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Abstract

TRPA1 is a Ca2+-permeable cation channel that is activated by painful low temperatures (˂17°C), irritat-
ing chemicals, reactive metabolites and mediators of inflammation. In the bladder TRPA1 is predominantly 
expressed in sensory afferent nerve endings, where it mediates sensory transduction. The contractile ef-
fect of its activation on detrusor smooth muscle (DSM) is explained by the release from sensory afferents 
of inflammatory factors – tachykinins and prostaglandins, which cause smooth muscle cell contraction. 
Diabetes is a systemic disease, with common complications being diabetic cystopathies and urinary incon-
tinence. However, data on how diabetes affects bladder contractility associated with TRPA1 activation are 
not available. In this study, by using a rat model with streptozotocin-induced type I diabetes, contractility 
measurements of DSM strips in response to TRPA1-activating and modulating pharmacological agents and 
assessment of TRPA1 mRNA expression in bladder-innervating dorsal root ganglia, we have shown that dia-
betes enhances the TRPA1-dependent mechanism involved in bladder DSM contractility. This is not due to 
changes in TRPA1 expression, but mainly due to the general inflammatory reaction caused by diabetes. The 
latter leads to an increase in cyclooxygenase-2-dependent prostaglandin synthesis through the mechanisms 
associated with substance P activity. This results in the enhanced functional coupling between the tachyki-
nin and prostanoid systems, and the concomitant increase of their impact on DSM contractility in response 
to TRPA1 activation.
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tachykinins



I.B. Philyppov and others

— 2 —

Introduction

TRPA1 is a Ca2+-permeable cation channel that is activated by painful low temperatures (˂17°C), irritat-
ing chemicals, reactive metabolites and mediators of inflammation (1). In lower urinary tract tissues, TRPA1-
channel protein expression was first discovered in nociceptive nerve endings that penetrate the urothelium 
and which innervate the trygone of the mouse bladder (2). Further studies have shown that in the bladder, 
TRPA1-channels are predominantly expressed in sensory afferent nerve endings, whilst their expression and 
sensory function in the epithelial cells is species-specific, with a virtual absence of TRPA1 expression in the 
detrusor smooth muscle (DSM) cells (3, 4). In addition to being present in nerve endings, TRPA1-channels are 
in significant numbers in the mucosa of the human bladder where their expression may increase even further 
in pathologies associated with bladder outlet obstruction (5).

TRPA1-channels of either sensory nerve endings or bladder epithelium are involved in sensory trans-
duction, and under certain conditions their activation can cause bladder hyperactivity. Agonists of TRPA1-
channels are known to induce concentration-dependent contraction of isolated muscle strips of the rat bladder 
via stimulation of TRPA1-expressing sensory fibers (6). This effect is attributed to the release from afferent 
nerve endings in response to TRPA1 activation of tachykinins and prostaglandins, which can cause contraction 
of DSM cells (6). Intravesical instillation of TRPA1-channel agonists into the rat bladder causes hyperreflexia 
involving C-fiber afferent nerve pathways (7).

Diabetes is a systemic disease characterized by the impairment of both the peripheral and autonomic ner-
vous systems, termed diabetic neuropathy, which in turn affects both the perception of sensory information, 
and the regulation of many organs (8). In particular, the negative impact of diabetes on the functioning of the 
urinary system is manifested by diabetic cystopathies and urinary incontinence (9, 10). It has been shown that 
in diabetes, TRPA1-channels expressed in nociceptive afferent nerve endings are involved in the development 
and maintenance of polymodal peripheral hypersensitivity due to channel sensitization by reactive compounds 
(4 hydroxynonenal and methylglyoxal) formed in diabetes (11). Furthermore, activation of the TRPA1 channel 
is positively modulated by calcium (12–14). Since both basal intracellular calcium concentration and voltage-
gated calcium influx are increased in sensory neurons in diabetes (15, 16), this may also influence TRPА1-
dependent processes. However, data on how diabetes affects the contractility of the bladder associated with 
TRPA1 activation are still lacking.

The aim of this study was to investigate the mechanisms of TRPA1-channels involvement in the activation 
of bladder DSM contraction of normal rats and rats with experimental diabetes. Our data show that diabetes 
affects TRPA1-dependent mechanisms of DSM contractility mainly via an overall inflammatory reaction as-
sociated with diabetes, which leads to an enhanced functional coupling between the tachykinin and prostanoid 
systems.

