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Abstract
The nociceptive transmission under pathological chronic pain conditions involves transcriptional
and/or translational alteration in spinal neurotransmitters and receptors expression, and
modification of neuronal function. Studies indicate the involvement of MicroRNA (miRNA)-
mediated transcriptional deregulation in pathophysiology of acute and chronic pain. In the present
study, we tested the hypothesis that long-term cross-organ colonic hypersensitivity in neonatally
zymosan-induced cystitis is due to miRNA-mediated posttranscriptional suppression of the
developing spinal GABAergic system. Cystitis was produced by intravesicular injection of
zymosan (1% in saline) into the bladder during postnatal (P) days P14 through P16 and spinal
dorsal horns (L6-S1) were collected either on P60 (unchallenge groups) or on P30 following a
zymosan re-challenge on P29 (re-challenge groups). miRNA arrays and Real-time reverse
transcription polymerase chain reaction revealed significant, but differential, upregulation of
mature miR-181a in the L6-S1 spinal dorsal horns from zymosan-treated rats compared with
saline controls in both unchallenge and re-challenge groups. The target gene analysis
demonstrated multiple complementary binding sites in miR-181a for GABAA receptor subunit
GABAAα−1 gene with a miRSVR score of −1.83. Increase in miR-181a concomitantly resulted in
significant downregulation of GABAAα−1 receptor subunit gene and protein expression in adult
spinal cords from neonatal cystitis rats. Intrathecal administration of GABAA receptor agonist
muscimol failed to attenuate viscero-motor response (VMR) to colon distension in neonatal
cystitis rats, whereas, in adult zymosan-treated rats the drug produced significant decrease in
VMR. These results support an integral role for miRNA-mediated transcriptional deregulation of
GABAergic system in neonatal cystitis-induced chronic pelvic pain.
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Introduction
Chronic pelvic pain is one of the most frequent disorders of female and estimated medical
cost for the treatment is more than two billion dollar per year [28]. The etiology of chronic
pelvic pain is still poorly understood. Several clinical findings suggest the involvement of a
neural mechanism and pathophysiological cross-talk by which sensory and motor
dysfunction of one internal organ can secondarily affect other pelvic organs or somatic
structures [31;43;46]. Moreover, early-in-life exposure to noxious and/or inflammatory
stimuli has been reported to enhance the vulnerability of the organism to subsequent
pathological challenges in the adult life by producing long-lasting neuroanatomical and
neurophysiological changes in the nociceptive system [1;17;25;37;45]. Randich et al.,
(2006) reported that bladder inflammation in neonate rat led to accentuated visceral-motor
responses (VWR) to urinary bladder distension (UBD) when tested as adults [36]. In our
recent study, neonatal cystitis in rats exhibited a hypersensitive response to colonic
distension during their adulthood indicating a long-term effect and the development of
overlapping chronic pelvic pain. This heightened response is maintained despite the absence
of inflammation in bladder and colon tissues, and without long-lasting change in
mechanotransduction properties of pelvic nerve afferent (PNA) fibers innervating the colon
or bladder to visceral distension [29]. DeBerry et al (2010) reported that neonatal zymosan-
induced bladder inflammation impaired the development and expression of spinal opioid
system in adulthood, suggesting that the neonatal insult during development may
permanently alter the central modulatory pathway which could be one of the causes of cross-
organ (viscera-visceral and viscera-somatic) secondary hyperalgesia [14]. However,
neuromolecular mechanism underlying this long-term sensitization has not been well
defined.

The long-lasting nociceptive transmission under various pathological chronic pain
conditions involve transcriptional and/or translational alteration in neurotransmitter and
receptor expression as well as modification of neuronal function, morphology and synaptic
connections [11;13;47;49]. Although it is largely unknown how such changes in gene
expression induce chronic pain, recent evidence strongly suggests an important role for
microRNAs (miRNAs, small non-coding RNAs) in the cellular plasticity underlying chronic
pain. miRNAs are the major transcriptional regulators of gene expression and the
involvement of miRNA-mediated gene regulation in pathophysiology of acute and chronic
pain has recently been documented [2;3;18;35;40;41;44]. The involvement of miRNAs in
inflammatory pain processing has also been established in an in vivo study using conditional
Dicer (miRNA synthesizing enzymes) knockout Nav1.8 mice [48].

The present study was undertaken to test the hypothesis that long-term colonic
hypersensitivity in neonatally zymosan-induced cystitis is due to miRNA-mediated
posttranscriptional suppression of the developing spinal GABAergic system. We specifically
carried out the identification of miRNAs and their target genes involved with GABAergic
neurotransmission. We further examined the miRNA and GABAAα−1 receptor subunit gene
interaction in lumbo-sacral (L6-S1, receiving inputs from both the urinary bladder and
colon) spinal cord in adult rats using the rat model of neonatal cystitis-induced colonic
hypersensitivity. We further examined the functional contributon of GABAA receptor
agonist muscimol in neonatal vs adult cystitis rats.
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Methods
Animal housing and handling

The study was performed on female Sprague–Dawley rats weighing 200-250 g. Time
pregnant female rats were obtained from Harlan (Indianapolis, IN, USA) and maintained in
separate cages. Rats were kept under controlled conditions with a 12 h light/dark schedule
and had free access to both food and water ad libitum. Rat pups were born in our facility and
only female pups were used in this study. The pups remained housed with their mothers
until they were weaned at post natal (PN) day 21. For behavioral studies, 12h before
recording, the animals were placed in a wire-bottom cage and access to food, was denied in
order to empty the colon. The Institutional Animal Care and Use Committee at Medical
College of Wisconsin approved all experimental protocols (MCW AUA 355). All
experiments were performed according to the approved guidelines of the Institutional
Animal Care and Use committee at the Medical College of Wisconsin and The International
Association for the Study of Pain (IASP).

