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Abstract

The present study presents a non-surgical approach to assess colonic mechanical sensitiv-

ity in mice using colonometry, a technique in which colonic stretch-reflex contractions are

measured by recording intracolonic pressures during saline infusion into the distal colon in a

constant rate. Colonometrical recording has been used to assess colonic function in healthy

individuals and patients with neurological disorders. Here we found that colonometry can

also be implemented in mice, with an optimal saline infusion rate of 1.2 mL/h. Colonometro-

grams showed intermittent pressure rises that was caused by periodical colonic contrac-

tions. In the sceneries of colonic hypersensitivity that was generated post 2,4,6-

trinitrobenzene sulfonic acid (TNBS)-induced colonic inflammation, following chemogenetic

activation of primary afferent neurons, or immediately after noxious stimulation of the colon

by colorectal distension (CRD), the amplitude of intracolonic pressure (AICP) was markedly

elevated which was accompanied by a faster pressure rising (ΔP/Δt). Colonic hypersensitiv-

ity-associated AICP elevation was a result of the enhanced strength of colonic stretch-reflex

contraction which reflected the heightened activity of the colonic sensory reflex pathways.

The increased value of ΔP/Δt in colonic hypersensitivity indicated a lower threshold of

colonic mechanical sensation by which colonic stretch-reflex contraction was elicited by a

smaller saline infusion volume during a shorter period of infusion time. Chemogenetic inhibi-

tion of primary afferent pathway that was governed by Nav1.8-expressing cells attenuated

TNBS-induced up-regulations of AICP, ΔP/Δt, and colonic pain behavior in response to

CRD. These findings support that colonometrograms can be used for analysis of colonic

pain in mice.

Introduction

Colonometry in human was first described by Joltrain and colleagues a century ago [1]. In

colonometry, the intracolonic pressure (ICP) is recorded by an external manometer or a pres-

sure transducer that is connected to a rectal infusion tube and an infusion system via a three-

way connector. A solution (e.g., saline) is infused into the colon continuously and in a constant

rate, which results in “stretch-reflex” peristaltic contraction of the colon for periodic attempts
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to evacuate thereby causing intermittent rises of ICP [2]. Since the 1940s, colonometry has

become a routine method in the study of neurologic disturbances in defecation [1, 3]. White

et al., performed colonometry in patients with various types of neurological lesions and dem-

onstrated that the colonometry gave a picture of the motor activity and sensation of the colon

as a whole and reflected the activity of the spinal reflex pathway of the colon [1]. In this clinical

study, patients were instructed to report any aberrant sensation such as gas, urge to defecate,

or cramp-like pain. The sensation of filling in the colon of normal patients was correlated to

lower ICP (20–30 cm of water) and the abdominal pain was reported when higher ICP was

recorded (>50 cm of water) [1]. In a group of patients with clinically defined multiple sclerosis

(MS), urinary urgency and frequency were their most distressing problems that required

hourly urination [3]. Colonometry assessment of these MS patients showed rapid rises of ICP

during colonic infusion, resulting in a faster changes in ICP over a certain infusion volume

(ΔP/ΔV) [3]. These clinical colonometrical studies suggest that (1) colonic mechanical sensitiv-

ity, transduced to stretch-reflex contraction, is reflected by the amplitude of ICP (AICP) and (2)

it requires smaller infusion volume, or takes lesser time since the infusion rate is constant (Δt),

to increase intracolonic pressures in patients with colonic hypersensitivity such as in MS. In

colonometry, colonic reflex contraction produces longer duration of pressure rises while the

movement of the diaphragm and abdominal muscle contraction attributed by respiratory

excursions causes shorter duration of pressure spikes [2, 3].

