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Abstract.
Background: Urinary problems, including urinary frequency, urgency, and nocturia are some of the non-motor symptoms that
correlate most with poor quality of life in Parkinson’s disease. However, the mechanism behind these symptoms is poorly
understood, in particular regarding peripheral bladder pathophysiology following dopamine degeneration.
Objective: In this study, we compared the contractile responsiveness of urinary bladder from the 6-OHDA unilateral rat model
of Parkinson’s disease with that of normal untreated animals.
Methods: The contractility of the urinary detrusor muscle was evaluated in bladder strip preparations using electrical field
stimulation, and muscarinic and purinoceptor stimulations in an vitro organ bath setup.
Results: Our data show that the overall contractile response following electrical field stimulation was significantly higher (43%
at maximum contraction by 20–40 Hz stimulation) in the 6-OHDA-lesioned rats as compared to control animals. This increase
was associated with a significant increase in the cholinergic contractile response, where the muscarinic agonist methacholine
produced a 44% (at 10−4 M concentration) higher response in the 6-OHDA-treated rats as compared to controls with a significant
left-shift of the dose response. This indicates an altered sensitivity of the muscarinic receptor system following the specific central
6-OHDA-induced dopamine depletion. In addition a 36% larger contraction of strips from the 6-OHDA animals was also observed
with purinoceptor activation using the agonist ATP (5 × 10−3 M) during atropine treatment.
Conclusions: Our data shows that it is not only the central dopamine control of the micturition reflex that is altered in Parkinson’s
disease, but also the local contractile function of the urinary bladder. The current study draws attention to a mechanism of urinary
dysfunction in Parkinson’s disease that has previously not been described.

Keywords: Urinary bladder pathophysiology, detrusor muscle, parasympathetic nervous system, muscarinic receptor,
methacholine, ATP

INTRODUCTION

Parkinson’s disease (PD) is characterized by the
appearance of the motor symptom bradykinesia and
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at least one of tremor, rigidity and postural imbalance.
However, the PD symptomatology also includes non-
motor features, and clinical research in the last decades
has focused on characterizing and understanding the
impact of non-motor symptoms like depression, cog-
nitive impairment and impaired autonomic function on
the patient’s quality of life [1–3]. Dysfunction in the
autonomic nervous system includes gastrointestinal
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and urinary problems. These problems are two of the
most prevalent and debilitating non-motor symptoms
[3]. Problems with micturition, so called lower urinary
tract symptoms (LUTS), affect as many as three out
of four patients with early-to-moderate PD [4]. The
most common urinary problems in PD are nocturia,
which more than 80% of the patients are affected by,
followed by frequency (≈70%) and urgency (≈65%)
[5]. Among patients affected by LUTS up to 39% suf-
fer from severe LUTS, showing several of the LUTS
symptoms. The urinary problems also worsen as the
disease progresses. Barone and colleagues showed that
around 43% of the PD patients at Hoehn and Yahr
stage 1 exhibited urinary problems, while at stage 4
up to 90% suffered from these symptoms [1]. Fur-
thermore, common PD treatment has an unpredictable
effect on the urinary symptoms, where some patients
get symptomatic relief, while others are unaffected
or even experience worsening of the symptoms with
treatment [6–8].

Although these problems are very disabling for the
patients, only limited research has been conducted
to better understand the mechanisms leading to the
overactive bladder in PD. It is know that the mid-
brain dopamine neurons control the micturition reflex
through the pontine micturition center (PMC) in the
brainstem by D1 and D2 receptor activation, directly
by innervation from the ventral tegmental area (VTA)
and indirectly from the substantia nigra (SN) via stri-
atal and globus pallidal loops [4]. This dopamine effect
has been demonstrated in rodents where D1 receptors
activation tonically inhibits the reflex, while D2 recep-
tor activation facilitates the same micturition reflex
[9]. Similarly, in the 6-OHDA lesion model of PD,
which shows similar urinary bladder overactivity as
seen in human PD patients [10–13], D1 receptor ago-
nists reverse bladder hyperactivity, and D2 receptor
agonists further aggravate the urinary detrusor activ-
ity [13]. Dopamine degeneration of cells and fibers in
the midbrain and striatum, following 2–4 weeks after
intracerebral injections of 6-OHDA, not only increase
spontaneous activity in the bladder but also lead to
several LUTS, including reduced bladder capacity
and micturition volume and increased micturition fre-
quency, which are all observed in PD patients [11,
13–15]. These findings suggest that the classical 6-
OHDA-lesion model of Parkinson’s disease is also
relevant for studying the mechanism of urinary dys-
function in PD patients.

