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A B S T R A C T

Recent evidence suggests that the descending modulatory pathways from the brainstem rostral ventromedial
medulla (RVM) are important for bladder inflammatory pain. This study aimed to identify the long-term mo-
lecular changes in RVM neurons due to early life cystitis during neuronal development and the effect of reex-
posure later in adulthood. RVM tissues from two treatment protocols were used: (1) neonatal zymosan exposures
with acute adult rechallenge (RC) and (2) only neonatal zymosan exposures (NRC). RNAseq analysis showed
upregulation of several genes associated with synaptic plasticity (Grin1, Grip2, Notch1, Arc, and Scn2b) in the
cystitis groups compared to controls in both protocols. The RC protocol exhibited a stronger treatment effect with
significantly higher fold differences between the groups compared to the NRC protocol (p < 0.001, fold differ-
ences RC vs NRC). In microarrays, miR-34a-5p showed cystitis-induced downregulation in both protocols. Bio-
informatics analysis identified multiple 3′UTRs complementary binding sites for miR-34a-5p on Grin2b, Notch1,
Grip2, Scn2b, and Arc genes. The enhanced response in the RC protocol indicates a possible priming effect of
early life cystitis on rechallenge in adulthood. These long-term molecular alterations may play a critical role in
the development of chronic bladder pain conditions as seen in patients with Interstitial Cystitis/Bladder pain
syndrome.

1. Introduction

Interstitial cystitis and bladder pain syndrome (IC/BPS) are uro-
logical diseases which more commonly affect women than men, with a
prevalence ranging from 2-6 % (Durden et al., 2018; Pierce & Chris-
tianson, 2015; Tirlapur et al., 2017). The etiology of IC/BPS is multi-
factorial and only incompletely understood. Possible pathologies
include urothelial dysfunction, mast cell activation, genetic factors,
autoimmunity, and central sensitization (Alagiri et al., 1997; Grundy
et al., 2018; Offiah et al., 2022; Yang et al., 2021). Despite its high
prevalence, the pharmacological treatment of bladder pain remains a
significant challenge, and treatment outcomes are often unsatisfactory.
Following the advent of molecular diagnostic treatment approaches,
mechanism-based interventions have become widely accepted as

specific and effective therapeutic strategies for treating various pain
conditions (Cohen & Mao, 2014; Raja et al., 2019). The bladder is
innervated by extrinsic afferents that provide sensory inputs to the
spinal cord and supraspinal regions of the central nervous system
(Grundy et al., 2018). There is increasing evidence to suggest that
bladder pathophysiology may involve central sensitization with excita-
tion of central pain signaling. As such, given the complex nature of
bladder neurobiology, elucidation of the molecular alterations in the
central pain modulatory system involved in the development and
maintenance of chronic bladder pain associated with IC/BPS remains
crucial.

The overall bladder nociceptive response comprises a complex sum
of the excitatory and inhibitory processes at the peripheral and central
levels (Grundy et al., 2018). The physiological and behavioral responses

Abbreviations: DEGs, Differentially expressed Genes; SYNs, Synaptoneurosomes; RC, Rechallenge; NRC, Nonrechallenge.
* Corresponding author at: Division of Gastroenterology and Hepatology, Medical College of Wisconsin, 8701 Watertown Plank Road, Milwaukee, WI 53226, USA.
E-mail address: banerjee@mcw.edu (B. Banerjee).

Contents lists available at ScienceDirect

Neurobiology of Pain

journal homepage: www.sciencedirect.com/journal/neurobiology-of-pain

https://doi.org/10.1016/j.ynpai.2024.100160
Received 6 June 2024; Received in revised form 23 July 2024; Accepted 23 July 2024

mailto:banerjee@mcw.edu
www.sciencedirect.com/science/journal/2452073X
https://www.sciencedirect.com/journal/neurobiology-of-pain
https://doi.org/10.1016/j.ynpai.2024.100160
https://doi.org/10.1016/j.ynpai.2024.100160
https://doi.org/10.1016/j.ynpai.2024.100160
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Pain 16 (2024) 100160

2

of animals to nociceptive stimuli have been shown to be either facili-
tatory or inhibitory, depending on the activation of separate subsets of
neurons within the brainstem rostral ventromedial medulla (RVM) re-
gion. RVM neurons are the major targets of projections from the peri-
aqueductal gray (PAG), the site of action of opioid-mediated analgesia
(Basbaum & Fields, 1978; Heinricher et al., 2009; Ossipov et al., 2014;
Peng et al., 2023). Prior studies have shown that the microinjection of
NMDA (N-methyl-D-aspartate) receptor antagonists into the RVM re-
sults in attenuation of somatic and neuropathic pain implicating NMDA
receptors in the facilitatory mechanisms of nociception within the RVM
(Da Silva et al., 2010a; Da Silva et al., 2010b; Wei & Pertovaara, 1999).
At the same time, RVM stimulations can cause inhibitory, facilitatory,
and biphasic changes in the visceromotor responses (VMR) to graded
urinary bladder distensions (UBD). The inhibitory response can be
reduced by naloxone, suggesting the existence of a descending endog-
enous opioid inhibitory system. (Randich et al., 2008). However,
experiencing bladder inflammation during the neonatal period impairs
the expression of this opioid inhibitory mechanism in adulthood, sug-
gesting that bladder insults during development may permanently alter
visceral sensory systems and may represent one of the causes of BPS
(DeBerry et al., 2007; Randich et al., 2008; Randich et al., 2006).
Furthermore, experimental results indicate a significant priming effect
of neonatal zymosan exposures on later life responses. The findings show
that rats exposed to zymosan intravesically in early neonatal stages
exhibited increased VMR when rechallenged with zymosan as adoles-
cents. However, rats treated with the same exposures in adulthood did
not show the same exaggerated VMR responses. This long-term sensiti-
zation from early life exposures may have clinical implications for pa-
tients with IC/BPS (DeBerry et al., 2007). To date, any plastic changes in
the RVM neurons following induction of cystitis remain to be elucidated.

MicroRNAs (miRNAs) are small, noncoding RNA molecules that have
recently emerged as major transcriptional regulators of gene expression.
The identification of high expression of miRNAs in the nervous system
has established their roles in dendritic morphogenesis, synaptogenesis,
and synaptic plasticity (Lim et al., 2003; Pichardo-Casas et al., 2012;
Williams et al., 2009; Zeng & Cullen, 2003). Several lines of evidence
have implicated miRNAs in the pathophysiology of acute and chronic
pain conditions (Niederberger et al., 2011). In line with these findings,
we recently reported the involvement of miRNA-mediated post-tran-
scriptional deregulation of spinal GABAergic neurons in rats with
neonatally-induced cystitis (Sengupta et al., 2013; Zhang et al., 2017).
These studies have established for the first time that the induction of
cystitis during the developmental stage produces chronic visceral
hyperalgesia due to an increase in spinal miR-181a and miR-92b-3p,
with concomitant down-regulation of their target genes GABAA recep-
tor subunit (GABAAα-1), Potassium chloride co-transporter (KCC2) and
vesicular GABA transporter (VGAT), indicating an integral role for
miRNA-mediated transcriptional deregulation of the spinal GABAergic
neurotransmission in cystitis rats. As altered functions of RVM neurons
contribute critically to the development of chronic pain, the identifica-
tion of differentially expressed miRNAs and their target genes in the
RVM may help to define the molecular mechanisms underlying cystitis-
associated bladder pain.

Based on the existing literature and our previous findings, we aimed
to investigate the effect of bladder zymosan exposures in rats during the
early developmental phase and adulthood on the expression profiles of
genes associated with glutamatergic neurotransmission in the RVM, and
to determine whether miRNA-mediated transcriptional deregulation
plays a role in the molecular alterations in RVM neurons following
zymosan-induced cystitis. The findings of the study will facilitate the
development of mechanism-based approaches for IC/BPS treatment.