Materials and Methods

Induction of diabetes and preparation of DSM strips
Animal protocols used in the study complied with EU Directive 2010/63/EU for animal experiments. All 

efforts were made to minimize animal suffering. The procedures of diabetes induction, DSM strips preparation 
and contraction measurements did not differ from those described elsewhere (17, 18). Briefly, type I diabetes 
was induced in Wistar male rats weighing 200–250 g by a single intraperitoneal injection of 42 mg/kg of strep-
tozotocin (STZ) diluted in 100 mM acetic buffer at pH 4.5. Age-mates injected with a similar volume of buffer 
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only served as controls. Animals whose blood glucose level after 3 days of STZ injection was 20 mmole/l or 
higher were assigned to the diabetic group. Animals from this group were used in experiments after 8 weeks of 
diabetes induction. This period was selected based on previous studies showing that diabetic cystopathy in the 
rat model of STZ-induced diabetes undergoes time-dependent changes with the strongest alterations in detru-
sor contractility taking place between the 6th and 9th weeks of diabetes induction (10). Measurement of blood 
glucose level in animals from the diabetic group just before the experiments gave values of 25–33 mmole/l.

Animals were anesthetized by brief carbon dioxide exposure and sacrificed by decapitation. The intact 
urinary bladder was removed and placed in warmed (37°C), oxygenated (95% O2 and 5% CO2) Krebs solution 
(in mM): 120.4 NaCl, 5.9 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 1.8 CaCl2, 15.5 NaHCO3, 11.5 glucose (рН 7.4). The 
bladder was cut ventrally from base to dome, cleaned of connective tissue and urothelium, and four longitudi-
nal strips (diameter ~2 mm, length ~7 mm) were then excised from its walls.

Tensiometric measurements of contraction
For the recording of contraction each strip was placed in an organ bath continuously superfused with 

experimental Krebs solutions at a constant flow rate (1 ml/min) and temperature (36°C). One end of the strip 
was fixed while the other end was attached by means of a ligature to the lever of the capacitative force sensor 
with a baseline load of 3 mN (18). Electric field stimulation (EFS) with a 10-second-long train of pulses (pulse 
duration 0.5 ms, amplitude 100 V, frequency 10 Hz) was applied via Ag/AgCl electrodes every 3 min which 
was sufficient for complete restoration of basal tone.

Atropine (ATR, 1 µM) and phentolamine (PHE, 1 µM) were added to the experimental Krebs solutions to 
inhibit the cholinergic component of the EFS-evoked contractions and to prevent possible impact of diabetes-
associated changes in α1-adrenoreceptors expression or sensitivity (19). All compounds used in the study were 
added directly to the experimental solutions in the required concentrations and applied by gravitational flow 
(1 ml/min) via a multi-positional tap. Complete solution exchange in the organ bath was achieved in less than 
1 min. The recording of contractile activity was made on a pen recorder and in parallel via an A/D converter 
to the computer.

The following reagents (all from Sigma-Aldrich) were used in the study: allyl isothiocyanate (AITC, 
TRPA1 agonist), capsaicin (CAP, TRPV1 agonist), HC-030031 (TRPA1 blocker), AMG 9810 (TRPV1 blocker), 
substance P (SP), indomethacin (INDO, non-selective cyclooxygenase COX-1 and COX-2 inhibitor), nime-
sulide (NIM, selective COX-2 inhibitor), aristolochic acid (phospholipase A2 inhibitor), prostaglandins F2α 
(PGF2α) and Е2 (PGE2).

Quantitative RT-PCR (qRT-PCR)
Analysis by qRT-PCR of the expression of TRPA1 mRNA was performed on lumbosacral (L1-L2, L6-S1) 

dorsal root ganglia (DRG) that innervate the bladder (20) from control animals and animals on various stages 
of STZ-induced diabetes. DRGs were cleaned of connective tissue, homogenized, and total RNA was extracted 
using RNAzol®RT (Molecular Research Center, Inc.). cDNA was synthesized with RevertAid H Minus First 
Strand cDNA Synthesis Kit (Thermo scientific, Inc.) in a mixture of 600 ng of total RNA, Oligo(dT)18 primer 
(Thermo Scientific, Inc.) and RiboLock ribonuclease inhibitor (Thermo Scientific, Inc.). The extracted cDNA 
was used for real-time quantitative PCR in a mixture of 2 µl cDNA, Maxima™ SYBR Green qPCR Master Mix 
(Thermo Scientific, Inc.) 10 nM ROX solution (Thermo Scientific, Inc.) and 5 µМ of each primer.

Primers were designed using NCBI/Primer-BLAST and tested with FastPCR 4.0.13 (PCR Team) soft-
ware for the “Primer quality” parameter to exceed 70. Their sequences were as follows: TRPA1: 5’-TCCT-
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GTGAAGCGCTGAATGT-3’ (F), 5’-ACAGCTATGTGAAGGGGTGC-3’ (R). Beta-actin (Actb): CTGTGTG-
GATTGGTGGCTCT (F), GCTCAGTAACAGTCCGCCTA (R). Quantitative PCR (qPCR) was carried out on 
7500 Fast Real-Time PCR System (Applied Biosystems) according to the program: 50 cycles of 95°C for 15 s 
and 60°C for 60 s followed by a melting curve from 60°C to 95°C with 1% steps. Analysis of the results was 
performed with 7500 Software v2.0.5 (Applied Biosystems). The data on TRPA1 expression was normalized 
to beta-actin expression and averaged for each group of animals.

