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Abstract
P2X receptors mediate the effects of ATP in micturition and nociception. During postnatal
maturation, a spinobulbospinal reflex and voluntary voiding replace primitive voiding reflexes. This
may involve changes in neuroactive compounds and receptors in bladder reflex pathways. We
examined P2X2 and P2X3 receptors in bladder and spinal cord from postnatal (P0-P36) and adult
Wistar rats. Western blot of whole bladders for P2X2 and P2X3 expression was performed.
Immunostaining for P2X2 and P2X3 receptors in urothelium and detrusor smooth muscle whole-
mounts and spinal cord sections was examined. Western blot demonstrated an age-dependent
decrease (R2= 0.96, p ≤ 0.005) in P2X2 receptor expression in bladder whereas P2X3 receptor
expression in bladder peaked (p ≤ 0.005) from P14-P21. P2X2-immunoreactivity (IR) was present
in urothelial cells, suburothelial plexus, detrusor smooth muscle and serosa at birth with staining in
urothelial cells and serosa being most predominant. With increasing postnatal age, the intensity of
P2X2-IR decreased in urothelial cells but increased in suburothelial plexus. P2X3-IR increased in
urothelial cells and suburothelial plexus with postnatal age whereas staining in detrusor and serosa
remained relatively constant. At birth, P2X3-IR was present in the dorsal horn (DH), lateral collateral
pathway (LCP), and dorsal commissure. With increasing age, P2X3-IR was restricted to superficial
DH and LCP. P2X2-IR was present in ependyme cells (S-100-IR) of the central canal as early as P2.
These studies demonstrate plastic expression of P2X2 and P2X3 receptors in bladder and spinal cord
during early postnatal development at times coincident with appearance of mature voiding patterns.
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Introduction
The neural control of micturition undergoes marked changes during early postnatal
development (11,14,31,48,49). In newborn rats and cats, micturition is dependent upon a spinal
reflex pathway that is activated when the mother licks the perineal region of the young animal
(perineal-to-bladder reflex) (15,16,49). This reflex pathway consists of a somatic afferent limb
in the pudendal nerve and a parasympathetic efferent limb in the pelvic nerve. These afferents
induce a bladder contraction and coordinated urethral sphincter activity resulting in complete
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bladder emptying (29). During postnatal maturation, primitive reflex pathways organized at
the spinal level are replaced by a spinobulbospinal reflex leading to emergence of voluntary
voiding (12,13). The manner in which this is accomplished is not known but it is suggested
that postnatal maturation of voiding function involves prominent reorganization of synaptic
connections in bladder reflex pathways. This reorganization leads to downregulation of
primitive spinal mechanisms and upregulation of mature supraspinal pathways (12,13).
Previous studies have suggested the importance of neuroactive compounds in the process of
maturation of the micturition reflexes during prenatal and early postnatal development (19,
26,41).

There is a substantial body of literature that supports a functional role for adenosine
triphosphate (ATP) in the modality of mechanotransduction in the urinary bladder (7,57). ATP
can be produced and released from the urothelium in response to stretch (21,45,46) and this
release can be augmented in urothelial cells from patients with interstitial cystitis (IC)(45) and
benign prostatic hyperplasia (46). There are seven subtypes of purinergic (P)2X-ATP receptors
(37) and recent studies have demonstrated that bladder afferent cells in the L6-S1 DRG express
predominantly P2X2/3 heteromeric receptors (57). In addition, P2X3-immunoreactive nerve
fibers in the suburothelial plexus of the bladder have been demonstrated (10,53). Upregulation
of P2X3 receptors has also been demonstrated in cultured urothelial cells from patients with
IC during in vitro stretch (44). Upregulation of P2X2 receptors in detrusor smooth muscle from
patients with idiopathic detrusor instability has also been demonstrated (38). P2X3 receptor
knockout mice exhibit bladder hyporeflexia on cystometry with decreased voiding frequency
and increased bladder capacity and voided volume but normal bladder pressures (10). Thus,
P2X2 and P2X3 receptors may play unique, tissue specific roles in micturition reflex pathways
and receptor expression can be altered by urinary bladder dysfunction.

Although the ontogeny of P2X3 receptors in mouse DRG has been described (40), no studies
have examined the developmental expression of P2X2 or P2X3 receptors in the rat urinary
bladder or lumbosacral spinal cord. The ontogeny of responses to purines in postnatal and adult
rat bladder have been examined (8,25,32,36) with differences in potency to ATP being
attributed to postnatal changes in receptor number or agonist efficacy (35). A mature voiding
reflex that is induced by bladder distension is not functional in neonatal animals (12,15). These
studies were performed to determine if P2X2 and/or P2X3 receptor expression is altered during
early postnatal development when primitive voiding reflexes are replaced by a mature,
spinobulbospinal micturition reflex. The goals of the study were to: (1) determine the
expression of P2X2 and P2X3 receptors in whole urinary bladder from postnatal and adult rats
by western blot; (2) determine the tissue expression of P2X2 and P2X3 receptors in detrusor
smooth muscle and urothelium whole-mounts in postnatal and adult rats; (3) determine the
expression of P2X2 and P2X3 receptor in lumbosacral spinal cord from postnatal and adult
rats by immunohistochemistry; (4) quantify P2X3 receptor expression in dorsal horn of L6
spinal cord from postnatal and adult rats. Some aspects of this work have been reported in an
abstract (43).

Material and Methods
Experimental animals

Rat pups (Charles River, Canada; postnatal day (P)0, P1, P2, P7, P14, P21, P28, P36; n=14
each) and adult rats (P90; n=14) were used for this study. Rat pups were born to timed-pregnant
rats and several postnatal ages were studied from each litter born. Developmental ages, prior
to (P0-P14) or following (P21-adult) the development of the spinobulbospinal micturition
reflex were selected and analyzed (9). In these studies, day of birth is referred to as P0. All
experimental protocols involving animal use were approved by the University of Vermont
Institutional Animal Care and Use Committee (05–026). Animal care was under supervision
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of the University of Vermont Office of Animal Care Management in accordance with the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) and
National Institutes of Health guidelines.