2. Materials and methods

2.1. Animals

Female Sprague Dawley time-pregnant rats were purchased from
Charles River Laboratories (Wilmington, MA, USA) and housed under
controlled conditions with a 12-hour light–dark cycle and ad libitum
access to food and water. All experiments were performed in accordance
with the institutional guidelines and was approved by the Institutional
Animal Care and Use Committee (IACUC) of the Medical College of
Wisconsin (AUA 0355) and the International Association for the Study of
Pain (IASP). The recommendations of the Office of Laboratory Animal
Welfare (OLAW) were followed.

2.2. Treatment protocols

A schematic representation of the descending modulatory pathways
from the midbrain to the spinal cord is shown in Fig. 1a. The intercon-
nection between PAG-RVM-spinal cord pathways have been established
as the predominant axis for the modulation of pain, while prior research
has shown that the PAG sends direct synaptic projection to median RVM
including nucleus raphe magnus (RMg) and nucleus gigantocellularis
(NGc) (Heinricher et al., 2009). In this study, we investigated the mo-
lecular alterations in RVM neurons in zymosan-induced cystitis to
decipher the intrinsic neuromolecular mechanisms underlying bladder
pain syndrome. We used two treatment protocols: rechallenge (RC;
Protocol 1) and non-rechallenge (NRC; Protocol 2), as shown in Fig. 1b.
In all treatment protocols, the rats were anesthetized with isoflurane
(1.5 % induction and 1.0 % maintenance at a flow rate of 1 L/min), as
previously described (Kannampalli et al., 2017). In protocol 1 (RC),
female pups received transurethral injections of protamine sulfate (1 %
in saline, 0.1 ml), followed by transurethral zymosan (1 % in saline, 0.1
ml) from postnatal days 12 through 16 (P12 to P16). The protamine
solution was left inside the bladder for 20 min after each injection prior
to zymosan instillation. The pups in the control group received two
doses of intravesical saline (0.1 mL) at similar intervals instead of
protamine sulfate and zymosan following the same protocol as the
experimental group. On postnatal day 29 (P29), the experimental group
received an acute rechallenge with protamine sulfate (1 % in saline, 0.1
ml), followed by zymosan (1 % in saline, 0.1 ml), as described above,
whereas the control group received two doses of saline (0.1 mL) at
similar intervals. In protocol 2.(NRC), both the experimental and control
groups received similar neonatal treatment as in protocol 1; however,
the rats did not receive any rechallenge on P29. Brainstem RVM tissues
were collected from both RC and NRC groups at P30.

2.3. Synaptoneurosomes (SYNs) isolation from RVM tissues

SYNs are biochemical preparations that retain large amounts of
postsynaptic and presynaptic membrane components and synapse-
associated proteins, making them useful for investigating the effects of
treatments at the synaptic level (Banerjee et al., 2016; Johnson et al.,
1997). We planned to study the synaptic alterations in the RVM
following the induction of cystitis. On P30, rats were deeply anes-
thetized with sodium pentobarbital (60 mg/kg, i.p.), and RVM tissues
were collected and resuspended in homogenization buffer. All subse-
quent steps were carried out on ice, as described previously (Banerjee
et al., 2016; Johnson et al., 1997). Tissues were gently homogenized
with 5–10 S of a loose pestle, followed by 5–10 S of a tight pestle, using a
glass homogenizer (KIMBLE Dounce tissue grinder, Sigma Aldrich, St.
Louis, MO). The homogenate was then centrifuged at 2000xg for 10 min.
The supernatant was loaded into a 1 ml tuberculin syringe attached to a
13 mm diameter Millipore syringe filter holder carrying three 100 µm
nylon filters (Millipore, Bedford, MA). Another set of filtrations using 5
µm pore PVDF syringe filters (Millipore) was performed, after which the
isolated SYNs were further processed for total RNA isolation.
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2.4. Total RNA isolation from SYNs preparations

Total RNA was extracted from SYNs preparations using the Qiagen
miRNeasy Mini Kit (Qiagen, Hilden, Germany), in accordance with the
manufacturer’s instructions. In brief, 400–500 µl QIAzol Lysis Reagent
was added to the SYNs filtrate, and the homogenate was incubated at
room temperature (15–25 ◦C) for 5 min. Subsequently, 200 µl chloro-
form was added to this mixture and shaken vigorously 15 times followed
by centrifugation for 15 min at 12,000 x g at 4 ◦C. The upper aqueous
phase was then collected and mixed with 100 % ethanol. The solution
was then transferred into a RNeasy® Mini column and centrifuged to
discard the flow-through. Following several wash steps, 30 µl of RNase
free water was used to elute the total RNA from the RNeasy Mini column
membrane. The total RNA concentration of each sample was measured
using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Wal-
tham, MA, USA).

2.5. RNA-seq analysis of samples from RC and NRC treatment protocols

RNA-seq libraries for cystitis and control samples were prepared
using Illumina standard total RNA prep ligation with the Ribo-Zero Plus
Library Preparation Kit (Illumina, San Diego). The RNA libraries were
sequenced on an Illumina NovaSeq 6000 instrument to generate 2 × 75
base-paired paired-end reads per sample and stored in the FASTQ format
using Illumina’s bcl2fastq converter. Paired-end sequence reads were
analyzed in accordance with the current best practices for whole-
transcriptome analysis, which included alignment onto the current rat
reference genome assembly (rn6) using the STAR splice-aware aligner.
Transcript abundance was estimated based on the current RefSeq gene
annotations using the RSEM algorithm. Differential expression analysis
was performed using DESeq2. For differentially expresses genes, a fold
difference of 1.2-fold higher or lower between the groups with adjusted
p values of p ≤ 0.1 were considered significant. The experiments were
performed at the Sydney Kimmel Cancer Center of Thomas Jefferson
University (Philadelphia, PA, USA).

2.6. MicroRNA microarrays of samples from RC treatment protocol

Total RNA isolated from SYNs preparations of control and cystitis
rats in the RC protocol was quantified using a NanoDrop ND-1000
spectrophotometer, and RNA quality was assessed using an Agilent
2100 Bioanalyzer (Agilent, Palo Alto, CA, USA). RNA labeling was
performed using the FlashTag Biotin RNA Labeling Kit from Affymetrix
GeneChip miRNA Arrays (Genisphere, Hatfield, PA, USA). Affymetrix®
GeneChip® miRNA Arrays (Affymetrix, Santa Clara, CA) were hybrid-
ized with Flash Tag Biotin Labeled total RNA from experimental and
control samples in 100 µl hybridization cocktail. Target denaturation
and hybridization were performed in accordance with the manufac-
turer’s instructions. The arrays were then washed and stained using
GeneChip Fluidic Station 450, and hybridization signals were amplified
using antibody amplification with goat IgG (Sigma-Aldrich) and anti-
streptavidin biotinylated antibody (Vector Laboratories, Burlingame,
CA, USA). Chips were scanned on an Affymetrix Gene Chip Scanner
3000 using the Command Console Software. The miRNA data were
analyzed using the Affymetrix miRNA QC tool. The raw data were
normalized and analyzed using GeneSpring software version 7.2 (Silico
Genetics, Redwood, CA, USA). To identify differentially expressed
miRNAs in cystitis rats, the ratio of expression in each cystitis rat to the
average expression in all controls was calculated for each miRNA.
Expression signals were normalized to average median of all miRNAs in
the array and miRNAs with 1.4-fold higher or lower expression
compared to average value in the control animals were selected for
further analysis. Background correction and normalization were carried
out using Robust Multichip Average (RMA) with GeneSpring software
(version 10.0; Agilent, Palo Alto, CA, USA). This study was conducted at
the Sydney Kimmel Cancer Center of Thomas Jefferson University,
Philadelphia, USA.