Data analysis and statistics
For the same type of experiment the amplitude of contractile response following administering of certain 

intervention were normalized to the amplitude of contraction before the intervention and then averaged. The 
results were expressed as the mean ± s.e.m. with the number of studied strips indicated by “n”. Each experi-
ment was performed on 8–10 strips from at least 3 animals (N). Statistical comparison of control responses 
and responses under the influence of certain compounds was made using an unpaired t-test with P<0.05 being 
considered significant. Differences in TRPA1 mRNA expression were analyzed using ANOVA.

Results

Influence of AITC on the contraction of control DSM
Exposure of bladder DSM strips from control rats to the TRPA1-channel agonist, AITC, caused two ef-

fects: 1) quasi-stationary increase of basal tone and 2) transient increase in the amplitude of EFS-contractions, 
with both effects demonstrating a biphasic dependence on AITC concentration (Fig. 1). Using drug concentra-
tions ranging from 10–7 – 3 × 10–5 M, there was first of all an enhancement of the amplitude of EFS-contraction 
on the background of a largely stable tone, with the latter starting to pick up only from 10–6 M (Figs. 1A–C). 
Increasing AITC concentrations above 3 × 10–5 M led to a decrease in the relative enhancement of EFS-con-
tractions amplitude as well as of basal tone (Figs. 1A–C).

It should be noted that the transient increase in the amplitude of the EFS-contractions in response to AITC 
concentrations below 10–3 M was followed by the amplitude returning close to its pre-drug value, and it was 
only at concentrations higher than 10–3 M that the transient increase changed to partial inhibition, which at 10–2 
M caused almost complete blockade (Fig. 1A).

Thus, despite these concentration-dependencies of the AITC effects on basal tone and EFS-contractions 
had a similar biphasic shape, they demonstrated a shift with respect to the drug concentration. Because ap-
plication of EFS induces depolarization of the nerve endings, we suggest that the voltage-gated calcium entry 
that accompanies such depolarization promotes TRPA1 activation at lower concentrations of agonist (12–14).

All our experimental solutions contained atropine (1 µM) and phentolamine (1 µM) to suppress m-cholin-
ergic and α1-adrenergic neurotransmission. To verify to what extent the presence of these blockers establishes 
conditions for generation of the so called non-adrenergic, non-cholinergic (NANC) contractions in DSM we 
have performed control experiments using an inhibitor of catecholamine release from sympathetic nerves, 
guanethidine (GUA, 3 µM), instead of phentolamine. Fig. 2A shows that irrespective of whether phentolamine 
or guanethidine was used in combination with atropine the amplitude of EFS-contractions was inhibited to 
basically the same level of 80% of its control value. Further addition of the purinergic antagonist, suramin 
(SUR, 100 µM), to both cocktails of blockers reduced the amplitude of EFS-contractions to about 20% (Figs. 
2A and B), indicating that a purinergic component is dominant in the EFS-contractions. Moreover, application 
of AITC in the presence of any combination of blockers produced similar relative potentiation of EFS-contrac-
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Fig. 1. The TRPA1 channel activator, allyl isothiocyanate (AITC), enhances the basal tone and increases 
the amplitude of electric field stimulation-evoked contractions (EFS-contractions) of detrusor 
smooth muscle (DSM) strips of the rat bladder. A: Representative recordings of the contractions 
of DSM strips from control rats (left) and rats with STZ-induced diabetes (right) in response to the 
application of different concentrations of AITC (specified on the left). In the recordings presented 
in this and subsequent figures, the dotted line indicates the initial basal tone, and the horizontal 
bars above the recordings correspond to the period of application of the compound; EFS-contrac-
tions in the recordings are seen as the sharp upward spikes. B, C: Concentration-dependencies for 
the relative enhancement of basal tone (B) and the amplitude of EFS-contractions (C) in response 
to AITC in control (filled symbols) and diabetic (open symbols) DSM strips; points – mean ± 
s.e.m, n=8–10 strips for each point; “*” P<0.05 in diabetes compared to respective controls.
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Fig. 2. Effects of AITC on DSM contractility are not influenced by the inhibitors of efferent neurotransmission. 
A: The bar graph (mean ± s.e.m., n=6–8) shows no significant difference in the residual amplitude of EFS-
contractions of DSM strips from control rats in the presence of atropine (1 µM) plus phentolamine (1 µM) 
(ATR+PHE, dark grey columns) and atropine (1 µM) plus guanethidine (3 µM) (ATR+GUA, dark grey col-
umns) without or with 100 µM suramine (SUR, horizontal bar). B: A representative recording of the contrac-
tions of DSM strips from control rats during application of atropine (ATR, 1 µM) plus guanethidine (GUA, 
3 µM) plus (SUR, 100 µM) followed by consecutive applications of 10 µM and 100 µM of AITC; note the 
strong inhibition of the amplitude of the EFS-contractions as a result of ATR+GUA+SUR and its transient 
potentiation by AITC accompanied by tone enhancement. C: The bar graph (mean ± s.e.m., n=6–8), shows 
the similarity of relative potentiation of the amplitude of the EFS-contractions in response to AITC (100 µM) 
applied in the presence of atropine (1 µM) plus phentolamine (1 µM) (ATR+PHE), atropine (1 µM) plus gua-
nethidine (3 µM) (ATR+GUA) without or with 100 µM suramine (ATR+PHE+SUR and ATR+GUA+SUR).
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tions amplitude (Figs. 2B and C) and tone enhancement. From these experiments we have concluded that: 1) 
the combination of atropine and phentolamine, which we used throughout all our experiments, was sufficient 
for establishing NANC conditions and 2) the action of AITC is not dependent on the cocktails of blockers used 
to inhibit the major components of efferent neurotransmission.

