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A B S T R A C T

The 6-hydroxydopamine (6-OHDA) rat model is one of the most common animal models of Parkinson's disease.
When experimentally inducing dopaminergic neurodegeneration in the nigrostriatal pathway using 6-OHDA, the
noradrenergic reuptake inhibitor desipramine is often systemically injected in order to protect against damages to
the noradrenergic system in the brain. An increasing number of studies are focusing on understanding the
pathophysiological changes underlying autonomic non-motor symptoms, in particular urinary bladder and
gastrointestinal dysfunctions, of the disease. Several of these studies have investigated the contractile properties
and the activation of smooth muscle in the 6-OHDA rat model. Since the injection of desipramine is commonly
placed in close proximity to the urinary bladder and gastrointestinal tract, in the current study we wanted to
understand if the drug alone has an effect. For this, we have injected a single dose (25 mg/kg) of desipramine
either intraperitonially or subcutaneously and investigated smooth muscle contractility in vitro in the urinary
bladder, proximal colon and distal ileum four weeks post injection. Our data show that desipramine significantly
alters smooth muscle contractility of the urinary bladder and proximal colon in healthy rats. Conclusively, we
suggest, based on our data, that desipramine should be omitted when using the 6-OHDA rat model to investigate
smooth muscle function in Parkinson's disease research.
1. Introduction

One of the most commonly used models in preclinical research in
Parkinson's disease (PD) is the 6-hydroxydopamine (6-OHDA) rat model,
which was established in the late 19600s by Urban Ungerstedt (1968).
This model is based on the dopamine (DA) analog and neurotoxin
6-OHDA, which is injected into the nigrostriatal pathway, i.e. in the
substantia nigra (SN), the medial forebrain bundle (MFB) or the striatum,
to create a substantial DA loss in the brain similar to that in PD patients
(Kirik et al., 1998). In addition to its selectivity for dopamine cells,
6-OHDA is also neurotoxic for noradrenergic neurons (Bell et al., 1970;
Reader and Gauthier, 1984). In order to protect these latter neurons, we
and others have used the tricyclic antidepressant, noradrenergic reuptake
inhibitor, desipramine in studies investigating motor and non-motor
symptoms as well as molecular changes in the 6-OHDA rodent model
(Alzoubi et al., 2018; Ermine et al., 2018; Kostrzewa and Kostrzewa,
2020; Lindgren et al., 2014; Mitra et al., 2015; Taghzouti et al., 1991;
Takahashi et al., 1984; Zhang et al., 2007). Importantly, desipramine is
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often used in 6-OHDA animals, but not always in the control groups. An
increasing number of animal studies are focused on investigating
non-motor symptoms in PD, including the troublesome urinary bladder
symptoms and gastrointestinal dysfunction often seen in PD patients,
using in particular the 6-OHDA rat model (Blandini et al., 2009; Colucci
et al., 2012; Fornai et al., 2016; Mitra et al., 2015; Pellegrini et al., 2020;
Soler et al., 2011; Yoshimura et al., 2003; Zhang et al., 2015). More
specifically, many studies have investigated the contractility of isolated
smoothmuscle in gut (Fornai et al., 2016; Levandis et al., 2015; Pellegrini
et al., 2016, 2017; Zhang et al., 2015) and urinary bladder tissues (Mitra
et al., 2015). In the 6-OHDAmodel, desipramine is normally injected as a
systemic intraperitoneal (i.p.) injection, in close proximity to the urinary
bladder as well as the colon and ileum, which are extensively innervated
by not only noradrenergic and dopaminergic fibers but also serotonin and
histamine fibers. Desipramine, in fact, has been shown to have significant
effects on these latter neurotransmitter systems (Esteban et al., 1999;
Owens et al., 1997; Rehavi et al., 1987). Moreover, toxic effects of
desipramine have been demonstrated in in vitro studies, including
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prostate and colon cancer cells (Arimochi and Morita, 2008; Chang et al.,
2008).

This raises the hypothesis that the noradrenergic reuptake inhibitor
desipramine alone can lead to local effects on gastrointestinal and uro-
genital smooth muscle. In the current study we have therefore investi-
gated if desipramine could affect the smooth muscle contractile function
of the urinary bladder, proximal colon and distal ileum, using an in vitro
organ bath setup. The effect was evaluated four weeks after adminis-
trating a single, systemic, i.p. or subcutaneous (s.c.) dose of 25 mg/kg
desipramine, a dose which is commonly used in the 6-OHDA lesion rat
model of PD (Alzoubi et al., 2018; Mitra et al., 2015; Taghzouti et al.,
1991; Zhang et al., 2007).

Our data show that both the urinary bladder and the colon smooth
muscle contractility is altered after a single injection of desipramine.
These long-term changes could be observed both following presynaptic
stimulation by electrical field stimulation (EFS) and after direct post-
synaptic receptor stimulation of the cholinergic system. The distal ileum
contractility was, however, unaffected by the desipramine injection.
These findings clearly indicate that desipramine as pre-treatment to 6-
OHDA injection, should be avoided, in particular when investigating
smooth muscle function in animal models of PD.

2. Materials and methods

2.1. Animals

In this study a total of 26 adult male Sprague–Dawley rats (Charles-
River GmbH, Germany or Charles-River SRL, Calco, Italy), housed under
standard laboratory environment conditions with free access to food and
water and under standard 12h light - 12h dark conditions, were used. The
animals weighed 230–570 g at the beginning of the experiment. All
procedures and animal care were in accordance with Directive 2010/63/
EU of the European Parliament and of the Council of the European Union
(Document 32010L0063), and were approved by the local ethical com-
mittee at the University of Gothenburg, Sweden (permit #145-15).