2.7. IPA analysis for differentially expressed genes (DEGs) and miRNAs

Ingenuity Pathway Analysis (IPA) system was applied for subsequent

Fig. 1. Descending pain pathways and treatment protocols. A schematic representation of the descending modulatory (PAG-RVM-spinal cord axis) system
contributing to hyperalgesia (a) and treatment protocols (b). The midline pain modulation center, PAG, transmits projections directly to the RVM. The RVM is
defined as the midline pontomedullary area which includes the nucleus raphe magnus (RMg), nucleus gigantocellularis (NGc), and adjacent reticular formation. The
RVM sends descending projections to the spinal dorsal horn laminae, including superficial layers and deep dorsal horn (a). Treatment protocols showing neonatal
intraurethral instillation of protamine sulfate (PS)/saline + zymosan/saline followed by re-exposure at P29 for RC protocol and without any re-exposure for NRC
protocols. RVM tissues were collected on P30 in both protocols (b).
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bioinformatic analysis, which included canonical pathway analysis, dis-
eases, and functions, using software from Qiagen (QIAGEN Inc., https://
www.qiagenbioinformatics.com/products/ingenuity) by loading normal-
ized sequencing read sets for selected DEGs in both the RC and NRC pro-
tocols. The ‑log (P‑value)>2 was taken as threshold, and a Z‑score>2 was
defined as the threshold of significant activation, whilst a Z‑score <‑2 was
defined as the threshold of significant inhibition. Differentially expressed
miRNAs were subjected to disease/function analyses using the IPA system.

2.8. Target gene prediction for differentially expressed miR-34a-5p

The target gene predications with complementary binding sites for
the miR-34a-5p seed region were analyzed using a combination of
several Bioinformatic algorithms including MiRWalk, MicroT4,
MiRanda, mirbridge, MiRDB, MiRMap, miRNAMap, Pictar 2, PITA,
RNA22, RNAhybrid & TargetScan (Dweep & Gretz, 2015; Kern et al.,
2021; Zhang et al., 2017).

2.9. Validation of selected genes found to be differentially expressed in the
RC protocol using TaqMan Real Time-PCR

Total RNAs from RVM tissues of saline- and cystitis-treated rats were
subjected to reverse transcription using the High-Capacity cDNA
Reverse Transcription Kit (Invitrogen). RT-PCR was performed using
TaqMan Gene Expression Assays (FAM) and TaqMan Fast Advanced
Master Mix (Thermo Fisher Scientific). Differentially expressed genes
were normalized against housekeeping 18S rRNA and the relative
expression of each gene was determined as 2− [C

T
miRNA− C
T

rRNA]. Relative
fold-change (Log2 FC) was calculated for differentially expressed genes
in the cystitis group compared to the saline controls. The PCR reactions
were carried out using the QuantStudio™ 6 Pro Real-Time PCR System
(Thermo Fisher Scientific).

2.10. Validation of differentially expressed miR-34-5p in RC protocol
using TaqMan RT-PCR

Total RNA from RVM tissues of saline and cystitis rats were reverse
transcribed using TaqMan™ Advanced miRNA cDNA Synthesis Kit
(Thermo Fisher Scientific). The final cDNA template was further diluted
1:10 in TE buffer, as described in the manufacturer’s protocol. RT-PCR
was performed using TaqMan Advanced miRNA Assays and TaqMan
Fast Advanced Master Mix (Thermo Fisher Scientific). miR-34a-5p
expression was normalized against miR-93-5p and represented as
2− [C

T
miR-34a-5p− C
T

miR-93-5p]. PCR reactions were performed in duplicate,
and No Target Control (NTC) was used as a negative control. The PCR
reactions were carried out in a QuantStudio™ 6 Pro Real-Time PCR
System (Thermo Fisher Scientific).

2.11. Dual in situ hybridization (ISH) / immunohistochemistry (IHC)
analysis of miR-34a-5p expression and its target genes NR2B, Notch1, and
Arc in RVM neurons

In situ hybridization chain reaction (HCR) was performed to identify
miRNAs in tissue sections along with combined antibody staining, as
described previously (Zhuang et al., 2020). We chose mid-level RVM
tissue sections (bregma: − 11.8 mm) for analysis based on our recent
observation, which indicated a higher innervation of bladder-linked
neurons into the mid-level compared to the rostral and caudal levels
of the RVM [31]. In brief, RVM tissue sections from naïve rats were
mounted onto Fisherbrand™ Superfrost™ Plus Microscope slides and
incubated at 37 ◦C for 30 mins. The slides were post-fixed in 4 % PFA for
20 min at room temperature and washed twice with PBS for 5 min each.
Tissue sections were treated with 10 µg/ml Proteinase K for 6 min and
washed in PBS for 10 mins. Slides were fixed in 4 % PFA for 15 min, and
washed twice in PBS for 5 min each, followed by a brief wash in ultra-
pure water. The slides were then incubated in 0.1 M Triethanolamine

and acetic anhydride for 5 min and washed in PBS for 10 min. The tis-
sues were pre-hybridized with hybridization solution (15 % formamide;
5X SSC; 0.3 mg/ml yeast RNA; 100 µg/ml Heparin; 1X Denhardt’s so-
lution; 0.1 % Tween 20; 0.1 % CHAPS; 5 mM EDTA and 3 µl/ml random
primer in 50 ml of RNase-free Ultrapure water) without probe for 2.5 h
at 37 ◦C. A final concentration of 20 pmol of miR-34a-5p and negative
control probes were added to 200 µl hybridization solution and the
slides were incubated overnight at 37 ◦C for 18 h. The probe sequences
were as follows: miR-34a-5p- 5′-CTC TAT ATC TCC AAC CCG AAA CAA
CCA GCT AAG ACA CTG CAA TAA TCC CTC TAT ATC TCC-3.’ Negative
control: 5′-CTC TAT ATC TCC AAC CCG TTC CTA TAG GAC TAT CCA
GGA ATT TAA TCC CTC TAT ATC TCC-3′. The following day, slides were
subjected to high stringency washing with TMAC at 45 ◦C for 30 min.
The slides were then pre-amplified in amplification buffer for 30 mins
followed by incubation with 12 pmol/200 µl of hairpin amplifier for 2 h.
The slides were then washed with 5X SSCT three times for 10 min each,
followed by incubation in blocking solution for 1 h. The slides were
incubated with the primary antibody for 2 h, followed by incubation
with the secondary antibody for 1 h. Finally, the tissues were washed
and mounted using a mounting solution containing DAPI. The staining
was visualized and imaged using a fluorescence microscope (Nikon
Eclipse 50i; Nikon, Tokyo, Japan). High-magnification images were
captured on a confocal microscope (Nikon A1-R, Tokyo, Japan) using
blue/DAPI and green and red channels under similar settings of expo-
sure, gain, and gamma adjustment at 60X magnification.

2.12. IHC analysis of the NR2B, Notch1, and Arc expression in RVM
glutamatergic neurons

RVM mid-level tissue sections of naïve rats (n = 3) were used for IHC
analysis The floating RVM sections were subjected to antigen retrieval
with target retrieval solution (Dako, Santa Clara, CA) for 30 min at
80 ◦C. The tissue sections were washed and incubated in blocking buffer
containing 10 % NGS in PBS for 2 h at room temperature. Tissue sections
were then incubated with primary antibodies Mouse Anti-NMDAR1
(1:250, BD Pharmingen™, Franklin Lakes, NJ) along with either, Rab-
bit Anti-NMDAR2B (1:250, Alomone Labs, Jerusalem, Israel) or Rabbit
Anti-Notch1 (1:500, Thermo Fisher Scientific) or Rabbit anti-Arc (Syn-
aptic Systems, Göttingen, Germany) in 5 % NGS overnight at 4 ◦C with
gentle shaking. The following day, tissue sections were washed and
incubated with Alexa Fluor 488 goat anti-mouse and Alexa Fluor 568
goat anti-rabbit secondary antibodies for 2 h at room temperature.
Finally, the tissue sections were washed and mounted on slides for
visualization under a fluorescence microscope (Nikon Eclipse 50i;
Nikon, Tokyo, Japan) using red and green fluorescence filters. NR1
positive neurons were identified in the green channel, while NR2B-,
Notch1, and Arc-positive neurons were identified in the red channel in
the same tissue section. Images were captured under individual fluo-
rescence channels, and co-localized neurons were identified by merging
images taken with independent filters. All cells exhibiting green, red,
and/or merged fluorescence were counted using the ImageJ software
(NIH, Bethesda, MD, USA).