Tissue harvest
Both male and female rat pups (P0, P2, P7, P14, P21, P28, P36; n=3 each) and female adult
rats (P90; n=6) were deeply anesthetized with isoflurane (4%) and then euthanized by
decapitation (pups) or thoracotomy (adult rats). Then the urinary bladder was rapidly dissected,
weighed and placed in Krebs solution (119.0 mmol NaCl, 4.7 mmol KCl, 24.0 mmol
NaHCO3, 1.2 mmol KH2 PO4, 1.2 mmol MgSO4, 11.0 mmol glucose, 2.5 mmol CaCl2). The
bladder was cut open along the midline and the urothelium was removed as previously
described (58). The urothelium and bladder musculature were then processed separately.
Urothelium and bladder musculature were cut in half with one half being processed for P2X2-
immunoreactivity (IR) and the other half for P2X3-IR by a free-floating technique. Whole rat
bladders were harvested as above and used for western blot analysis of P2X2- and P2X3-IR
(see below). The spinal cord (cervical to sacral) was removed, placed in paraformaldehyde
(4%), segmented (L6-S1), placed in sucrose (20%) for 24 hours and then sectioned (20 μm) in
the transverse plane using a cryostat. Spinal cord segments were identified based upon at least
two criteria: (1) the T13 dorsal root ganglion (DRG) exits after the last rib and (2) the L6
vertebra is the last moveable vertebrae followed by the fused sacral vertebrae. Another less
precise criterion is the observation that the L6 DRG are the smallest ganglia following the
largest, L5 DRG. In rat pups younger that P14, segmentation using guidance from DRG,
vertebrae and peripheral roots was not possible. Thus, segmentation was based on locating the
lumbar enlargement and then estimating the location of the L6-S1 spinal cord caudal to this.
This estimation was later confirmed by immunostaining the autonomic nucleus in the L6-S1
spinal segments with neuronal nitric oxide synthase (nNOS)-IR (51)(see below). Spinal cord
sections from each animal were processed for P2X2- and P2X3-IR.

Western blot
Urinary Bladder

Whole rat bladders (P0-P2, P3, P7, P14, P21, P28 n = 88 and P63-90 (adult; 150–200 g) n=
11) were homogenized in tissue protein extraction reagent with complete protease inhibitor
tablets (Roche, Indianapolis, IN). Aliquots of homogenates were removed for protein assay
using the Coomassie Plus Protein Assay Reagent Kit (Pierce). Samples (40 mg) were suspended
in sample buffer for fractionation on 10% Tris-glycine gels and subjected to SDS-PAGE under
reducing conditions. Proteins were transferred to a nitrocellulose membrane. Efficiency of
transfer was evaluated using Ponceau S reagent in 0.05% trichloracetic acid. Membranes were
blocked overnight (with shaking at 4°C) in Tris-buffered saline + 0.05% Tween (TBST), 5%
nonfat dry milk, and 3% bovine serum albumin. After they were rinsed (3 times X 10 min each)
in TBST, membranes were incubated in primary antibody (Table 1) for 2 h at room temperature
and then rinsed three times (10 min each with shaking) in TBST. Washed membranes were
then incubated in HRP-conjugated donkey anti goat antibody IgG (1:5000, Jackson) for 1 hour
at room temperature for enhanced chemiluminescence detection (Pierce). The blot was exposed
to Biomax film (Kodak) and developed. Ponceau S (Sigma) staining of the same membrane or
western blotting of ERK (New England Biolabs, Beverly, MA) were used as loading controls.
Antibody specificity was confirmed with absorption controls. Preabsorption of P2X2 and P2X3
antisera with appropriate immunogen (1 μg ml−1) reduced staining in blots to background
levels.
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Immunohistochemistry
Urothelium and detrusor whole-mounts were processed for P2X2- and P2X3-
immunoreactivity using a free-floating technique (59). Spinal cord tissue was stained using an
on-slide processing technique (51). Urothelium, detrusor and spinal cord sections were
incubated with primary antibody (Table 1) overnight at room temperature. Slides were then
washed (3 x 10 minutes) with 0.1 KPBS, pH 7.4. Tissues were then incubated with species-
specific secondary antisera (Table 1) for 2 hours at room temperature. Slides were washed (3
x 10 minutes) with 0.1 KPBS (pH 7.4) and then placed under a coverslip using Citifluor
(Citifluor, London, UK). In the absence of primary or secondary antibody, no positive
immunostaining for P2X2 or P2X3 was observed. Specificity of antisera was also confirmed
by absorption controls. P2X2 antiserum and P2X3 antiserum were preabsorbed with
appropriate immunogen (1 μg ml−1) and then applied to tissue sections. Preabsorption reduced
staining to background levels. Tissues from several postnatal or adult animals were stained
simultaneously.

To determine whether some P2X2-immunoreactive structures in the spinal cord were neurons
or glial cells, spinal cord sections were labeled with the pan neuronal marker, HuC/D, the
astrocyte marker, glial fibrillary acidic protein (GFAP), or ependyme cell marker (S-100) (Fig.
1). Double-labeling for P2X2-and Hu-IR and P2X2- and GFAP was performed. Double-
labeling for P2X2- and S-100 was not possible due to common hosts. P2X2- and P2X3-
immunoreactive fibers in the suburothelial plexus and serosa were also stained for protein gene
product 9.5 to confirm that the structures were nerve fibers (Table 1). After primary antibody
application for Hu, GFAP or S-100, tissues were rinsed and then species-specific secondary
antibodies were applied (Table 1) as above.