Influence of AITC on the contraction of diabetic DSM
AITC application to DSM strips from the bladders of diabetic rats caused similar effects to the controls, 

but with differences in quantitative characteristics. In particular, tone enhancement in diabetic DSM in re-
sponse to the same AITC concentrations was smaller than in controls, whereas the increase of EFS-contrac-
tions’ amplitude, on the contrary, was higher (Fig. 1).

To verify whether or not these differences were related to the impact of diabetes on TRPA1-channel ex-
pression, we compared TRPA1 mRNA levels in bladder-innervating lumbosacral, L1-L2, L6-S1, DRGs (20) 
in control rats and rats at various periods of STZ-induced diabetes by means of qRT-PCR. The results of this 
analysis (Fig. 3) have shown that TRPA1 mRNA levels during the 8-week-period of diabetes does not undergo 
statistically significant change compared to the control. Thus, the changes in TRPA1-dependent contractility 
during diabetes are most likely to be determined by the peculiarities in TRPA1 regulation and/or coupling of 
its activation to DSM contraction.

Interaction of TRPA1 with prostanoid system
The literature indicates that AITC-sensitive TRPA1 channels are often localized on the same nerve end-

ings of urinary bladder-innervating sensory neurons as the CAP-sensitive TRPV1 channels (6, 7). Such co-

Fig. 3. STZ-induced type I diabetes does not significantly change the expression of 
TRPA1 mRNA in the L1-L2, L6-S1 dorsal root ganglia (DRG) that innervate the 
rat bladder. The graph presents a box plot of the expression of TRPA1 mRNA 
(relative to actin) in DRGs of control rats (control, N=16) and rats at 1st (N=7), 
4th (N=10) and 8th (N=6) weeks of diabetes (diab-1w, -4w and -8w, respectively). 
The upper and lower values of the error bars correspond to 95% and 5% of the data 
range, while the upper and lower limits of the boxes correspond to 75% and 25% 
of the data range, the middle line – median value, and the square in the middle 
denotes the average value. ANOVA test P>0.05.
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localization even leads to a functional interaction and cross-regulation of both channels (6, 21).
Moreover, the mechanisms of TRPA1 and TRPV1 agonists action on bladder contractions are also similar. 

They involve the release from TRPA1- and TRPV1-expressing sensory afferents of neurotransmitters which 
have a contractile action on DSM: prostaglandins and substance P (SP) with TRPA1 activation (6), and SP and 
calcitonin gene-related peptide (CGRP) with TRPV1 activation (22–24). The presence of a SP component in 
the EFS-contractions upon CAP-mediated TRPV1 stimulation was demonstrated by using tachykinin recep-
tor antagonists (23). Since prostaglandins are able to sensitize TRPV1-channels (25), the prostanoid system 
may be the factor underlying the functional coupling between the TRPA1- and TRPV1-dependent contractile 
mechanisms.

The presence of TRPA1- and TRPV1-dependent components in EFS-induced contraction even under bas-
al conditions was confirmed by using both the selective TRPA1 blocker HC-030031 and the selective TRPV1 
blocker AMG 9810. Exposure of DSM strips from control rats to either HC-030031 (10 µM) or AMG 9810 (10 
µM) caused suppression of EFS-contractions amplitude (Fig. 4), with steady-state levels of 58% ± 6% (n=6) 
and 76 ± 8% (n=6) for HC-030031 and AMG 9810, respectively. Since both TRPA1 and TRPV1, in addition to 
the sensitivity to their specific physical and chemical agonists are also characterized by voltage-dependent ac-
tivation (14, 26), this indicates that the EFS-evoked depolarization of TRPA1- and TRPV1-expressing sensory 
afferents is by itself sufficient to activate these channels and cause concomitant release of transmitters with 
contractile action on DSM.

