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ARTICLE INFO ABSTRACT

Keywords: Visceral pain may be influenced by many factors. The aim of this study was to analyze the impact of sex and
Colorectal sensitivity quality of intracolonic mechanical stimulus on the behavioral manifestations of visceral pain in a preclinical
Estrogens model

IS)::SIC stimulation Male and female young adult Wistar rats were sedated, and a 5 cm long latex balloon was inserted into the

colon. Sedation was reverted and behavior was recorded. The pressure of the intracolonic balloon was gradually
increased using a sphygmomanometer. Visceral sensitivity was measured as abdominal contractions in response
to mechanical intracolonic stimulation. Two different types of stimulation were used: tonic and phasic. Phasic
stimulation consisted of repeating several times (3x) the same short stimulus (20 s) within a 5 min interval
allowing a 1 min break between individual stimuli. For tonic stimulation the stimulus was maintained
throughout the whole 5 min interval. Both phasic and tonic stimulation produced a pressure-dependent increase
of abdominal contractions. The abdominal response was more intense under phasic than under tonic stimulation,
but with differences depending on the sex of the animals: females exhibited more contractions than males and of
similar duration at all pressures, whereas duration of contractions pressure-dependently increased in males. The
duration of tonically stimulated contractions was lower and not sex- or pressure-dependent. In the rat, responses
to colonic distension depend on the quality of the stimulus, which also produces sex-dependent differences that
must be taken into account in the development of models of pathology and visceral pain treatments.

Tonic stimulation
Visceral pain

1. Introduction

Pain is a protective mechanism allowing perception of damage.
Visceral pain is defined as pain that arises from internal organs. In
hollow organs, it may occur due to excessive contraction, stretching or
ischemia [1]. Visceral pain is also the defining characteristic of various
gastrointestinal (GI) disorders, including irritable bowel syndrome (IBS)
where, in the absence of specific markers, is a factor that allows diag-
nosis [2].

To assess visceral pain, one of the most widely used methods is
colorectal distention (CRD). In these studies, an inflatable balloon is
inserted into the distal colon to mechanically stimulate it. This meth-
odology has been applied in animal models [3-6] and also in some
studies of rectal sensitivity in volunteer patients [7-9]. In animals, pain

responses can be evaluated by different methods like abdominal with-
drawal reflex or by electromyography [2]. A more simple and effective
analysis method consists of visual recording of abdominal contractions
[3-6,10].

Some visceral pain studies use phasic stimulation, which consists of
repeating the same short stimulus several times within a certain period
of time, with a few seconds of rest between individual stimuli [7,11-13].
Other studies use tonic stimulation, in which the same stimulus is
maintained throughout a defined period of time [3,4,8,10,14]. Although
the type of stimulus chosen may lead to important differences, the re-
ports comparing results obtained with both methods are scarce [15,16].

In addition, there is growing interest in investigating differences
between genders and how sexual hormones influence visceral pain and
related pathologies [3,4,11,13]. The sensitivity thresholds seem lower in
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women when close to menstruation [17]. In animal studies, somatic and
visceral sensitivity also varies with the phase of the estrous cycle. In rats,
these phases are proestrus, estrus, metestrus, and diestrus (Table S1,
Supplementary Material). Proestrus corresponds to the follicular state in
humans and is related to an increase in the concentration of circulating
estradiol. Estrus corresponds to the decline in estradiol. Ovulation oc-
curs at the end of this phase. Metestrus and diestrus display high levels of
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progesterone and correlate, respectively, with the early and late secre-
tory phases of the human female cycle [18]. High levels of estradiol in
proestrus and estrus are associated with high visceral sensitivity [3,4].

Due to the lack of studies combining both factors, our aim was to
analyze, in a preclinical model, the impact of sex and quality of intra-
colonic mechanical stimulation on the behavioral manifestations of
visceral pain.

PHASIC STIMULATION
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Fig. 1. Colonic sensitivity to tonic or phasic mechanical stimulation in male and female rats. After 5 min of habituation (H), rats were subjected to tonic or phasic
mechanical intracolonic stimulation (see Methods for details). For tonic stimulation, pressure was increased from 0 to 75 mmHg, in steps of 15 mmHg every 5 min, to
finally return to 0 mmHg again; for each pressure value, a single stimulus was applied and maintained for 5 min (orange rectangles). For phasic stimulation, pressure
was increased from 0 to 80 mmHg, in steps of 20 mmHg every 5 min, to finally return to 0 mmHg again; for each pressure value, 3 stimuli of 20 s (orange vertical
lines) were applied, 1 min apart. For tonic (A, B, C) or phasic stimulation (A; B, C) number of contractions per minute (A, A), duration of contractions (B, B) and % of
time in contraction (C, C) were measured. Experimental groups were males (tonic stimulation n = 7, phasic stimulation n = 8) and females (tonic stimulation n = 8,
phasic stimulation n = 5). Data represent the mean + SEM. * p < 0.05, ** p < 0.01 vs male (two-way ANOVA followed by Bonferroni post-hoc test).
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2. Materials and methods