Antisera Selection and Assessment of Positively Stained Structures
Different P2X2 and P2X3 antisera (Table 1) were used in this study for either western blotting
or immunohistochemistry. P2X2 antiserum (Table 1) was successfully used for both
applications with changes in concentration. All tissues examined (urothelium, detrusor smooth
muscle and spinal cord) exhibited robust staining with low background. In contrast, different
P2X3 antisera were used for western blotting or immunohistochemistry because of inconsistent
results and high background. Thus, the antisera listed in Table 1 reflect the choices made for
western blot or immunohistochemistry in specific tissues (spinal cord vs. bladder). As stated
above, P2X-IR resulting from each antisera was successfully blocked by preabsorption with
immunogen (1 μg ml−1).

Staining observed in experimental tissue was compared to that observed from experiment-
matched negative controls. Structures (cell bodies, smooth muscle, and nerve fibers) exhibiting
immunoreactivity that was greater than the background level observed in experiment-matched
negative controls were considered positively stained.

Figure preparation and data analysis
Immunohistochemistry, Urinary Bladder

Confocal scanning laser microscopy was used to examine immunostained urothelium and
bladder detrusor from all ages with Bio-Rad MCR 1024 ES confocal scanning microscopy
system (Bio-Rad Laboratories, Hercules, CA, USA). For each z-axis interval (1–2 μm), tissue
sections are Kalman scanned three times using Krypton-argon laser with specific excitation
wavelengths and sequential images are captured for sequential computer-generated overlay
and analysis. Immunostaining with P2X2 and P2X3 antibodies were visualized with an
excitation wavelength of 647 nm for Cy3-conjugated secondary antibodies. Images were
captured with the use of a 60x objective lens (1024 x1024 pixel, 8-bit grayscale format).
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Sections were also examined under an Olympus fluorescence photomicroscope (model BX51,
Optical Analysis Corp., Nashua, NH). Cy3 was visualized with a filter with an excitation range
of 560–596 nm and an emission range from 610–655 nm. Cy2 was visualized with a filter with
an excitation range of 470 nm and emission range at 525nm. In all cases, both the urothelium
and detrusor smooth muscle whole-mounts were examined for P2X2 and P2X3 receptor
staining. For structures with a known differential distribution (i.e. suburothelial plexus) (1),
images were captured from bladder regions with the densest P2X2 and P2X3 receptor staining.

Immunohistochemistry, Spinal Cord
Tissues were examined under an Olympus fluorescence photomicroscope for visualization of
Cy3. Cy3 was visualized with a filter with an excitation range of 560–596 nm and an emission
range from 610 to 655 nm. Intensity of P2X3 IR in DH was quantified using MetaMorph Image
Analysis software (Universal Imaging, West Chester, PA, USA). Three identical areas (30 x
30 μm) were chosen (medial, lateral and intermediate aspect of dorsal horn (DH) and staining
intensity in these areas was thresholded, quantified and averaged per tissue section. This
measurement was performed on three animals from six randomly selected tissue sections per
animal. For all pictures and quantification, the threshold remained constant. P2X3-IR nerve
fibers in the DH exceeding threshold were summarized and expressed in percentage (%) of
DH expressing P2X3-IR. Comparisons of P2X3 staining in the DH at all ages were performed
using analysis of variance. Percentage data were arcsin transformed to meet the requirements
of this statistical test. Animals, processed and analyzed on the same day, were tested as a block
in the analysis of variance. Two variables were being tested in the analysis: (1) age and (2) the
effect of day (i.e., tissue from different postnatal or adult groups of animals were processed on
different days). When F ratios exceeded the critical value (p ≤ 0.05), the Newman-Keuls test
was used for multiple comparisons among experimental means. No differences in P2X2 or
P2X3 receptor expression in the spinal cord were observed between male or female postnatal
rats with immunostaining. Thus, densitometry data from the DH of male and female postnatal
rats were pooled. Descriptions of P2X2 and P2X3 receptor distribution in the spinal cord apply
to both male and female postnatal rats.

Western blot, Urinary Bladder
The intensity of each band corresponding to P2X2 or P2X3 was analyzed by semiquantitative
image analysis using Un-Scan It software (Silk Scientific, Orem, UT). Background intensities
were subtracted from bands of interest. The ratio of the P2X2 or P2X3 protein and
corresponding erk1 protein expression is expressed in relative densitometry units. To test for
the effect of age on P2X2 or P2X3 expression, linear regression analysis was performed. No
differences in P2X2 or P2X3 receptor expression in urinary bladder were observed between
male or female postnatal rats with western blotting. Thus, densitometry data from male and
female postnatal rats were pooled.

Results
Urinary Bladder Weight

The average weight of the urinary bladder at the earliest postnatal time-point examined (P0)
was 15.9 ± 2.5 mg and was significantly (p ≤ 0.001) less than that determined from P7 through
adulthood. As expected, the bladder weight was positively correlated with increasing postnatal
age (R2 = 0.86, p ≤ 0.001). In adult rats, the urinary bladder weight increased to 112.4 ± 5.6
mg.
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P2X2 Receptor Expression in Whole Urinary Bladder from Postnatal and Adult Rats
P2X2 receptor expression in whole urinary bladder was greatest (p ≤ 0.005) at P0-P7 and then
exhibited an age dependent decrease in expression (R2 = 0.96) (Fig. 1A, C). P2X2 receptor
expression in adult bladder was significantly less than that observed during the first postnatal
week (P0-P7). On western blot, the band at 90 kD was blocked by preabsorption of antibody
with immunogen (Fig. 1B).