2.2. Study design

First, the rats were divided into four groups where: I. received a single
i.p. injection of physiological saline solution (1 ml/kg; Saline i.p., n ¼ 8);
II. received a single i.p. injection of desipramine hydrochloride (25 mg/
kg dissolved in saline, pH:4.95; Desipramine i.p., n ¼ 7; Sigma-Aldrich, St
Louis, MO, USA); III. received a single s.c. injection of physiological sa-
line (1 ml/kg; Saline s.c., n ¼ 5); and IV. received a single s.c. injection of
desipramine hydrochloride (25 mg/kg, dissolved in saline, pH:4.95;
Desipramine s.c., n ¼ 6). Following the injection, the animals were placed
in their home cages. At 23–30 days (26.9 � 0.8 and 25.4 � 0.6 days for
Saline i.p. and Desipramine i.p., respectively) following the injection the
i.p. injected animals were placed individually in metabolic cages, with
free access to water only, to collect urine and feces during 8 h (dark cycle,
from 9 PM to 5 AM). For the s.c.-treated animals the metabolic cage
experiment was not performed, and the tissue was dissected out at 27.8�
0.4 and 25.5 � 0.4 days for Saline s.c. and Desipramine s.c., respectively,
following the injections.

At 4–6 h after the metabolic cage experiment, the animals were
sacrificed by an overdose of pentobarbital sodium (100–150 mg/kg, APL,
Stockholm, Sweden), and the urinary bladder, distal ileum and proximal
colon were dissected out and placed in room temperature Krebs solution
(NaCl, 118 mM; KCl, 4.6 mM; KH2PO4, 1.15 mM; MgSO4, 1.15 mM;
NaHCO3, 25 mM; CaCl2, 1.25 mM; and glucose, 5.5 mM; gassed by 95%
O2 and 5% CO2). The intestinal segments were prepared as 1 cm long
tubular segments, while the bladder was prepared as two equal size full-
thickness tissue strips (approx. 2� 6mm). Following the preparation, the
tissues were mounted in organ baths (Linton Instrumentation, Norfolk,
UK) to measure muscle contractions (see In vitro organ baths section).
First, the viability (responsiveness) of the smooth muscle tissue was
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tested using a high Kþ Krebs solution (containing 124 mM KCl; by
exchanging NaCl for equimolar amounts of KCl). A contractile muscle
response of>8 mNwas set as a criterion for a viable urinary bladder strip
(Mitra et al., 2015), while for the intestinal segment a >7 mN response
was utilized. Following the viability test, the tissues were first evaluated
using electric field stimulation (EFS) at 1, 2, 5, 10, 20, and 40 Hz, and
thereafter challenged with a cumulative administration of the muscarinic
agonist methacholine (10�8 M - 10�3 M). Finally, the tissues were once
again challenged with a high Kþ Krebs solution, then removed from the
organ bath, briefly dried and weighed.

2.3. Metabolic cage experiment

Four weeks following injections, i.e. on the night before sacrifice, the
animals in the i.p. injected groups (Saline i.p. and Desipramine i.p.) were
individually housed for 8 h (dark cycle, from 9 PM to 5 AM) with free
access to water, but no food, in metabolic cages fitted with a doppler
sensor (SICK, Stockholm, Sweden) connected to a MP100 data acquisi-
tion system (Biopac Systems Inc., Goleta, CA). The bladder function was
monitored and parameters including total number of micturitions, inter-
micturition intervals and number of drops per micturition were regis-
tered using Acknowledge Software v 3.8 (Biopac Systems Inc.). The total
urine volume, number and weight of feces pellets and total water
consumed was also registered.

2.4. Tissue processing

Following an overdose with pentobarbital sodium (100–150 mg/kg,
APL), the rats' urinary bladder, distal ileum and proximal colon were
dissected out. For the distal ileum and proximal colon, 3–4 cm long tissue
pieces were collected approx. 3 cm from each direction of the cecum. All
collected tissues were then placed in room temperature Krebs solution for
transport.

For the urinary bladder, medially to the orifices of the ureters, two full-
thickness detrusor strips (approx. 2 � 6 mm) were dissected out from
each animal, as previous described (Tobin and Sjogren, 1995). A silk
thread (V€omel, Kronberg, Germany) was then tied to each end of the
strips, with one end forming a loop.

For the colon and ileum tissue preparations, they were first carefully
rinsed with Krebs solution to remove any remaining feces without using
any force. Following this, one or two approx. 1 cm long intestinal seg-
ments were cut out from the middle of the collected colon and ileum
tissues. Silk threads (V€omel) were attached at each end (one end forming
a loop) of the gut tissue tubular segments, closing the luminal space.