A decade ago, Larauche et al., performed manometric recordings of rat colon in which ICP

was recorded by a pressure sensor implemented inside the colon [4]. The manometric traces

of ICP in rats showed that colonic contraction produced longer duration (9.7 s) of pressure

rises while abdominal muscle contraction signals resulted in shorter duration (<2 s) of ICP

spikes [4]. These ICP patterns corresponded closely to those measured by colonometry in

human [2, 3]. Traditionally, colonic mechanical pain sensation is assessed by referred abdomi-

nal muscle contraction through electromyography (EMG) measurement in response to iso-

baric colorectal distension (CRD) [5, 6]. While EMG in mice is technically challenging due to

the small body size, local inflammation caused by implantation of chronic EMG electrodes,

and the susceptibility of transgenic mice to highly invasive surgical procedures [7, 8]. Measure-

ment of ICP as a result of colon stretch-reflex contraction has advantages of being non-inva-

sive. Subsequent studies by Larauche et al., compared ICP with EMG recordings in mice in

assessment of visceral pain [8], however this manometric assessment of colonic mechanical

sensitivity by a pressure sensor inside the mouse colon has not been adapted by others. The

cost of the miniaturized pressure catheter and the accessibility to the custom-made software

scripts used by Larauche et al. could be possible disadvantages.

The beauty of colonometry is its simplicity in measurement of ICP. Guided by clinical stud-

ies using colonometry to measure ICP to assess colonic stretch-reflex contractions and the

activity of the colonic spinal reflex pathway [1–3], we hypothesize that colonometry is also

applicable to experimental mice to measure ICP. In analysis of colonometrograms in con-

scious mice, we adapted the approaches used in human [1–3] to assess the AICP and the rapid-

ness of the pressure rising (ΔP/Δt) as measurement of colonic stretch-reflex contractions to

indicate colonic mechanical sensitivity. We examined mouse models with chronic colonic

hypersensitivity post 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colonic inflamma-

tion [9–12] or acute colonic pain following noxious CRD [13, 14]. We also used transgenic

mice due to their popularity in mechanistic studies of colonic sensory disorders. The tetrodo-

toxin-resistant sodium channel Nav1.8 is expressed by colonic afferent neurons in rats and

mice and mediates colonic sensation [15, 16] by unmyelinated small-diameter nociceptors and

myelinated low-threshold mechanoreceptors (LTMRs) [17]. We used chemogenetic

approaches to specifically enhance or reduce the activity of Nav1.8 (haplosufficient)-expressing
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cells to produce a broad elevation or suppression of the pain sensing pathway including

colonic pain. By assessing colonometrograms in these unique mouse models with colonic

hypersensitivity, we conclude that colonometry has advantages of being simple, non-invasive,

repeatable and objective in determining colonic stretch-reflex contractions as physiological

outcomes of colonic mechanical sensitivity in free-moving mice.

Materials and methods

Experimental animals

Wildtype and genetically modified C57BL/6 adult male mice (2-3-month old, in-house bred)

were used. Animals were housed 2–5 per cage to ensure adequate social environment and

numbered by ear clips. Standard husbandry conditions with 12:12-h light cycles and free

access to regular food/water were provided. The RC::L-hM3Dq mice (Jax Stock No. 026943)

and Nav1.8-Cre mice (a gift of Dr. Sulayman Dib-Hajj, Yale School of Medicine and Dr. John

Wood, Wolfson Inst. UK [18]) were crossed to generate Nav1.8;hM3Dq mice for Designer

Receptors Exclusively Activated by Designer Drugs (DREADD)-based chemogenetic activa-

tion of Nav1.8-expressing cells. The R26-LSL-Gi-DREADD (hM4Di: Jax Stock No. 026219)

and Nav1.8-Cre mice were crossed to generate Nav1.8;hM4Di mice for DREADD-based che-

mogenetic inhibition of Nav1.8-expressing cells. DREADD mice were also mated with wild-

type mice to produce non-recombination of DREADD (Wt;hM3Dq or Wt;hM4Di) to serve as

genetic background control. The sequences of primers for genotyping Nav1.8-Cre (13Salt and

Cre 5a) and wildtype (13Salt and 12A) alleles were: 13Salt: GGAATGGGATGGAGCTTCTTAC;

12A: TTACCCGGTGTGTGCTGTAGAAAG; CRE 5a: CAAATGTTGCTGGATAGTT TTTACT
GCC. The sequences of primers for genotyping hM3Dq and hM4Di were from the Jackson

Laboratory. Experimental protocols involving animal use were approved by the university

Institutional Animal Care and Use Committee (IACUC). Animal care was in accordance with

the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)

guidelines. All efforts were made to minimize the potential for animal pain, stress or distress as

well as to reduce the number of animals used.