P2X3 Receptor Expression in Whole Urinary Bladder from Postnatal and Adult Rats
P2X3 receptor expression in whole urinary bladder was greatest (p ≤ 0.005) at P14 compared
to expression during the first (P0-P7), fourth (P28), and sixth (P36) postnatal weeks as well as
to adult expression (Fig. 2A, C). P2X3 receptor expression was still significantly (p ≤ 0.01)
greater at P21 compared to P0-P7. After P21, P2X3 receptor expression decreased to levels
not different from that observed during P0-P7. On western blot, the band at 75 kD was blocked
by preabsorption of antibody with immunogen (Fig. 2B).

P2X2 Receptor Expression in Urothelium and Detrusor Smooth Muscle Whole-Mounts from
Postnatal and Adult Rats

P2X2-immunoreactivity (IR) was widely distributed in urothelium and detrusor smooth muscle
in all postnatal and adult rats (Fig. 3, 4). At birth (P0), P2X2-IR was most prominent in
urothelial cells and in the serosal layer of the detrusor smooth muscle (Fig. 3A, D). P2X2-IR
was weakly expressed in the suburothelial plexus at birth in bladder trigone or neck (Fig. 3B)
and staining in detrusor smooth muscle was also observed (Fig. 3C, G). The intensity of P2X2-
IR persisted in the urothelial cells until P14 (Fig. 3E) after which time P2X2-IR decreased (Fig.
4A, E). In contrast, P2X2-IR increased in the suburothelial plexus in bladder trigone and neck
with increasing postnatal age (P0-P28; Fig. 3B, F; Fig. 4B) but then decreased at P36 and in
adult rats (Fig. 4F). P2X2-IR in nerve fibers associated with detrusor smooth muscle or in
detrusor smooth muscle was consistent across all ages (Fig. 3C,G; Fig. 4C,G) and an occasional
P2X2-immunoreactive cell was observed adjacent to or embedded in the detrusor smooth
muscle both in younger (P14; Fig. 3G, arrow) and adult rats (Fig. 4G, arrow). P2X2-IR in the
serosa was consistent among all postnatal ages and adult rats (Fig. 3D, H; Fig. 4D, H). P2X2-
immunoreactive fibers in the serosa and suburothelial plexus were immunoreactive for PGP9.5
(Fig. 5A-F). In summary, P2X2-IR remained relatively constant in detrusor smooth muscle
with increasing age but decreased in the urothelial cells. P2X2 receptor expression in the
subepithelial plexus increased up to P21-P28 then decreased in older neonate and adult rats.

P2X3 Receptor Expression in Urothelium and Detrusor Smooth Muscle Whole-Mounts from
Postnatal and Adult Rats

P2X3-immunoreactivity (IR) was initially more restricted in the urinary bladder being present
in detrusor smooth muscle and serosa (Fig. 6C, D, G, H) with only weak staining being observed
in the urothelial cells and suburothelial plexus in bladder trigone and neck at P2 (Fig. 6B). With
increasing postnatal age, P2X3-IR increased in the urothelial cells and in the suburothelial
plexus in bladder trigone and neck (Fig. 7A, B, E, F). P2X3-immunoreactive nerve fibers
associated with detrusor smooth muscle or in detrusor smooth muscle remained constant at all
ages examined. On occasion, individual or small groups of P2X3-immunoreactive cells (Fig.
6C arrows) were observed adjacent to or within detrusor smooth muscle. P2X3-IR was
relatively constant in the serosa from P2-adult (Fig. 6D, H; Fig. 7D, H). P2X3-immunoreactive
fibers in the serosa and suburothelial plexus were immunoreactive for PGP9.5 (Fig. 5G-L). In
summary, P2X3-IR remained relatively constant in detrusor smooth muscle and serosa with
increasing postnatal age but P2X3-IR increased in urothelial cells and in suburothelial plexus
in bladder trigone and neck with age.
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P2X2 Receptor Expression in Postnatal and Adult Lumbosacral Spinal Cord
P2X2-IR in spinal cord was observed by P2 and persisted into adult rat spinal cord (Fig. 8).
The distribution of P2X2-IR was distributed in cells lining the central canal (Fig. 8B, D, F) in
lumbosacral spinal cord. Although our focus is on the lumbosacral spinal cord, other spinal
cord levels (thoracic) were also examined and P2X2-IR was also expressed in this level in
some cells lining the central canal. Some of these P2X2-immunoreactive cells had long
processes that projected long distances from the central canal (Fig. 8D, F). P2X2-IR was also
observed in the epithelial lining of the anterior spinal artery (Fig. 8A, C, E white arrow) and
in the anterior corticospinal tract (Fig. 8C, E yellow arrow). Based upon location, we
hypothesized that the P2X2-immunoreactive cells lining the central canal were ependyme cells,
a specialized type of glial cell. Double-labeling with P2X2- and the pan neuronal marker HuC/
D did not reveal any P2X2-immunoreactive cells that also exhibited HuC/D-IR (Fig. 9A-D).
P2X2-immunoreactive cells were also not labeled with GFAP and were therefore not astrocytes
(Fig. 9E-H). Some studies have indicated that some populations of ependyme cells express
immunoreactivity to S-100 protein (17). Although double-labeling for P2X2- and S-100-IR
was not possible due to common hosts, single labeling with S-100 did reveal some ependyme
cells with a similar morphology to those exhibiting P2X2-IR (Fig. 9H, I white arrows).