However, the limited studies published until today,
to our knowledge, only focus on the effect of central
dopamine lesions in the basal ganglia on the bladder

function, rather than if changes occur locally in the uri-
nary bladder. Therefore, in the current study we have
investigated the contractile function of isolated blad-
der strips from normal and 6-OHDA-lesioned rats, in
response to electric (electrical field stimulation, EFS)
and pharmacological stimulation by muscarinic and
purinergic agonists and antagonists. We show for the
first time that the contractile response to electric and
pharmacological stimulation is significantly altered
locally in the Parkinsonian bladder. We believe this will
add to an expanded understanding of the mechanisms
of urinary bladder dysfunction in PD.

MATERIALS AND METHODS

Animals

A total of 38 adult male Sprague-Dawley (Charles-
River GmbH, Germany) rats, with an age and weight of
12–20 weeks and 340–675 g, respectively, were used
in the present study. The animals were housed under
12 h light - 12 h dark conditions with free access to
fresh water and food. All handling and surgical proce-
dures were approved by the local ethics committee for
laboratory animals (Jordbruksverket: Dnr: 286–2012),
which is in accordance with EU legislation (Directive
2010/63/EU).

Experimental design

The contractility of the urinary bladders was eval-
uated in 25 normal control rats (“Control”; average
weight: 431 ± 21 g), and 13 animals that received a
unilateral 6-OHDA lesion in the medial forebrain bun-
dle (MFB; “6-OHDA”; average weight: 448 ± 11 g) to
achieve a severe lesion of the dopaminergic pathway.
Healthy untreated rats, in contrast to sham-operated
animals, were used as controls in the current study
as Soler and colleagues showed no significant func-
tional differences between these groups at the tested
time point [14]. The control and 6-OHDA lesioned rats
(taken at 26–29 days post lesion) were deeply anes-
thetized by an over-dose of pentobarbital, the bladders
were removed, and two full thickness tissue strips were
prepared from each bladder for in vitro organ bath mea-
surements. First, the viability (responsiveness) of the
prepared strips was evaluated using a high K+ Krebs
solution (see In-vitro organ baths section), where a
contractile response of >8 mN was set as a criterion
for a viable bladder strip. This yielded an inclusion
of 34 strips (from 20 rats) in the control group, and
19 strips (from 13 rats) in the 6-OHDA lesion group.
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In the included bladder strips the contractile muscle
responses were evaluated following EFS, and admin-
istration of the muscarinic agonist methacholine and
the purinergic agonist ATP with or without agonists as
described below (see In-vitro organ baths section).

Following the removal of the bladder of the 6-OHDA
lesioned rats for the in vitro measurements, the ani-
mals were transcardially perfused with PFA and the
brain was removed and processed for immunohisto-
chemistry.

6-OHDA lesion surgery

The unilateral DA lesion was carried out under 1-2%
isoflurane (in air; Forene Abbott, Wiesbaden, Ger-
many) general anesthesia. Additional local anesthesia
(Marcain 2.5 mg/ml, AstraZeneca AB, Södertälje,
Sweden), was applied in the area of the incision in the
scalp, and following surgery Romefen (5 mg/kg; VET,
Merial, Lyon, France) was used as post-analgesia.
Briefly, in order to achieve a severe dopamine lesion
in the nigrostriatal pathway, the rats were placed
in a stereotaxic frame (Kopf Instruments, Tujunga,
CA), and 14 �g 6-OHDA (Sigma-Aldrich AB, Stock-
holm, Sweden) in 4 �l ascorbic acid (0.02% in
saline) was injected intracerebrally at one site in the
right or left MFB with the coordinate (according
to the bregma): anterior-posterior: −4.4 mm; medial-
lateral: ± 1.2 mm; dorsal-ventral: −7.8 mm below the
dura. The tooth bar was set to −2.4 mm for the
injection. The toxin was injected into the brain at
a rate of 1 �l/ml, and the needle was kept in place
for an additional 3 min before slowly being retracted.
Thirty minutes prior to the 6-OHDA injections the
selective noradrenaline reuptake inhibitor desipramine
(25 mg/kg, Sigma Aldrich AB) was intraperitonally
injected to protect the noradrenergic neurons from the
6-OHDA toxicity.