The experiments were designed and performed according to the EU
Directive for the Protection of Animals Used for Scientific Purpose
(2010/63/EU) and Spanish regulations (Law 32/2007, RD 53/2013 and
order ECC/566/2015) and approved by the Ethical Committee at Uni-
versidad Rey Juan Carlos (URJC) and Comunidad Auténoma de Madrid
(PROEX 063/18, PROEX 023/19). The number of animals used, and
their suffering were minimized.

Male (N = 7-8/group) and female (N = 5-8/group) young adult (2-4
months old) Wistar rats were obtained from the Veterinary Unit of URJC
and randomly housed (2-4/cage) in standard transparent cages (60 x 40
x 20 cm) in a temperature (20 °C) and humidity (60 %) controlled room,
with a 12 h light/12 h dark cycle (lights off between 20:00 and 08.00 h).
Animals had free access to standard laboratory rat chow (Harlan Labo-
ratories Inc.) and tap water.

Body weight was recorded, and the female estrous cycle phase was
analyzed by vaginal cytology [3,4], using conventional methods
(Table S1, Supplementary material). Afterwards, rats were prepared for
colorectal sensitivity experiments as previously described [6]. Briefly,
after sedation with Sedator® (medetomidine hydrochloride, 1 mg/kg,
ip), a 10 cm longitudinal line was drawn over the linea alba of the
abdomen. Transverse lines were drawn every 2 cm to better visualize the
contractions during the recordings. Then, fecal material was gently
removed from the rectum and a 5 cm long latex balloon lubricated with
vaseline was inserted through the anus into the colon so that the tip of
the balloon was 7 cm inside the colorectum. The catheter to which the
balloon was connected was fixed to the tail of the rat with Parafilm®, to
avoid its expulsion.

Sedation was reverted with Revertor® (atipamezole hydrochloride,
0.66 mg/kg, ip). After waking up (normally in <5 min), the rat behavior
was recorded using a video camera (iPad; Apple, Madrid, Spain) located
30 cm below the recording cage floor. The first 5 min were only used to
confirm the normal behavior of the rat after recovery from sedation and
were discarded; thereafter, the pressure of the intracolonic balloon was
gradually increased using a sphygmomanometer. Two different pro-
tocols of stimulation were applied (Fig. 1): tonic stimulation, pressure
was increased from 0 to 75 mmHg, in steps of 15 mmHg every 5 min, and
finally returned to 0 mmHg again (for each pressure value, a single
stimulus was applied and maintained for 5 min); phasic stimulation,
pressure was increased from 0 to 80 mmHg, in steps of 20 mmHg every 5
min, and finally returned to 0 mmHg again (for each pressure value, 3
stimuli of 20 s were applied, 1 min apart).

The videos were exported as a series of frames (1 s-1), using Quick
Time Player Pro for Windows (v.7.7.4; Apple Inc.). Visceral sensitivity
was measured as abdominal contractions in response to mechanical
intracolonic stimulation. An abdominal contraction was considered as a
depression of the abdomen where transverse lines approached one
another. Thus, each frame was analyzed to determine if the rat abdomen
was contracted or relaxed. This information was used to determine, for
each condition (stimulus quality/sex), the average number and duration
of contractions, as well as the average percentage of time spent by the rat
contracting the abdomen during each 5 min or 20 s period, depending on
the kind of stimulation applied (tonic or phasic, respectively). The
average number of contractions is represented per time unit (min).

Statistical analyses were performed using Prism 8.0 (GraphPad
Software Inc., La Jolla, CA, USA). Results are expressed as mean + SEM.
One or two-way ANOVA followed by Bonferroni’s post-hoc test was used
for analyses of colonic sensitivity. Student’s t-test was used to compare
body weight means between males and females. Fisher’s exact test was
used to compare proportions of females in each phase of the cycle.
Differences were considered significant when p < 0.05.