Induction of cystitis in neonatal (P14-P16) rats
Cystitis was produced by intravesicular injection of zymosan (1% in saline) into the bladder.
Zymosan is a yeast cell wall derived carbohydrate known to induce local inflammatory
process. Female pups (P14-P16) were lightly anesthetized with isoflurane (flow rate 2ml/
min), the vaginal areas were swabbed clean with Betadine, and 100μl of zymosan or saline
solution was injected into the bladder by inserting a shielded i.v. catheter (BD Insyte-N
Autoguard, 24GA) transurethrally. The solution was left inside the bladder for 30 minutes
and then the pups were returned to the cage. This procedure was repeated for three days. In
adult rats, zymosan was injected in similar fashion for three days at P40-P43, but the volume
of injection into the bladder was 200μl. The VMR studies were carried out at P60 for both
neonate and adult zymosan-treated rats. For molecular studies, two different treatment
protocols were used. In the first protocol, pups received either zymosan or saline on P14
through P16 and tissues were collected on P60 (unchallenge groups). In second protocol, a
re-challenge with zymosan or saline was carried out on P29 (when the neurons were fully
developed) following the neonatal treatment as mentioned in first protocol and tissues were
collected on the next day at P30 (re-challenge groups).

miRNA array and bioinfomatic analysis
Total RNA was quantified on a NanoDrop ND-1000 spectrophotometer followed by RNA
quality assessment on an Agilent 2100 bioanalyzer (Agilent, Palo Alto, CA, USA). RNA
labeling was performed by the FlashTag Biotin RNA Labeling Kit for Affymetrix®
GeneChip® miRNA Arrays (Genisphere, Hatfield, PA). Each Affymetrix® GeneChip®
miRNA Arrays (Affymetrix, Santa Clara, CA) was hybridized with Flash Tag Biotin
Labeled total RNA (500 ng) from experimental and control samples in 100μl hybridization
cocktail. Target denaturation was performed at 99°C for 5 min and then 48°C for 5 min
followed by hybridization for 18 hrs. Arrays were 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). Chips were scanned on an Affymetrix Gene Chip Scanner
3000, using Command Console Software. MiRNA data were analyzed by Affymetrix
MiRNA QC tool. Raw data were normalized and analyzed using GeneSpring software
version 7.2 (Silico Genetics, Redwood, CA). Expression of each microRNA was normalized
to average median. Background correction and normalization were carried out using Robust
Multichip Average (RMA) with Genespring v 10.0 software (Agilent, Palo Alto, CA). We
analyzed different algorithms to identify relevant targets for individual miRNAs using
MiRanda, TargetScan, and Pictar databases. We initially focused on those targets for each
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miRNA associated with GABAergic neurotransmission such as GABAA receptor subunits,
GABA synthesizing enzymes and GABA co-transporters.

Validation of microRNA array results by Real-time quatitative RT-PCR
Real-time quantitative reverse transcriptase polymerase chain reaction was performed to
validate the results obtained by miRNA arrays. Total RNA (10-50 ng) from each sample
(n=5/group) was reverse-transcribed to cDNA using Taqman MicroRNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) and miRNA specific primers
(Applied Biosystems). The reference internal control used was U87. All reactions were run
in triplicate. A no-template control was used as a negative control. The PCR reaction was
carried out in an icycler MyIQ machine (BioRad). The relative quantity of each miRNA was
determined as 2−ΔC

T where ΔCT= (CTmiRNA−CTU87).

Transfection study using GABAAα−1 3′UTR reporter constructs
To confirm that the regulation of GABAAα−1 subunit receptor expression is mediated
through targeting of its 3′-UTR by miR 181a, we used vector pEZX-MTO1 carrying
miRNA binding sequences of 3′UTR of GABAAα−1 gene (GeneCopoeia, Rockville, MD) in
combination with Luciferase reporter assay (Promega). This vector has dual reporters
including one for regulatory detection (firefly) and another for internal control and signal
normalization (Renilla). HEK293 cells were co-transfected with plasmid carrying 3′ UTR of
GABAAα−1 and either Pre-miR-181a (Pre-miR (miRNA precursor), 50 nM, Ambion,
Austin, TX,) or Pre-miR negative control # 1 (50 no). These Pre-miR-miRNA precursor
molecules are small, chemically modified double stranded RNA molecules designed to
mimic endogenous mature miRNAs. The transfection was carried out in serum free medium
using 0.15% lipofectamine according to the manufacturer's protocol (Invitrogen). The dual
luciferase activity of the transfected cells were measured using microtiter plate luminometer
(Dynex). The results were expressed as normalized firefly luciferase activity against Renilla
luciferase activity. Three individual transfections were carried out and the results were
expressed as percentage reduction of luciferase activity in Pre-miR-181a transfected cells in
relation to 100% activity for cells transfected with Pre-miR negative control.

Transfection study using neuronally-differentiated mouse P19 embryonic cells
To establish an in vitro system for further examination of GABAAα−1 regulation by
miR-181a, we differentiated mouse P19 embryonic carcinoma cells (ATCC, CRL-1825) into
neuronal-like cells using retinoic acid according to a protocol adapted from Jones-
Villeneuve et al [21]. The P19 cells (2×105 cell/ml) were transfected 48 hours after retinoic
acid treatment with either miR-181a (Ambion # AM 17100; Pre-miR-miRNA precursor) or
negative control 1 (Ambion # AM 17110; Pre miR control) at 50 nM concentration using
0.15% lipofectamine and allowed to grow in CO2 incubator. Cells were harvested 7 days
and 10 days after transfection for immunohistochemistry (IHC) and RNA extraction
respectively.

GABAAα−1 gene expression profile in transfected cells by quatitative Real-time PCR
Total cellular RNA was isolated from differentiated P19 cells transfected with miR-181a
and miR control using RNA STAT-60 reagent (TEL-TEST B, Inc., Friendswood, TX). The
reverse transcription was carried out with 1μg total RNA using iScript cDNA synthesis kit
(Bio-Rad, Richmond, CA) in iCycler (Bio-Rad). Thereafter, Real-time PCR was performed
using iQ SYBR Green Supermix (Bio-Rad), 5 pmole forward and reverse primers, and 2μl
cDNA from each tissue sample as template in a total of 25μl of the reaction mixture using
CFX96 Real Time System (Bio-Rad). The PCR cycles used were 3 min at 95°C followed by
45 cycles of 10 s at 95°C and 30 s at 57°C. The primers used for GABAAα−1 were (sense):
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5′-CGATTTT-GCTGACGCTGTTA- 3′ and (antisense) 5′- GTGGTTCCAGAAAA-
GCCAAA-3′. Primers for reference gene ribosomal RNA were (sense): 5′
GACCATAAACGAT-GCCGACT 3′ and (antisense); 5′
GTGAGGTTTCCCGTGTTGAG3′ (IDT, Coralville, IA). The CT values for reference gene
ribosomal RNA were highly reproducible between samples and between PCR reactions. The
reactions with CT values <35 were considered as specific amplification and reactions with
CT values >35 were not included in the study. A no template control was run as a negative
control. Three sets of transfections were carried out and cDNA preparations from three sets
of experiments were run in Real-time PCR. Results were expressed as relative mRNA
expression in terms of CT values in relation to the amount of reference gene mRNA
expression using formula = 2−(CTtarget − CTrRNA).