2.5. In vitro organ bath experiments

Following the preparation, the tissues were mounted vertically in an
isolated tissue bath (Linton Instrumentation) with one end attached to a
fixed hook in the bath and the other to a force transducer (TSD125C,
Biopac Systems Inc.), submerged in 25 mL of Krebs solution kept at 37 �C
and oxygenated with a mixture of 95% O2 and 5% CO2. The tissues were
then pre-stretched to a basal tension of 5–8 mN for urinary bladder strips
and 8–12mN for intestinal preparations, and then let to equilibrate for 45
min. Following the equilibration, the muscle tissues were challenged
with high Kþ Krebs; once for urinary bladder strips and three consecutive
times for intestinal segments, 10 min apart, in order to evaluate the
viability and, in the latter, to activate the tissue. The tissues were then
first stimulated with EFS at 1, 2, 5, 10, 20, and 40 Hz, at supra-maximal
voltage delivered as square waves pulses with the duration of 0.8 ms
(Stimulator STM100C, Linton Instrumentation), until peak contraction
could be observed. This was followed by a recovery period of at least 10
min after changing to fresh Krebs solution in the organ bath. The tissues
were then challenged with increasing cumulative concentrations of
methacholine; 10�8, 10�7, 10�6, 10�5, 10�4 and 10�3 M (Sigma-Aldrich,
St Louis, MO, USA). Following the EFS- and methacholine-evoked
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contractions, and after a resting period of 10 min, the tissues were once
again challenged with high Kþ Krebs solution (124mM), to test the
viability, and then removed from the organ baths, briefly dried and
weighed.

2.6. Data acquisition and analysis

All contractile responses of the bladder and intestinal tissues were
recorded and analyzed using the MP100WSW data acquisition system
with Acknowledge Software v 3.8 (Biopac Systems Inc.). For each
contraction analysis of the urinary bladder tissue, the basal tension
measurement was averaged over 5–10 s prior to each high Kþ Krebs, EFS
stimulation or first concentration of methacholine. For the intestinal
tissue, the basal tension was averaged over 20–60 s prior to stimulation.
The maximum contractions were measured at the absolute peak for all
analyses.

Further, the response ratio of the contractions to EFS and meth-
acholine per mg tissue (i.e. tissue weight) were also calculated. In addi-
tion, the high Kþ Krebs response per mg tissue was also calculated using
the high Kþ response obtained before the experiment.

2.7. Included and excluded tissue samples

2.7.1. Urinary bladder
Four tissue strips in the Saline i.p., 4 tissue strips in the Desipramine i.p.

group and 3 tissue strips in the Desipramine s.c. group were excluded due
to low high Kþ Krebs responses (<8mN). One additional strip was
excluded in the Saline i.p. group due to being an outlier (Grubbs test; as
described in the statistical analysis section). This generated a total of 11
strips (from 6 rats) in the Saline i.p. group, 8 strips (from 5 rats) in the
Desipramine i.p. group, 10 strips (from 5 rats) in the Saline s.c. group and 9
strips (from 6 rats) in the Desipramine s.c. group. These tissues were
included in the data analysis.

2.7.2. Proximal colon
One tissue segment in the Desipramine i.p. group was excluded due to

being an outlier (Grubbs test; as described in the statistical analysis
section). Further, the EFS responses of two animals in the Desipramine s.c.
group were excluded due to malfunction of the electrical stimulator. This
generated a total of 8 segments (from 8 rats) in the Saline i.p. group, 6
segments (from 6 rats) in the Desipramine i.p. group, 5 segments (from 5
rats) in the Saline s.c. group and 7–9 segments (from 4-6 rats) in the
Desipramine s.c. group. These tissues were included in the data analysis.

2.7.3. Distal ileum
Two tissue segments in the Saline i.p. group, two in the Desipramine i.p.

group and one in the Saline s.c. group were excluded due to low high Kþ

Krebs responses (<7mN; and no response either to EFS nor methacho-
line). Further, the EFS responses of two segments in the Desipramine i.p.
group were excluded due to malfunction of the electrical stimulator. This
generated a total of 6 segments (from 6 rats) in the Saline i.p. group, 3–5
segments (from 3-5 rats) in the Desipramine i.p. group, 4 segments (from 4
rats) in the Saline s.c. group and 9 segments (from 6 rats) in the Desi-
pramine s.c. group. These tissues were included in the data analysis.

2.8. Statistical analysis

The EFS and methacholine data are presented as frequency-
respective concentration-response curves using two-way repeated mea-
sure ANOVAs, followed by Sidak posthoc test for statistical comparisons.
Here the statistics are presented as group comparisons if not stated
otherwise. For the rat weight, tissue weight, high Kþ Krebs response and
all metabolic cage data unpaired t-tests with equal standard deviation
where used. In order to identify possible outliers in each data set, Grubbs
test with alpha set to 0.05 was used. All statistical comparisons were
performed using the GraphPad Prism for Mac OS X (GraphPad Software
3

Inc, San Diego, CA, USA), and the data are presented as the mean �
S.E.M., with significance set to p < 0.05.

3. Results

3.1. Effect of i.p. injections of desipramine

At sacrifice the rat body weight in the Saline i.p. and Desipramine i.p.
groups were 500 � 18g and 422 � 34g, respectively (unpaired t-test p ¼
0.054). The weights of the dissected urinary bladder strip preparations
were not significantly different between the groups (Saline i.p.: 5.2 � 0.3
mg vs. Desipramine i.p.: 4.5 � 0.5 mg; unpaired t-test: p ¼ 0.26). The
weights of the tissue preparations of the distal ileum (Saline i.p.: 153 �
13mg vs. Desipramine i.p.: 165 � 13 mg; unpaired t-test: p ¼ 0.54) and
proximal colon (Saline i.p.: 226� 12mg vs. Desipramine i.p.: 244� 19mg;
unpaired t-test: p ¼ 0.41) also showed no significant difference between
groups.