P2X3 Receptor Expression in Postnatal and Adult Lumbosacral Spinal Cord Distribution and
General Characteristics

In the lumbosacral spinal cord, P2X3-IR was expressed in the superficial dorsal horn (DH)
(medial and lateral extent of laminae II) at all postnatal ages and in adult rats (Fig. 10, 11).
P2X3-IR in lamina II has been previously described (2,54). In younger postnatal rat pups (P0-
P14), P2X3-IR was also present in deeper laminae of the DH (Fig. 10A, C). The labeling in
the deeper laminae did not persist in older rat pups or adult rats where the P2X3-IR in the DH
was refined and restricted to lamina II (Fig. 11). The percentage of the DH occupied with P2X3-
IR nerve fibers increased from that observed at P0 and reached a peak at P21 (Fig. 12A , B).
The percentage of the DH occupied with P2X3-immunoreactive nerve fibers from P7-P28 was
significantly (p ≤ 0.001) greater than that at P36 or in adults (Fig. 12B). Intense P2X3-IR was
observed in the region of the dorsal commissure (DCM) located dorsal to the central canal (Fig.
10A, C) in younger postnatal rats (P0-14). In the youngest animals examined (P0-P2), P2X3-
IR in the DCM was also present in fiber bundles that extended from the DCM ventrally toward
the central canal (Fig. 10A,C). These P2X3-immunoreactive fiber bundles were present
bilaterally in the L6-S1 spinal segments. After this age, P2X3-IR in the DCM region was
noticeably less or absent (Fig. 10E; Fig. 11A, C, E). P2X3-IR was expressed in nerve fibers in
specific regions of the spinal cord and had a punctate staining quality. In the spinal cord of rats
older than P2, P2X3-IR was not expressed by any cell bodies.

P2X3-IR in the Lateral Collateral Pathway in the L6-S1 Spinal Cord
P2X3-immunoreactive fiber staining in the L6-S1 spinal cord of younger postnatal (P0-P14)
rats examined was apparent in a fiber bundle extending ventrally from Lissauer’s tract in lamina
I along the lateral edge of the dorsal horn into the dorsal part of the sacral parasympathetic
nucleus (SPN)(Fig. 10B,D, F) identified by immunostaining for nNOS-IR (51)(Fig. 10B, D,
F). The P2X3-IR in LCP of older postnatal and adult rats was less frequently observed and
when present, the P2X3-IR was less intense (Fig. 11B, F). The general location of the P2X3-
immunoreactive bundle in lamina I and its selective segmental distribution resembles the
central projections of visceral afferents in the pelvic nerve which have been labeled in the rat
and cat by axonal transport of horseradish peroxidase and designated the lateral collateral
pathway of Lissauer’s tract (LCP) (33, 42).

Studeny et al. Page 7

Am J Physiol Regul Integr Comp Physiol. Author manuscript; available in PMC 2006 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Discussion
These studies demonstrate several novel observations related to the plastic expression of P2X2
and P2X3 receptor expression in urinary bladder and spinal cord at times coincident with
postnatal maturation of voiding reflexes. Western blot demonstrated an age-dependent
decrease in P2X2 receptor expression in bladder whereas P2X3 receptor expression in bladder
peaked from P14-P21. P2X2-immunoreactivity (IR) was present in urothelial cells,
suburothelial plexus in bladder neck and trigone, detrusor smooth muscle and serosa at birth
with staining in urothelial cells and serosa being most predominant. With increasing postnatal
age, the intensity of P2X2-IR decreased in urothelial cells but increased in suburothelial plexus.
P2X3-IR increased in urothelial cells and suburothelial plexus in bladder neck and trigone with
postnatal age whereas staining in detrusor and serosa remained relatively constant. At birth,
P2X3-IR was present in the dorsal horn (DH), lateral collateral pathway (LCP) of Lissauer,
and dorsal commissure. With increasing age, P2X3-IR was restricted to superficial DH and
LCP. P2X2-IR was present in ependyme cells (S-100-IR) of the central canal as early as P2.

Substantial evidence supports a functional role for adenosine triphosphate (ATP) in the
modalities of mechanotransduction and nociception in the urinary bladder (7,10,57). ATP may
contribute to excitatory neurotransmission in the urinary bladder by acting at P2X receptors in
detrusor smooth muscle (38), urothelium (45–47) and afferent nerves in the suburothelial
plexus (10). We now demonstrate that P2X receptor expression changes in rat urinary bladder
and spinal cord with postnatal development. These changes in P2X2 and P2X3 receptor
expression in urinary bladder and spinal cord occur during the second to third postnatal week
of birth when a primitive voiding reflex (perigenital-to-bladder reflex) is being replaced by a
mature voiding reflex (spinobulbospinal reflex) (12,13).

The non-neuronal location of P2X receptors has been previously demonstrated (5,45,46) and
this urothelial distribution has been suggested to play roles in maintenance of barrier function,
sensory transduction mechanisms or antigen presentation in host-defense mechanisms (5). The
present study extends these findings and demonstrates changes in P2X2 and P2X3 receptor
expression primarily in the urothelial cells and suburothelial plexus during rat postnatal
development whereas receptor expression in the detrusor smooth muscle and serosa remained
relatively constant. Western blot revealed an age dependent decrease in P2X2-IR in the whole
urinary bladder. Immunohistochemistry demonstrated that this decrease in P2X2-IR is largely
associated with decreased P2X2 receptor expression in the urothelial cells and suburothelial
plexus. Previous studies have demonstrated P2X2 receptor expression in detrusor smooth
muscle (38) and urothelial cells (47) in humans, rats (30) and cats (5) and this expression is
altered in female idiopathic detrusor instability (38), IC (47) and feline IC (5). Previous studies
have demonstrated P2X3 receptor expression in human urothelial cells and the suggestion of
P2X2/3 heteromers in the urothelium has been made (47).