2.13. IHC analysis of the effect of cystitis on NMDA subunits NR1 and
NR2B expression in RVM neurons in RC protocol

RVM tissues sections from both neonatal cystitis and saline-treated
rats (n = 3/group) were subjected to antigen retrieval at 80 ◦C for 30
mins. Tissue sections were subsequently blocked and incubated with
primary antibodies Mouse Anti-NMDAR1 (1:250, BD Pharmingen™)
and Rabbit Anti-NMDAR2B (1:250, Alomone Labs) overnight. The
following day, the tissue sections were washed and incubated with
secondary antibodies: Alexa Fluor 488 goat anti-mouse and Alexa Fluor
568 goat anti-rabbit. Staining intensity was examined using a fluores-
cence microscope (Nikon Eclipse 50i, Nikon) and a confocal microscope
(Nikon A1-R, Nikon). For quantification, the images were converted to
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grey scale, and the intensity of immunostaining in the neuron was
measured by drawing around the cell/neuron to measure the region of
interest (ROI (Image J, NIH Bethesda)). We selected the region next to
the ROI with no fluorescence to measure the background. For each
selected field, we measured the background near the ROI, and used the
average to calculate the Corrected Total Cell Fluorescence (CTCF). Data
analysis was performed to compare the CTCF of NR2B and NR1
expression in saline- and zymosan-treated rats, defined as CTCF=Inte-
grated Density – (area of selected cell × mean fluorescence of back-
ground readings). The intensities of NR1 and NR2B immunostaining
were measured using ROIs of 3–5 cells in each tissue section. The mean
CTCF was measured in three sections per animal (n = 3/group).

2.14. Data analysis

All images were edited and compiled using Adobe Photoshop CS6
(version 13.0) and CorelDRAW X8 (version 18.1) software. Statistical
analyses were performed using GraphPad Prism (version 10). Statistical
differences in fold changes between the treatment protocols (RC and
NRC) and regulation type (up and down) were examined using a
multivariable regression model in R studio (Version 4.4.0). We
compared the fold change between RC and NRC treatment protocols,
with p < 0.05 indicating statistical significance. For IHC analysis, an
unpaired t-test with Welch’s correction was used to compare data be-
tween the cystitis and control groups using the GraphPad Prism soft-
ware. Data represented as the average CTCF ± SD, with p ≤ 0.05 vs

controls considered significant.

3. Results

3.1. Upregulation of genes associated with glutamatergic
neurotransmission in RVM SYNs of neonatal cystitis rats with acute adult
rechallenge in the RC protocol

We performed RNA-seq analysis of RVM SYNs preparations from the
cystitis and control rats. Among the differentially expressed genes, 60
associated with synaptic plasticity and glutamatergic neurotransmission
with ≥ 1.5-fold change, p < 0.05, adjusted p ≤ 0.1 cystitis vs controls,
were selected for further analysis (Fig. 2a-d, Supplementary Table S1).
The overall gene expression profiles from the RNA-seq analysis are
shown in Supplementary Table S2. We evaluated the effects of neonatal
zymosan treatment with acute adult rechallenge on the expression of
several receptors, enzymes, and transporters involved in glutamatergic
neurotransmission in RVM SYNs from cystitis and control rats (Fig. 2a).
Major postsynaptic ionotropic glutamate NMDA receptor subtypes,
Grin1 (NR1,1.8-fold vs controls), Grin2A-2D (NR2A-2D,1.5 to 2-fold vs.
controls), and Grin3A (1.7-fold vs. controls), demonstrated a significant
increase in cystitis rats compared to saline controls. The gene encoding
glutamate receptor interacting protein 2 (Grip2), a positive regulator of
excitatory postsynaptic potential, further exhibited > 3-fold upregula-
tion in the experimental group compared to controls (Fig. 2a). Among
the differentially expressed synapse-associated proteins, the expression

Fig. 2. RNAseq analysis of RVM tissues from RC protocol 1. Heat Maps of the 60 selected genes associated with glutamatergic neurotransmission and synaptic
plasticity which were differentially expressed in RVM SYNs preparations from cystitis rats (n = 5) compared to controls (n = 3) (≥1.5-fold difference, p ≤ 0.05 and
adjusted p ≤ 0.1 vs controls). Genes associated with the Glutamatergic pathway (a), synaptic plasticity (b), voltage-gated calcium and sodium channels signaling (c),
and the GABAergic pathway (d). Histogram of IPA analysis of the selected DEGs showing involvement in 10 diseases and functions (e). The left y–axis represents the
–log (p–value) and the right y–axis represents the number of genes involved in each disease/function. The threshold for the selection of the pathways were set as –log
(P–value) ≥ 2 or ≤ -2. A Z–score ≥ 2 represents the threshold of significant activation, and Z–score ≤ –2 defines the threshold of significant inhibition. Histogram of
IPA analysis showing 12 canonical pathways (f). The left y–axis represents the –log (p–value), and the right y–axis represents the number of genes involved in each
representative canonical pathway. A Z–score ≥ 2 represents the threshold of significant activation, and a Z–score ≤ –2 defines the threshold of significant inhibition.
In the plotted histograms higher Z‑scores (shown in orange) indicate activation, whilst lower Z‑scores (shown in blue) indicate inhibition of the pathways. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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levels of Notch1, Notch2, and Notch3 were significantly higher in rats
with cystitis (>1.7-fold vs. controls; (Fig. 2b)). A recent study indicated
the functional interaction between post-synaptic Notch1 and NMDA
receptors in hippocampal neurons, while the loss of Notch1 was re-
ported to affect the expression and composition of NMDA receptors at
the synapses (Brai et al., 2015). Simultaneously, the activity-related
plasticity gene (Arc/Arg3.1), a positive regulator of neuronal Notch
signaling, further exhibited a significant increase in RVM neurons
following zymosan treatment (Fig. 2b). Similarly, synaptic vesicles
syntaxin1a, syt2, syt3, syt7, and syt9, which interact directly or indi-
rectly with voltage-gated calcium channels (VGCCs) and regulate their
function within the presynaptic terminal, also exhibited significant
upregulation in zymosan-treated rats (Fig. 2b). Genes encoding the
active zone proteins RIMS3 and RIMS4 were significantly upregulated
(>2-to 4-fold vs. controls; (Fig. 2b)) in the cystitis group following
zymosan rechallenge later in life. These active zone proteins are
expressed in glutamatergic synapses and are involved in the calcium ion-
regulated exocytosis of neurotransmitters.

3.2. Differential expression of presynaptic VGCCs and voltage-gated
sodium channel (Scn2b) in the RVM neurons of cystitis rats in the RC
protocol

RNA-seq analysis further revealed the upregulation of several
members of the VGCCs cluster, including Cacna1a (Cav2.1), Cacna1b
(Cav2.2), Cacna1g (Cav3.1), Cacna1h (Cav3.2), and Cacna1i (Cav3.3),
in RVM neurons of zymosan-treated rats compared to saline controls
(>1.5-fold vs. controls, (Fig. 2c)). The pain-relevant sodium channel
Scn2b was also significantly upregulated in cystitis rats compared with
controls (>1.7-fold vs. controls, (Fig. 2c)). These findings indicate that
the increase in the expression of various VGCCs and related vesicular
and active zone proteins in rats with neonatal cystitis following adult
rechallenge may profoundly influence the strength of neurotransmitter
output at glutamatergic synapses.

3.3. Downregulation of receptors/enzymes associated with GABAergic
signaling in RVM SYNs of cystitis rats in the RC protocol

GABA is a widely distributed inhibitory neurotransmitter in the CNS;
an estimated 20–50 % of central synapses express ionotropic GABAA
receptors (Fritschy & Brunig, 2003). Multiple studies suggest that the
majority of GABAA receptors in the brain are composed of the subunits
α1, β2, and γ2. Our RNA-seq analysis further revealed a significant
downregulation of these subunits in cystitis rats, indicating an under-
lying GABAergic disinhibition in RVM neurons in zymosan rechallenge
neonatal cystitis rats (Fig. 2d). Moreover, there was a decrease in Gad1
and Gad2, enzymes involved in GABA synthesis, in rats with cystitis
(>1.5-fold, vs. controls).