3.1.1. Urinary bladder
The viability tests using high Kþ Krebs in the urinary bladder tissue

showed no difference between the Saline i.p. group (17.2 � 1.8 mN) and
the Desipramine i.p. group (22.0 � 2.6 mN) at the beginning of the
experiment (Table 1). However, a significant difference in high Kþ

response per mg tissue was observed between the groups (3.4 � 0.4 mN/
mg vs. 5.0 � 0.5 mN/mg in the Saline i.p. and Desipramine i.p. groups,
respectively; Table 1).

3.1.1.1. EFS-induced response. Following EFS, the urinary bladder
smooth muscle tissue responded significantly higher in the Desipramine
i.p-treated group as compared to the Saline i.p.-treated group (Figure 1A,
B, Table 1). This was specifically pronounced at the higher frequencies
reaching 23.5� 2.8 mN following Desipramine i.p. treatment as compared
to 16.7 � 1.8 mN in the Saline i.p.-treated group, at 40 Hz. This was also
observed when normalizing the EFS contractions with the tissue weight
as seen by an increased ratio (mN/mg tissue) in the Desipramine i.p. group
(Table 1).

3.1.1.2. Methacholine-induced response. Cumulative administration of
the muscarinic agonist methacholine showed also a significantly,
although less pronounced, increased muscle contraction in the Desipra-
mine i.p.-treated rats with a maximum response at 10�4 - 10�3 M
(Figure 1C, D, Table 1). At 10�3 M the contractions were 27.5 � 2.7 mN
following Desipramine i.p. treatment as compared to 20.6� 1.6 mN in the
Saline i.p. group. Normalizing the methacholine response to the tissue
weight confirmed this significant increased contraction in the Desipra-
mine i.p. group (Table 1).

3.1.2. Micturition pattern in metabolic cage

The micturition pattern was not affected following i.p. injection of
desipramine. The frequency was 1.4 � 0.4 micturitions/h in the Desi-
pramine i.p. group (n ¼ 7) as compared to 1.2 � 0.3 micturitions/h in the
Saline i.p. group (n¼ 6; unpaired t-tests: p¼ 0.75). Similarly, the volume/
micturition were 0.7 � 0.1 ml vs. 0.9 � 0.1 ml in the Desipramine i.p.-
treated and Saline i.p.-treated groups respectively, and was not signifi-
cantly different (Unpaired t-tests: p ¼ 0.21). The water consumption was
not significantly different between the groups (Saline i.p.: 23.3 � 8.0 ml
vs Desipramine i.p.: 14.6 � 4.1 ml; unpaired t-tests: p ¼ 0.33).

3.1.3. Proximal colon

No significant difference between the groups could be observed in the
high Kþ response before the experimental setup (15.0� 1.3 mN and 12.9
� 1.5 mN in the Saline i.p. and Desipramine i.p. groups, respectively;
Table 1). In addition, no difference in high Kþ response per mg tissue was
observed between the groups (0.068 � 0.0072 mN/mg vs. 0.055 �



Table 1. Summary of absolute and tissue weight corrected responses to high Kþ Krebs, EFS and methacholine following intraperitoneal (i.p.) and subcutaneous (s.c.)
injection of desipramine.

i.p.

Urinary Bladder High Kþ Absolute response ↔ p ¼ 0.14

Corr. tissue weight ↑ p ¼ 0.031 *

EFS Absolute response ↑ p ¼ 0.039 *

Corr. tissue weight ↑ p ¼ 0.0049 *

Methacholine Absolute response ↑ p ¼ 0.061/p ¼ 0.014 *

Corr. tissue weight ↑ p ¼ 0.023 *

Colon High Kþ Absolute response ↔ p ¼ 0.31

Corr. tissue weight ↔ p ¼ 0.31

EFS Absolute response ↔ p ¼ 0.14

Corr. tissue weight ↔ p ¼ 0.14

Methacholine Absolute response ↓ p ¼ 0.0498 *

Corr. tissue weight ↓ p ¼ 0.048 *

Ileum High Kþ Absolute response ↔ p ¼ 0.87

Corr. tissue weight ↔ p ¼ 0.63

EFS Absolute response ↔ p ¼ 0.30

Corr. tissue weight ↔ p ¼ 0.97

Methacholine Absolute response ↔ p ¼ 0.68

Corr. tissue weight ↔ p ¼ 0.37

s.c.

