the model of HC induced by cyclophosphamide (CYP). Each column represents the mean of 5–8 animals, and the vertical
lines show the SEM. **P < 0.01 significantly different from saline values; #P < 0.05 and ##P < 0.01 significantly different from control (CYP) values.
(C to F) Representative images of immunostaining for c-Fos in the brain cortical areas into the following groups: (C) saline (D) cyclophosphamide
(E) cyclophosphamide plus Mesna (60 mg·kg-1) and (F) cyclophosphamide plus A-438079 (100 mmol·kg-1). (G to J) Representative images of
immunostaining for c-Fos in the lumbar spinal cord into the following groups: (G) saline (H) cyclophosphamide (I) cyclophosphamide plus Mesna
(60 mg·kg-1) and (J) cyclophosphamide plus A-438079 (100 mmol·kg-1).
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(Figure 5). In addition, cyclophosphamide-induced macroph-
age migration to the bladder was virtually abolished in P2X7
receptor KO mice, although this effect was not statistically
significant (results not shown).

Representative images of data described above are given
in the Figure 6, indicating a marked immunoreaction for
F4/80 in the bladder submucosal layer of animals in the
cyclophosphamide groups (panels B and F), in comparison
with saline groups (panels A and E). The immunostaining for
F4/80 was visibly diminished in either A-438079 and Mesna-
treated animals (panels C and D) or in P2X7 receptor KO mice
(panel G).

Immunoreactive P2X7 receptors are increased
following cyclophosphamide treatment
A single i.p. dose of cyclophosphamide (300 mg·kg-1)
increased expression of immunoreactive P2X7 receptors in
the Swiss mouse bladder, compared with the levels in saline-
treated mice (Figure 7A). Representative images demonstrate
low immunoreaction for the P2X7 receptor in saline-treated
animals (Figure 7B), whereas immunoreactive receptors were
markedly increased in the bladder submucosal layer of
cyclophosphamide-treated mice (Figure 7C). As expected, no

specific immunoreaction was observed in P2X7 receptor KO
mice (Figure 7D).

Inhibition of MPO activity by P2X7
receptor antagonism
Cyclophosphamide administration was also associated with a
marked migration of neutrophils, as indicated by the increase
of MPO activity in the bladder tissue, compared with the
saline group. The increase of MPO activity induced by cyclo-
phosphamide was similarly reduced by the treatment with
Mesna (60 mg·kg-1) and A-438079 (100 mmol·kg-1)
(Figure 8A). No significant differences were observed between
treatments with Mesna and A-438079.

Evaluation of cytokine levels in the bladder
TNF-a and IL-1b production was assessed in the bladder tissue
4 h after cyclophosphamide and disclosed a marked increase
of both IL-1b (Figure 8B) and TNF-a (Figure 8C) levels. Inter-
estingly, treatment with Mesna (60 mg·kg-1) or A430879
(100 mmol·kg-1) reversed the increased production of IL-1b
and TNF-a, to the basal levels (Figure 8). Again, no significant
differences were observed between treatments with Mesna
and A-438079.

Figure 3
Effect of treatment with Mesna (60 mg·kg-1, i.p.) and A-438079 (50, 100 or 200 mmol·kg-1, i.p.) on macroscopic oedema (A) and haemorrhage
(B) evaluation, and on wet weight bladder (C) in the model of HC induced by cyclophosphamide (CYP) in Swiss mice. Effect of treatment with
Mesna (60 mg·kg-1, i.p.) or use of knockout P2X7 receptor mice on macroscopic oedema (D) and haemorrhage (E) evaluation, and on wet weight
bladder (F) in C57/BL6 mice. Each column represents the mean of 3–10 animals, and the vertical lines show the SEM. *P < 0.05 and **P < 0.01
significantly different from saline values; #P < 0.05 and ##P < 0.01 significantly different from control (CYP) values.
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Discussion
The toxic metabolite of cyclophosphamide, acrolein, induces
HC by extended contact with the bladder epithelium, causing
cellular damage by promoting the release of several inflam-
matory mediators, including purine nucleotides. Increased
release of ATP from the bladder urothelial cells has been

associated with interstitial cystitis, and also occurs in
response to bladder stretch or distension (Namasivayam
et al., 1999; Sun and Chai, 2006). P2X7 purinergic receptors,
known to be activated by elevated ATP concentrations, are
constitutively expressed in the bladder tissue under normal
conditions (O’Reilly et al., 2001a,b; Birder et al., 2004) and are
up-regulated in the urinary bladder of patients with symp-

Figure 4
Representative images of histological evaluation in slides stained with haematoxylin and eosin. Saline groups in (A) Swiss and (E) C57/BL6 mouse
lineages; cyclophosphamide groups in (B) Swiss and (F) C57/BL6 mouse lineages; animals treated with A-438079 (C), Mesna (D) or P2X7 receptor
KO mice (G).
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tomatic outlet obstruction (O’Reilly et al., 2001a,b). However,
further studies are still required in order to determine
whether these receptors might be involved in other patho-
logical conditions of the bladder, such as cyclophosphamide-
induced HC.