In vitro organ bath experiments

At 26–29 days post 6-OHDA injections, the rats
were given an overdose of sodium pentobarbital
(100–200 mg/kg, APL, Stockholm, Sweden) and the
urinary bladder was dissected out. Two approximately
6 × 3 mm tissue strips were cut out from the excised
bladders, and each strip was mounted in an organ
bath (Linton Instrumentation, Norfolk, UK); one end
attached to a mounting hook and the other to a
force transducer (TSD125C, Biopac systems Inc.,
Goleta, CA). Each bath contained Krebs solution
[NaCl, 118 mM; KCl, 4.6 mM; KH2PO4, 1.15 mM;
MgSO4 (anhydrous), 1.15 mM; NaHCO3, 25 mM;

CaCl2, 1.25 mM; and glucose, 5.5 mM], gassed by
95% O2 and 5% CO2, and heated to 37◦C. The tis-
sue strips were stretched to a basal tension of around
5 mN (average baseline for all animals: 4.9 ± 0.10 mN
[Controls: 4.9 ± 0.13 mN; 6-OHDA-lesioned animals:
4.9 ± 0.12 mN)], and left to equilibrate for 45 minutes.

Following the equilibration phase, the strip was first
challenged with exchanging the normal Krebs solution
in the baths with a high K+ Krebs solution (containing
124 mM K+ obtained by exchanging Na+ for equimo-
lar amounts of K+), in order to evaluate the viability
of the bladder tissue. Strips with a maximum response
of >8 mN from the baseline were considered viable,
and were selected for further measurements. Follow-
ing three washes with normal Krebs and a recovery
period of 10–15 min each strip (Control: 25 strips
and 6-OHDA: 19 strips) was challenged with EFS
at 1, 2, 5, 10, 20 and 40 Hz (Stimulator: STM100C;
Linton, Welwyn Garden City, UK) at supra-maximal
voltage; delivered as square wave pulses with a dura-
tion of 0.8 ms, until the peak response was obtained.
Following an additional 15 min recovery period after
the EFS, the muscarinic agonist methacholine (MeCH;
Sigma-Aldrich, St Louis, MO, USA) was cumulatively
applied to each bath at concentrations 10−8, 10−7,
10−6, 10−5, 10−4 and 10−3 M (Control: 27 strips
and 6-OHDA: 12 strips). Following three washes with
normal Krebs and a recovery period of 15 min each
strip was challenged with the purinergic agonist ATP
(Sigma-Aldrich) at cumulative concentrations starting
at 10−8, 10−7, 10−6, 10−5, 10−4, 10−3 and 5 × 10−3

M (Control: 27 strips and 6-OHDA: 12 strips). The
contractile responses to EFS, methacholine and ATP
were also evaluated at 20 min following the adminis-
tration of the muscarinic receptor antagonist atropine
(10−6 M). In 7 control strips and 7 strips from 6-OHDA
lesioned animals the EFS was also evaluated in the
presence of the non-selective alpha-adrenergic antag-
onist phentolamine (10−5 M; Sigma-Aldrich) together
with atropine and suramin (a purinergic P2 antagonist;
10−5 M; Sigma-Aldrich).

At the end of each experiment, after the contractile
measurements, the strips were removed from the organ
baths, briefly dried and weighed on a scale.