Urinary bladder High Kþ Absolute response p ¼ 0.092

Corr. tissue weight p ¼ 0.096

EFS Absolute response ↓ p ¼ 0.052/p ¼ 0.028 *

Corr. tissue weight ↓ p ¼ 0.0498 *

Methacholine Absolute response ↓ p ¼ 0.074/p ¼ 0.017

Corr. tissue weight ↔ p ¼ 0.11/p ¼ 0.050

Colon High Kþ Absolute response ↔ p ¼ 0.74

Corr. tissue weight ↔ p ¼ 0.41

EFS Absolute response ↔ p ¼ 0.12/p ¼ 0.073

Corr. tissue weight ↔ p ¼ 0.28

Methacholine Absolute response ↑ p ¼ 0.014 *

Corr. tissue weight p ¼ 0.087

Ileum High Kþ Absolute response ↑ p ¼ 0.0034 *

Corr. tissue weight ↑ p ¼ 0.039 *

EFS Absolute response ↔ p ¼ 0.76

Corr. tissue weight p ¼ 0.058

Methacholine Absolute response ↑ p ¼ 0.021 *

Corr. tissue weight ↔ p ¼ 0.92

* ¼ significant difference between respective Saline and desipramine group; ↔ indicates no significant change; ↑/↓ indicates significant increase/decrease in
contraction or contraction/mg tissue; / indicates a non-significant trend to increase/decrease in contraction or contraction/mg tissue ratio in the desipramine-treated
animals. The high Kþ was statistically analysed using unpaired t-tests, while EFS and methacholine were analysed by two-way ANOVAs. The p-values represent group
comparisons. Where a second p-value is presented, the latter represents concentration-group interaction. Significant p-values are indicated in bold.
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0.0095 mN/mg in the Saline i.p. and Desipramine i.p. groups, respectively;
Table 1).

3.1.3.1. EFS-induced response. The electrical stimulation of the colon
tissue following desipramine i.p. treatment showed no change in smooth
muscle contraction (Figure 2A, B; Table 1). A trend could however be
observed at lower frequencies 5–10 Hz (at 5 Hz: 11.2� 2.5 mN and 5.9�
1.1 mN in the Saline i.p. and Desipramine i.p. group, respectively; unpaired
t-test, p ¼ 0.11). The tissue weight normalization showed no significant
differences between the groups (Table 1).

3.1.3.2. Methacholine-induced response. The methacholine response
showed, in contrast to the EFS responses, a significantly decreased
smooth muscle contraction in the Desipramine i.p.-treated group as
compared to the Saline i.p. group (Figure 2C, D, Table 1), which was in
particular observed at the concentration of 10�4 where the Saline i.p.
4

group contracted 26.5 � 4.1 mN as compared to 13.7 � 2.8 mN in the
Desipramine i.p. group. Similar significant changes were evident following
normalization to tissue weight (Table 1).

3.1.4. Distal ileum
In the ileum tissue, the high Kþ Krebs response was not significantly

altered between the groups at the beginning of the experiment (Saline i.p.:
13.6� 2.0 mN vs. Desipramine i.p.: 14.2� 3.2 mN; Table 1). Similarly, no
difference in high Kþ response per mg tissue was observed following
desipramine treatment (0.094 � 0.017 mN/mg vs. 0.082 � 0.017 mN/
mg in the Saline i.p. and Desipramine i.p. groups, respectively; Table 1).

3.1.4.1. EFS-induced response. The EFS-induced response did not show
any significant change in smooth muscle contraction between the groups
(Figure 3A, B, Table 1). This finding was further confirmed when the
contraction was normalized to tissue weight (Table 1).



Figure 1. Urinary bladder smooth muscle contractions following electrical (EFS)- and methacholine-induced stimulations in intraperitoneal (i.p.)-treated animals.
Significantly higher smooth muscle strip contractions were observed in the Desipramine i.p.-treated animals (n ¼11), as compared to Saline i.p.-treated animals (n ¼ 8),
following EFS (A) and methacholine stimulations (C). These changes are illustrated by original registrations at 10 Hz EFS (B) and cumulative methacholine curves (D)
in representative animals in respective group. * ¼ different from Saline i.p. group; Two-way ANOVAs A: F (1,17) ¼ 5.02, p ¼ 0.039; C: Two-way ANOVAs group F (1,17
¼ 4.03), p ¼ 0.061; concentration-group interaction F (5,85 ¼ 3.07), p ¼ 0.014; followed by Sidak posthoc test. Grey lines in B indicated the stimulation durations and
grey arrows in D indicated the administration of methacholine from 10�8

– 10�3 M. Data are presented as mean � SEM.
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3.1.4.2. Methacholine-induced response. Similar to the EFS-induced re-
sponses, the methacholine response did not change following Desipramine
i.p. treatment as compared to Saline i.p. treatment; reaching a maximum
at 10�5 M; 21.9 � 1.5 mN in the Saline i.p. group and 19.8 � 2.8 mN in
the Desipramine i.p. group (Figure 3C, D, Table 1). Likewise, no changes
were seen after normalizing the response to tissue weight (Table 1).

3.1.5. Defecation in metabolic cage
No difference could be observed between the Saline i.p. (n ¼ 7) and

Desipramine i.p. (n ¼ 7) groups in amount of feces (2.1 � 0.6 g vs. 3.2 �
1.0 g respectively; unpaired t-test: p ¼ 0.34) or number of pellets
collected (7.0 � 2.0 pellets vs. 9.9 � 2.3 pellets respectively; unpaired t-
test: p ¼ 0.36).
3.2. Effect of s.c. injection of desipramine

The rat weight, at sacrifice, in the Saline s.c. (428 � 19g) and Desi-
pramine s.c. (463 � 19g) groups was not significantly different from each
other (unpaired t.-test p ¼ 0.23). The urinary bladder tissue weight was
also not different between the groups. (Saline s.c.: 6.8 � 0.3 mg vs.
Desipramine s.c.: 6.2 � 0.6 mg; unpaired t-test: p ¼ 0.38). However, both
the proximal colon and the distal ileum tissue weights were significantly
higher in the desipramine-treated group as compared to the saline-
treated group. (Proximal colon: Saline s.c.: 157.3 � 13.5 mg vs. Desipra-
mine s.c.: 198.6� 10.5 mg, unpaired t-tests p¼ 0.034; Distal ileum: Saline
i.p.: 95.5 � 9.5 mg vs. Desipramine s.c.: 142.8 � 9.5 mg, unpaired t-test
0.0071).
5

3.2.1. Urinary bladder
High Kþ Krebs responses of the urinary bladder tissue showed a non-

significant difference between the groups (Saline s.c.: 43.4 � 3.8 mN vs
Desipramine s.c.: 31.0 � 6.0 mN; Table 1). A similar, but non-significant,
trend in high Kþ response per mg tissue was observed between the groups
(6.5 � 0.49 mN/mg vs. 4.9 � 0.79 mN/mg in the Saline s.c. and Desi-
pramine s.c. groups, respectively; Table 1).