The present study brings new evidence on the pathologi-
cal role of P2X7 receptors, by demonstrating, for the first
time, that either pharmacological blockade or the genetic
deletion of this receptor prevented the nociceptive and
inflammatory events associated with HC evoked by cyclo-
phosphamide treatment in mice. Furthermore, our data
revealed that cyclophosphamide-induced HC was likely to be
accompanied by increased expression of P2X7 receptors, sup-
porting the relevance of this receptor in HC.

Our experimental model of HC induced by cyclophospha-
mide can be used to evaluate visceral pain in both rats and
mice (Gray et al., 1986; Olivar and Laird, 1999; Bon et al.,
2003; Batista et al., 2006; Wantuch et al., 2007). Pain is the
principal symptom in cystitis and could be associated with
purinergic signalling changes, for example, stretching-
induced ATP release, as well as the up-regulation of purinergic
receptors (Tempest et al., 2004). Relevantly, P2X7 receptors
have been investigated as a target of new analgesic drugs and
these receptors play a pivotal role in the onset and persistence
of certain types of inflammatory and neuropathic pain in
rodents (Honore et al., 2006; Donnelly-Roberts and Jarvis,
2007; King, 2007; McGaraughty et al., 2007). Our results
revealed that systemic treatment of mice with the selective
P2X7 receptor antagonist A-438079 clearly prevented the
nociceptive changes related to cyclophosphamide-evoked
HC, with efficacy comparable to that of the reference com-

pound Mesna. Furthermore, the nociceptive behavioural
changes elicited by cyclophosphamide administration were
also diminished in P2X7 receptor KO mice. Neither the phar-
macological antagonism nor the genetic deletion of P2X7
receptors, affected the general locomotor activity of mice in
the open-field test, discounting possible non-specific central
effects of P2X7 receptor inhibition. A similar result was
obtained from earlier experiments showing that P2X7 KO
mice displayed antidepressant behaviour in the tail suspen-
sion and forced swimming tests, without changing spontane-
ous locomotor activity (Basso et al., 2009). Therefore, it is
feasible to suggest that P2X7 receptors play a relevant role in
HC-related painful alterations, and selective antagonists for
this receptor might be attractive options for treating clinical
pain in cystitis.

The analgesic effects of P2X7 receptor inhibition could
reflect the modulation of such receptors expressed in the
tissue (O’Reilly et al., 2001a,b; Birder et al., 2004) or at
peripheral sensory nerve endings, in the bladder. Alterna-
tively, analgesia mediated by P2X7 receptors could involve
the modulation of central pathways of pain transmission,
as these receptors are highly expressed in the spinal cord
(Cotrina and Nedergaard, 2009). Hence, we tested the
effects of A-438079 on c-Fos expression in the lumbar spinal
cord and the brain cortical areas in our HC model. Immu-
nohistochemical analysis demonstrated that c-Fos staining
was markedly increased in either the lumbar spinal cord or
the brain cortex of mice that received cyclophosphamide
and this immunolabelling for c-Fos, in both anatomical
structures, was markedly inhibited by A-438079, given i.p.,
indicating that systemic administration of this antagonist
modulated pain processing at central levels. Several earlier
studies have used the expression of the immediate early
gene c-Fos as a marker for postsynaptic activation of spinal
cord neurons receiving afferent inputs from the bladder.
The number of c-Fos immunoreactive neurons increased fol-
lowing injury of the lower urinary tract (Morais et al., 1999;
Vizzard, 2000a,b; Nickel, 2002). Of interest, antagonism of
the P2X7 receptor, via selective ligands, modulated central
sensitization and produced anti-nociception in animal
models of nociception (McGaraughty et al., 2007). Our
data from c-Fos immunostaining reinforce the potential of
P2X7 receptor antagonists as treatments for pain related to
cystitis.