The contractile response of the bladder strip was
recorded and analyzed using the MP100WSW data
acquisition system with Acknowledge Software v 3.8
(Biopac systems Inc., Goleta, CA). The basal tension
was measured as an average over 5–15 seconds prior to
each EFS frequency, and to first doses of methacholine
and ATP, while the maximum response was measured
at the absolute peak.
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Histological analysis

Following the removal of the bladder, and during
deep anesthesia after administering an overdose of
sodium pentobarbital, all 6-OHDA-lesioned animals
were transcardially perfused with 4% PFA in 0.1 PBS,
as previously described [16]. Briefly, a needle was
inserted in the right ventricle, and 20–40 ml of room
tempered 0.9% NaCl, followed by 150–200 ml ice cold
4% PFA solution in 0.1M phosphate buffer (PB) was
infused for 8–10 minutes. The brains were removed,
postfixed in the same fixative overnight and transferred
into 25% Sucrose (in 0.1M PB) for at least 24 h before
they were cut into 35 �m thick slices (in 7 series)
using a cryotome (Leica, CM1950; Leica Microsys-
tems, Nussloch, Germany). The sections were finally
stored in cryoprotectant until further use.

Immunohistochemistry
Free-floating sections of the brain were stained

according to a previously described protocol [16].
Briefly, the sections were first quenched in 3% hydro-
gen peroxide (H2O2) and 10% methanol in PBS.
The sections were then pre-incubated for one hour in
5% appropriate normal serum (Vector Laboratories,
Burlingame, CA) and 0.25% triton-x in PBS, followed
by an overnight incubation with the primary antibody
in the same solution. To detect the dopamine fibers
in the striatum, the mouse anti-tyrosine hydroxylase
(1:2000, MAB318, Merck Millipore, Billerica, MA)
antibody was used. The primary antibody incubation
was followed by a one-hour incubation in appropri-
ate biotinylated secondary antibody (1:200, BA2001,
Vector Laboratories). This step was followed by one
hour in an avidin-biotin-complex solution (ABC Elite,
Vector Laboratories), and finally the staining was visu-
alized by 3,3′-diaminobenzidine and 0.01% H2O2. The
sections were then mounted on glass slides and cover
slipped using DEPEX. All steps were performed at
room temperature, and between each step the sections
were rinsed in PBS.

TH-positive fiber density measurements in the
striatum

In order to evaluate the dopamine lesion severity
in the striatum, the mean optical density at 5 striatal
levels, corresponding to approximately +1.6 +1.0, +
0.3, −0.3 and −0.90 mm from the bregma [17], was
measured using the ImageJ v1.48 software for MacOS
X platform (NIH, USA; http://imagej.nih.gov/ij/). The
striatum was outlined as previously described [18] and
the corpus callosum was used as background staining.

The images were obtained by scanning the slides in a
photo copier (Toshiba e-STUDIO656SE).

Statistical analysis

Statistical analyses were performed using a two-way
repeated measure ANOVA, followed by the Bonfer-
roni multiple comparison test, or an unpaired t-test
where appropriate. The EC50 values of the metha-
choline response were calculated out of the percent
of individual maximal response. All calculations were
conducted using the GraphPad Prism program for
Mac OS X (GraphPad Software Inc, San Diego, CA,
USA), and the data in the study are presented as
the mean ± S.E.M., with a level of significance set to
p < 0.05.

RESULTS

In the present study we evaluated the contractile
responses of the urinary bladder to EFS and muscarinic
and purinoceptor stimulation, in normal control rats
(Control) and in animals four weeks post 6-OHDA-
lesion in the MFB (6-OHDA). Visual inspection and
fiber density measurements of the striatum revealed
more than 95% dopamine fiber loss in 11 of 13 ani-
mals (average TH fiber density: 3.5 ± 2.3% compared
to the intact side; Fig. 1A), while two animals showed
only a partial dopamine lesion (67.6 and 48.0% com-
pared to the intact side) and were therefore excluded
from further data analysis.

Interestingly, during dissection, the appearance of
the urinary bladders of the 6-OHDA rats were some-
what altered. The tissue was more rigid and in some
cases had a reddish tone, as if being inflamed. The
observed difference in appearance of bladder from
6-OHDA-lesioned and control rats did not trans-
late into significantly different strip weights (control
strips weighed 8.4 ± 0.8 mg, and strips from 6-OHDA-
treated animals 10.0 ± 0.8 mg, p = 0.20; Fig. 1B).
However, the tissue strip viability test using high K+
Krebs solution revealed a significantly higher response
in the 6-OHDA-lesioned animals as compared to
normal controls reaching 22.1 ± 1.8 mN and 16.2 ± 1.5
mN, respectively (36% increase; p = 0.022; Fig. 1C).