3.4. IPA analysis of the differentially expressed genes in disease/function
and canonical pathways

Sixty selected DEGs involved in synaptic processing were subjected
to IPA (version 42012434, Ingenuity Systems; Qiagen), and subsequent
bioinformatics analyses to identify their involvement in various dis-
eases/functions and canonical pathways. Our data indicated that several
functions and diseases, including cellular function and development,
cell-to-cell interactions, neurological diseases, and molecular transport,
were significantly activated following cystitis compared to saline con-
trols (Fig. 2e, Table 1). The number of DEGs involved in disease and
function ranged from 10 to 35 (Table 1). Additionally, IPA analysis
demonstrated a significant downregulation of GABAergic receptor
signaling pathway in cystitis rats (Fig. 2f, Z scores ≤ -2.0; Supplementary
Table S3) with concomitant activation of several excitatory pathways
including glutaminergic, calcium signaling, neuroinflammatory and
synapse associated signaling (Fig. 2f, Z-score ≥ 2.0).

3.5. Zymosan rechallenge in adulthood exacerbates the underlying
molecular alterations in RVM neurons of rats with zymosan-induced
neonatal cystitis

We intended to examine whether neonatal cystitis/bladder inflam-
mation exerts a long-term effect on molecular expression in RVM neu-
rons and whether there is an exacerbation of the underlying molecular
alterations when rats with neonatal cystitis receive zymosan re-exposure
later in adulthood. The RVM samples from the NRC rats in protocol 2, as
described in (Fig. 1b) were subjected to RNA-seq analysis, and the

Table 1
IPA analysis of DEGs for diseases and functions.

Category p-
value

-log (p
value)

Genes

Molecular Transport 1.14E-
15

14.94 ARC,CACNA1A,CACNA1B,
CACNA1C,CACNA1D,CACNA1E,
CACNA1G,CACNA1H,CACNA1I,
CAMK2A,CLCN2,GABRB1,
GABRB2,GABRE,GABRG2,GAD2,
GRIN1,GRIN2A,GRIN2B,
GRIN2D,GRIN3A,RIMS3,RIMS4,
SLC1A2,SLC1A3,SLC6A2,
SLC6A4,STX1A,SYT2,SYT3,SYT4,
Syt7,SYT9

Neurological Disease 3.10E-
11

10.51 ARC,CACNA1B,CACNA1C,
CAMK2A,GAD1,GAD2,GRIN1,
GRIN2A,GRIN2B,GRIN2D,
GRIN3A,SLC1A2,SLC1A3

Organismal Injury and
Abnormalities

3.10E-
11

10.51 ARC,CACNA1A,CACNA1B,
CACNA1C,CACNA1G,CACNA1H,
CAMK2A,CAMK2B,CLCN6,GAD1,
GAD2,GRIN1,GRIN2A,GRIN2B,
GRIN2D,GRIN3A,NOTCH1,
NOTCH3,NSMF,SLC1A2,SLC1A3

Cell-To-Cell Signaling
and Interaction

3.65E-
11

10.44 ARC,CACNA1A,CACNA1B,
CAMK2A,CAMK2B,GABRA1,
GABRG2,GAD1,GAD2,GRIN1,
GRIN2A,GRIN2B,GRIN2C,
GRIN2D,GRIP2,NPFF,NSMF,
RIMS3,RIMS4,SLC1A2,SLC1A3,
SLC6A2,SLC6A4,STX1A,SYT4

Nervous System
Development and
Function

3.65E-
11

10.44 ARC,CACNA1A,CACNA1B,
CACNA1E,CACNA1H,CAMK2A,
CAMK2B,GABRA1,GABRG2,
GAD2,GRIN1,GRIN2A,GRIN2B,
GRIN2C,GRIN2D,GRIN3A,GRIP2,
KIF2A,KIF3C,NOTCH1,NOTCH3,
NPFF,NSMF,RELN,RIMS3,RIMS4,
SLC6A4,STX1A,SYT2,SYT3,Syt7

Cellular Function and
Maintenance

3.66E-
11

10.44 ARC,CACNA1C,CACNA1D,
CACNA1E,CACNA1G,CACNA1H,
CACNA1I,CAMK2A,CAMK2B,
CLCN2,GABRB2,GABRG2,GRIN1,
GRIN2A,GRIN2B,GRIN3A,KIF3C,
NOTCH1,NPFF,NSMF,RIMS3,
RIMS4,SLC6A4,STX1A,SYT2,
SYT3,Syt7,SYT9

Cell Signaling 1.29E-
10

9.89 ARC,CACNA1A,CACNA1B,
CACNA1C,CACNA1D,CACNA1G,
CACNA1H,CACNA1I,CAMK2A,
GRIN1,GRIN2B,GRIN3A,NPFF,
SLC6A4

Cellular Development 5.12E-
06

5.29 ARC,CAMK2A,CAMK2B,GRIN2B,
GRIN3A,GRIP2,KIF2A,KIF3C,
NOTCH1,NOTCH2,NOTCH3,
NSMF,RELN,RIMS3,RIMS4,
SLC6A4

Cellular Growth and
Proliferation

5.12E-
06

5.29 ARC,CAMK2A,CAMK2B,GRIN2B,
GRIN3A,KIF2A,KIF3C,NOTCH1,
NSMF,RELN,RIMS3,RIMS4

Cell Death and
Survival

2.97E-
04

3.53 CACNA1A,CACNA1G,CACNA1H,
CAMK2A,CAMK2B,GAD2,GRIN1,
GRIN2A,GRIN2B,NOTCH1,
NSMF,SLC1A2,Syt7
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overall gene expression profiles are shown in Supplementary Table S4.
In NRC rats, we monitored the expression profiles of 60 DEGs that were
evaluated in the RC protocol as shown in Fig. 3a-d and Supplementary
Table S5. Thirty-four of the 60 selected genes demonstrated significant
differential expression in NRC cystitis group (Fig. 3e-g, ≥1.1-fold
change, p < 0.05, adjusted p ≤ 0.1 vs saline controls; Supplementary
Table S5). Among these 34 genes, 15 were significantly upregulated
(Fig. 3e), whereas six were significantly downregulated in both pro-
tocols (Fig. 3f). We further examined the statistical differences in fold
changes between the treatment protocols and regulation type (up/
down) using a multivariable regression model. We observed significant
coefficients for the main effects of treatment and regulation type, indi-
cating a statistically significant association between fold-change and
treatment. Moreover, we observed a significantly enhanced treatment
effect of the RC protocol, with significantly higher fold differences be-
tween the groups compared to the NRC protocol (p < 0.001, RC vs.
NRC). We found significant relationships using the regression coefficient
between the effect of rechallenge treatment and non-rechallenge treat-
ment (1.5 ± 0.2, t-statistic = 5.5, df = 37, p < 0.001). In contrast, several
genes involved in the GABAergic pathway, including GABAa-1, GAD1,
and GAD2, were significantly downregulated in the RC protocol,
whereas they were upregulated in the NRC protocol (Fig. 3g), indicating
GABAergic disinhibition following rechallenge in adulthood. Alterna-
tively, Rims4 and Npff, genes associated with synaptic transmission,
demonstrated a > 3.5-fold upregulation in RC protocol with < 1.5-fold
downregulation in the NRC protocol.