3. Results

As expected for young adult age, the body weight of female rats was
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significantly lower than that of male animals (p < 0.001). No difference
was found between weights of males used for tonic (389 + 12 g) and
phasic (389 + 9 g) stimulation experiments. However, females used in
phasic stimulation experiments displayed a significantly lower body
weight (206 + 4 g) than those used in tonic stimulation assays (258 + 4
g) (p < 0.0001).

Female rats were only found in proestrus and estrus phases, and in
similar proportions (proestrus: 50 %, tonic vs 40 %, phasic; estrus: 50 %,
tonic vs 60 %, phasic; p > 0.05).

Before pressure application, males used in the tonic stimulation
experiment presented 0.6 + 0.28 contractions/min. Then, the number of
contractions progressively increased in response to increasing intra-
colonic pressure, indicating sensitiveness to colonic mechanical stimu-
lation (Fig. 1A). At the highest pressure applied (75 mmHg), 8.48 +£1.16
contractions/min were detected. During stimulation (15—75 mmHg),
the average duration of contractions remained within a narrow range of
values (between 1 and 1.5 s), except at the end of the experiment when
pressure application ceased. At that point, the mean number of con-
tractions dropped dramatically (0.02 + 0.03), and their mean duration
was practically zero (Fig. 1B). The percentage of time that animals
remained in contraction (Fig. 1C) showed a progressive pressure-
dependent increase and reached maximum values of 20 + 2.6 % at the
highest pressure (75 mmHg). The pressure-dependency statistical anal-
ysis of the different parameters is shown in Table S2 (Supplementary
material).

Females under tonic stimulation showed a similar behavior to males
and the graphs obtained for both sexes closely overlapped for the three
parameters considered, without statistically significant differences
(Fig. 1A-C; Table S2, Table S3, Supplementary material).

Under phasic stimulation, the number of contractions/min obtained
in males (Fig. 1A) also progressively increased with pressure (Table S2),
reaching maximum values of 8.5 + 1.8 at the highest pressure (80
mmHg). No contractions were detected when pressure returned to zero.
At 60 mmHg (used in both protocols), contractions/min for tonic (7.5 +
0.8) and phasic (6 + 1.8) stimulation were not significantly different (p
> 0.05) (Figure S1A, Supplementary Material).

Interestingly, the mean contraction duration obtained with phasic
stimulation in males pressure-dependently increased (Table S2) with a
maximum of 6.9 + 1.6 s at 80 mmHg (Fig. 1B). Moreover, at 60 mmHg,
contraction durations under phasic (3.8 + 0.7 s) and tonic (1.4 4 0.04 s)
stimulation showed statistically significant differences (p < 0.01)
(Figure S1B).

The percentage of time that the abdomen remained contracted in
males during phasic stimulation was higher than in tonic stimulation,
with statistically significant differences at 60 mmHg (49.5 + 10.1 %,
phasic vs 18.4 & 1.8 %, tonic, p < 0.05; Figs. 1C,1C; S1C, Table S3).

Under phasic stimulation, females showed a greater number of
contractions/min than males at all pressures, with statistically signifi-
cant differences at 20, 40, and 60 mmHg (Fig. 1A). The mean duration of
contractions in females showed little variation upon stimulation
(Table S2), with values between 1.8 and 3.5 s (Fig. 1B). Up to 40 mmHg,
females presented longer contractions than males, without reaching
statistically significant values (Table S3), but with higher pressures (60
and 80 mmHg), males gradually increased contraction duration with
values significantly higher than those of females at 80 mmHg. In gen-
eral, the percentage of time in contraction tended to be higher also in
females than males at all pressures, except for 80 mmHg, where graphs
overlapped (Fig. 1C). Indeed, the two-way ANOVA demonstrated sta-
tistically significant differences between the curves (Table S3: F (1.67) =
15.27; p < 0.001). In females, all parameters showed higher values
under phasic than under tonic stimulation at 60 mmHg (Figure S1).

4. Discussion

In this study, performed in rats, phasic intracolonic mechanical
stimulation elicited more (females) or longer lasting (males) behavioral
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responses than tonic (sustained) stimuli, which did not induce signifi-
cant sex-dependent differences.

As in our previous reports [5,6], in males under tonic stimulation, the
number of contractions and % of time in contraction increased in a
pressure-dependent manner, while contraction duration did not.
Whereas other authors obtained qualitatively similar results [3,4,10,
12], quantitative differences could be due to the different rat strains
used [19], different tonic stimulation protocols (some authors stimulate
for longer periods but allow resting periods between stimuli [3,4,12,14])
or different recording and evaluation methods [19].

