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Background and objective: Sensory afferent innervation of the bladder wall is critical for regulating lower urinary
tract function. Calcitonin gene-related peptide (CGRP) is a neuropeptide expressed predominantly in unmy-
elinated C-fibers and serves as a marker of sensory afferent fibers. While previous studies suggested regional
differences in bladder innervation, quantitative evidence across the rostro—caudal axis is lacking. Here, we
systematically quantified regional differences in CGRP-positive afferent innervation across the mouse bladder.

Methods: Bladder tissue from nine mice was processed and stained for CGRP immunofluorescence. Images were
segmented into seven equal rostro—caudal regions from bladder dome to bladder neck, and CGRP-positive area
was quantified and normalized to total tissue area. A permutation testing approach was applied to determine
whether CGRP increased along the rostro-caudal axis.

Key findings and limitations: CGRP-positive fibers were detected throughout the bladder wall and showed a
gradual increase in CGRP-positive area from dome to bladder neck. Linear regression analysis across segment
means yielded a positive slope (B = 0.0095). Exact permutation testing across all 5040 possible segment ar-
rangements showed that only 1.7% of permuted datasets produced slopes equal to or greater than the observed
value (p = 0.0171). These results confirm that CGRP-positive afferent innervation of the mouse bladder wall is
not evenly distributed but follows an exponential-like gradient along the rostro-caudal axis, with higher density
toward the bladder neck.

Conclusions: These findings establish a quantitative baseline for regional sensory organization and may inform
studies of pathological remodeling and new region-targeted therapies.

1. Introduction

The bladder, together with the urethra and urethral sphincter com-
plex, form the lower urinary tract (LUT), which plays a critical role in
maintaining homeostasis by storing and eliminating urine. This process
relies on precise sensory signaling between the bladder and the central
nervous system (CNS) [1]. Sensory afferent fibers located in the bladder

wall consist mainly of two types: small myelinated Ad-fibers and un-
myelinated C-fibers. AS-fibers are primarily responsible for conveying
mechanosensory information under physiological filling conditions,
providing the CNS with essential input required to initiate and coordi-
nate normal micturition [2]. By contrast, unmyelinated C-fibers are
usually silent in healthy states but become active during inflammation,
exposure to noxious chemical stimuli in the urine, or abnormal
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overdistension. When activated, C-fibers transmit nociceptive, chemo-
sensitive, and thermal signals to the CNS [1]. Within the bladder,
calcitonin gene-related peptide (CGRP) is a neuropeptide expressed
predominantly in unmyelinated C-fibers and, to a lesser extent, in small
myelinated AS-fibers [3]. Through these afferent pathways, CGRP con-
tributes to the transmission of bladder sensory information. Disruptions
or maladaptation in this sensory communication have been associated
with a range of LUT dysfunctions, including overactive bladder (OAB),
urgency urinary incontinence, and bladder pain [4-6]. In OAB, hyper-
sensitivity of afferent pathways is thought to drive the hallmark symp-
toms of urgency and frequency [6,7]. Likewise, bladder pain syndromes,
including interstitial cystitis, have been linked to altered afferent
signaling, where excessive or dysfunctional input from nociceptive fi-
bers contributes to pain perception [8]. Experimental studies further
support a role for sensory afferents in bladder dysfunction. CGRP is
up-regulated in animal models of bladder pain and inflammation, sug-
gesting increased excitability or plasticity of these fibers under patho-
logical conditions [9]. Reviews of neuropeptide signaling in bladder
pain syndromes also highlight the contribution of CGRP and other
sensory mediators, reinforcing the notion that disturbances in sensory
neurotransmission are central to LUT dysfunction [5].