3.6. Validation of nine DEGs in RNA-seq study for RC groups using
TaqMan quantitative RT-PCR

We selected seven genes (Arc, Grip2, Notch1, Grin1, Grin2b, Grin2a,
and Scn2b) that exhibited robust upregulation and two genes (Gabra1

and Gabra2) that were strongly downregulated in the RC group for
further validation. Our RT-PCR analysis showed that among 7 upregu-
lated genes, the relative expressions (2-ΔCT) of Arc (p < 0.005 vs con-
trols), Grip2 (p < 0.005 vs controls), Notch1 (p < 0.05 vs controls),
Grin2b (p < 0.0005 vs controls), Grin1 (p < 0.005 vs controls), and
Scn2b (p < 0.0005 vs controls) were significantly higher in the cystitis
group compared to saline controls (Fig. 4a-b), validating the expression
profiles in RNA-seq study. Similarly, the relative expression of Gabra1
(p < 0.005 vs. controls) was significantly downregulated in the cystitis
group compared to that in the controls (Fig. 4b), confirming the
expression profile in the RNA-seq analysis. However, the RNA-seq
expression patterns of Gabra2 and Grin2a could not be validated using
RT-PCR (Fig. 4b). The log2 fold changes between experimental and
control groups for Grin2b (1 ± 0.2), Notch1 (0.8 ± 0.2), Grip2 (1.8 ±

0.4), Arc (2.1 ± 0.3), Grin1 (1.2 ± 0.2), Scn2b (1 ± 0.3), and Gabra1
(− 0.93 ± 0.5) genes are shown in Fig. 4c.

3.7. Differential expression of miRNAs in the RVM neurons of cystitis rats
compared to saline controls in RC and NRC protocols

RVM SYNs preparations from the cystitis and saline groups in the RC
protocol were subjected to miRNA microarray analysis to investigate the
effect of zymosan treatment on miRNA expression in RVM neurons.
Microarray analysis revealed the differential expression of miRNAs, with
4 miRNAs (− 126a-3p,-34a-5p, − 27a-3p, and − 6215) downregulated
and 11 miRNAs (− 342-5p, − 138–2-3p, − 221-3p, − 1188-5p, − 139-3p,
− 125a-3p, − 7a-2-3p, − 187-3p, − 653-5p, –323-3p, and − 543-3p)
upregulated in cystitis rats compared to saline controls (1.4-fold higher
or lower vs controls, p < 0.05 vs controls, (Fig. 5a, Supplementary
Table S6)). Small-seq analysis of the effect of cystitis in the NRC protocol
also identified 8 upregulated and 17 downregulated miRNAs in the
neonatal cystitis group (p < 0.05 vs controls, (Supplementary, Fig. S1)).

Fig. 3. RNAseq analysis of RVM samples from NRC protocol 2. Heatmaps showing the effect of NRC treatment on the expression profiles of 60 selected genes found to
be differentially expressed in RC protocol 1 as shown in Fig. 2. RVM SYNs preparations from neonatal cystitis rats (n = 5) and saline controls (n = 3) were subjected
to RNAseq. Heatmaps of genes involved in the glutamatergic pathway (a), synaptic plasticity (b), voltage-gated calcium/sodium channels and calcium signaling (c)
and GABAergic pathway (d). Among the 60 selected genes found to be differentially expressed in the RC protocol, 34 were differentially expressed in neonatal cystitis
rats in the NRC protocol (e-g, ≥1.1-fold difference, p ≤ 0.05 and adjusted p ≤ 0.1 vs controls). The fold changes in the expression are shown for genes upregulated in
both RC and NRC cystitis groups (e), genes downregulated in both protocols (f), and genes with opposite fold differences in RC and NRC protocols (g).
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Importantly, among the differentially expressed miRNAs, miR-34a-5p
and miR-126a-3p were significantly downregulated in the RVM of rats
with cystitis in both protocols. (Fig. 5a, Supplementary, Fig. S1, and
Supplementary Table S7).

IPA revealed the involvement of the differentially expressed miRNAs
in various diseases/functions, including neurological diseases, cell
growth and proliferation, inflammatory response, cell-to-cell signaling/
interaction, and cell morphology (Fig. 5b; Supplementary Table S8). In

particular, the miRNAs,-34a-5p, − 27a-3p, and − 221-3p were involved
in 9 out of 10 identified diseases/functions, whereas − 126a-3p was
involved in neurological disease, cell growth/proliferation, and cellular
function/maintenance, − 342-5p in neurological and immunological
diseases, and 129-5p in cellular death/survival and cellular growth/
proliferation (Fig. 5b; Supplementary Table S8).

Fig. 4. Validation of the RNAseq results using TaqMan quantitative RT-PCR. Nine DEGs in the RC protocol were selected for further validation by quantitative RT-
PCR in the cystitis (n = 5) and saline control (n = 4) groups. Relative gene expressions normalized against the housekeeping 18S gene and presented as 2-ΔC

T . Data are
presented as the mean ± SD (*p < 0.05, **p < 0.01 and ***p < 0.001 vs controls). Unpaired t-test with Welch’s correction was applied to compare the data between
the groups (a-b). Relative fold change of differentially expressed genes in cystitis group compared to saline controls (c). The Y-axis represents the log2 of fold change
of 2-ΔΔC

T zymosan (cystitis)/saline groups. Data represented as mean ± SD.

Fig. 5. Effect of cystitis on miRNA expression in RVM. Microarray analysis of miRNA expression in RVM tissues of rats in RC protocol. Heatmap for differentially
expressed miRNAs in cystitis rats compared to saline controls (≥1.5-fold difference, p ≤ 0.05 between the groups), n = 3/group (a). Histogram of IPA analysis of
differentially expressed miRNAs showing the involvement in 10 functions/diseases (b). The left y–axis represents the –log (P–value) and the right y–axis represents
the number of miRNAs involved in each disease/function. TaqMan RT-PCR validation of differentially expressed miR-34a-5p in cystitis rats as compared to controls
(c). Relative miR-34a-5p expression was presented as average 2-ΔC

T normalized values against miR-93-5p. Data represented as mean ± SD (n = 5/per group). Un-
paired t-test with Welch’s correction was applied to compare the data between the groups (*p < 0.05 vs controls). Bioinformatics analysis revealed multiple
complementary binding sites for miR-34a-5p seed region on 3′ UTRs of target genes Grin2b, Notch1, Scn2b, Grip2 and one complementary binding site for 3′UTR of
Arc (d).
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3.8. Bioinformatics analyses and validation of differentially expressed
miR-34a-5p

A recent systematic analysis of miRNA expression in the mouse brain
using microarray and real-time RT-PCR revealed a six-fold higher
expression of miR-34a-5p in the spinal cord, brainstem medulla oblon-
gata, and pons than in the whole mouse brain, indicating its involvement
in fine-tuning the expression of various target genes in these specific
brain regions (Bak et al., 2008). In agreement with this finding, the
microarray analysis in this study showed a very high signal intensity for
miR-34a-5p expression in rat midbrain RVM preparations (Supplemen-
tary Table S6). Due to its potential involvement in pain pathways and
high abundancy in the RVM, we further validated miR-34a-5p expres-
sion in RVM SYNs of cystitis and control rats in RC protocol using RT-
PCR. The 2-ΔC

T values indicated significant downregulation of miR-34a-
5p expression in cystitis rats: (0.069 ± 0.02 vs 1.17 ± 0.05, p < 0.05
vs controls (Fig. 5c)). Bioinformatic analysis revealed that the down-
regulated miR-34a-5p carries multiple complementary binding sites for
the 3′UTR regions of five DEGs; Grin2b (NR2B subunit of NMDA re-
ceptor), Notch1, Grip2, Scn2b and Arc which showed upregulation in
RNA-seq analysis (Fig. 5d; Supplementary Fig. S2). The mRNA/miRNA
interaction for miR-34a-5p and its target genes Grin2b, Notch1and Arc
were also confirmed in several recent studies using 3′UTR gene con-
structs and luciferase reporter assays (Kern et al., 2021; Pan et al., 2022;

Wibrand et al., 2012). In addition, several other DEGs in RNA-seq
analysis that are associated with synaptic neurotransmission including
Notch2, Notch3, Reln, RIMS3, Cacn1a also carry multiple complemen-
tary 3’UTR binding sites for miR-34a-5p (Supplementary Table S9).