To our surprise, when tonic stimulation was applied to females
(which were all found in proestrus/estrus phases), no differences with
males were observed. In previous studies, females were more sensitive
than males [3,4,12]. Furthermore, rodent females in the pro-
estrus/estrus phase were more sensitive to painful stimuli than those in
metestrus/diestrus [4]. The effect of sex hormones may explain
sex-dependent differences in visceral pain because in ovariectomized
rats (OVX), the number of contractions was similar for females and
males under tonic stimulation [14]. Moreover, visceral hypersensitivity
produced by early life adversity in female rats was completely reversed
by OVX and restored with estradiol replacement [12]. However, the
mentioned studies were carried out using stress paradigms or IBS
models, where hypersensitivity development is favored. Differences in
the duration of mechanical stimulus or application of rest periods be-
tween stimuli may also contribute to explain discrepancies between
reports. In contrast with those previous preclinical findings, our results
are more in agreement with rectal sensitivity studies, in which tonic
stimulation did not reveal differences between sexes in the pain
threshold in healthy patients [9], nor in discomfort pressures in patients
with IBS [8].

Even though not exactly the same pressures were used for tonic and
phasic stimulation, the biggest difference between both sets of experi-
ments was the quality of each pressure stimulation. For direct compar-
isons, 60 mmHg, applied in both protocols, was used. Compared with
tonic stimulation, application of the phasic protocol produced a higher
% of time in contraction in both females and males, with a non-
significant trend of females presenting higher values than males in this
parameter (Fig. 1C’). The increased % of time in contraction found in
males was probably due to a pressure-dependent increase in the mean
contraction duration, whereas in females it was higher because of an
increased number of contractions/min (in females, duration was higher
than in tonic stimulation protocol, but not pressure-dependent). Since
females in phasic experiments were smaller compared with those used in
tonic experiments, the more intense responses found in these smaller
animals could be due to mechanical issues associated with a smaller
diameter of the anus and colorectum. However, in a non-invasive
radiographic study performed for gastrointestinal motility evaluation
(see [5] for detailed description of this technique) just one week before
the present experiments, the diameters of the fecal pellets found in the
last 5 cm of the female distal colon (the very same region occupied by
the balloon during visceral pain experiments) were not significantly
different (5.39 + 0.08 mm, tonic vs 5.82 + 0.41 mm, phasic; p > 0.05),
suggesting that the procedure of insertion and inflation of the balloon at
similar pressure values did not necessarily cause more stimulation in
females used for the phasic protocol.

In agreement with previous reports in both rats [15,16] and patients
[8], phasic stimulation seems to be more powerful than tonic stimula-
tion in triggering abdominal contractions and producing sex-dependent
differences, possibly due to different abdominal muscle fiber composi-
tion [20,21]. Thus, in abdomini rectum, type II, fast fibers predominate
over type I, slow fibers in both males and females, which could explain
the more intense responses in phasic vs tonic stimulation. In addition,
compared with females, males have a higher proportion of IIA fibers
(which perform rapid and repetitive movements of little intensity) and
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fewer IIB fibers (which are used in fast and intense movements), which
could explain the more intense reaction of the females during the ex-
periments with phasic stimulation. An increased recruitment of type IIA
fibers might explain the pressure-dependent contraction duration found
in males.

Our differences in the response to tonic and phasic stimulation could
also be, at least partly, related with sex hormones levels. In our exper-
iments, females were in proestrus/estrus, associated with the highest
levels of estrogens [3]. Estrogens can have pronociceptive but also
antinociceptive effects, preventing pain via vagal activation. In OVX rats
treated with estrogen supplements, systemic injection increased the
response to pain, while luminal application reduced it by vagal activa-
tion upon release of serotonin by mast cells [22]. Alternatively, tonic
stimulation may activate the endogenous opioid system, which produces
analgesic effects and is also influenced by estrogen levels [23]. There are
estrogen receptors in the central and peripheral nervous system and
production of estrogens can be both peripheral (in ovaries) and central
(in the central nervous system). At the spinal level, there are MOR and
KOR opioid receptors and estrogens act as molecular transducers of
spinal antinociception in females. Abundance of MOR and KOR re-
ceptors has been found in females during proestrus, but not during
diestrus, or in males, showing an influence of estrogens on their
expression [23].

In conclusion, both stimulation type and sex strongly influence
visceral pain behavior in rats, possibly associated with abdominal
musculature composition features. The prolonged colonic mechanical
stimulation during the tonic protocol could activate different pathways
to those triggered during phasic stimulation, and this different activity
could be further modulated by estrogen activity. These differences
should be taken into account when designing visceral pain experiments.
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