Evidence in favor of the fact that prostaglandins are among these transmitters was obtained by using 
indomethacin (INDO), a nonselective inhibitor of COX-1 and COX-2 enzymes (COX-1/2) which catalyze the 
synthesis of prostaglandins from arachidonic acid. Indeed, as shown in Fig. 5A, B, INDO (1 µM) per se inhib-
ited the amplitude of control DSM EFS-contractions, although the extent of inhibition (i.e., 17.5 ± 3.9%, n=7) 
was smaller compared to either HC-030031 or AMG 9810. Moreover, TRPA1 and TRPV1 agonists, AITC and 
CAP, applied on top of INDO were no longer able to produce transient enhancement of the amplitude of the 
EFS-contractions (Figs. 5A and B), whilst enhancement of basal tone in response to them was reduced by about 
20% compared to the case when they were applied alone (Fig. 5C).

The substrate of COX-1/2 in the synthesis of prostaglandins is arachidonic acid, which in turn is a product 
of catalytic activity of phospholipase A2 (PLA2) (27). In control DSM strips, blockade of PLA2 by aristolochic 
acid (Aristol, 10 µM) produced the same ~20% reduction of basal tone enhancement in response to AITC or 
CAP, as did COX-1/2 blockade by INDO (Fig. 5C).

However, in contrast to INDO and aristolochic acid, the use of selective COX-2 inhibitor, nimesulide 

Fig. 4. EFS-contractions of control DSM contain TRPA1- and TRPV1-dependent components. A, B: 
Representative recordings of the contractions of DSM strips from control rats in response to ap-
plication of specific blockers: (A) of TRPA1 by HC-030031 and (B) of TRPV1 by AMG 9810 (B); 
note that both blockers inhibit the amplitude of EFS-activated NANC contractions; explanations 
and designations are the same as in Fig. 1A.
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(NIM, 10 µM), only led to a ~5% decrease in AITC- or CAP-evoked basal tone enhancement of control DSM 
strips (see Fig. 5C), consistent with the notion that under non-pathologic conditions it is the activity of COX-1 
that provides the most synthesis of prostaglandins (27, 28), which are involved in the activation of DSM con-

Fig. 5. Activation of TRPA1 and TRPV1 is associated with the presence of a prostaglandin-dependent com-
ponent in DSM contractions, which increases in experimental diabetes. A, B: Representative record-
ings of the contractions of DSM strips from control rats in response to the application in (A) of the 
specific TRPA1 agonist, AITC and in (B) of the TRPV1 agonist, capsaicin (CAP), in the presence of 
the non-specific COX-1/2 inhibitor, indomethacin (INDO, top recordings) and in its absence (lower 
recordings); note that in the presence of INDO, the contractile responses to AITC and CAP in the 
form of basal tone enhancement and transient stimulation EFS-contractions become reduced; expla-
nation and symbols are the same as in Fig. 1A. C: Quantification (mean ± s.e.m., n=8–10) of basal 
tone enhancement of control (dark gray columns) and diabetic (light gray column) DSM strips in re-
sponse to the application of CAP or AITC in the presence of INDO (+INDO, 1 µM), aristolochic acid 
(+Aristol, 10 µM) or nimesulide (+NIM, 10 µM) relative to the applications of CAP or AITC alone; 
“*” P<0.05 in diabetes compared to respective controls; additional explanation in the text.
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tractile response.
In diabetic DSM strips we have observed statistically significant enhancement of inhibitory influence of 

the blockers of the PLA2/COX-1/2 pathway of prostaglandin synthesis on AITC- and CAP-evoked contractions 
(Fig. 5C). This was especially evident for the action of the COX-2 blocker, nimesulide, for which the inhibitory 
effect on these contractions increased from ~5% in the control DSM to ~45% in diabetic ones (Fig. 5C). Thus, 
under diabetic conditions synthesis of prostaglandins, which are involved in TRPA1- and TRPV1-dependent 
DSM contractions, obviously increases, and this increase largely occurs due to inducible COX-2, which ex-
pression is known to be stimulated in pathological processes, especially accompanied by inflammation (28).