Damage to bladder tissue following chemotherapy with
cyclophosphamide is related to exacerbated inflammatory
alterations induced by acrolein (Namasivayam et al., 1999;
Sun and Chai, 2006). In the present study, we have also
assessed to what extent the interference with P2X7 receptors
might affect the inflammatory changes evoked by cyclophos-
phamide administration. As reported earlier (Olivar and
Laird, 1999; Santos et al., 2010), a single treatment with
cyclophosphamide increased oedema and haemorrhage,
measured by either gross or histological evaluation. Notably,
the grade of oedema and bleeding was markedly reduced in
mice pretreated with the selective P2X7 receptor antagonist
A-438079, or even in animals with genetic P2X7 receptor
deletion, to an extent comparable to that of the clinically
used compound, Mesna. We could therefore conclude that
the nociceptive and inflammatory changes associated with
cyclophosphamide-induced HC involved the activation of

Figure 5
Effect of treatment with Mesna (60 mg·kg-1, i.p.) and A-438079 (100
or 200 mmol·kg-1, i.p.) on macrophage migration in bladder tissue,
as determined by immunohistochemistry, in the model of HC
induced by cyclophosphamide (CYP) in Swiss mice. Each column
represents the mean of 4–10 animals, and the vertical lines show the
SEM. **P < 0.01 significantly different from saline values; #P < 0.05
and ##P < 0.01 significantly different from control (CYP) values.
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P2X7 receptors. Additionally, we can also hypothesize that
analgesic effects observed for A-438079 are mediated, at least
partially, by modulation of the inflammatory responses.
Indeed, P2X7 receptors are well-recognized regulators of
inflammation, as they are involved in the production of
pro-inflammatory cytokines, such as IL-1b, leading to the
up-regulation of cyclooxygenase-2, metalloproteinases,

inducible NO synthase and superoxide production (Labasi
et al., 2002; Chessell et al., 2005; Di Virgilio, 2007; Donnelly-
Roberts and Jarvis, 2007; Grassi, 2010). Furthermore, support-
ing our data, a recent study conducted by Riteau et al. (2010)
demonstrated that P2X7 receptor KO mice displayed a
marked reduction of lung inflammation in a murine model of
lung fibrosis.

Figure 6
Representative images of immunostaining for the macrophage marker protein F4/80 in the bladder submucosal layer. Saline groups in (A) Swiss
and (E) C57/BL6 mouse lineages; cyclophosphamide groups in (B) Swiss and (F) C57/BL6 mouse lineages indicating a marked positive staining
for F4/80; animals treated with A-438079 (C), Mesna (D) or P2X7 receptor KO mice (G) displaying diminished immunostaining for F4/80.
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Figure 7
Immunostaining for P2X7 receptors in the model of HC induced by cyclophosphamide. (A) Effect of treatment with cyclophosphamide (CYP)
(300 mg·kg-1, i.p.) on P2X7 receptor expression in the submucosal layer of bladder from Swiss mice. Each column represents the mean of six
animals, and the vertical lines show the SEM. **P < 0.01 significantly different from saline values. Representative images demonstrate low
immunostaining for the P2X7 receptor in saline-treated animals (B), whereas the immunoreaction for this receptor was markedly enhanced in the
bladder submucosal layer of cyclophosphamide-treated mice (C), and it was absent in P2X7 receptor KO mice (D).

Figure 8
Effect of treatment with Mesna (60 mg·kg-1, i.p.) and A-438079 (100 mmol·kg-1, i.p.) on increased MPO activity (A) and on generation of IL-1b
(B) and TNF-a (C) in the model of HC induced by cyclophosphamide in Swiss mice. Each column represents the mean of 5–7 animals, and the
vertical lines show the SEM. *P < 0.05 and **P < 0.01 significantly different from saline values; #P < 0.05 and ##P < 0.01 significantly different from
control (CYP) values.
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The P2X7 receptor has been implicated in peripheral mac-
rophage and glial activation and in neutrophil infiltration
(Labasi et al., 2002; Chessell et al., 2005; Burnstock, 2006;
2011; Di Virgilio, 2007; Donnelly-Roberts and Jarvis, 2007;
King, 2007; Yoon et al., 2007). It was therefore likely that
inhibition of P2X7 receptors would modulate inflammatory
cells in cyclophosphamide-induced HC. Our results clearly
demonstrate that cyclophosphamide markedly increased
macrophage infiltration to the urinary bladder, as assessed by
immunohistochemical evaluation of F4/80 staining. This
protein F4/80 has been considered one of the best macroph-
age markers to date, as this monoclonal antibody was found
to detect antigens present exclusively on mononuclear
phagocytes (Khazen et al., 2005; Maus et al., 2006). Interest-
ingly, this parameter was markedly reduced by A-438079 pre-
treatment or in P2X7 receptor KO mice. Allied to our data,
Gonçalves and colleagues (2006) demonstrated that P2X7
receptor KO mice presented a notable reduction of interstitial
macrophage migration, in an experimental model of unilat-
eral urethral obstruction. Thus, it is possible to suggest that
P2X7 receptors are likely to be implicated in the mechanisms
of macrophage influx and/or proliferation in inflammatory
diseases of the urinary tract.