GABAAα−1 protein expression profile in transfected cells by immunocytochemistry
P19 cells were grown on cover slips in 16-well plates. Cells were rinsed with PBS once,
fixed with methanol for 8 min at −20° C and then washed with PBS for 20 min. The cells
were then blocked with the blocking buffer (2% normal goat serum, 1% BSA, 0.1% Triton-
X-100, 0.05% Tween 20, 0.05% sodium azide, 0.01M PBS pH 7.2) for 1 hour at room
temperature. The cover slips were then placed on the slides with para-film on top, cell side
up. Twenty five microliter of GABAAα−1 (1:250; Alomone labs, Jerusalem, Israel) was
added to the cover slips and incubated in a wet chamber overnight at 4° C. Cells were
washed with PBS thrice for 10 min each and incubated with Alexa Fluor 568 goat anti-rabbit
IgG (1:4000, Invitrogen, Carlasbad, CA) at room temperature for 2 hours. The cells were
washed with PBS four times for 15 min each, mounted using Fluormount-G (Southern
Biotech, Birmingham, AL) and observed under a fluorescent microscope (Olympus BX40).
We measured the intensity of GABAAα−1 expression in P19 cells transfected with Pre-
miR-181a and compared with cells transfected with Pre-miR negative control. Slides were
examined under a fluorescence microscope (Nikon Eclipse 50i) using narrow band cubes for
Alexa 568 (DM 568, excitation filter 540–560, barrier filter 575–645 nm). Images were
captured with a Spot II high-resolution digital camera (Diagnostic Instruments, Sterling
Heights, MI) and processed with the Adobe Photoshop program. To maintain the
consistency of image capturing we used the same time of exposure, gain, and gamma
adjustment for the control and experimental samples. Images were then opened in Image J
program (NIH, Bethesda, MD) and the free hand tool was used to trace the outline of each
cell. Using these settings, we measured the intensity of staining for individual cells (5 to 10
cells per coverslip). Three sets of transfection was carried out and the mean intensity of
staining was compared between the cells transfected with Pre-miR-181a and Pre-miR
negative control. The intensity of staining was compared between the groups using student t
test and presented as mean± SD using student t test. Values with p<0.05 were considered to
be significant.

GABAAα−1 gene expression in spinal dorsal horn neurons (L6-S1) by Real-Time quatitative
RT-PCR

Total RNA was extracted from spinal dorsal horn samples both unchallenge (P60) and re-
challenge (P30) groups of animals using Total RNA extraction from Bio-Rad (#732-6830).
Same methods of reverse transcription and Real-time PCR were carried out as described in
earlier section for neuronally differentiated P19 cells.

GABAAα−1 protein expression in spinal dorsal horn neurons (L6-S1) by westernblot
analysis

Spinal dorsal horns samples both from unchallenge (P60) and re-challenge (P30) groups
were processed and tissue extracts were prepared following the method described in our
previous publications [5-7]. In brief, approximately 25 μg of spinal tissue extracts were
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electrophoresed on 8% SDS-PAGE and transferred onto nitrocellulose membrane. After
transfer, the membrane was blocked with 5% nonfat milk and then probed with rabbit anti-
GABAAα−1 (1:1000; Alomone labs). The antigen-antibody reaction was visualized using
horseradish peroxidase-conjugated goat anti-rabbit antibody (1;5000, Jackson Immununo-
Research, West Grove, PA) and an enhanced chemiluminescent detection system (Thermo
Scientific). The relative changes in the intensity of GABAAα−1 subunit expression in
various samples were normalized against the intensity of housekeeping gene β-actin for the
same tissue sample by using alpha imager 3400 software. The relative intensity of staining
was compared between the groups using student t test and presented as mean± SD. Values
with p<0.05 were considered to be significant.

Immunostaining of GABAAα−1 in spinal dorsal horn neurons (L6-S1)
Rats in unchallenge groups were deeply anesthetized with pentobarbital sodium (50 mg/kg
ip) on P60 and chests were opened by midsternal incision. Animals were perfused
transcardially with cold phosphate buffer solution followed by 4% paraformaldehyde in 0.1
M PBS, pH 7.4 and L6-S1 spinal cords were collected and incubated in 4% Para-
formaldehyde overnight at 4°C followed by incubating in 20% sucrose in 0.1 M PBS for 24
hour. Thereafter, the tissues were embedded in HistoPrep (Fisher Scientific, Pittsburgh, PA),
and serial sections of 20-μm thickness were taken on a cryostat. The immunostaining was
carried out according to the method described previously [4]. In brief, nonspecific sites were
blocked by incubating the sections in PBS containing 10% normal goat serum (NGS), 0.5%
Triton X-100, and 0.1% sodium azide for 60 min at room temperature. This was followed by
incubation with primary antibody rabbit anti-GABAAα−1(1:250; Alomone Labs) overnight
at 4°C. The secondary antibody used was Alexa 568-conjugated goat anti-rabbit antibody
(1:2,000, Molecular Probes (Invitrogen) and incubation was carried for 2 hours at room
temperature. The specificity of the primary antibodies was assessed by preincubating the
antibody for 2 hours at room temperature with the immunizing peptides (Alomone, 10 μM)
prior to the application to the sections. Three animals each from zymosan-treated and saline-
treated animals were used for quantifying the intensity of staining. We selected one section
per animal from both groups and the image at 20× magnification was opened under image J
program (NIH, Bethesda, MD). The freehand tool was used to trace the outline of 10
randomly selected cells and the intensity of staining was determined. The average intensity
of staining from 3 sections per group was determined. The mean intensity of staining from
zymosan-treated rats were compared with saline-treated controls using student t test and
presented as mean±SD and values with p<0.05 were considered to be significant.