The bladder wall consists of several layers that contribute to its
sensory and mechanical functions. The innermost lining is the urothe-
lium, which acts not only as a permeability barrier but also as a sensory
structure capable of releasing signaling molecules, such as ATP,
acetylcholine, and prostaglandins, in response to stretch or chemical
stimulation [2]. Immediately beneath lies the lamina propria, a con-
nective tissue layer that contains a dense network of blood vessels,
interstitial cells, and sensory nerve fibers, positioning it as a key location
for afferent signaling [10]. These afferent fibers run close to the uro-
thelium to detect bladder distension as well as chemical mediators
released from urothelial cells [2]. Together, the urothelium and lamina
propria form the mucosa, which is increasingly recognized as the func-
tional center of the bladder wall [2,10]. The detrusor muscle and the
serosa constitute the other major layers of the bladder wall. Regionally,
the bladder can be divided along its rostro-caudal axis, with the dome
(rostral region) at the top and the trigone (caudal region, between the
ureteral orifices and urethra) at the base. In addition, differences in
innervation have also been reported between the anterior and posterior
bladder wall (fundus), suggesting that regional specialization is not
limited to the dome-trigone axis [11]. While sensory afferent nerve fi-
bers are present throughout the urothelium and lamina propria, the
trigone has been recognized as a sensory hub with higher density of
afferent nerve fibers compared to other regions [12]. In rats, for
example, it has been suggested that CGRP-immunoreactive axons are
more abundant in the bladder base and trigone compared to the dome,
where the subepithelial plexus appears progressively sparser [11].
Consistent with these results, computer-assisted three-dimensional
nerve tracking in the mouse bladder lamina propria showed greater
nerve segment length in the trigone compared to the dome, suggesting
structural specialization in the caudal bladder wall [13].

Despite these insights, many studies focused only on restricted areas
(e.g., trigone vs dome) rather than mapping the full rostro-caudal axis
and relied on semi-quantitative approaches. Moreover, little is known
about the baseline regional distribution of sensory afferents in young,
healthy animals, which is essential for interpreting age-related or
pathological changes. A recent study investigated bladder sensory
innervation in the context of aging, showing that the trigone of aged rats
contains significantly less CGRP-positive area compared to young con-
trols, suggesting that loss of sensory input may contribute to impaired
LUT function with age [14]. While previous studies suggest that
LUT-associated conditions can alter bladder afferent innervation, it re-
mains unclear whether such changes affect all regions of the bladder
equally or follow region-specific patterns. Addressing this question re-
quires first establishing a systematic baseline of sensory innervation
across the different functional regions of the healthy bladder.

Continence 18 (2026) 102332

In the present study, we aimed to systematically quantify regional
differences in CGRP-positive sensory afferent innervation across the
mouse bladder. Using immunohistochemistry for CGRP, combined with
image analysis, we assessed whether innervation density varies along
the rostro-caudal axis. We hypothesized that CGRP-positive sensory fi-
bers are not evenly distributed across the bladder wall but instead follow
a gradient, with higher density in caudal regions (towards the bladder
neck) compared to rostral regions (dome).

2. Materials & methods
2.1. Tissue collection and preparation

Bladder tissues were collected as surplus post-mortem material from
10-week-old female C57BL/6J OlaHsd mice (Envigo, The Netherlands).
The animals were maintained in a controlled temperature environment
(21-22 °C) with a normal day-night rhythm (lights on 07:00am, lights
off 07:00pm), with ad libitum access to food and water. Soft background
noise was provided by a radio playing continuously in the housing room.
All procedures were carried out in accordance with EU Directive 2010/
63/EU on the protection of animals used for scientific purposes. No
additional animals were sacrificed, and no animal procedures were
performed specifically for the purpose of the present study. Mice were
sacrificed by transcardial perfusion (PBS/heparin) after a lethal 200 mg/
kg dolethal injection. Bladders were collected (N = 9), opened longi-
tudinally and pinned flat with the lumen side upwards. Tissue was
immediately immersion-fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS) for 60 min at room temperature (RT) to
preserve tissue morphology and antigenicity. After fixation, samples
were cryoprotected in 30% sucrose in PBS until fully infiltrated for >24
h, embedded in optimal cutting temperature (OCT) compound (Tissue-
Tek, Sakura Finetek), and stored at —80 °C until further use. Tissue was
serially sectioned at 20 pm on a cryostat and mounted on Superfrost Plus
slides (Thermo Fisher Scientific) with 3 sections per slide, and 3 slides
per animal.