Effect of EFS on the contraction of bladder strips
from controls and 6-OHDA-lesioned rats

In order to evaluate the contractions in the blad-
der strips, we first employed EFS in increasing
frequencies from 1 to 40 Hz. Bladder strips from

http://imagej.nih.gov/ij/
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Fig. 1. The effect of 6-OHDA lesion on striatal tyrosine hydroxylase (TH)-positive fibers, bladder weight and contractile response to high K+
Krebs. Following unilateral 6-OHDA lesion TH-positive fibers in the striatum were >95% abolished as compared to the untreated side (A). The
bladder strip weight in the 6-OHDA-lesioned animals showed a trend to be larger (10.0 ± 0.8 mg, n = 17) as compared to normal (8.4 ± 0.8 mg,
n = 34), however this 20% increase was not significant (p = 0.20, unpaired t-test; B). Testing the viability of the strips by using high K+ Krebs
solution revealed a significantly (36%) higher response in the 6-OHDA-lesioned animals as compared to the untreated controls; 22.1 ± 1.8 mN
(n = 34) vs. 16.2 ± 1.5 mN (n = 17) respectively (unpaired t-test p = 0.022; C). Scale bar in Panel A represents 2 mm. ∗ = significantly different
from control.

6-OHDA-lesioned rats had an overall significantly
higher contractile response to the stimulation com-
pared to control animals, with the largest difference
at 40 Hz (Fig. 2A and B). Moreover, the maximal
measured contractile responses of the stimulation was
evident at 20–40 Hz, where the bladder strips from the
6-OHDA-induced animals (15.7 ± 1.7 mN) showed a
significant increase (unpaired t-test, p = 0.023) of 43%
as compared to control strips (11.0 ± 1.2 mN). In the
presence of atropine (10−6 M), the EFS response in
strips from lesioned animals and controls decreased
to 10.5 ± 1.6 mN and 7.2 ± 1.1 mN at 40 Hz, respec-
tively, representing a 33% and 31% reduction in
both the bladder strips from the 6-OHDA-lesioned
rats and the normal untreated controls, respectively
(Fig. 2C). However, the statistical difference between
strips from controls and 6-OHDA-treated animals
remained at 40 Hz (7.2 ± 1.1 mN and 10.5 ± 1.6 mN,
respectively).

Following administration of the non-selective alpha-
adrenergic antagonist phentolamine (10−5 M) in
combination with suramin (10−6 M) and atropine
(10−6 M), in strips from four controls and four 6-
OHDA lesioned rats, no obvious change was observed
as compared to atropine alone, compared to all animals
(Fig. 2D). The difference between the two groups did
however not reach significance in this small number
of animals (p = 0.094). Testing suramin with atropine
alone did also not cause any change in EFS response

(data not shown). Importantly, however, the EFS
without antagonists displayed in these small number
of animals had the same pattern as observed when
comparing all animals, with 34% higher contractile
response at 40 Hz in the bladder strips from the 6-
OHDA-lesioned animals (15.6 ± 2.2 mN) as compared
to untreated controls (11.6 ± 1.3 mN).

Effect of the muscarinic receptor stimulation of
bladder strips from controls and
6-OHDA-lesioned rats

In the next phase we evaluated the muscarinic
response in the bladder strips after cumulative
administration of increasing concentrations of the non-
selective muscarinic agonist methacholine (10−8 M to
10−3 M). These data show a clear overall difference
between the two groups, with significance at the 10−4