An additional strong argument in favor of the involvement of prostaglandins release in the contractile 
effects of AITC in urinary bladder, came from experiments on direct exogenous application of prostaglandin 
F2α (PGF2α,) and E2 (PGE2). These experiments have shown that either PGF2α (10 µM) or PGE2 (10 µM) per 
se largely mimic the actions of AITC on both basal tone and on the amplitude of the EFS-contractions (Figs. 
6A and B). The effects of PGF2α and PGE2 were generally greater in diabetic vs. control DSM (Figs. 6A–F), 
suggesting that diabetes, not only stimulates the release of prostaglandins, but also increases the sensitivity to 
them in DSM, probably due to increased expression of respective receptors and/or modification of intracellular 
signaling pathways coupled to them.

Interaction of TRPA1 with tachykinin system
It is known that the activation of both TRPA1 and TRPV1 also leads to the release of substance P (SP) 

from sensory afferents to the surrounding milieu. SP is a neuropeptide from the tachykinin family with a 
contractile action on bladder DSM (6, 23), and an important factor in neurogenic inflammation (29). However, 
the mechanisms of SP modulatory action on DSM contractility associated with TRPA1 and TRPV1 activation 
have not been sufficiently studied, especially in diabetes.

Exposure of DSM strips from control animals to SP (0.1 µM) per se caused transient enhancement of basal 
tone and an increase in the amplitude of EFS-evoked contractions (Fig. 7A). DSM strips from diabetic animals 
responded to such exposure in a similar manner except the enhancement of basal tone was not transient, but 
rather long-lasting and the increase of the amplitude of the EFS-contractions was more pronounced (Fig. 7B). 
Thus, the SP action on normal and diabetic DSM was similar to that of AITC, indicating that the contractile 
effects of TRPA1 activation are at least in part mediated via the tachykinin system.

It is known that substance P, as a proinflammatory factor, can affect the prostanoid system by stimulating 
PGE2 production through the induction of COX-2 expression (30). One possible mechanism for this includes 
activation by SP of neurokinin-1 receptors (NK-1R) with the subsequent involvement of JAK2-kinase and the 
STAT3/5 transcription factor signaling pathway (30), although the role of other signaling mechanisms is also 
possible (31). In support of such a possibility, INDO (1 µM) partially inhibited the contractile effect of SP, and 
this effect was stronger in DSM strips from diabetic animals (Figs. 7A and B). In this regard, we hypothesized 
that both tachykinin and prostanoid systems can also interact during TRPA1 and TRPV1 activation.

Fig. 8A shows that application of CAP (10 µM) in the presence of AITC (10 µM) in normal DSM causes 
a 1.6-times greater contractile response compared to that of CAP alone. However, if DSM strips were pre-
exposed to the nonselective COX-1/2 inhibitor, INDO (10 µM), prior to consecutive applications of AITC and 
CAP, the facilitation of the CAP responses becomes lost (Fig. 8A). Moreover, in diabetic DSM these effects 
become more prominent. As a result, CAP in the presence of AITC could evoke contractions with not just a 
1.6-fold, but with a 5.5-fold greater amplitude compared to that with CAP alone, which, however, could still be 
eliminated by INDO (Fig. 8B).
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In our opinion, these experiments indicate that SP, which is released in response to AITC, stimulates 
PGE2 production in nerve endings via an autocrine process and probably also in smooth muscle cells via a 
paracrine process. PGE2 in turn sensitizes TRPV1 to its agonist, CAP, so that the latter, when applied in the 
presence of AITC is able to cause a larger INDO-sensitive, PGE2-dependent contraction component. Enhance-
ment of this effect in diabetes is apparently explained by a higher expression of inducible COX-2, as mentioned 
above (see. Fig. 5B).

Confirmation of this hypothesis was obtained in experiments conducted according to a similar protocol, 
but by using directly SP (0.1 µM) instead of AITC. These experiments have shown that contraction of control 

Fig. 6. Prostaglandins partially reproduce the effects of TRPA1 activation on DSM contractions. A, B: Repre-
sentative recordings of the contractions of DSM strips from control rats in response to the application of 
prostaglandins (A) F2α (PGF2α,) and (B) E2 (PGE2). C, D: As in panels A and B, respectively, but for DSM 
strips from diabetic animals. E, F: Quantification of the actions of PGF2α and PGE2 (both at 10 µM) on 
the amplitude of the EFS-contractions (E) and of the tone (F) in control (dark grey columns) and diabetic 
(light grey columns) DSM strips (mean ± s.e.m., n=6 in both cases); “*” P<0.05 in diabetes compared 
with respective controls. Other explanations and designations are the same as in Fig. 1A; note that in 
diabetic DSM, the contractile effects of the prostaglandins are amplified.
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DSM in response to CAP applied in the presence of SP, was 2.2-fold greater than without SP, and that this in-
crease could be removed by INDO treatment (Fig. 8C). In diabetic DSM, the enhancement of contraction in re-
sponse to CAP increased by 7-fold in the presence of SP, and was almost entirely removed by INDO (Fig. 8D).