2.2. Immunohistochemistry

Immunofluorescence staining was performed using a two-day pro-
tocol to detect CGRP, an established marker of sensory afferent fibers.
Sections were washed in Tris-buffered saline (TBS) and encircled with a
hydrophobic barrier (PAP pen). Non-specific binding was blocked with
1% normal donkey serum (NDS) dissolved in 0.3% Triton X-100 in TBS
(TBS-T) for 1 h at RT. Sections were then incubated overnight at RT with
a goat polyclonal primary antibody against CGRP (Abcam, ab36001;
dilution 1:200 in TBS-T + 0.1% NDS). The antibody used in this study
(Abcam, ab36001) is validated by the manufacturer for immunohisto-
chemistry in mouse and rat tissues and has been widely used in rodent
studies. Negative control sections were processed in parallel without
primary antibody. Slides were then washed sequentially in TBS-T and
TBS, followed by incubation with Alexa Fluor 647-conjugated donkey
anti-goat secondary antibody (1:200, Thermo Fisher Scientific) for 1.5 h
at RT. Nuclei were counterstained with Hoechst 33342 (1:1000 in TBS,
5 min). After final washes in TBS, slides were mounted with 80% glyc-
erol in PBS to preserve fluorescence.

Fluorescent images were acquired using pManager software ver2.0
with identical exposure settings across samples on an Olympus BX51WI
spinning-disk confocal fluorescence microscope with a Hamamatsu EM-
CCD C9100 digital camera equipped with appropriate filter sets for
Alexa Fluor 647 and DAPI. Images were saved in TIFF format for sub-
sequent processing.

Image analysis was performed using ImageJ (Fiji, version 1.54p). A
custom macro was developed to automate analysis steps, including [1]:
channel separation and selection of the CGRP channel [2]; uniform
background subtraction (radius = 50 pixels) applied to all images [3];
application of a fixed pixel intensity threshold range (lower = 1750,
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upper = 6500) to the CGRP channel to generate a binary mask of the
CGRP-positive signal [4]; segmentation of each image into seven
equal-length regions along the rostro-caudal axis (dome to bladder
neck); and [5] quantification of CGRP-positive area as percentage of
total tissue area per segment. The segmentation approach allowed sys-
tematic comparison of CGRP signal along the full bladder strip from the
dome to the bladder neck, and the normalization was done to correct for
variability in tissue distribution across regions. Each CGRP-positive area
of 10 or more connected pixels was included.

2.3. Statistical analysis

To assess whether CGRP expression followed a systematic rostro-
caudal gradient, we used a permutation testing approach. For each an-
imal, the CGRP-positive area was quantified across seven equal-length
bladder segments. Nine sections per animal were analyzed. To reduce
the influence of local outliers and section-to-section variability within
animals, CGRP-positive area was summarized per segment using the
median across images for each animal. These per-animal median values
were subsequently used to calculate group-level mean + SD values. A
linear regression model was then fitted with segment position as the
independent variable and CGRP-positive area as the dependent variable,
yielding an observed slope (B).

To establish the null distribution, segment labels were permuted
across all possible arrangements of the seven segments, which amounts
to 5040 unique permutations (7! = 5040 permutations). For each per-
mutation, a regression slope was recalculated, resulting in a distribution
of slopes expected under the null hypothesis of no rostro-caudal orga-
nization. The empirical p-value was computed as the proportion of
permuted slopes equal to or greater than the observed slope. All analyses
were performed in MATLAB R2023b (MathWorks, Natick, MA), and

serosa serosa

mucosa

bladder neck

mucosa
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visualization of the null distribution was generated using built-in plot-
ting functions. A significant threshold of p < 0.05 was applied.

3. Results

To assess whether CGRP-positive afferent innervation exhibits a
systematic gradient along the rostro-caudal axis of the mouse bladder,
we quantified CGRP-positive area across seven equal-length segments
from nine young mice. Negative control sections, processed in parallel
without primary antibody, showed only background autofluorescence,
confirming the absence of non-specific binding. Representative images
illustrating CGRP expression in young bladder tissue are shown in Fig. 1.
The CGRP-positive structures appear as elongated filamentous profiles
consistent with sensory nerve fibers. For each segment, the median
CGRP-positive area was first calculated per animal (9 images per
segment per animal; 81 images total across all animals), after which
segment-wise mean + SD values were obtained across animals. Fig. 2
displays these normalized CGRP-positive area across segments. We then
computed the slope of a linear regression across segment means. The
observed slope was positive (B = 0.0095), indicating an increase in
CGRP signal toward the caudal regions.