3.2.1.1. EFS-induced response. In contrast to the i.p. injected animals, in
the s.c.-injected rats following EFS stimulation the urinary bladder
smooth muscle tissue responded significantly lower in the desipramine-
treated group as compared to the saline group (Figure 4A; Table 1).
The significance was also confirmed after normalizing the EFS-induced
contractions by tissue weight (Table 1).

3.2.1.2. Methacholine-induced response. Similar to the EFS-induced con-
tractions, a significant decrease in contraction was observed following
administration of the muscarinic agonist methacholine in the Desipramine
s.c.-treated rats (Figure 4D; Table 1). The decrease was in particular
observed at 10�4 M with contractions of 33.1 � 5.7 mN following Desi-
pramine s.c. treatment as compared to 44.8 � 3.2 mN in the Saline s.c.
group. Normalizing the response to the tissue weight showed only a non-
significant trend (Table 1).

3.2.2. Proximal colon
No significant difference in the high Kþ response between the Saline

s.c. and Desipramine s.c. groups was seen at the beginning of the organ



Figure 2. Proximal colon smooth muscle contractions following electrical (EFS)- and methacholine-induced stimulations in intraperitoneal (i.p.)-treated animals. A
tendency of decreased smooth muscle segment contraction was observed in the Desipramine i.p.-treated animals (n ¼ 6), as compared to Saline i.p.-treated animals (n ¼
8), following EFS stimulation (A). This decrease was significantly evident following methacholine stimulations, in particular at contraction of 10�4 M (C). These
changes are illustrated by original registrations at 10 Hz EFS (B) and cumulative methacholine curves (D) in representative animals in respective group. * ¼ different
from Saline i.p. group; Two-way ANOVAs A: F (1,12 ¼ 2.53), p ¼ 0.14); C: F (1,12 ¼ 4.76), p ¼ 0.0498); followed by Sidak posthoc test. Grey lines in B indicated the
stimulation durations and grey arrows in D indicated the administration of methacholine from 10�8

– 10�4 M. Data are presented as mean � SEM.
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bath experiment (28.0 � 3.2 mN and 29.5 � 3.0 mN, respectively;
Table 1). Moreover, the high Kþ response per mg tissue showed no sig-
nificant difference between the groups (0.18 � 0.020 mN/mg vs. 0.15 �
0.021 mN/mg in the Saline s.c. and Desipramine s.c. groups, respectively;
Table 1).

3.2.2.1. EFS-induced responses. A non-significant trend in EFS response
was evident in the Desipramine s.c.-treated group reaching 31.9� 7.1 mN
as compared to 20.2 � 3.7 in the Saline s.c. group at 20 Hz (Figure 4B;
Table 1). This could however not be observed following normalization
against the tissue weight (Table 1).

3.2.2.2. Methacholine-induced response. The response to the muscarinic
agonist methacholine showed a significant increase in smooth muscle
contraction in the Desipramine s.c.-treated group as compared to the Sa-
line s.c. group (Figure 4E; Table 1), with contractions at 10�3 M of 28.8�
1.0 mN and 48.7 � 6.4 mN in the Saline s.c. and Desipramine s.c. groups,
respectively. This alteration was, however, only seen as a non-significant
trend following normalization to the tissue weight (Table 1).

3.2.3. Distal ileum
In the ileum tissue, the Kþ Krebs response was significantly different

between the groups (Saline s.c.: 11.8� 1.1 mN vs. Desipramine s.c.: 26.5�
2.5 mN; Table 1). Interestingly, a significant difference between the
groups was also observed in the high Kþ response per mg tissue (0.12 �
0.0093mN/mg vs. 0.19� 0.017mN/mg in the Saline s.c. andDesipramine
s.c. groups, respectively; Table 1).
6

3.2.3.1. EFS-induced respons. No change in absolute EFS-induced re-
sponses could be observed in ileum following s.c. injections of desipra-
mine (Figure 4C; Table 1). However, a non-significant trend was
observed when the response was normalized to the tissue weight
(Table 1).

3.2.3.2. Methacholine-induced response. Different to the EFS-induced
response, the methacholine-induced response showed an increased
contractility in the Desipramine s.c. group compared to Saline s.c. treat-
ment group reaching contractions of 21.3� 2.3 mN and 28.4� 2.2mN in
the Saline s.c. and Desipramine s.c. groups, respectively, at 10�5 M
(Figure 4F; Table 1). Interestingly, this could however not be observed
after normalizing the data to the tissue weight (Table 1).