Finally, the contractile responses of diabetic, but not control DSM, to direct application of SP, appeared 
to be almost equally sensitive to all three pharmacological agents that block the production of prostaglandins, 
indomethacin, nimesulide and aristolochic acid, all of which inhibited these responses by 55–60% (Fig. 8E). 
This suggests that in diabetes, even SP-activated contractions contain a prostaglandin-dependent component, 
and that this component is largely due to inducible COX-2.

Discussion

The data presented in this study allow us to draw the following main conclusions: 1) diabetes affects 
both TRPA1- and TRPV1-dependent mechanisms of the contraction of bladder DSM, 2) the effects of TRPA1 
and TRPV1 agonists on DSM contractions are realized via prostanoid and tachykinin systems, 3) the general 
pro-inflammatory reaction in diabetes enhances the interaction between prostanoid and tachykinin systems in 
TRPA1- and TRPV1-dependent DSM contractions.

The main purpose of the current study was to compare the effects of TRPA1 activation on bladder DSM 
contractility in normal and diabetic rats (with STZ-induced type I diabetes). However, during the progress of 
this study we observed interesting interactions between the TRPA1- and TRPV1-dependent mechanisms in 
DSM contractility which prompted us to broaden the initial scope of the research to include TRPV1 as well.

The concentration-dependence of the TRPA1 agonist, AITC, action on DSM contractions was biphasic: 
with increasing concentration in the range 10–7–10–5 M, AITC produced a progressively bigger stimulating 
effect, whilst at concentrations above 10–5 M its stimulatory effect gradually decreased. Such biphasic action 
most likely reflects the predominance of TRPA1 channel desensitization at high AITC concentrations (21, 32). 
On the other hand, the fact that the concentration threshold for stimulation of EFS-contractions appeared to be 
somewhat lower than that for the enhancement of basal tone can be explained by the synergy among voltage-
dependent, Ca2+-dependent and agonist-dependent modes of TRPA1 channel activation (12–14) that may take 
place during EFS-evoked depolarization of sensory afferents.

Fig. 7. Functional coupling between tachykinin and prostanoid systems in the activation of bladder DSM 
contractions. A, B: Representative recordings the contractions of control (A) and diabetic (B) 
DSM strips showing partial inhibition by INDO of the stimulating effect of substance P (SP) 
on the DSM contractions; explanations and designations are the same as in Fig. 1A; note that in 
diabetic DSM, SP evokes quasi stationary tone enhancement vs. a transient increase in tone in the 
control DSM, and stronger potentiation of the EFS-contractions that are removed by INDO.
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In the diabetic animals, the biphasic concentration dependence of AITC actions on DSM contractions re-
mained intact. Nevertheless, the relative stimulation of EFS-contractions by AITC in diabetic DSM appeared 
to be larger than in the controls, while enhancement of basal tone was smaller. In our opinion, the increase of 

Fig. 8. DSM contractions in response to co-activation of TRPA1 and TRPV1 involve interactions of tachykinin 
and prostanoid systems. A, B: Representative recordings of DSM strips contraction from control (A) and 
diabetic (B) animals in response to the application of CAP alone (left recording), of CAP in the presence 
of AITC (middle recording) and CAP in the presence of both INDO (application is marked by arrow) and 
AITC (right recording). C, D: Same as in A and B, respectively, but for applications of CAP alone (left 
recording), CAP in the presence of SP (middle recording) and CAP in the presence of INDO (application is 
marked by arrow) and SP (right recording); other explanations and designations are the same as in Fig. 1A. 
Note that augmentation of contraction in response to CAP applied in the presence of AITC or SP is much 
larger in diabetic vs. control DSM, and in both cases it can be removed by INDO. D: The bar graph (mean ± 
s.e.m., n=8–10), shows changes in the amplitude of basal tone enhancement of control (dark gray columns) 
and diabetic (light gray column) DSM strips in response to the application of SP in the presence of INDO 
(+INDO, 1 µM), aristolochic acid (+Aristol, 10 µM) or nimesulide (+NIM, 10 µM) relative to the applica-
tions of SP alone; “*” P<0.05 in diabetes compared to respective controls; additional explanation in the text.
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the stimulatory influence of AITC on EFS-contractions of diabetic DSM can be explained if one considers that 
voltage-gated Ca2+ entry as well as basal concentration of intracellular calcium in sensory neurons become 
upregulated in diabetes (15, 16), thereby contributing to Ca2+-dependent mechanism of TRPA1 activation.