In situ hybridization (ISH) and immunohistochemical (IHC) staining of spinal cords (L6-S1)
for dual expression of miR 181a and GABAAα−1

Spinal cords (SC-L6S1) were collected from rats on P60 following zymosan/saline treatment
at P14-P16 without perfusion and fixed overnight at 4°C in 4% paraformaldehyde with
gentle shaking. The tissues were then washed with PBST (1× PBS + 0.1% Tween-20) and
equilibrated in 100% methanol (3×20 min) and stored at −20°C overnight followed by
rehydration using PBST containing decreasing percentage of methanol. The tissues were
then subjecte to proteinase K digestion (1μg/ml) (Qiagen, #19131) for 15 min to increase
the penetration of probe. The tissues were then postfixed in 4% PFA for 30 min at RT. This
was followed by prehybridization in microRNA ISH hybridization buffer (Exiqon, #90000)
for 2 hrs at 55°C and incubated with miRCURY LNA detection probe hsa-mir-181a
(Exiqon, # 18066-15) at 55°C overnight. The LNA-scrambled DIG double labeled miRNA
probe (5′-GTGTAACACGT-CTATACGCCCA-3′) was used as negative control. After
several washes with prehybridization buffer containing various percentages of 2XSSC and
finally with 100% PBST, tissues were incubated in ISH blocking buffer (2 mg/ml BSA +
1.2% sheep serum + PBST) and immunohistochemistry (IHC) blocking buffer (0.1M PBS +
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0.25% Triton-X-100) with 10% normal goat serum at RT for 1 hour and further incubated in
sheep anti-digoxigenin-AP conjugated Fabs (1:2000, Roche, Indianapolis,IN,) and
GABAAα−1 (1:100, Alomone labs) in IHC blocking solution with 1% normal goat serum for
2 days at 4°C. Tissues were washed with PBST and equilibrated in alkaline phosphatase
buffer (NTMT) (0.1M Tris-HCl, pH 9.5, 50mM MgCl2, 100mM NaCl, 0.1% Tween-20) and
stained with the substrate, NBT/BCIP solution (Roche) under dark with gentle shaking at
RT for 2 days. The staining was stopped by incubating the tissue with stop solution (PBS
+1mM EDTA) for 10min at RT, washed with PBST and fixed with 4% PFA overnight. The
tissue was washed with PBST and cryoprotected in increasing concentration of sucrose and
incubated overnight in 30% sucrose at 4°C overnight. The tissues were then embedded in
embedding medium (Tissue Tek, Hatfield, PA) and 10μm sections were cut using a cryostat
(Microm HM 505N). The sections were washed with PBST and incubated with 1:100 goat
anti-rabbit-AP (Sigma) in IHC blocking buffer with 1% normal goat serum overnight at 4°C.
The sections were then washed with PBST and equilibrated with NTMT and incubated with
Fast red (Roche) in 0.1M Tris-HCl, pH 8.8 for 36 hours at 4°C. The staining was stopped
with stop solution, washed with PBST and and rehydrated. The slides were mounted using
DPX mountant (Sigma) and images were taken using Zeiss Axioplan 2 imaging system. The
relative quantification of miR 181a expression in L6-S1 SC from saline and zymosan-treated
rats is analyzed using Image J program (NIH, Bethesda). The images are converted into grey
scale and the intensity of expression in the dorsal horns (as indicated by red boundaries in
figure 4D) were selected using a region of interest (ROI). The mean intensity of staining was
measured from three sections from each animal (n=3/group). The non-specific background
staining was measured in similar way from the dorsal column region for each section, and
the net intensity was calculated by subtracting the background intensity from the intensity of
miR 181a staining in the dorsal horn regions. The mean intensity of staining from zymosan-
treated rats were compared with saline-treated controls using student t test.

Surgery for electromyography (EMG) recording and lumbosacral (LS) intrathecal (i.t.)
catheter implantation

Rats were anesthetized with sodium pentobarbital (45-50 mg/kg, i.p.). A pair of teflon-
coated electrode (Cooner Wire, Chatsworth, CA) was implanted into the external oblique
muscle of the abdomen and externalized through the neck for electromyography (EMG)
recordings. At the same time a catheter (PE-10, ∼5.5-6cm) was inserted through the dura
overlying the atlanto-occipital junction into the spinal sub-arachnoid space and guided until
the tip of catheter lay in the lumbo-sacral (LS) segment of the spinal cord. Rats received
analgesic (Carprofen, 5mg/kg/day, i.m. for 3 days) and antibiotic (Enrofloxacin, 2.5mg/kg/
day, i.m. for 3 days) post-operatively. Following the surgery rats were housed separately and
allowed to recover for at least 3 days prior to further interventions. Seventy-two hours
following the surgery, rats were put inside the plexiglass restraining tubes two times a day
for two hours (1 hour/session) in order to acclimatize them to experimental conditions. The
increase in EMG activity to colorectal distension (CRD) was used as an objective measure
of visceral sensation and referred as viscero-motor response (VMR). Isobaric (constant
pressure) distention (10, 20, 30, 40, and 60 mmHg) was delivered for duration of 30 second
with a 180 second inter-stimulus time interval. For intrathecal (i.t.) drug administration
through the chronically implanted catheter the volume of injection was restricted to 5μl
followed by 10μl of saline flush. The effect of drug was on VMR was tested 10 minutes
following injection. Statistical analysis for VMR data was performed using SigmaStat
(V2.03, SPSS Inc, Chicago, IL). All results are expressed as mean ± SEM. Values with
p<0.05 were considered to be significant. The EMG activity to colon distension was
measured as area under the curve and student t test was used to calculate the significance of
the differences. A p value of <0.05 was considered significant. The EMG activity was
normalized to maximum response at distending pressure of 60mmHg. In neonatal (P14-P16)

Sengupta et al. Page 7

Pain. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



zymosan-treated rats the values were compared and normalized to maximum response
observed in neonatal saline-treated rats. For adult (P43-P46) zymosan-treated rats, a baseline
VMR was recorded before starting zymosan treatment. The VMRs were repeated three days
after zymosan treatment and following intrathecal injection of GABAa agonist muscimol.