Myeloperoxidase is an enzyme contained within the
primary granules of neutrophils and the augmented activity of
this enzyme represents an indirect measure of neutrophil
migration (Passos et al., 2004). It has been previously shown
that purinergic signalling is essential for neutrophil migration
(Chen et al., 2010). Our work extends this evidence by dem-
onstrating that increased MPO activity following cyclophos-
phamide administration was prevented by pretreating animals
with the selective P2X7 receptor antagonist A-438079. These
results clearly indicate that both macrophage and neutrophil
migration in our experimental model of bladder inflammation
were broadly dependent on the activation of P2X7 receptors.

It is well known that P2X7 receptors are involved in the
maturation and the release of IL-1b in peripheral macroph-
ages and microglia, via pannexin-1 hemichannels (Labasi
et al., 2002; Chessell et al., 2005; Di Virgilio, 2007; Donnelly-
Roberts and Jarvis, 2007; Iglesias et al., 2008; Grassi, 2010).
Activation of P2X7 receptors by the selective agonist BzATP
stimulated production of IL-1b in macrophages obtained
from wild type, but not from P2X7 receptor KO mice (Basso
et al., (2009)). As well, A-438079 inhibited LPS-induced IL-1b
release from human acute monocytic leukaemia cell line
macrophages (Nelson et al., 2006). A-438079 decreased
carrageenan-induced mechanical hyperalgesia in rats, by
interfering with the release of IL-6, TNF-a and the chemokine
cytokine-induced neutrophil chemoattractant-1, although
the production of IL-1b was not affected(Teixeira et al. (2010))
In the experimental model of HC elicited by cyclophospha-
mide, treatment of mice with the selective P2X7 receptor
A-438079 virtually brought the production of the pro-
inflammatory cytokines IL-1b and TNF-a to the basal levels. It
is tempting to surmise that A-438079 was able to interfere
with cytokine production by indirectly modulating leukocyte
migration/activation, or even by blocking cytokine release
from endothelial or bladder smooth muscle cells. Further-
more, we might also infer that part of the antinociceptive
actions observed for A-438079 are likely to be mediated by
decreased IL-1b and TNF-a generation, as both cytokines are

strongly implicated in sensitization of primary afferent noci-
ceptors. Supporting this idea, the antinociceptive effects dis-
played by the selective P2X7 receptor antagonist A-839977
were diminished in IL-1ab KO mice, in a model of chronic
inflammation (Honore et al., 2009).

Our present data, obtained from pharmacological antago-
nism or the genetic deletion of P2X7 receptors, clearly show
the relevance of these receptors to cyclophosphamide-
induced cystitis. The antagonist we have used is highly
potent and selective in blocking the activation of human, rat
and mouse P2X7 receptors (Donnelly-Roberts et al., 2009).
Additionally, although genetically modified animals might
exhibit compensatory changes in signalling transduction, KO
mice (including the P2X7) generally represent a good tool to
confirm and extend functional data using pharmacological
approaches (Chessell et al., 2005). To gain further insight on
the relevance of P2X7 receptors in our experimental model,
we have also investigated whether a single dose of cyclophos-
phamide would modulate the expression of P2X7 receptors in
the bladder tissue. Immunohistochemical analysis showed
about threefold up-regulation of P2X7 receptors in the
urinary bladder of mice with cyclophosphamide-induced HC.
The immunostaining observed in our study is likely to be
specific, as P2X7 receptor KO mice did not exhibit immunore-
action. Relevantly, in our model, the immunoreactive P2X7
receptors were mainly in the submucosal layer of bladders,
suggesting that receptor up-regulation probably takes place in
immunological cells, for instance macrophages and neutro-
phils. An increased neuronal expression of P2X7 receptors
was recently described in an experimental model of multiple
sclerosis, at the peak of neurological symptoms, which is in
accord with our results (Grygorowicz et al., 2010).

The results of the present study extend earlier data,
showing for the first time that P2X7 purinergic recep-
tors are implicated in the inflammatory process of
cyclophosphamide-induced HC, probably by increasing mac-
rophage and neutrophil migration, and generating pro-
inflammatory cytokines, which in turn might directly
activate peripheral and central nociceptive pathways, or
facilitate nociceptive processing. Hence, P2X7 receptors
would represent attractive targets for treating the symptoms
related to severe HC in patients under chemotherapy with
cyclophosphamide. However, the relevance of other P2 recep-
tor subtypes in this model remains to be investigated.
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