Overall, the effect of TRPA1 activation on bladder contractility is attributed to the stimulation of TRPA1-
expressing sensory nerve fibers causing them to release both SP and PGE2, each of which is capable of activat-
ing contraction via tachykinin and prostaglandin receptors on the surface of DSM cells (6). At the same time, 
tachykinins and prostaglandins are known to be factors involved in neurogenic inflammation that may enhance 
pro-inflammatory reaction by further sensitizing nerve endings via autocrine and/or paracrine processes (33). 
The activation of yet another TRP channel family member, heat- and capsaicin-sensitive TRPV1, is coupled 
to DSM contraction in a manner similar to that of TRPA1 (6, 23). Moreover, both TRPA1 and TRPV1 are co-
localized on the same nerve endings and are capable of interacting with each other owing to largely overlap-
ping mechanisms of activation, desensitization and regulation (6, 21).

Our data show that diabetes leads to changes in the TRPA1- and TRPV1-dependent DSM contractility, 
and that these changes most likely result from general pro-inflammatory reaction associated with diabetes. 
Indeed, under the experimental diabetes we observed an increase in COX-1/2-dependent component in AITC- 
and CAP-activated contractions, and this increase was almost entirely due to the contribution of nimesulide-
sensitive, inducible COX-2, the expression of which is stimulated in pathological processes accompanied by 
inflammation (28), including diabetes (34). The fact that the contractile action of AITC could be largely repro-
duced by direct application of PGF2α or PGE2 agrees well with the cause-effect relationship between activation 
of TRPA1 in the nerve endings and the release of prostaglandins. On the other hand, the more potent contrac-
tile effect of exogenous PGF2α or PGE2 in diabetic vs. control DSM indicates that sensitivity of DSM cells to 
prostaglandins in diabetes becomes higher due to either increased expression of prostaglandin receptors or 
more effective intracellular signaling through them leading to contraction. For example, increased expression 
of EP1 and EP2 prostaglandin receptors was documented in the kidneys of type I STZ-induced diabetic mice 
(35).

The contractile action of AITC could be partially reproduced not only by prostaglandins, but by applica-
tion of exogenous SP as well. Moreover, we discovered that diabetes promotes the interaction between the 
tachykinin and prostanoid systems. If in control DSM the contraction caused by SP was insensitive to the 
blockers of prostaglandin synthesis, then in diabetic DSM such sensitivity became obvious, and specific to 
the inducible COX-2. Since it is known that SP, as a pro-inflammatory factor, can stimulate the expression of 
COX-2 (30, 31) and, consequently, the release of prostaglandins, we hypothesize that in diabetes the signaling 
pathways involved such stimulation, particularly NK-1R/JAK2/STAT3/5 (30), may experience upregulation.

Increased functional coupling between tachykinin and prostanoid systems in diabetes are also well il-
lustrated by the contractions in responses to combined applications of AITC, SP, CAP, and their sensitivity to 
COX blockers. Indeed, our data show that CAP applied in the presence of AITC or SP is able to cause stronger 
contraction compared to the event when it is applied alone, and that such facilitating effect of AITC or SP on 
CAP contractions significantly increases in diabetes. Removal of AITC- or SP-induced facilitation of respons-
es to CAP in control and diabetic DSM by indomethacin agrees well with the involvement of prostaglandins in 
both cases, which are known to sensitize TRPV1-channels (25). Thus, CAP-activated TRPV1-mediated DSM 
contractions in the presence of AITC or SP serve as a good indicator for the release of prostaglandins by sen-
sory nerve endings, which in diabetes is significantly increased.

Thus, the contractility of bladder DSM associated with TRPA1 activation becomes generally up-regulated 
in diabetes, and this up-regulation mostly occurs due to an overall inflammatory reaction accompanying dia-
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betes. This reaction results in enhanced prostaglandin synthesis and facilitated functional interaction between 
tachykinin and prostanoid systems, each of which is involved in mediation of the contractile effects of TRPA1 
channel activation. To reduce TRPA1- and TRPV1-dependent bladder overactivity in diabetes, pharmacologi-
cal inhibition of prostanoid system would seem to be a promising therapeutic tool.

It should be noted, however, that the increase of TRPA1-dependent DSM contractility in diabetes was not 
straightforward by far. In particular, it was most evident on EFS-contractions, whereas the enhancement of 
basal tone in response to AITC in diabetic DSM was even smaller compared to that in control (see. Fig. 1). A 
similar situation has been observed by ourselves and others for the TRPV1-dependent DSM contractility in 
experimental diabetes (17, 36, 37). One explanation for this may be that diabetes also influences the expression 
and/or activity of endopeptidases involved in termination of the action of peptide neurotransmitters, includ-
ing tachykinins, via their proteolytic degradation (17). Therefore, it seems that the end result of the impact of 
diabetes on TRPA1-dependent bladder contractility may depend from multiple factors including the effective-
ness of the coupling of the prostanoid and tachykinin systems, the degradation of neurotransmitters, as well 
as direct TRPA1 regulation by intracellular calcium, inflammatory factors and reactive compounds that are 
formed during diabetes.
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