Results
For miRNA microarray assay, Affymetrix miRNA GeneChips were used. These GeneChips
contained miRNA probes from 71 different species including rat, human and mouse
designed on the basis of version (v.11) of the Sanger miRBase (Sanger institute,
Cambridge). We examined miRNA expression in the lumbosacral (L6-S1) spinal dorsal
horn samples on P60 from rats that received either intravesical zymosan or saline during
postnatal P14 through P16. Clustering of miRNAs based on the expression data was
classified in two distinct groups, one with down-regulated miRNAs and other was up-
regulated ones. The volcano plot analysis of the arrays indicated a differential miRNA
expression pattern with 4 showing downregulation and 8 upregulation in the neonatal
zymosan-treated samples compared to controls (fold differences ≤ 1.5, n=3/group, p<0.05,
fig.1A). This result prompted us to design another treatment protocol, where rats received
either zymosan or saline re-challenge on P29 (after complete neuronal maturation) following
treatment at P14-16 and spinal cord tissues were collected on P30 for miRNA analysis. The
reason for miRNA analysis in second set of animals was to examine whether zymosan
rechallenge immediately after neuronal maturation could result in a higher fold difference of
miRNA expression in the spinal cord between zymosan- and saline-treated rats. We
examined the expression patterns of the same set of miRNAs that exhibited differential
expression in our first treatment (unchallenge) protocol. The fold differences in signal
intensities of the selected miRNAs between the zymosan-treated and saline-treated samples
in the re-challenge protocol were ≤ 3.0 (p<0.05, n=3/group, fig. 1A). Importantly, the
pattern of miRNA expression was comparable between the two protocols. However, in re-
challenge protocol at P30, miRNAs such as miR 181a exhibited higher fold differences i.e.
2.8 between the zymosan and saline-treated groups in comparison with 1.5 fold difference
between groups on P60 from unchallenged protocol (fig. 1A).

The miRNA targets were predicted based on three independent miRNA target prediction
database; miRBase, miRDB and TargetScan, that utilizes the miRanda, MirTarget2 and
TargetScan algorithms. Since we are interested in studying the effect of neonatal cystitis on
the development of inhibitory neurotransmission system in spinal cord, we looked for target
genes involved with GABA receptor subunits, GABA synthesizing enzymes Gad1 and Gad
2, chloride ion co-transporter (Slc12a5, KCC2), GABA transporter (VGAT) and also
glycine receptor alpha 1 and 2. Among the upregulated miRNAs, 6 demonstrated 3′UTR
binding sites for GABAA−1, one of the predominant subunits of GABAA receptor in the
central nervous system (fig. 1B). The majority of upregulated miRNAs also contain
complementary binding sites for genes associated with the synthesis of GABA such as Gad
1, Gad 2, glycenergic receptors and Cl- ion co-transporter KCC2, whereas, only two of the
downregulated miRNAs exhibited target sites for Gad1, Gad2 and GABAA receptor subunit
(fig. 1B). We subsequently looked for the mRNA target prediction based on mirSVR scores
provided at microrna.org. Among the selected miRNAs, miR-181a (−1.82) and miR-181b
(−1.31) showed the strongest mirSVR scores for GABAA−1 receptor subunit with multiple
complementary binding sites at 3′UTR region (fig. 1C). Based on our miRNA array results,
we selected miR-181a to study further its involvement in GABAA−1 receptor subunit
downregulation and long-term spinal sensitization in rats with neonatal-induced cystitis.

To validate microarray results, we performed subsequent quantitative RT-PCR for miR-181a
in spinal dorsal horn samples (L6-S1) from both zymosan unchallenge and re-challenge
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groups of animals. The relative expression (2−ΔC
T) of miR-181a in zymosan-treated samples

were significantly higher compared with saline-treated controls both in unchallenge (p<0.01)
and re-challenge (p<0.001) groups of animals (fig. 2A). Therefore, quantitative PCR data for
miR-181a expression validates the result obtained in our miRNA arrays.

In order to study whether 3′UTR of GABAAα−1 is a target site for miR-181a, we used pEZ-
MT01 reporter vector carrying 3′UTR region of the receptor gene and carried out an in vitro
transfection and dual luciferase reporter assay. The HEK293 cells were co-transfected either
with pEZ-MT01 plasmid and Pre-mir181a or pEZ-MT01 and Pre-miR negative control (fig.
2B). The HEK293 cells co-transfected with plasmid carrying GABAAα−1 3′ UTR and
miR-181a exhibited a significant reduction in firefly luciferase activity compared with cells
co-transfected with the same plasmid and miR negative controls. The percentage reduction
in firefly luciferase activity in miR-181a transfected cells in three different transfections was
between 40-50% in relation to 100% activity defined for the cells transfected with miR-
negative control (fig. 2B). This in vitro study, therefore suggests a direct post-transcriptional
regulatory control of miR-181a on GABAAα−1 receptor gene expression.

To established further the direct involvement of miR-181a in GABAAα−1 receptor subunit
expression in neuronal cells, we transfected neuronally differentiated mouse P19 cells either
with Pre-miR-181a or Pre-miR negative control 1. The GABAA−1 subunit immunostaining
was significantly reduced in P19 cells transfected with Pre-miR-181a compared with Pre
miR-negative control 1 (figs. 3A & 3B, p<0.001). In Real-time PCR, Pre miR-181a
transfection resulted in significant reduction in GABAAα-1 gene expression compared with
cells transfected with Pre-miR negative control 1 (fig. 3C, p<0.01). Based on this result we
proposed that miR-181a negatively regulates the expression of GABAA−1 receptor in
neuronal cells.