P2X3 receptor expression in urothelium of adult rat (20) has been demonstrated; however,
other studies do not comment on P2X3 staining in the urothelium of rodents (10,30,53). In
contrast, P2X3 receptor expression in human and cat urothelium has been demonstrated in
cultured urothelial cells (5,44,45,47). In the present study, P2X3 expression in whole rat urinary
bladder significantly increased at P14-P21 and then decreased in older rat pups and adults to
expression levels not significantly different from that observed from P0-P7. This may suggest
that changes in P2X3-IR are driven by changes in the urothelial cells and suburothelial plexus.
Expression of the P2X3 receptor in DRG also changes during embryonic and early postnatal
mouse development with all DRG cells expressing P2X3 receptor at E14-E16 but only 44.3%
of adult mouse DRG cells express P2X3 receptor (40). Our observation of peak P2X2 and
P2X3 receptor expression in whole urinary bladder at P14-P21 is consistent with
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pharmacologic studies that demonstrate the highest potency of nucleotides on bladder
contractile responses between P10 and P25 (8,25,32,36).

Urothelial cells share a number of similarities with sensory neurons and the urothelium has
been suggested by Birder et al. (4) to have ‘neuronal-like’ properties. Urothelial cells express
a number of receptors and ion channels similar to those found in sensory neurons (4,28) (34).
In the present study, we demonstrate P2X2 and P2X3 receptor expression in urothelium of
postnatal and adult rats with reciprocal expression patterns. That is, P2X2 receptor expression
in urothelium is greatest in younger postnatal rats and weakest in adult rats whereas the opposite
is observed for P2X3 receptor expression. In addition to changes in urothelial cell staining with
postnatal development, the suburothelial plexus in the bladder trigone and neck regions also
changed expression. P2X3-IR in the suburothelial plexus in the bladder trigone and neck
regions increased with postnatal age whereas P2X2-IR in the suburothelial plexus reached a
maximum at the fourth postnatal week after which the expression decreased in older postnatal
and adult rats. The afferent nerves from humans and other animals have been identified
suburothelially (24,55) as well as being scattered throughout the detrusor smooth muscle. Some
of these suburothelial nerve fibers exhibit immunoreactivity to calcitonin gene-related peptide
(CGRP) (24) and substance P (SP) (55). In addition, some suburothelial nerve fibers exhibit
vesicular acetylcholine transporter (VAChT) (18), an indirect indicator of cholinergic nerves.
In contrast, abundant VAChT-IR nerve fibers are present in the muscular coat of the urinary
bladder (18). The P2X2 and P2X3 receptor staining in the suburothelial plexus and serosal
surface of the bladder in this study are suggestive of purinergic receptor distribution in both
afferent and efferent nerve fibers.

Changes in P2X3 receptor expression were also observed in the lumbosacral spinal cord during
postnatal development whereas P2X2 receptor expression was constant and restricted to
ependyme cells surrounding the central canal. P2X3 receptor staining is more intense and more
frequently observed in the central afferent projections of visceral afferents (i.e., LCP) in early
postnatal development (P0-P14) and P2X3 receptor staining in dorsal horn (DH) peaks at P14-
P21. The timing (P14-P21) of the peak increase in P2X3 receptor staining in the DH is similar
to the timing of the peak increase in the P2X3-IR in whole urinary bladder at P14-P21. This
may suggest that central and peripheral bladder afferents show a similar, developmentally
regulated expression of P2X3 receptor. The weak P2X3 receptor staining in the LCP in older
postnatal and adult rats is consistent with studies that demonstrate weak P2X3 receptor staining
in bladder afferent cells in the DRG (57). In this study, a significant increase in the DH area
exhibiting P2X3-IR occurred at P14-P21 compared to P0. This change in receptor expression
in the lumbosacral spinal cord in addition to the more widespread distribution of P2X3 receptor
expression in deeper laminae of the spinal cord from P0-P14 may contribute to exaggerated
spinal reflexes with lower thresholds and greater responses in young animals compared to older
animals (22,23). The robust P2X3-IR in the dorsal commissure (DCM) of the lumbosacral
spinal cord may also be associated with enhanced visceral responses during the early postnatal
period because cells in the DCM are the origin of a visceral pain pathway that ascends in the
dorsal columns of the spinal cord (56). In addition, previous studies have revealed increased
Fos protein expression in the DCM region after noxious irritation of the urinary bladder (3) or
after non-noxious stimulation of the urinary bladder in rats with a cyclophosphamide-induced
cystitis (50). Thus, nerve fibers expressing P2X3-IR in the DCM may influence cells in this
same region.

The mechanism(s) underlying the changes in P2X2 and P2X3 receptor expression in the
postnatal rat bladder and spinal cord in the present study and the development of mature voiding
reflexes are not known. Previous studies have suggested that maturation of peptidergic afferent
pathways in the urinary bladder of the neonatal rat may be involved in development of mature
voiding reflexes (31). However, it has also been demonstrated that regional noradrenergic and
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cholinergic neurochemistry of the rat urinary bladder is relatively stable as the rat matures
(27). Thus, maturation of peptidergic afferent pathways may play a greater role in the
maturation of micturition reflexes compared to adrenergic and cholinergic systems. Maturation
of central pathways is also likely to be a factor in the postnatal development of bladder reflexes
(6). Neurotrophic factors expressed in the developing urinary bladder may also play a role in
synaptic reorganization associated with maturation of micturition reflexes (52). Previous
studies (39) have demonstrated that intrathecal administration of NGF or GDNF can either
induce or increase expression, respectively, of P2X3 receptor in adult rat spinal cord and DRG.