Induction of colonic inflammation

Under anesthesia (2.5% isoflurane), a single dose of 2,4,6-trinitrobenzene sulfonic acid (TNBS:

75 μL of 12.5 μg/μL TNBS in 30% EtOH) was administered into the mouse colon via a polyeth-

ylene (PE)-50 catheter through the anus. The proximal tip of the catheter was 2.5 cm inside

from the anus. The mouse tail was lifted for 1 min after TNBS installation to avoid drug leak-

age from the anus. The same amount of 30% EtOH as vehicle was used in control animals.

TNBS-treated mice developed peak colonic inflammation on day 3–4 and persistent visceral

hypersensitivity after inflammation resolution (> 7 days) [9, 12, 19].

Colonometry

The apparatus and procedure of colonometry in conscious mice were adapted from those used

in human[1–3], and illustrated in Fig 1A. Specifically, a PE-50 tube was inserted inside the

mouse colon via anus under light anesthesia (1.5% isoflurane). The proximal tip of the intraco-

lonic tube was located inside the colon 2.5 cm away from the anus. The intracolonic tube was

secured onto the mouse tail. The animal was then placed into a round chamber (approximately

20 cm in diameter) with a gridded bottom to provide dry areas during saline infusion. The dis-

tal end of the intracolonic tube was connected to a pressure transducer that was further con-

nected to a syringe on a programmable syringe pump. The pressure transducer was coupled to
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a bridge amplifier and a computer recording system (AD Instrument, Milford, MA). After the

animal was completely awake from anesthesia and was adapted to the environment for at least

30 min, the colon was infused with saline by the syringe pump continuously and in a constant

rate (customized as 1.2 mL/h in the present study). The intracolonic pressure traces were

acquired and analyzed by LabChart Pro 8 (AD Instrument, Milford, MA). In the initial 5–10

min of saline infusion, robust feces excretion was observed. Data collected from this initial

period was not used for analysis. Animals underwent overnight fasting did not make a

Fig 1. Setup of colonometry in free-moving mice and analysis of colonometrogram. (A): Schematic diagram of the

apparatus of colonometry includes (1) a pressure recording system, (2) a pressure transducer, (3) an intracolonic

catheter, (4) a syringe, (5) a programable syringe pump, and (6) mouse in a recording chamber. (B): A representative

colonometrogram shows a tracing of intracolonic pressures that include pressure rises as results of colonic stretch-

reflex contractions (indicated by arrows) and pressure spikes as results of respiratory excursions (indicated by vee

arrows), noting a second wave due to incomplete excretion (indicated by asterisk). (C): Analysis of the amplitude of

intracolonic pressures (AICP) and the rapidness of pressure rising (ΔP/Δt).

https://doi.org/10.1371/journal.pone.0245410.g001
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difference in bowel pre-emptying. Animals were recorded for about 1 h. After colonometry,

the intracolonic tube was removed. Animal was returned to its home cage. Animals that were

finished with all recordings were sacrificed by overdose of isoflurane.

Colonometrogram

A representative colonometrogram (Fig 1B) illustrated intermittent pressure rises as results of

periodical colonic contractions to attempt to evacuate the saline infused during colonometry.

Colonic stretch-reflex contractions-induced intracolonic pressure rises had relatively longer

(> 50 s) durations (Fig 1B, indicated by arrows). The pressure spikes with shorter (5-20s)

durations (Fig 1B, indicated by vee arrows), deduced from human studies [2], were artifacts

caused by respiratory excursions. The pressure rises immediately following colonic contrac-

tion (Fig 1B, marked by asterisk) occasionally occurred which might be related to incomplete

emptying from the previous colonic contraction. Inferred from human studies with colonome-

try [1–3] and studies in rodents with manometry of the colon [4, 8], we focused on analyzing

the pressure rises caused by colonic reflex contractions (Fig 1B, indicated by arrows). The

parameters of colonic stretch-reflex contractions that we analyzed, according to the studies in

humans [1–3], include (1) determining the amplitude of colonic contraction-induced intraco-

lonic pressure rise (AICP) by subtracting the baseline pressure from the peak pressure (Fig 1C,

indicated by blue lines), (2) measuring the distance (time lapse) between adjacent AICP as

inter-contraction intervals (ICI) to reflect, inversely, the frequency of colonic reflex contrac-

tions, and (3) calculating the rapidness of pressure rising using linear regression and calcula-

tion of the slope of the pressure rising curve (Fig 1C, indicated by a red line) and presented as

the ratio of changes in intracolonic pressure (ΔP) over changes in infusion volume (ΔV) or

infusion time (Δt) since the infusion rate was constant:

DP=Dt ¼ ðP1� P2Þ=ðt1� t2Þ

here P represented intracolonic pressure and t represented the time point at which the corre-

sponding intracolonic pressure was recorded (Fig 1C). The area under curve (AUC) was not

considered as a readout due to that AUC was positively correlated to the amplitude of the

intracolonic pressures and negatively correlated to the rapidness of pressure rising (sharpness

of the curve) therefore the physiological meaning of AUC cannot be linked to the strength of

stretch-reflex contraction of the colon.

Immunohistochemistry

Under anesthesia (3% isoflurane), mice underwent transcardial perfusion by Krebs buffer fol-

lowed by 4% paraformaldehyde. The thoracolumbar dorsal root ganglia (DRG) were dehy-

drated in 25% sucrose and sectioned at a thickness of 8 μm. The sections were incubated with

primary antibodies overnight at room temperature followed by fluorescence-conjugated spe-

cies-specific secondary antibodies. For rabbit anti-p-CREB (cAMP response element-binding

protein) primary antibody (1:2000, Cell Signaling), aminomethylcoumarin (AMCA)-conju-

gated donkey anti-rabbit secondary antibody (1:100, Jack ImmunoResearch, West Grove, PA)

was used. For rabbit anti-p-Akt primary antibody (1:1000, Cell Signaling), Alexa 488-conju-

gated donkey anti-rabbit secondary antibody (1:500, ThermoFisher Scientific) was used. The

stained slides were coverslipped with Citifluor mounting medium and visualized on a ZEISS

fluorescent microscope with a multiband filter set. Control sections incubated in the absence

of primary or secondary antibody were also processed and evaluated for specificity or back-

ground staining levels. The specificity of p-CREB and p-Akt antibodies were also validated by

western blot in our previous studies that demonstrated a single immunoreactive band at the
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correct molecular weight [20, 21]. Positively stained cells with visible nucleus were counted.

DRG neurons that contained nuclear stain of p-CREB or cytoplasmic stain of p-Akt were ana-

lyzed. The number of p-CREB immunoreactive cells was normalized by p-CREB expression in

Nav1.8/mCherry-expressing cells. The number of p-Akt immunoreactive cells was normalized

by the area of DRG that contained cell bodies (excluding the area of fibers).

CRD

Under light anesthesia, a mini-balloon coupled to a PE-50 catheter was inserted transanally

into the colorectum with the center of the balloon located at a position of approximately 2.5

cm away from the anus. The catheter was secured to the mouse tail. The distal end of the cathe-

ter was attached to an empty syringe and a sphygmomanometer pressure gauge via a three-

way connector to inflate the mini-balloon and record the intra-balloon pressure. The animal

was placed into a clear Plexiglas animal enclosure (IITC) for recovery.

Induction of colonic pain by noxious CRD. Immediately after the animal was awake, the

intracolonic mini-balloon was rapidly inflated to 80 mmHg and remained for 10 seconds. The

mini-balloon was then quickly deflated to 0 mmHg and remained for 5 seconds. This infla-

tion/deflation pattern was repeated 3 times. Sham mini-balloon insertion (0 mmHg intra-bal-

loon pressure) served as control. The paradigm of using noxious CRD to produce acute

colonic mechanical pain was adapted from previous publications [13, 14] and customized for

the present study. One hour after CRD was performed, animals were subject to colonometrical

recordings.

Colonic pain threshold responses to CRD. The balloon-catheterized animal was allowed

for recovery and exploration of the new environment in the animal enclosure for at least 30

min. The movements/behaviors of the animal were closely observed during a gradual incre-

ment of the CRD pressure. The threshold pressure was recorded when the animal demon-

strated a sudden immobilization and/or widening of the hind legs, followed by attempts to

lick/bite the lower abdomen/anus area (manually interfered the biting to protect the catheter).

The tests were performed in a blind manner by which one person was assigned specifically to

read the behavior of the animals and gave the signal to the person who read and recorded the

pressure gauge. Each animal was tested for 3 times with at least 10-min intervals until the ani-

mal restored normal behavior to freely explore the chamber. The values from the 3 trials for

each animal were averaged.