We further examined the expression profile of GABAAα−1 gene in spinal dorsal horns (L6-
S1) from both unchallenge and re-challenge groups of animals. In unchallenge group,
neonatally zymosan treatment demonstrated a long-term downregulation of GABAAα−1
mRNA in adult spinal cord at P60 that was significantly lower than in saline-treated controls
(p<0.05, fig. 4A). A similar downregulation of spinal GABAA−1 mRNA was observed in
zymosan re-challenge group compared to saline-treated controls at P30 (p<0.05, fig. 4A). In
westernblots, zymosan-treated animals from both unchallenge and re-challenge groups
demonstrated significant downregulation of GABAAα−1 protein expression in the spinal
dorsal horn neurons (L6-S1) compared to their respective saline controls (p<0.05, fig. 4B).
We also examined the expression pattern of GABAAα−1 receptor subunit in lumbosacral
spinal dorsal horn neurons from P60 rats that had received either zymosan or saline at P14-
P16. The immunostaining of individual cells exhibited a distinct difference in the level of
expression with saline-treated groups exhibiting a strong expression both in the cytoplasm
and the cell membrane (arrows, fig. 4C), whereas a significantly low expression with
staining mainly within the cell membrane was observed in spinal neurons from rats treated
with zymosan (p<0.001, fig. 4C). In in situ hybridization, miR 181a expression is prominent
in the dorsal horn region (from lamina I through IV) of the L6 spinal cord (fig. 4D). The
expression is predominantly observed around the cell and often in punctate fashion.
Moreover, in zymosan-treated animals there is a significant increase in miR 181a expression
(fig. 4DII) compared to saline-treated controls (fig. 4DI). The mean intensity of miR 181a
expression in the zymosan-treated rats was almost a fold higher compared with saline-
treated rats (p<0.05 vs saline-controls, fig. 4DIV). The specificity of miR 181a expression
was confirmed with no significant staining using a scrambled miR probe (fig. 4DIII). The
dual in situ hybridization for miR 181a (purple staining) and immunohistochemistry for
GABAAα−1 (red staining) in spinal cord tissues demonstrated distinct colocalization of miR
181a with target protein (fig. 4E).
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Effect GABAA receptor agonist muscimol on viscero-motor response (VMR)
Since molecular and IHC data indicated downregulation of GABAAα−1 receptor subunits,
we tested the efficacy of GABAA agonist muscimol in attenuation of VMRs of neonate
zymosan-treated and adult zymosan-treated rats. To test the efficacy of GABAA receptor
agonist to attenuate the VMR in neonatally zymosan-treated rats and to compare that with
neonatal saline-treated and also with adult zymosan-treated rats that were not subjected to
neonatal zymosan treatment, we injected (i.t.) muscimol. In neonatal saline-treated rats, a
bolus dose of muscimol (1.5μmol in 5μl) significantly (p<0.05 vs pre-zymosan) reduced the
VMR at distending pressure ≥ 40mmHg (fig 5A). After a few trials in naïve rats this dose of
the drug was carefully selected that did not produce any muscle paralysis and postural
imbalance. The same dose of muscimol was ineffective to attenuate VMR in neonatal
zymosan-treated rats (fig 5B). In adult rats (P40-P43), intravesical zymosan injections for 3
days produced significant (p<0.05 vs pre-zymosan) increase in VMR to CRD when tested
24 hours following the last injection. Unlike neonatal cystitis group, in adult rats, muscimol
produced significant (p<0.05 vs post-zymosan) attenuation of VMR (fig 5C).

Discussion
miRNAs have been implicated as the regulators of neuronal development and synaptic
plasticity both in vivo and in vitro [22;23;27;34]. Our data support the existence of miRNA-
mediated transcriptional deregulation of GABAergic neurotransmission in adult spinal cord
following neonatal cystitis. We observed upregulation of several miRNAs carrying target
sites for genes associated with GABAA receptor subunits, GABA synthesizing enzymes and
K+,Cl− co-transporter (KCC2). Among the selected miRNAs, miR-181a and miR-181b
carry several 3′UTR complementary binding sites for GABAAα−1 receptor subunit with
mirSVR score of −1.82 and −1.32, respectively. In quantitative real time PCR, a significant
increase in spinal miR-181a was observed in neonatal cystitis rats compared with saline-
treated controls both in zymosan re- challenge and non-challenge groups of rats. Increase in
miR-181a concomitantly resulted in transcriptional as well as translational repression of
GABAA receptor expression with a significant downregulation of GABAAα−1 receptor
subunit expression both at the gene and protein levels in adult spinal cord from neonatal
cystitis rats compared with saline-treated rats. We demonstrated using in situ hybridization
that neonatal zymosan treatment resulted in distinct upregulation of miR 181a expression in
the spinal dorsal horns compared with saline-treated controls. In dual in situ hybridization
and immunohistochemistry study, we further confirmed the coexpression of miR-181a and
GABAAα−1 on spinal dorsal horn cells emphasizing a possible regulatory effect of miR
181a on GABAAα−1 expression. In our behavioral study, intrathecal administration of
GABAA receptor agonist muscimol failed to show inhibitory effect on VMR responses to
CRD in neonatal zymosan-treated, whereas in neonatal saline-treated and adult zymosan-
treated rats it produced a significant inhibition of VMRs. To our knowledge, this is the first
report documenting that in neonatal zymosan-induced cystitis GABAA receptor agonist are
less effective to produce visceral analgesia. The behavioral visceral pain assessment result
indicates that there is GABAA receptor downregulation in the LS segment of the spinal cord
following the development of cystitis in early stage of life. It is very likely that miRNA-
mediated downregulation of GABAA receptors results in loss of inhibitory tone in the spinal
cord and subsequent unmasking of excitatory pathways to manifest long-lasting visceral
hypersensitivity.