3.9. miR-34a-5p colocalizes with targets NR2B (NMDA receptor subunit
2B), Notch1 and Arc in different RVM subnuclei

HCR (ISH)/IHC analysis of miR-34a-5p revealed distinct expression
in the RMg and NGc nuclei of the RVM in naïve rats (Fig. 6a). The
specificity of miR-34a-5p expression in the RVM was confirmed using a
negative control probe for the HCR analysis (Fig. 6b). We further eval-
uated the co-expression of miR-34a-5p with the NMDA receptor subunit
NR2B (Fig. 6c), synaptic protein Notch1 (Fig. 6d), and Arc (Fig. 6e)
using dual HCR/IHC. Higher magnification imaging showed distinct co-
expression of miR-35a-5p and NR2B in the subnuclei of the RMg (Fig. 6f)
and NGc (Fig. 6g). The percentage of miR-34a-5p positive neurons
expressing NR2B, Notch1 and Arc in pain relevant RMg and NGc sub-
nuclei of RVM neurons are 73 ± 11.4, 52.2 ± 24, 73 ± 9.8 respectively
(Fig. 6h).

3.10. Co-expression of NR1 with NR2B, Notch1 and Arc in RVM neurons

The differentially expressed genes validated by RT-PCR were further

Fig. 6. miR-34a-5p is co-expressed with target genes in RVM neurons. Dual HCR/IHC stainings using a miR-34a-5p probe, followed by antibodies for IHC (naïve rats,
n = 3, 3 sections/rat). Representation of miR-34a-5p expression showing RVM nuclei selected for analysis (a1). The scale bar is 200 µm. The triangle represents the
Raphe Magnus (RMg) sub-nucleus, and the square represents the NGc (Gi/GiA) sub-nuclei. Positive staining for cells/neurons were examined in both sides and higher
magnification images of miR-34a-5p expression are shown along with DAPI in RMg (a2) and NGc (a3). Scale bar is 50 µm. A representation of the negative control
probe to confirm the specificity of miR-34a-5p staining in RVM sub-nuclei is shown in (b1). The scale bar is 200 µm. Higher magnification images of negative control
probe are shown in RMg (b2) and NGc (b3). Representative images of RVM tissue section (RMg) showing co-expression of miR-34a-5p and its target NR2B (c1-c3).
Representative images showing the co-expression of miR-34a-5p and its target Notch1 in RVM (RMg) tissues (d1-d3). Representative images showing the co-
expression of miR-34a-5p and its target anti-Arc in RVM (RMg) tissues (e1-e3). The scale bar is 50 µm. Filled white arrows represent miR-34a-5p co-expressing
NR2B, Notch1, and Arc whereas hollow arrows represent miR-34a-5p positive cells without NR2B, Notch1, and Arc staining. Higher magnification confocal images of
the selected area in (f1) showing the co-expression of miR-34a-5p and NR2B in the RMg (f2-f4). Higher magnification confocal images of the selected area in (g1)
showing miR-34a-5p and NR2B co-expression in the NGc (g2-g4). The scale bar is 25 µm. Filled white arrows represent miR-34a-5p co-expression with NR2B.
Analytical plot showing percentage colocalization of miR-34a-5p positive cells with NR2B, Notch1, and Arc in RVM neurons (h). Data are presented as the mean ±

SD, (n = 3, 3 sections/rat).
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evaluated for their expression profiles in the RVM neurons of naïve rats
using IHC (Fig. 7a). NR1 expression (the obligatory subunit of all NMDA
receptors) was used as a marker for glutamatergic neurons, and NR1 co-
expression with NR2B, Notch1, and Arc was further examined in RVM
tissues (Fig. 7a). Because the RMg and NGc subnuclei of the RVM are
involved in glutamate-mediated facilitatory responses, we focused on
evaluating the percentage of NR1 positive neurons expressing the vali-
dated genes associated with glutamatergic neurotransmission in these
regions of the RVM. The percentage of NR1 positive neurons co-
expressing NR2B, Notch1 and Arc in the RVM were 82.4 ± 8.8, 73.5
± 8.3 and 56.4 ± 16.6, respectively (Fig. 7b).

3.11. Induction of cystitis upregulates the expression of NMDA receptor
subunit NR2B in RVM

To further examine the effect of zymosan rechallenge on the NMDA
receptor subunits NR1 and NR2B protein expression in the RVM neurons
of cystitis rats, we performed IHC on RVM tissue sections from the
cystitis and saline groups in the RC treatment protocol (Fig. 8a). IHC
quantitative analysis revealed that the intensity of NR2B staining is
significantly higher in cystitis rats (p < 0.05 vs saline controls; (Fig. 8b),
whereas NR1 expression showed a similar trend in cystitis rats; however,
no significant difference was observed between the cystitis and control
groups.

4. Discussion

In the present study, we investigated the molecular alterations in
RVM neurons following neonatal zymosan exposures in rats with or
without rechallenge in adulthood. We carried out a thorough investi-
gation to identify the long-term molecular changes, if any, in RVM
neurons due to early life bladder exposures to zymosan and evaluated
whether rechallenge in adulthood exacerbates the underlying molecular
responses due to the priming effect of prior exposures during develop-
ment. Unbiased high-throughput whole-genome sequencing of the syn-
aptoneurosome preparations from RVM tissues in both protocols
revealed the differential expression of several synapse-associated genes,
including receptors, voltage-gated channels, and transporters, in the
cystitis groups compared to the respective saline controls. Our results
further indicated that among the selected 60 DEGs in adult rechallenge
protocol, 34 genes also exhibited differential expression in NRC protocol
with only early life exposures, indicating comparable molecular pro-
cessing and synaptic plasticity in both NRC and RC treatment conditions.
However, the changes in RVM samples of the RC protocol are more
robust, suggesting that acute re-exposure in adulthood exaggerates the
underlying molecular alterations of early life zymosan exposures. These
findings may explain the molecular mechanisms of the long-term
neuronal sensitization related to an overactive bladder or hyper-
excitation of spinal neurons to urinary bladder distension, as observed in
neonatal-induced cystitis (Kannampalli et al., 2017; Miranda et al.,
2011) and hypersensitivity following re-exposure to inflammatory
stimuli in adulthood (DeBerry et al., 2007; DeBerry et al., 2010; Randich
et al., 2006).

Accumulating evidence indicates the involvement of NMDA receptor
subunits in glutamatergic neurotransmission within the RVM (Urban
et al., 1999). Specifically, microinjection of NMDA antagonists into the
RVM blocks visceral hypersensitivity (Coutinho et al., 1998), mustard
oil–induced hypersensitivity (Urban et al., 1999), and neuropathic hy-
persensitivity (Wei & Pertovaara, 1999). Similarly, in animal model of
repeated acidic saline-induced chronic muscle pain, overexpression of
the NMDA receptor subunit NR1 in the RVM reduced cutaneous and
muscle withdrawal thresholds, indicating somatic hyperalgesia (Da
Silva et al., 2010b). It has previously been shown that the RMg and NGc
are key nuclei within the RVM that mediate descending facilitation
following noxious stimuli and microinjection of low doses of glutamate
into the RMg also reported to facilitate pain (Da Silva et al., 2010a; Zhuo

& Gebhart, 1992; Porreca et al., 2002). Our IHC analysis demonstrated a
significant increase in expression of the NMDA receptor subunit NR2B in
the RMg and NGc of glutamatergic RVM neurons of cystitis rats
compared to saline controls, emphasizing a possible enhancement of
excitatory neurotransmission with cystitis-mediated upregulation of
NMDA receptor subunit NR2B in RVM neurons. Although most of our
basic knowledge of the midbrain spinal pathway is derived from
experimental animal models, recent human studies have also implicated
brainstem and spinal cord fMRI activation patterns in pain modulation
(Mills et al., 2021). The major limitation of the present study is the lack
of behavioral and functional implications of these molecular changes on
bladder pain mechanisms. Future studies will be designed to investigate
the effects of pharmacological and siRNA-based molecular targeting of
NMDA receptor subunits on bladder pain responses in experimental
models of cystitis.