Drug treatment

Suggested by the Jackson Laboratory, the hM3Dq DREADD induces the canonical Gq path-

way to depolarize and activate neurons specifically following administration of clozapine-n-

oxide (CNO), and the hM4Di DREADD induces the canonical Gi pathway to effectively

silence the activity of neurons specifically following administration of CNO. Since 2016, con-

cerns have been raised on the use of relatively high dose of CNO to specifically regulate

DREADD. The major concern is its off-target activity by its back-metabolism into clozapine

which could occur several hours after CNO injection. Additional studies suggest that intraperi-

toneal (i.p.) administration of CNO (up to 10 mg/kg body weight) did not cause off-target

effects up to 150 min post CNO injection [22]. Thus far, CNO is still the most commonly used

chemogenetic actuator in DREADD implementation in vivo. To minimize the off-target

effects, we tested the dosage of CNO (Tocris Bioscience) starting from a low dose (1 mg/kg) up

and found that 3 mg/kg was adequate in the present study. We also validated the off-target

effects of CNO using Wt;DREADD mice and Nav1.8-Cre mice that did not have recombina-

tion of DREADD expression. Application of CNO in both DREADDq and DREADDi animals
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provided further validations. The same amount of DMSO was used as vehicle control for

CNO.

Statistical analysis

At least 3 animals were used for each specific experimental group (see Figure legends for the

specific numbers of animals used for each experiment). The raw data from each animal were

averaged as one sample (n). GraphPad Prism5 was used for data analysis. The processed data

were presented as mean ± SEM. When comparison was made between two groups, Student t
test was used. For comparison among 3 or more groups, One-way ANOVA with Newman-

Keuls Multiple Comparison Test was used. p� 0.05 was considered significant.

Results

Effects of infusion rates on colonometrogram

We tested a variety of saline infusion rates for colonometry in wildtype mice. We also observed

animal behavioral changes during saline infusion. The infusion rate above 4 mL/h produced

pain-like behaviors (hatch-backed, immobilization). At the infusion rate of 2 mL/h, mice

exhibited awareness of saline infusion and frequently licked/bit the anus area (a close attention

was paid to distract the animals away from biting the tube). At 1.2 mL/h and 0.4 mL/h saline

infusion rates, animals did not show any behavioral abnormality. However, at 0.4 mL/h saline

infusion rate, the colonic stretch-reflex contractions generated small AICP (Fig 2A) which was

difficult to be extracted from the baseline and from the artifacts caused by respiratory excur-

sions. At 1.2 mL/h saline infusion rate, the AICP could be clearly extracted out (Fig 2B) thus

this saline infusion rate should be optimal for mice. During colonometrical recording, we

Fig 2. Effects of saline infusion rates on colonometrogram. Colonometrical recordings of wildtype mice under infusion rate of

(A): 0.4, (B): 1.2 or (C): 2.0 mL/h. (D): Comparison of AICP under different infusion rates and the higher rate achieved a larger

value of AICP. (E-H): Analysis of the values of ΔP/Δt under the infusion rate of (E): 0.4, (F): 1.2 or (G): 2.0 mL/h and the higher

rate achieved a larger value of ΔP/Δt (H). n = 4 animals per condition. ���, p<0.001; ��, p<0.01. One-way ANOVA with

Newman-Keuls Multiple Comparison Test.

https://doi.org/10.1371/journal.pone.0245410.g002
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switched the infusion rates from low to high, and then backwards when testing the optimal

infusion rate. We recorded at least four pressure cycles for a designated infusion rate before

switching to a different infusion rate. The sequence of application of different infusion rates

did not affect animal behaviors as well as the parameters of the colonometrograms such as the

values of AICP and ΔP/Δt for a specific infusion rate. We calculated the values of AICP (Fig 2A–

2C, summarized in Fig 2D) and ΔP/Δt (Fig 2E–2G: E was the first contraction from A; F was

the first contraction from B; G was the first contraction from C. Dotted lines in E-G were

regression lines of pressure rises) up to 2 mL/h and found that the higher infusion rate that

caused bigger mechanical forces to the colon produced larger values of AICP (Fig 2D) and ΔP/

Δt (Fig 2H). The values of ICI were not significantly affected when the saline infusion rate was

changed (for 0.4 mL/h, ICI = 205.3±23.9s; for 1.2 mL/h, ICI = 222.7±47.1s; for 2.0 mL/h,

ICI = 231.3±18.6s; n = 4, p = 0.85). In the following sections, 1.2 mL/h infusion rate was used.