M methacholine concentration reaching a contractile
response of 13.9 ± 1.7 mN in untreated controls and
20.0 ± 2.0 mN in the 6-OHDA-lesioned animals (Fig.
3A and C). This difference could also be observed
as a significant left shift of the EC50 value in the 6-
OHDA (9.9 × 10−6 ± 1.6 × 10−6 M) as compared to
the normal control rats (4.1 × 10−5 ± 1.4 × 10−5 M
M; unpaired t-test with Welch’s correction, p = 0.040).
Furthermore, the contractile response to methacholine
was evaluated in the presence of the muscarinic antag-
onist atropine (10−5 M). The contractions were almost
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Fig. 2. EFS-induced bladder responses in bladder strips in controls and 6-OHDA-lesioned rats. Following EFS the bladder strips from 6-
OHDA-lesioned rats (n = 16) showed an overall significantly higher contractile response as compared to controls (n = 26; A, B). In the presence
of atropine the EFS response was reduced in both groups by 31% and 33% for controls and 6-OHDA respectively (C). However a significant
difference could still be observed at 40 Hz. Following administration of phentolamine (10−5M) together with suramin and atropine, no change
in contraction in the control (n = 7) as compared to 6-OHDA (n = 7) was observed (p = 0.094; D). The grey thin line under the responses in panel
C represent the duration of the electric stimulation. ∗ = significantly different from control group. [Two-way repeated ANOVAs; (A) interaction:
F(5, 200) = 3.86, p = 0.00023, Group: F(1, 40) = 4.15, p = 0.048; (C) interaction: F(5, 200) = 2.86, p = 0.016, Group: F(1, 40) = 1.96, p = 0.17; (D)
interaction: F(5, 60) = 1.98, p = 0.094, Group: F(1, 12) = 3.09, p = 0.10. All ANOVAS are followed by a Bonferroni multiple comparison test].

completely abolished in both groups (Fig. 3B). At
the highest concentration of methacholine (10−3 M)
a weak contraction was observed and was signifi-
cantly larger in strips from 6-OHDA lesioned animals:
1.7 ± 0.3 M in control strips versus 3.2 ± 0.6 M in the
bladder strips from the 6-OHDA group.

Effect of purinoceptor stimulation of bladder
strips from controls and 6-OHDA-lesioned rats

Finally, we evaluated the purinoceptor response in
the bladder strips using increasing concentrations of

the purinergic agonist ATP (10−8 to 5 × 10−3 M). The
two-way ANOVA did not reveal significant differences
between control strips and 6-OHDA strips (Fig. 4A
and C). When the effect of ATP-induce cholinergic
transmission were inhibited by adding atropine (10−5

M), a stronger ATP response in the 6-OHDA-lesioned
animals became evident as there was significant overall
group difference effect. At the highest dose applied
(5 × 10−3 M), the response to ATP was 60% higher in
the Parkinsonian animals (6-OHDA: 2.9 ± 0.3 mN) as
compared to normal untreated controls (1.8 ± 0.3 mN;
Fig. 4B).
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Fig. 3. Methacholine-induced responses in bladder strips from controls and 6-OHDA-lesioned rats. Following cumulative administration of
methacholine the bladder strips from the 6-OHDA-lesioned rats (n = 10) showed an overall significantly increased contractile response as com-
pared to controls (n = 27; A). This response could specifically be observed at a concentration of 10−4 M (A, C). The EC50 showed also a significant
left-shift in the 6-OHDA group as compared to controls (Insert, Panel A) Further, in the presence of atropine (10−6 M) the methacholine response
was almost completely blocked (B). Significance was nevertheless still observed at the highest dose administered (10−3 M). ∗ = significantly dif-
ferent from control. [Two-way repeated ANOVAs; (A) interaction: F(5, 175) = 2.71, p = 0.022, Group: F(1, 35) = 5.24, p = 0.028; (B) interaction:
F(5, 175) = 3.93, p = 0.0021, Group: F(1, 35) = 5.79, p = 0.022; All ANOVAS are followed by a Bonferroni multiple comparison test].

DISCUSSION

Non-motor symptoms in PD, in particular urinary
bladder dysfunction has a significant impact on the
patient’s quality of life. Regularly used PD treatments,
in addition, have unpredictable symptomatic effects on
the urinary symptoms, and could in some patients even
worsen the problems [6–8]. The mechanism behind the
urinary symptoms is poorly understood, and needs to
be further studied in order to develop better treatments.

In the present study we have measured the contrac-
tility of tissue strips in an in vitro organ bath setup
to investigate the local contractile function of the uri-
nary bladder in the unilateral 6-OHDA rat model and

compare it with normal un-lesioned animals. Interest-
ingly, our data show that the Parkinsonian rat urinary
bladders are significantly more responsive to high K+,
EFS, to direct stimulation of muscarinic receptors by
the non-selective agonist methacholine, and to ATP
purinoceptor activation (after inhibition of the mus-
carinic response). Overall, Parkinsonian rat urinary
bladder walls displayed approximately a 40% increase
in the contractile response of the detrusor muscle. Fur-
thermore the potency of methacholine was increased
in bladder strips from Parkinsonian rats.