To evaluate the statistical significance of this rostro-caudal pattern,
we performed an exact permutation test. This generated a null distri-
bution of slopes centered around zero, against which the observed slope
was compared (Fig. 3). The observed slope (0.0095, red dashed line) lay
in the extreme right tail of the distribution, with only 1.7% of permuted
datasets producing values equal to or greater, corresponding to a sig-
nificance level of p = 0.0171. These results demonstrate that the in-
crease in CGRP expression along the rostro-caudal axis is unlikely to be
due to random variation and instead reflects a systematic gradient in-
crease in bladder sensory innervation.

mucosa

serosa

Fig. 1. A) Representative longitudinal section of mouse bladder spanning from the dome (rostral) to the bladder neck (caudal), illustrating the rostro—caudal
orientation of the tissue. (B) Negative control section processed without primary antibody, showing only minor background autofluorescence and neuclei in red. (C)
Higher-magnification image showing CGRP-positive sensory fibers within the bladder wall (arrows). CGRP immunofluorescence is shown in green and DAPI nuclear

staining is shown in red. Scale bar = 100 pm.
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Median CGRP area
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dome — bladder neck

CGRP positive area

Segment rostro-caudal

Fig. 2. Average and standard deviation of median CGRP-positive area
normalized to detected tissue area across 7 rostro-caudal bladder segments,
from the bladder dome to the bladder neck (N = 9).
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Fig. 3. Permutation test for the slope of CGRP-positive area across bladder
segments. The histogram shows the null distribution of slopes obtained by
randomly shuffling segment order (7! = 5040 permutations). The observed
slope (0.0095, red dashed line) lies in the extreme right tail of the distribution,
with only 1.7% of permuted datasets producing an equal or greater value (p
= 0.0171).

4. Discussion

In the current study, we provide quantitative evidence that CGRP-
positive sensory afferent innervation is not evenly distributed across
the mouse bladder wall but instead follows a gradual rostro—caudal in-
crease, with higher density toward the caudal regions, including the
bladder neck. Previous studies had qualitatively suggested that the
trigone accommodates a denser innervation compared to the dome or
anterior wall [11-13], but to our knowledge, this is the first quantitative
demonstration of such a gradient across the full rostro-caudal axis in
young, healthy mice. Establishing a quantitative baseline of regional
sensory organization in the healthy bladder is essential for interpreting
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region-specific changes in models of aging, inflammation, or bladder
dysfunction.

The finding presented in the current study is consistent with the
caudal aspect of the bladder, most importantly the trigone, being
recognized as a sensory hub. Anatomical and functional studies have
shown that afferent fibers, particularly unmyelinated C-fibers, are
enriched in the trigone and closely associated with the urothelium and
lamina propria, positioning this region for rapid sensory signaling [11,
12]. Our quantitative approach supports and extends these observations
by confirming a graded increase in CGRP expression from dome to
bladder neck. Although the overall magnitude of this gradient is modest,
it is consistent with previous reports of increased sensory innervation in
caudal bladder regions.

Such regional specialization is likely to have functional significance.
The trigone plays a critical role in sensing flow-related stimuli and is
highly responsive to chemical and mechanical stimulation [1,2]. Higher
CGRP-positive afferent density in this region may reflect enhanced ca-
pacity to detect chemical irritation or noxious stimuli. Conversely,
disruption or loss of this dense afferent network may disproportionately
impair LUT function, as has been observed in aging [14].