Colonometrogram in TNBS-induced colonic hypersensitivity

Intracolonic installation of TNBS induces colonic inflammation and postinflammatory colonic

hypersensitivity [9–12]. To examine whether colonic stretch-reflex contractions were changed

in TNBS-induced colonic hypersensitivity post colonic inflammation, we performed colono-

metry on day 21 post vehicle (Fig 3A) or TNBS treatment (Fig 3B). We found that TNBS treat-

ment increased both the values of AICP (Fig 3C) and ΔP/Δt (Fig 3D). We also compared the

ICI between vehicle control and TNBS-treated mice and found no significant difference (vehi-

cle: 173.3±49.96s; TNBS: 217±38.45s; n = 4, p = 0.52). It appeared more occurrence of insuffi-

cient emptying in TNBS-treated mice (compare Fig 3A and 3B, indicated by arrows) in which

a second pressure spike immediately followed a previous colonic contraction.

Fig 3. Colonometrical recordings of TNBS-treated wildtype mice. (A): Mice receiving vehicle treatment served as

control. (B): Mice were recorded on day 21 post TNBS treatment. (C): Comparison of AICP. (D): Comparison of ΔP/Δt.

n = 4 animals per condition. ����, p<0.0001; �, p<0.05. Student t test.

https://doi.org/10.1371/journal.pone.0245410.g003
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Colonometrogram following Nav1.8-Cre-based chemogenetic activation

Increased expression and channel activity of Nav1.8 in DRG neurons were associated with vis-

ceral hypersensitivity as results of colitis, nematode infection, neonatal colonic inflammation,

and stress [16]. Here we used chemogenetic approaches to specifically enhance the activity of

Nav1.8—expressing cells to produce a broad elevation of the pain sensing pathway including

colonic pain. We exposed Nav1.8;hM3Dq mice to CNO to drive the activation of DRG neu-

rons as well as visceral pain. Nav1.8-Cre-directed expression of Gq-DREADD (hM3Dq)

resulted in replacement of green fluorescent protein (GFP) by hM3Dq/mCherry/2ACT88

fusion protein thus having Nav1.8-expressing (haplosufficient) DRG neurons expressed

mCherry (Fig 4A and 4B, red cells indicated by arrows; in 4C and 4D, GFP disappeared in

these neurons indicated by arrows). CNO treatment of Nav1.8;hM3Dq mice did not change

the number of DRG neurons expressing Nav1.8/mCherry (compare Fig 4B to 4A). To examine

the effect of CNO treatment on the activity of Nav1.8/mCherry DRG neurons, we measured

the expression of p-CREB, a calcium-sensitive molecular switch in neuronal activity [23], in

Nav1.8/mCherry DRG neurons 30 min after CNO injection. We found that the

Fig 4. Nav1.8-Cre-driven DREADD-based activation of DRG neurons. Cre-based recombination resulted in

mCherry expression (A, B, indicated by arrows) and disappearance of GFP (C, D, indicated by arrows) in

Nav1.8-expressing DRG neurons. A subpopulation of Nav1.8-expressing DRG neurons (A, B, red cells) expressed p-

CREB (E, F, blue nuclear stain, also shown in Fig 4G and 4H as grayscale, indicted by arrows). The level of expression

of p-CREB in Nav1.8-expressing DRG neurons was quantified by their co-localization (I, J, indicated by arrows) and

presented as percentage (K). n = 3 animals per condition. ���, p<0.001; Student t test. Calibration bar = 50 μm.

https://doi.org/10.1371/journal.pone.0245410.g004
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immunoreactivity of p-CREB (Fig 4E and 4F, blue nuclear stains, also shown in Fig 4G, 4H as

grayscale) in Nav1.8/mCherry-expressing DRG neurons (Fig 4I, merged from 4A, 4C and 4E;

4J, merged from 4B, 4D and 4F; indicated by arrows) was markedly up-regulated following

CNO treatment when compared to vehicle (DMSO) treatment (Fig 4K). CNO treatment of

Nav1.8-Cre(+/-) mice did not cause p-CREB up-regulation in DRG.