Previous in vivo and in situ studies have shown that
the micturition patterns are significantly changed in
the 6-OHDA rat model, including parameters such
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Fig. 4. ATP-induced bladder responses in bladder strips from controls and 6-OHDA-lesioned rats. Cumulative administration of ATP showed a
trend to yield an overall higher contraction in the 6-OHDA-lesioned rats (n = 10) as compared to controls (n = 27; A). This was evident in particular
at the highest concentration (5 × 10−3 M; A, C). A significant difference was observed following atropine administration, where a higher response
was shown in the bladder strips from the 6-OHDA-lesioned animals (n = 10) as compared to control animals (n = 26; B). ∗ = significantly different
from control group. [Two-way repeated ANOVAs; (A) interaction: F(6, 210) = 1.69, p = 0.12, (B) interaction: F(6, 204) = 1.85, p = 0.092, Group:
F(1, 34) = 8.40, p = 0.0065; All ANOVAS are followed by a Bonferroni multiple comparison test].

as decreased voiding volume and bladder capacity,
as well as increased micturition frequency and spon-
taneous activity of the bladder muscle [11, 13, 14].
The same changes characterize bladder function in
PD patients with LUTS [19, 20], which in turn vali-
dates this as a PD rat model for studying PD urinary
dysfunction. However, the uniqueness of the current
study is that we here show that the local response of
the urinary bladder, without direct involvement of the
central nervous system, is altered following a chronic
dopamine loss in basal ganglia. This demonstrates that
changes have occurred locally in the urinary bladder
muscle or in its nerve innervations, something which
can have implications for how this condition is best
treated.

First, we observed a change in the texture and red-
ness of the bladder tissue in the 6-OHDA lesioned rats.
This was associated with a trend of increased bladder
strip weight in the Parkinsonian animals as compared
to the normal controls. Significant increases in bladder
weight in 6-OHDA animals at 28 days post lesion have
in fact been previously reported by Soler and colleagues
[14]. This weight increase may indicate a thicken-
ing of the bladder wall in the Parkinsonian animals.
An increased muscle layer may therefore be a plau-
sible hypothesis that partly accounts for the observed
increase in contractile responses in the bladder strips of
the6-OHDA-leisonsed rats.Hypertrophyof thesmooth
muscle cells has also been reported in patients with
other syndromes (overactive bladder; OAB) related to
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hyperactive bladder [21]. However, the redness of the
bladder may rather indicate an inflammatory process in
the bladder, and maybe caused by the increased spon-
taneous activity of the rat PD bladder [11, 13, 14].
Inflammation in the urinary bladder in rats has, how-
ever, been shown to decrease the maximal contraction
both in vivo and in vitro [22–24]. The redness may
therefore have other explanations as contraction was
increased in the bladder of 6-OHDA animals.

In the present study we showed that the contrac-
tile response of the 6-OHDA urinary bladder is higher
following both high K+ and in response to nerve
stimulationusingEFS.Thehereemployedelectricstim-
ulation protocol have previously been demonstrated to
strictly excite the nerves, thus releasing neurotrans-
mitter, and not to cause a direct contractile effect on
the smooth muscle [25]. These increases in contractile
bladder response may be caused by a number of local
changes, including muscular bladder wall hypertrophy
as previously mentioned, but also increased responsive-
ness in receptor or in the postsynaptic machinery. When
the high K+ response is normalized to the strip weight
(data not shown), or the EFS response to either strip
weight or K+ response (data not shown), the contrac-
tion of 6-OHDA bladder strips was not higher than in
controlstrips,suggestingthat theefficacyofthereceptor
mediated contraction is not increased and that detru-
sor muscle hypertrophy is the more likely explanation
of the increase in contraction in the PD rat bladder.
In order to better understand which components were
relevant for the increased EFS response, we further
looked at the contractility following pharmacological
stimulation with the muscarinic agonist methacholine.
We found a similar difference in contractility, as with
EFS in response to the agonist treatment. However,
the potency of methacholine was increased indicat-
ing that the 6-OHDA rat bladder is hypersensitive to
muscarinic stimulation. Cholinergic transmission is the
most important pathway in bladder contraction and the
muscarinic M3 receptor is the main receptor involved
in the contraction [26–28]. Applying the muscarinic
agonist methacholine we clearly showed a significantly
higher cholinergic response with >40% in the Parkin-
sonian animals. This was associated with the left shift
of the EC50 in the methacholine response, which may
in addition to detrusor muscle hypertrophy suggest that
pre- and/or postsynaptic changes in the cholinergic sys-
tem are present locally in the bladder following chronic
central dopamine degeneration by 6-OHDA.