Noncanonical Notch1 signaling is highly active in mature neurons,
and conditional disruption studies have shown that Notch1 is required
for normal spine morphology. Moreover, the activity-regulated gene,
Arc, is reported to regulate the proteolytic processing of Notch1, and
positively influences Notch signaling in hippocampal neurons (Alberi
et al., 2011). In the conditional Notch1-Knockout postnatal hippocam-
pus, the reduction in LTP and LTD, which underlie NMDA functions,
further establishes Notch1 dependent regulation of glutamatergic
signaling in neurons (Brai et al., 2015). Several recent studies also
implicated Notch1 and voltage gated sodium channel Scn2b in me-
chanical allodynia as well as in the induction and maintenance of
neuropathic pain (Pertin et al., 2005; Xie et al., 2015). In line with these
findings, the significant upregulation of Notch1, Arc, Scn2b, NR1, and
NR2B genes in RVM of cystitis rats in the present study also emphasized
their potential involvement in overall excitatory glutamatergic neuro-
transmission and bladder pain processing. Moreover, our RNAseq
analysis showed upregulation of several VGCCs and active zone proteins
in the RVM of cystitis rats, with distinctly higher changes in the RC
protocol compared to the NRC protocol, indicating a potential priming
effect of early life zymosan exposures on calcium channel function later
in adulthood. VGCCs and active zone proteins are the dominant con-
tributors to synaptic transmission and are central in regulating the
probability of neurotransmitter release in presynaptic active zones
(Cunningham & Littleton, 2022; Dolphin & Lee, 2020). Taken together,
our findings indicate that cystitis-induced alterations in the expression
of various VGCCs and related active zone proteins may profoundly affect
the strength of synaptic neurotransmitter output in the RVM and could
play a critical role in bladder hypersensitivity.

The specific involvement of miRNAs in visceral nociception through
the deregulation of neurotransmitters, receptors, and transporters has
been established in animal models, as well as in human visceral pain
disorders, including BPS/IC (Gheinani et al., 2021; Monastyrskaya et al.,
2013; Sanchez Freire et al., 2010). Our recent studies implicated spinal
miRNAs in long-term bladder hypersensitivity in rats with early life
cystitis (Sengupta et al., 2013; Zhang et al., 2017). These studies
demonstrated an increase in spinal miR-181a and miR-92b-3p with
concomitant down-regulation of their targets GABAAα-1 receptor sub-
unit, potassium chloride co-transporter KCC2, and GABA vesicular
transporter VGAT gene expression in spinal dorsal horn neurons.
Furthermore, behavioral studies have shown that the intrathecal
administration of a lentiviral miR-92b-3p sponge significantly attenu-
ated the VMR responses in rats with cystitis, emphasizing the critical
involvement of miRNA-mediated molecular alterations in the develop-
ment of chronic bladder pain conditions associated with cystitis (Zhang
et al., 2017). In the present study, we further investigated the possible
miRNA-mediated transcriptional deregulation in RVM neurons
following cystitis. Among the identified differentially expressed miR-
NAs, miR-34a-5p, which is highly expressed in the brainstem RVM, was
significantly downregulated in the cystitis groups in both the RC and
NRC protocols compared to their respective controls. Moreover, bio-
informatic analysis for miR-34a-5p targets revealed that five
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Fig. 7. NR1 positive RVM neurons co-expressed with NR2B, Notch1, and Arc. Representative RVM section at bregma − 11.88 mm, showing the NR1 expression
pattern in various RVM sub-nuclei (a1). The scale bar is 250 µm. Lower magnification images of NR1 and NR2B expression in RVM (a2-a3). The scale bar is 100 µm.
A higher magnification of the selected area representing RMg subnuclus in (a2-a3) showing the co-expression of NR1 with NR2B (a4-a6), Notch1 (a7-a9), and Arc
(a10-a12) within the RVM. White arrows indicate colocalization of NR1 with NR2B (a6), Notch1 (a9) and, Arc (a12). The scale bar is 20 µm. Analytical plot showing
the percentage colocalization of NR1 positive cells with NR2B, Notch1, and Arc in RVM neurons (b). Data are presented as the mean ± SD, (n = 3, 3 sections/rat).
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Fig. 8. Induction of cystitis upregulates the expression of the NMDA receptor subunit NR2B in the RC protocol. Expression profile of NR1 and NR2B in the RVM
neurons of saline (a1-a3) and zymosan-treated cystitis rats (a4-a6). The higher magnification confocal imaging shows the co-expression of NR1 and NR2B (white
arrows). The scale bar is 25 µm. Analytical plot showing the average intensity of staining measured as Corrected Total Cell Fluorescence (CTCF) of NR2B and NR1 in
saline vs zymosan treated cystitis rats (b). Data are presented as the mean ± SD (n = 3/group, 3 sections/rat). Unpaired t-test with Welch’s correction was applied to
compare the data between groups (*p ≤ 0.05 vs controls).
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upregulated genes in cystitis rats (Notch1, Grin2b, Grip2, Arc and
Scn2b) carry one or more 3′UTR complementary binding sites for the
seed region of miR-34a-5p. In support of our findings, several recent
studies using luciferase reporter gene assays have confirmed that
Notch1, Arc, Scn2b, and Grin2b are validated targets of miR-34a-5p
(Kern et al., 2021; Pan et al., 2022; Wibrand et al., 2012). Moreover,
in transgenic mice, conditional overexpression of miR-34a-5p triggered
rapid cognitive impairment and significant downregulation of the target
genes ADAM10, NMDAR subunit NR2B, and SIRT1 in several brain re-
gions, including the hippocampus, thalamus, and prefrontal cortex,
indicating the critical role of miR-34a-5p as a regulator of synaptic
neurotransmission in the CNS (Sarkar et al., 2019). In experimental
model of TNBS-induced ulcerative colitis, miR-34a-5p reported to
regulate the antinociceptive effect by targeting the transcription factor
HDAC2 (Liang et al., 2019). The downregulation of miR-34a-5p has also
been implicated in anti-inflammatory and neuroprotective processes in
neuropathic pain model (Brandenburger et al., 2019). Although we
demonstrated co-expression of miR-34a-5p and several of its target
genes associated with synaptic neurotransmission in the pain relevant
RMg and NGc nuclei of RVM, future behavioral studies using site specific
lentiviral miR-34a-5p mimic manipulation strategies will confirm its
role in altered descending pain modulation following induction of
cystitis.

In summary, the present study delineated the long-term molecular
changes in RVM neurons with early in-life bladder inflammation, con-
firming that adult rechallenge exacerbates the underlying molecular
responses because of the priming effect of prior exposures during
neuronal development. A detailed analysis further revealed the signifi-
cant upregulation of several genes associated with glutamatergic
neurotransmission, including the NMDA receptor subunits NR1 and
NR2B, in rats with cystitis. We also demonstrated that miRNAs were
differentially expressed in RVM neurons in response to long-term
bladder sensitization following cystitis induction. Specifically, miR-
34a-5p, which is abundantly expressed in the midbrain, was signifi-
cantly downregulated, an effect which occurred concomitantly with the
upregulation of several target genes, including GRIN2B, Notch1, and
Scn2b, indicating the possible involvement of miRNA-mediated tran-
scriptional deregulation of glutamatergic neurotransmission in rats with
cystitis compared to controls. Recently, several miRNAs were found to
induce analgesia or hypersensitivity in animal models by targeting
various pathways associated with neuronal excitability and inflamma-
tion. Therefore, the identification of differentially expressed RVM
miRNAs in our model of cystitis is critical step forward to develop a
better understanding of the pathophysiology of bladder pain and several
other overlapping visceral pain conditions that share common neuronal
pathways. The direct functional implications of the molecular alter-
ations in RVM cannot be determined from the present data, these find-
ings nevertheless provide crucial information about the molecular
mechanisms underlying bladder pain syndrome, and future research will
define the significance and possible therapeutic potential of this
mechanism.
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