In summary, these studies demonstrate plasticity in expression of P2X2 and P2X3 receptor
subtypes in urinary bladder and spinal cord during early postnatal development in the rat. P2X2
receptor expression demonstrates an age-dependent decrease in bladder that is primarily
associated with decreased expression in urothelial cells and suburothelial plexus. In contrast,
P2X3 receptor expression increased in bladder from P14-P21 and this increase is primarily
associated with changes in urothelial cells and suburothelial plexus. P2X3 receptor expression
in DH of the lumbosacral spinal cord also increases from P14-P21 whereas P2X2 receptor
expression is relatively constant in the spinal cord. It remains to be determined if changes in
P2X receptor expression in bladder or spinal cord play a role in the postnatal maturation of
voiding reflexes.
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Figure 1.
A. Western blot of whole urinary bladder (40 mg) for P2X2 receptor expression in postnatal
(P0-P36) and adult (A) rats. Erk staining was used as a loading control. B. Preabsorption of
P2X2 antibody with immunogen (1 mg ml−1) eliminated the band at 90kD. C. Histogram of
relative P2X2 band density in all groups examined normalized to erk-1 staining. P2X2 receptor
expression in urinary bladder demonstrated an age-dependent (R2 = 0.96, p ≤ 0.005) decrease
in expression. P2X2 receptor expression in urinary bladder from P0-P14 is significantly greater
compared to adult expression. *, p ≤ 0.005.
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Figure 2.
A. Western blot of whole urinary bladder (40 mg) for P2X3 receptor expression in postnatal
(P0-P36) and adult (A) rats. Erk staining was used as a loading control. B. Preabsorption of
P2X3 antibody with immunogen (1 mg ml−1) eliminated the band at 75kD. C. Histogram of
relative P2X3 band density in all groups examined normalized to erk-1 staining. P2X3 receptor
expression in urinary bladder is significantly increased from P14-P21 compared to adult rat
bladder. *, p ≤ 0.005, #, p ≤ 0.01.
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Figure 3.
Fluorescence images of P2X2 receptor expression in urothelium (A, E), suburothelial plexus
in bladder neck or trigone (B, F), detrusor (C, G) and serosa (D, H) from postnatal rats, P0-
P14. For all images, exposure times were held constant. Expression of P2X2 receptor in the
detrusor and serosa was relatively constant. On occasion, P2X2-IR cells were observed in close
proximity or adjacent to detrusor smooth muscle (G, arrow). P2X2 receptor expression was
intense in urothelial cells but relatively weak in the suburothelial plexus. Calibration bar
represents 50 μm.
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Figure 4.
Fluorescence images of P2X2 receptor expression in urothelium (A, E), suburothelial plexus
in bladder neck or trigone (B, F), detrusor (C, G) and serosa (D, H) from postnatal rats, P21-
adult (A). For all images, exposure times were held constant. From P21-A, P2X2 receptor
expression in detrusor and serosa was relatively constant and P2X2-IR cells were still
occasionally observed adjacent to detrusor smooth muscle (G, arrow). P2X2 receptor
expression in urothelial cells from P21-A was dramatically reduced compared to that observed
from P0-P14. The suburothelial plexus staining for P2X2 receptor in bladder neck or trigone
increased from P21-P28 and then staining decreased to that observed from P0-P14. Calibration
bar represents 50 μm.
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Figure 5.
Fluorescence images of P2X2 (A-F) or P2X3 (G-L) receptor expression in the suburothelial
plexus (A-C; G-I) and serosa (D-F; J-L) of adult animals. Whole mounts were also stained for
protein gene product (PGP9.5) (B,E,H,K) to confirm that P2X2 and P2X3-immunoreactive
structures were nerve fibers. In all tissues examined, the P2X2 and P2X3-IR in the suburothelial
plexus or serosa was colabeled with PGP9.5. Merged images (C,F,I,L) demonstrating overlap
between P2X2 and PGP9.5 (C,F) or P2X3 and PGP9.5 (I,L). Some isolated nerve fibers
demonstrating P2X2- and PGP9.5-IR (C, arrow) or P2X3-and PGP9.5-IR (I, arrow) are shown
in the suburothelial plexus. Calibration bar represents 50 μm.
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Figure 6.
Fluorescence images of P2X3 receptor expression in urothelium (A, E), suburothelial plexus
in bladder trigone or neck (B, F), detrusor (C, G) and serosa (D, H) from postnatal rats, P2-P7.
For all images, exposure times were held constant. Expression of P2X3 receptor in the detrusor
and serosa was relatively constant. On occasion, isolated or small groups of P2X3-IR cells
were observed in close proximity or adjacent to detrusor smooth muscle (C, arrows). P2X3
receptor expression was weak in urothelial cells and sparse P2X3-IR was observed in the
suburothelial plexus from P0-P14. Calibration bar represents 50 μm.
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Figure 7.
Fluorescence images of P2X3 receptor expression in urothelium (A, E) suburothelial plexus
in bladder trigone or neck (B, F), detrusor (C, G) and serosa (D, H) from postnatal rats, P21-
adult (A). For all images, exposure times were held constant. Expression of P2X3 receptor in
the detrusor and serosa was relatively constant. P2X3 receptor expression increased in
urothelial cells from P21 through adulthood and a more extensive P2X3-IR suburothelial nerve
plexus was observed in the bladder trigone and neck from P21 through adult. Calibration bar
represents 50 μm.
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Figure 8.
P2X2 receptor expression in cells lining the central canal (CC) of the lumbosacral spinal cord
from P2-adult (A). As early as P2 (A, B), P2X2-IR cells (B, arrows) were observed surrounding
the CC but no staining was present at P0. Similar P2X2-immunoreactive cells surrounding the
CC were observed at P14 (D, white arrows) and A (F, white arrows). In some instances, long
processes could be observed emerging from these P2X2-immunoreactive cells and projecting
from the CC laterally and ventrally (D, F, yellow arrows). P2X2-IR was also expressed in the
anterior spinal artery (A, C, E, white arrow) and in the anterior corticospinal tract (C, E, yellow
arrow). Calibration bar represents 120 μm in A, C, E and 60 μm in B, D.
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Figure 9.
P2X2-immunoreactive cells lining the central canal (CC) are presumptive ependyme cells,
modified glial cells. P2X2-immunoreactive cells lining the CC did not exhibit
immunoreactivity to the pan neuronal marker, HuC/D (A-D) and were therefore not neuronal.
Numerous HuC/D-immunoreactive cells were present throughout the spinal cord parenchyma
(C, arrows) but P2X2-immunoreactive cells did not exhibit HuC/D-IR (C, D). C, D are merged
images demonstrating P2X2- (red) and HuC/D-IR (green). In addition, P2X2-IR cells
surrounding the CC did not exhibit immunoreactivity to glial fibrillary acidic protein (GFAP)
(E, G, H) and were therefore not astrocytes (E-H). G, H are merged images demonstrating
P2X2- (red) and GFAP-IR (green) surrounding the CC. Some ependyme cells express
immunoreactivity to the protein S-100 (19). S-100-IR cells (I) were observed surrounding the
CC and many of these cells expressed a similar morphology to the P2X2-IR cells (D, H versus
I) surrounding the CC. Calibration bar represents 60 μm.
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Figure 10.
P2X3-IR in lumbosacral spinal cord from young postnatal (P0-P14) rats. Low power images
of P2X3-IR in lumbosacral spinal cord from P0 (A), P7 (C) and P14 (E). To demonstrate the
location of the sacral parasympathetic nucleus (SPN) in these young rat pups, tissues were
stained for neuronal nitric oxide synthase (nNOS, green; A-F). In animals from P0-P7, P2X3-
IR was diffusely distributed in the dorsal horn being present in lamina II but in deeper laminae
as well (A, C). In addition, dense P2X3-immunoreactive fiber bundles were present in the
dorsal commissure (DCM; A, C). Higher power images (B, D, F) of the boxed regions in A,
C, E that demonstrate P2X3-IR (red) in close association with nNOS-IR cells (green).
Prominent P2X3-IR (red) was present in the lateral collateral pathway (LCP) of Lissauer
extending from lamina I to the region of the SPN (B, D, F). Reduction in P2X3-IR in the DCM
and LCP was apparent by P14 (E). By P14, P2X3-IR was more restricted to lamina II in the
DH (E). Calibration bar represents 80 μm in A, C, E and 50 μm in B, D, F.
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Figure 11.
P2X3-IR in lumbosacral spinal cord from older postnatal (P21-P28) and adult (A) rats. Low
power fluorescence images of the L6 spinal cord showing restricted P2X3-IR in the superficial
dorsal horn (DH; A, C, E). Higher power fluorescence images of the dorsal, lateral quadrant
of the L6 spinal cord showing restricted P2X3-IR in lamina II (B, D, F). Weak P2X3-IR was
present in the lateral collateral pathway (LCP) of Lissauer in the lumbosacral spinal cord (F,
arrows) of older postnatal and adult rats. P2X3-IR was observed in the anterior spinal artery
(A, C, E, arrow). Calibration bar represents 100 μm in A, C, E and 60 μm in B, D, F.
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Figure 12.
A. The area occupied by P2X3-immunoreactive nerve fibers in three representative regions of
the superficial dorsal horn (DH) in lamina II (lateral, medial and intermediate) of the L6 spinal
cord was determined and averaged across spinal cord sections and ages analyzed. Only P2X3-
immunoreactive nerve fibers (green) that exceeded the threshold level were quantified. B.
Summary histogram of the percentage (%) of the DH area containing P2X3-immunoreactive
nerve fibers during postnatal (P0-P36) development and adulthood of the rat. The percentage
of the DH occupied by P2X3-immunoreactive nerve fibers significantly (*, p ≤ 0.001) increased
from P7-P28 compared to adult. In addition, the percentage of the DH occupied by P2X3-
immunoreactive nerve fibers was significantly (#, p ≤ 0.001) increased from P14-P21 compared
to P0. Calibration bar represents 40 μm.
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Table 1
Table of primary and secondary antibodies, working dilutions, sources and tissues used for each antibody.