Although the increase in expression of spinal miR-181a was apparently not robust (1.5 to 3-
folds) in unchallenge and re-challenge groups of animals, this moderate increase may have
important functional consequences for the sensitized spinal neurons as evident in our
molecular and behavioral studies. Most importantly, we observed a similar expression
pattern in our quantitative Taqman Real-time PCR confirming the results of miRNA arrays.
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In accordance with the present result, several recent reports also suggest that even small
changes in miRNA expression may have biological relevance due to their simultaneous
regulatory effect on multiple genes [2;10;35]. Not much information is available on the
relationship between endogenous miRNA expression levels and the extent of target mRNA
expression. However, experiments using in vitro cell culture systems with reporter gene
suggest that a certain threshold of miRNA level is needed to achieve target gene suppression
[8]. In line with these findings, our in vitro study demonstrated a significant reduction in
firefly luciferase activity in HEK cell co-transfected with miR-181a and plasmid carrying
3′UTR of GABAAα−1 indicating a direct interaction between miR-181a and its target gene.
We further demonstrated transcriptional regulation of GABAAα−1 by miR-181 in neuronally
differentiated P19 cells, with significant downregulation of GABAAα−1 receptor subunit
expression in cells transfected with miR-181a. Therefore, both our in vivo and in vitro
studies clearly indicate the involvement of miR-181a mediated transcriptional deregulation
of spinal GABAAα−1 receptor subunit expression in rats with early-life cystitis. Besides
miR-181a, five other miRNAs with binding sites for GABAA−1 3′UTR region also
demonstrated upregulation in our miRNA arrays of spinal dorsal horn samples and bio-
informatic analysis reveals that several of these miRNAs also carry regulatory sites for
GABA synthesizing enzymes, α-5, β-2, β-3 subunits of GABAA receptor and glycenergic
receptor subunit α-1. Therefore, an overall spinal disinhibition in neonatal cystitis rats could
be due to miRNA-mediated posttranscriptional deregulation of multiple genes associated
with GABAergic and other inhibitory neurotransmission.

The expression pattern of miRNAs in the nociceptive system demonstrated temporal and
spatial specificity, and a marked stimulus-dependent pattern of regulation [2;3;24;35;48].
Over the last few years, several studies documented the expression pattern of hundreds of
miRNAs and in some cases identified their targets. However, very few data are available on
the involvement of miRNA expression in the nociceptive system. Bai et al., (2007) reported
significant downregulation of miR-10a, -29a, -98, -99a, -124a, -134, and -183 in ipsilateral
trigeminal ganglia following CFA-induced inflammatory muscle pain in rats [3]. These
authors suggest that the decrease in miRNAs allows an upregulation of pain-related proteins
and concomitant development of inflammation and allodynia. Involvement of miRNAs in
inflammatory pain processing has also been established in an in vivo study using conditional
Dicer (miRNA synthesizing enzymes) knockout Nav1.8 mice [48]. Similarly, in a rat model
of traumatic spinal cord contusion injury (SCI), differential expression of more than 250
miRNAs have been reported at 4 hours, 1 day, or 7 days after the surgery [26]. Subsequent
bioinformatic analysis in this study identified target genes that play important roles in the
pathogenesis of SCI by altering inflammatory process, oxidation and apoptosis in neurons.
In a rat model of peripheral nerve injury (L5, spinal nerve ligation, SNL), a significant
downregulation of miRNAs of the 183 family (miR-96, miR-182, miR-183) was observed in
ipsilateral DRG neurons [2]. Besides expressional changes, it has been suggested that
miRNA activity is also altered after nerve injury as indicated by their translocation to the
cellular periphery and colocalization with a marker for stress granules (TIA-1). Although
several studies documented differential expression of miRNAs in various experimental
models of inflammation and neuropathic pain, the functional implication of these
observations has not been studied systematically. Since miRNAs regulate protein synthesis
through sequence-guided complementary binding with target mRNA blocking the
transcription and translation process, the miR-181a expression that remains upregulated
even six weeks after neonatal visceral painful stimulation may represent one of the earliest
events underlying a permanent phenotypic switch in GABAa receptor subunit expression in
the developing spinal neurons and long-lasting sensitization of pain signaling pathway. Our
miRNA arrays for both unchallenge and re-challenge protocols demonstrated significant
upregulation of miR-92b expression in zymosan-treated rats compared to saline controls.
Since miR-92b carries complementary binding sites for 3′UTRs of co transporter KCC2 and
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GABA vesicular transporter, (VGAT) genes, it will be interesting to study further the
involvement of transcriptional deregulation of KCC2 and VGAT in early-life induced
cystitis. It has recently been shown that in rats with diabetic neuropathic pain, a decrease in
expression of KCC2 accounts for the action of GABA from inhibitory to excitatory spinal
neurotransmission [20;32;33]. Therefore, in addition to the lack of inhibitory GABAergic
tone, it is also possible that early life visceral inflammation may also involve miRNA-
mediated transcriptional deregulation of ion co-transporter such as potassium chloride co-
transporter (KCC2) and GABA transporter VGAT.

There is evidence that the heightened pain sensitivity due to repeated noxious stimulus in
infants also alters the cerebral pain processing and greater pain-related brain activation in
primary somato-sensory, insula and anterior cingulate cortex (ACC) of school-aged children
[12;19;45]. Similarly, in experimental animals, noxious events during the period of neural
network construction and learning processes can result in functional and behavioral
alterations of adult pain processing [16;17;38]. In our recent study, repeated acid infusion in
the esophagus of P7-P14 rats resulted in long-lasting and enhanced expression of NMDA
receptor subunits and postsynaptic density protein (PSD95) in ACC when tested at adult age
of P60 [5]. In addition to this work, we have also documented in several recent reports that
the neonatal noxious stimulus in visceral and somatic structures produces long-term visceral
and somatic hyperalgesia in rats [29;30;42]. Moreover, this long-lasting visceral
hypersensitivity could be due to neuroplasticity in gastrointestinal system, specifically
increased branching of primary afferents at both peripheral and central locations, increased
spontaneous and evoked activity of dorsal horn neurons, and alteration in the balance
between descending inhibitory and excitatory systems [14;39]. Recent evidence also suggest
an imbalance in the spinal nociceptive and anti-nociceptive systems, where neonatal cystitis
exhibited a higher bladder content of calcitonin gene-related peptide (CGRP) and substance
P (SP) and a subsequent impairment of the central opioid-inhibitory mechanism [14;15].
Similarly, our previous report of an increase in NMDA receptor NR1 subunit expression in
spinal dorsal horn neurons in rats with neonatal cystitis and the present findings of
transcriptional reregulation of spinal GABAA receptor subunits clearly indicate that both
excitatory and inhibitory neurotransmissions are involved in long-lasting sensitization of
visceral sensory system [29].