4. Discussion

In the current study we have analyzed the effects of a single i.p. or s.c.
injection of the noradrenergic reuptake inhibitor desipramine hydro-
chloride on smooth muscle contractions in the gut and urinary bladder.
This drug is often injected systemically as an i.p. injection in order to
protect the noradrenergic neurons in the brain following a 6-OHDA-
induced DA lesion, which is the most commonly used animal model of
PD. The s.c. injection routine was included to evaluate whether or not the
route of administration was important for the observed effect of desi-
pramine seen after i.p. injection. Further, we investigated the effects of
the single injections four weeks post treatment, a time period ensuring
complete nigrostriatal DA lesions with established plastic changes in the



Figure 3. Distal ileum smooth muscle contractions following electrical (EFS)- and methacholine-induced stimulations in intraperitoneal (i.p.)-treated animals. No
difference in smooth muscle segment contractions were observed between the Desipramine i.p. and Saline i.p. groups following neither EFS (A: n ¼ 6 and n ¼ 3,
respectively) nor methacholine stimulations (C: n ¼ 6 and n ¼ 5, respectively). Original registrations at 10 Hz EFS (B) and cumulative methacholine curves (D) are
illustrated in representative animals in each group. Two-way ANOVAs A: F (1,7 ¼ 1.28), p ¼ 0.30); C: F (1,9 ¼ 0.184), p ¼ 0.68); followed by Sidak posthoc test. Grey
lines in B indicated the stimulation durations and grey arrows in D indicated the administration of methacholine from 10�8

– 10�4 M. Data are presented as mean
� SEM.
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brain of 6-OHDA-lesioned rats, used in previous studies to investigate
smooth muscle function in this PD rat model (Blandini et al., 2009;
Colucci et al., 2012; Mitra et al., 2015; Soler et al., 2011).

Our data clearly show that desipramine can significantly change the
local muscle contractility in the urinary bladder as well as the gastroin-
testinal tract up to at least four weeks after injection. Interestingly,
desipramine seems to alter the contractility differently depending on the
route of administration, where i.p. desipramine injections significantly
increase the contraction in the urinary bladder, while s.c. injections
decrease the same. The changes were observed both following EFS and/
or direct cholinergic agonist (methacholine) stimulation. Similar, but
inverse, patterns were observed in the proximal colon where an i.p. in-
jection decreased and s.c. injection increased the muscle contractility,
even though this was only observed after direct cholinergic stimulation.
The distal ileum smooth muscle function, in contrast, was barely affected
by the desipramine administration. It is important to stress that these
changes were not associated with a significant dysfunction in either
micturition or fecal output, at least not following i.p. injection. This could
indicate that the CNS and/or the ENS may compensate for these local
changes in smooth muscle responses seen in vitro. This further suggests
that increased smooth muscle contractility alone is not sufficient to
induce alterations in the micturition parameters or fecal output as eval-
uated in this study.

The significant increase in high Kþ response per mg tissue in the
urinary bladder following i.p. injection suggests that a direct muscle
alteration has occurred. However, the greater changes which are
observed following EFS, compared to the direct cholinergic receptor
7

stimulation, also indicate that changes in local innervation may be
important. In the colon, however, no general change in contractility
could be observed. A significant change, i.e. decrease, could only be seen
for the methacholine-induced response, but not following EFS. This in-
dicates that the direct muscarinic receptor response has been altered, but
local innervation, including serotonin, dopamine and/or noradrenaline
systems, may have compensated for these changes. Importantly, these
changes were not weight-dependent since normalization showed the
same significant alterations. On the other hand, the urinary bladder,
following s.c. injections of desipramine, showed a trend of less contrac-
tility, as seen in high Kþ response per mg tissue, which coincides with a
significantly reduced response following both EFS and methacholine
stimulations. This could indicate that both the muscle innervation as well
as cholinergic receptor expression may have been altered. These changes
were also not tissue weight-dependent as the same was observed
following normalization. Following s.c. injection of desipramine, the
colon showed a significantly increased muscarinic receptor response, and
a non-significant increase during EFS. However, in this case the tissue
weight was significantly different between the groups, which may partly
explain these changes. This is further strengthened by the fact that the
significant difference was abolished after normalization to tissue weight
and by the lack of difference in high Kþ response per mg tissue.

Desipramine has several effects on peripheral organs and the brain.
Studies have shown that desipramine, although considered to have a high
selectivity for noradrenaline, also interferes with serotonin metabolism
as well as exerts inhibitory effects on cholinergic (muscarinic), hista-
minergic and adrenergic receptors in the brain of several species