Altered afferent signaling is a hallmark of multiple bladder disorders.
In OAB, hypersensitivity of AS- and C-fiber pathways is thought to un-
derlie urgency and frequency [6,7]. In bladder pain syndrome/inter-
stitial cystitis, excessive nociceptive input from C-fibers contributes to
pain [8,9]. Importantly, these disorders may not affect the bladder
uniformly and therefore may require region-specific therapeutic tar-
geting. As suggested by aging studies in rodents, there may be selective
reductions in trigonal CGRP-positive fibers compared to the dome [14].
This observation raises the possibility that afferent loss follows a
region-specific pattern. Similarly, in inflammation models, CGRP
expression is upregulated in bladder afferents [9], but whether this oc-
curs uniformly across the bladder wall is unknown. Our data emphasizes
the importance of considering regional specificity when evaluating
afferent remodeling in disease models, and we propose an approach to
quantify these differences along the rostro-caudal axis.

Understanding the regional distribution of bladder afferents has
direct therapeutic implications. For example, botulinum toxin A (BoNT-
A), a widely used treatment for OAB and interstitial cystitis, not only
reduces detrusor muscle contractility by blocking acetylcholine release
at the neuromuscular junction but also exerts significant effects on
sensory pathways. Several studies have shown that BoNT-A decreases
the expression of sensory receptors in suburothelial afferents and sup-
presses urothelial release of neurotransmitters such as ATP, thereby
reducing the excitability of C-fibers [15-17]. Targeting regions with
dense afferent innervation, such as the trigone, may therefore enhance
therapeutic outcomes, consistent with reports suggesting improved ef-
ficacy of trigone-specific injection protocols [18,19]. Beyond BoNT-A,
future interventions aimed at modulating sensory activity may be opti-
mized by incorporating knowledge of regional afferent organization.
Achieving this, however, will depend on identifying molecular features
that enable selective mechanism of action within the trigone. Consid-
ering the translational relevance of the findings presented here, it is
important to note that regional afferent organization likely differs across
species. The extent to which similar rostro—caudal gradients exist in the
human bladder and whether disease might alter neural distribution in
human tissue remains unclear.

In addition to these interpretative considerations, several methodo-
logical limitations should be acknowledged. First, although the bladders
were cut longitudinally and pinned without applying tension, the exact
location of each incision (anterior, posterior, or lateral wall) could not
be determined. As a result, the precise position of the imaged tissue
within each bladder strip remains unknown. Second, although the
bladder was pinned open symmetrically, with the bladder neck posi-
tioned at the center of the caudal end of the strip, this process inevitably
alters its native geometry. This, in turn, affects the relative rostro-caudal
contributions to each equal-length segment and may explain the higher
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variability observed in distal segments. Although the approach yields
reproducible rostro-caudal quantification, interpretation must account
for these geometric constraints, including the possibility that the trigone
may be absent in a given strip due to uncontrolled incision orientation.

Future studies should address these limitations by standardizing the
incision location to ensure that the trigone is consistently represented in
the imaged bladder strips. Additionally, they should extend this quan-
titative approach to models of aging, inflammation, and OAB to deter-
mine whether the rostro-caudal gradient is preserved, diminished, or
reversed under pathological conditions. In addition, while CGRP is a
robust marker for C-fibers and a subset of As-fibers, it does not capture
the entire spectrum of afferent subtypes. In addition, modern ap-
proaches such as single-cell or single-nucleus sequencing of dorsal root
ganglia, as well as spatial transcriptomics, may help further resolve the
molecular diversity of bladder-innervating sensory neurons and their
regional organization. Complementary markers or functional assays will
be needed to fully characterize the diversity of sensory innervation
across bladder regions, particularly to map fibers involved in processing
bladder fullness. Finally, our analysis focused on the rostro-caudal axis;
lateral differences (anterior vs posterior wall) may also be relevant and
warrant further investigation.

In conclusion, our findings demonstrate that sensory innervation of
the bladder wall is not homogeneously distributed but instead follows a
gradual increase along the rostro-caudal axis. These results establish a
quantitative baseline for regional afferent organization in the healthy
mouse bladder and provide a framework for studying how disease and
aging remodel sensory inputs. By revealing systematic regional differ-
ences, this work also highlights the potential for targeted therapeutic
strategies that account for spatial heterogeneity in bladder innervation
and to advance our understanding of spatial functional organization of
different components of the LUT.
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