The significance of miRNAs in pain research is emerging in recent studies. In patients with
chronic bladder pain syndrome, an increase in miR-449b and 500 in the bladder tissue has
been linked with a downregulation of neurokinin receptors [40]. Similarly, alterations in
miRNA expression have been reported in the endometrium of women with painful
endometriosis in the early secretory phase [9]. Our present findings also strongly suggest
that miRNAs play an important role in the regulation of gene expression in developing
nociceptive system associated with pain. Future investigations on functional studies and
electrophysiological characterization of neurons will be needed to elucidate how miRNAs
are involved in development and maintenance of chronic pelvic pain and this may help
further in characterizing miRNAs as potential and specific targets to relieve pain.
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Figure 1.
Differentially expressed miRNAs in the spinal (L6-S1) dorsal horns following neonatal
zymosan-induced cystitis. A: miRNAs that demonstrate up-regulation and down-regulation
using two different zymosan treatment protocols. The data was analyzed using GeneSpring
v11 software and unpaired Mann-whiney Test to identify differentially expressed miRNAs
(n=3/group, p<0.05 vs saline controls). B: differentially expressed miRNAs with 3′UTR
binding sites for various genes associated with spinal GABAergic system. C: schematic
representation of 3′UTR of GABAAα−1 gene demonstrating multiple complementary
binding sites of miR-181a and miR-181b.
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Figure 2.
A: Real-time RT-PCR analysis of differentially expressed miR-181a in spinal dorsal horns
(L6-S1) from rats with neonatal cystitis. Two different treatment protocols were followed
and tissues were examined on P60 from unchallenge protocol and on P30 from re-challenge
protocol. The ordinate value 2−ΔCT corresponds to the miRNA expression relative to
endogenous control U87 and represented as mean ±SD (n=4/group). Asterisks indicate
significant difference at p value of <0.01(*) and <0.001(**). B: GABAAα−1 3′UTR
interaction with miR-181a in HEK293. The percentage reduction in normalized firefly
activity against Renilla luciferase activity for cells transfected with Pre-miR-181a was
evaluated by defining the normalized firefly luciferase activity for cells transfected with Pre-
miR- negative control as 100%. The data represented the normalized luciferase activity of
three different sets of transfections.
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Figure 3.
A: GABAAα−1 immunostaining of neuronally differentiated P19 cells transfected with Pre-
miR-181a and Pre-miR-negative control. B: the intensity of staining for 10 individual cells
from each group was determined and presented as means±SD. The scale bar is 50 μm. C:
Real-time RT-PCR analysis of GABAAα−1 gene expression in neuronally transfected P19
cells transfected with miR-181a. Three sets of transfections were carried out and
GABAAα−1 gene expression relative to reference gene ribosomal RNA was presented using
formula 2− (CTGABAAα−1 − CTrRNA). Asterisks indicate significant difference at p value of
<0.01(*) and <0.001(**).
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Figure 4.
A: Real-time RT-PCR analysis of differentially expressed GABAAα−1 gene in spinal dorsal
horns (L6-S1) from rats with neonatal cystitis. Two different treatment protocols were
followed and tissues were examined on P60 from unchallenge protocol and on P30 from re-
challenge protocol. The ordinate value 2−ΔCT corresponds to the mRNA expression relative
to reference gene ribosomal RNA (rRNA) and represented as mean ± SD (n=5/group). B:
westernblot analysis of GABAAα−1 protein spinal dorsal horn samples (L6-S1) from rats
with neonatal cystitis. The intensity of GABAAα−1 immunoreactivity for different tissues
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was normalized against the intensity of β-actin expression for the same tissue. Results were
expressed as means ± SD (n=5/group). Asterisks indicate significant difference at p value of
<0.05 (*).
Figure 4C. GABAAα−1 immunostaining of differentially expressed GABAAα−1 gene in
spinal dorsal horns (L6-S1) from rats with neonatal cystitis. The tissues were examined on
P60 following zymosan/saline treatment at P14-P16. The scale bar is 50 μm. The intensity
of staining for 10 individual cells from each group was determined and presented as means
±SD. Asterisk indicate significant difference at p value of <0.001 (*).
Figure 4D: miR 181a staining of spinal cord (L6) tissues from rats with neonatal cystitis
using in situ hybridization protocol. The tissues were examined on P60 following zymosa or
saline treatment at P14-P16. The scale bar is 20 μm. The red line indicates the area of spinal
dorsal horns exhibiting miR 181a expression in saline (I), zymosan (II) treated animals. The
scrambled miRNA used as negative control shows no significant staining in spinal dorsal
horn lamina from saline treated rats (III). The mean intensity of miR 181a expression was
calculated by subtracting the mean background staining from the staining in the selected
regions fromr saline and zymosan-treated rats. Results were expressed as mean±SD, n=3/
group (IV). Asterisk indicates significant difference at p value of <0.05 (*).
Figure 4E: An example of dual in situ hybridization and immunohistochemistry in spinal
cord (L6) from zymosan-treated rat to demonstrate coexpression of miR 181a and its target
protein GABAAα−1 in the dorsal horn neurons. The scale bar is 10 μm. The arrows in
enlarged images 1, 2 & 3 demonstrate colocalization of miR 181a (purple) and GABAAα−1
(red) mostly on the cell membrane.

Sengupta et al. Page 21

Pain. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5.
The summary data of VMRs following intrathecal (i.t.) injection of GABAA receptor agonist
muscimol (1.5μmol in 5μl). A: In neonatal saline-treated rats, muscimol significantly
(*p<0.05 vs pre-zymosan) decreased VMR at distending pressure ≥ 40mmHg. B: Neonatal
zymosan-treated rats exhibited greater VMR compared to saline-treated rats. However,
muscimol failed to attenuate VMR in these rats. C: In adult rats 3 days of intravesical
zymosan produced a significant (*p<0.05 vs pre-zymosan) increase in VMR. Muscimol
significantly (#p<0.05 vs post-zymosan) attenuated VMR in these rats.
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