In other conditions with local bladder pathology
there is a patchy denervation of the local cholinergic
system, which can cause supersensitive responses to

acetylcholine [29–31]. However, bladder histopathol-
ogy needs to be further studied in bladders from
6-OHDA-lesioned animals to determine if similar
mechanisms explain the increase in bladder contrac-
tility. Another change that has been observed in OAB
syndromes is dysfunctional electric coupling of the
smooth muscle bundles in the detrusor muscle [32].
Normally the bundles are weakly coupled and aber-
rant electrical impulses therefore rarely lead to detrusor
contraction. In the overactive bladder, however, these
connections are more tightly coupled. To our knowl-
edge increased local bladder contractility has not
previously been described in PD or models of PD, so
it is not known if similar mechanisms are at work.

Partial blockade of EFS-evoked contractions by a
muscarinic antagonist, revealing the atropine resis-
tant part of the response, suggests involvement of
other co-transmitters besides acetylcholine, which may
also be involved in the increased contractile responses
observed in the Parkinsonian rat bladders. The puriner-
gic system is one of the other transmitter systems that
could play a role in the contractile response of the blad-
der. The purinoceptor response is however to a much
lesser extent involved in the contraction of the detrusor
muscle [33]. The responses to ATP in the Parkinsonian
animals were significantly altered, in particular follow-
ing muscarinic receptor blockage by atropine, which
may also suggest that this system could be affected
by the central dopamine denervation by 6-OHDA. It
has previously been shown that ATP can act in con-
cert with acetylcholine to facilitate detrusor muscle
contraction [24, 34]. It has also been reported that
purinergic P2X1 receptors can be desensitized by low
concentrations of ATP and mask the true potency of
an agonist [35]. In our study we particularly see sig-
nificant changes in the ATP response at the highest
dose administered (5 × 10−3 M), and after blocking the
cholinergic transmission by atropine. It may be argued
that a desensitization may have occurred by the cumu-
lative ATP administration. However, since both the
controls and the 6-OHDA-lesioned rats were treated
in the same way, the comparison and the statically
differences are still valid.

Another network that may account for some of the
altered effects in the 6-OHDA-lesioned animals is the
noradrenergic transmitter system. The adrenergic sys-
tem has both a relaxatory and excitatory function on the
urinary bladder function [36], where alpha-adrenergic
receptors evoke contraction and beta-adrenergic recep-
tors induce relaxation [33, 37]. Our data showed that
EFS-induced contraction, following the challenge with
phentolamine, did not change. This indicates that the
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noradrenergic system is likely less involved in the
observed local increase in urinary bladder contractile
response in rats. Kitta and colleagues have, however,
showed that the increased spontaneous bladder activity
in the 6-OHDA-lesion model can be reverse by alpha2A
adrenoceptor antagonists when infused directly into
the central nervous system [11]. This suggests that at
least the adrenergic transmission is important centrally
in hyperactive bladder.

In conclusion, to our knowledge the current study is
the first to show altered contractile function caused by
local morphological changes and plasticity in the uri-
nary bladder in a rat model of PD. In view of the rather
similar degree of potentiation on both muscarinic
receptor and purinoceptor responses, the increase may
reflect a generalized enhanced contractile ability in the
detrusor muscle, at least as the dominating factor, in
the 6-OHDA PD rats. In addition, our study also fur-
ther validates the usefulness of the 6-OHDA-lesioned
model when studying PD urinary bladder dysfunction.
We believe that the current data shed new light on the
mechanisms behind PD bladder dysfunction, which
can contribute to the development of new therapeutic
innovations for urinary dysfunction in PD patients.
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