Figure 4. Smooth muscle contractions following electrical (EFS)- and methacholine-induced stimulations in subcutaneous (s.c.)-treated animals. Urinary bladder
muscle contractions were significantly lower in Desipramine s.c.-treated rats (n ¼ 9), as compared to Saline s.c.-treated rats (n ¼ 10), following both EFS (A) and
methacholine stimulations (D). Increased response could in turn be observed in the proximal colon, where a non-significant trend was evident in EFS-induced
contraction (B; Saline s.c., n ¼ 5 and Desipramine s.c, n ¼ 7) and a significant increase in the methacholine-induced response (E; Saline s.c., n ¼ 5 and Desipramine
s.c., n ¼ 9). In distal ileum, no changes in response between the groups were seen in response to EFS (C), but an overall significant increase in the response to
methacholine (F) was observed in the Desipramine s.c.-treated group (n ¼ 4) as compared to the Saline s.c.-treated group (n ¼ 9). * ¼ different from Saline i.p. group;
Two-way ANOVAs A: F (1,17) ¼ 4.36, p ¼ 0.052 for group and F (1,17) ¼ 2.65, p ¼ 0.028 for concentration-group interaction; B: F (1,10 ¼ 2.96), p ¼ 0.12 for group
and F (5,50 ¼ 2.16, p ¼ 0.073 for concentration-group interaction C: F (1,11 ¼ 0.098), p ¼ 0.76; D: F (1,17 ¼ 3.62), p ¼ 0.074 for group and F (5,85 ¼ 2.96), p ¼
0.017 for concentration-group interaction; E: F (1,12 ¼ 8.18), p ¼ 0.014, and F: F (1,11 ¼ 7.32), p ¼ 0.021; followed by Sidak posthoc test. Data are presented as mean
� SEM.
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including the rat (Esteban et al., 1999; Owens et al., 1997; Rehavi et al.,
1987). Acute effects of desipramine, through inhibition of neuronal up-
take, result in activation of brain presynaptic adrenergic α2A-as well as
5-HT1A autoreceptors that regulate the synthesis and release of neuro-
transmitters. Moreover, when chronically administrated, desipramine
can cause desensitization and/or down-regulation of certain receptors,
for instance α2-adrenoceptors (Esteban et al., 1999; Mateo et al., 2001).
More specifically desipramine has been demonstrated to have a direct
effect on the smooth muscle of human and guinea-pig urinary bladder,
urethra, intestine and coronary artery in rabbits (Marino et al., 1994;
Obara et al., 2019; Rehavi et al., 1987; Shin et al., 2018). This may partly
be related to desipramine's anticholinergic effects which are clearly
observed in patients taking desipramine as an antidepressant, where side
effects including dry mouth, urinary dysfunction and constipation are
common (Maan and Saadabadi, 2020).

It is also important to stress that the acute dose presently used during
6-OHDA lesion experiments is 25–30 mg/kg, which is approx. 2.5–10
fold higher than acute doses which cause significant effects on brain
adrenergic and serotonergic systems (Esteban et al., 1999). With a
half-life of desipramine of 12–54 h in man (Nagy and Johansson, 1975),
together with that the concentration of its active metabolite DDMI (active
in rats but not man) is stable for around 12 h before initial decrease in
rats (Kozisek et al., 2007), it is likely that the high concentration used
during 6-OHDA lesions maymimic amore sub-chronic dosing rather than
acute. With this in mind it is plausible to believe that a single dose of
desipramine, used in the 6-OHDA rat lesion model of PD, could have a
longer-lasting effect on the expression and function of muscarinic re-
ceptors in the urinary bladder and gastrointestinal tract.
8

Desipramine's contrasting effects on smooth muscle contractility
depending on the route of administration indicates that the changes may
also be related to an indirect mechanical or toxic effect in proximity to
the injection, i.e. the urinary bladder and colon. An unselective toxic
effect may be caused by the acidity of the desipramine solution, which
was measured to pH 4.95. We observed a significant immunological re-
action to the desipramine hydrochloride at the site of injection when
administered s.c.. In all animals severe itching was observed and in a
significant number of rats necrotic skin tissue around the injection site
was seen. However, a similar reaction in the peritoneum could not be
seen following i.p. injection, during postmortem ocular examination of
the inner organs. This indicates that this phenomenon cannot explain the
altered smooth muscle function in the i.p. group.

Interestingly, desipramine has been shown to cause significant
chromosomal damage in the bone marrow of mice following a single i.p.
dose at the same dose range as used in the 6-OHDA model (Madrigal--
Bujaidar et al., 2010). Moreover, desipramine has consistently been
shown to concentration-dependently cause apoptosis in different cell
lines, including colon carcinoma cells in vitro (Arimochi and Morita,
2008; Chang et al., 2008; Ho et al., 2005). Taken together, this may
contribute to the differential contractile changes following i.p. vs. s.c.
administration as the concentration of the bolus dose i.p. may lead to a
significantly higher local concentration close to the urinary bladder and
colon.

Contrarily to the colon, the ileum was not substantially affected by
desipramine. This may be explained, at least following the i.p. injection,
by local toxicity. Specifically, by that the colon is closer to the injection
site than the ileum. However, the colon, but not ileum, is also
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significantly affected by the s.c. injection. This may be explained by
differences in ENS and CNS innervation and the composition of the re-
ceptor signaling in between the two intestinal tissues. However, this is
not within the scope of the current study, but may be interesting to
further investigate in future studies.

Finally, it is important to note that in this study we only used male
adult rats, which limits the interpretation. It is unknown if the same
phenomena can also be seen in female rats. It has been shown that i.p.
injections of desipramine leads to 2–4 times higher concentrations of the
drug in female (compared to male) rat brain (Biegon and Samuel, 1979).
The concentrations are also dependent on the hormone cycle, where
lower concentrations are observed at proestrus and higher at estrus,
which may also influence desipramine's noradrenergic effect in rats
(Biegon and Samuel, 1979; Shah and Frazer, 2014).

5. Conclusion

The data in the current study conclude that desipramine, which is
frequently used in order to protect the noradrenergic neurons following
6-OHDA lesions, could lead to long-term functional changes in smooth
muscle tissue, specifically in the urinary bladder and the proximal colon
in the rat. We therefore suggest that desipramine pre-treatment should be
omitted in the 6-OHDA lesion rodent model of PD, in particular when
investigating the effect of central DA degeneration on peripheral organ
function.
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