Primary
Antibody

Source Working
Dilution

Tissue Secondary
Antibody

Source Working Dilution

P2X2 Alomone Labs,
Jerusalem, Israel

1:600; IHC
1:700; IHC
1:200; WB

U, D Spinal
cord

Bladder

Cy3-goat
anti-rabbit;
goat anti-

rabbit HRP

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:500; 1:500; 1:5K

P2X3 Chemicon
International

Inc., Temecula,
CA

1:700; IHC U, D Cy3-
donkey anti-
guinea pig

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:500

P2X3 Neuromics
Antibodies,

Northfield, MN

1 :650; WB Bladder Goat anti-
rabbit HRP

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:25K

P2X3 Alomone Labs,
Jerusalem, Israel

1:700; IHC Spinal cord Cy3-
goat anti-

rabbit

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:500

nNOS Santa Cruz
Biotechnology,
Inc. Santa Cruz,

CA

1:100; IHC Spinal cord Cy2-
goat anti-

mouse

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:50

S-100 Dako
Cytomation,
Norden A/S,

Denmark

1:200; IHC
1:400; IHC

Spinal cord Cy3-
goat anti-

rabbit

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:500

GFAP Sigma-Genosys,
The Woodlands,

TX

1:5K;IHC Spinal cord Cy2-
goat anti-

mouse

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:100

HuC/D Molecular
Probes, Inc.,
Eugene, OR

1:200; IHC Spinal cord Cy2-
goat anti-

mouse

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:100

PGP9.5 Abcam, Inc.,
Cambridge, MA

1:15; IHC U, D Cy2-
goat anti-

mouse

Jackson
Immunoresearch

Laboratories, Inc.,
West Grove, PA

1:100
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