We next performed colonometry in Nav1.8;hM3Dq mice 1 hour following vehicle (DMSO)

(Fig 5A) or CNO (Fig 5B) injection. CNO treatment significantly increased the values of AICP

(Fig 5C) and ΔP/Δt (Fig 5D) when compared to vehicle control. There was no difference

(p = 0.84, n = 3) in the ICI between DMSO (236.3±22.09 s) and CNO treatment (246.5±45.06

s) of the Nav1.8;hM3Dq mice. We also tested the effects of CNO in Wt;hM3Dq mice. Neither

the value of AICP nor ΔP/Δt was changed by CNO treatment (AICP: 17.14±0.98 (DMSO) vs

16.95±0.96 (CNO) mmHg, p = 0.9; ΔP/Δt: 0.5±0.08 (DMSO) vs 0.52±0.07 (CNO), p = 0.9).

Suppression of TNBS-induced colonic hypersensitivity by Nav1.8-Cre-

based chemogenetic inhibition

TNBS-colitis (7–10 days) in mice increased the protein expression and current density of

Nav1.8 in DRG neurons post inflammation resolution [15, 24]. Previous studies showed that

genetic or pharmacological inhibition of Nav1.8 reduced thermal and mechanical hypersensi-

tivity caused by inflammation, nerve injury, or bacterial infection [25–28]. Here we used

CNO-induced DREADD-based inhibition of Nav1.8-expressing cells to suppress TNBS-

induced colonic hypersensitivity in Nav1.8;hM4Di mice. As shown above, colonic hypersensi-

tivity was associated with the increased values of AICP or ΔP/Δt following TNBS treatment (Fig

3). We therefore compared the values of AICP or ΔP/Δt in TNBS-treated Nav1.8;hM4Di mice

Fig 5. Colonometrical recordings of Nav1.8;hM3Dq mice. (A): Control animals received DMSO treatment. (B):

CNO treatment that evokes the activation of Nav1.8-expressing cells alters colonic function. (C): Comparison of AICP.

(D): Comparison of ΔP/Δt. n = 3 animals per condition. �, p<0.05. Student t test.

https://doi.org/10.1371/journal.pone.0245410.g005
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with or without CNO treatment. On day 21 following TNBS treatment, we performed colono-

metry 1 hour after vehicle (Fig 6A) or CNO (Fig 6B) injection. The average value of AICP in

TNBS-treated Nav1.8;hM4Di mice was 26.93 ± 0.99 mmHg (Fig 6C), which was similar to the

value in TNBS-treated wildtype mice (AICP = 26.62 ± 0.86 mmHg, referred to Fig 3). CNO

treatment decreased the value of AICP to 18.03 ± 0.91 mmHg in TNBS-treated Nav1.8;hM4Di

mice (Fig 6C). The average value of ΔP/Δt was also decreased by CNO in TNBS-treated

Nav1.8;hM4Di mice (Fig 6D). There was no change in the ICI following CNO treatment.

Fig 6. Suppression of TNBS colitis-induced visceral hypersensitivity by chemogenetic inhibition of

Nav1.8-expressing cells. Colonometrical recordings of TNBS-treated Nav1.8;hM4Di mice that received DMSO (A) or

CNO (B) injection. (C): Comparison of AICP. (D): Comparison of ΔP/Δt. n = 3 animals per condition. Colonic pain

behavioral responses to CRD in wildtype mice (E: n = 4 animals per condition) and Nav1.8;hM4Di mice (F: n = 3

animals per condition). ���, p<0.001; ��, p<0.01; �, p<0.05. Student t test.

https://doi.org/10.1371/journal.pone.0245410.g006
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For further validation, we performed gross behavioral tests to animals receiving the same

treatment. We observed animal behavioral responses to increased gradient of CRD. The

threshold pressure for TNBS-treated wildtype mice to demonstrate painful behavior was sig-

nificantly lower when compared to control (Fig 6E). CNO-induced chemogenetic inhibition

decreased the responsiveness of TNBS-treated Nav1.8;hM4Di mice to CRD and increased the

pain threshold (Fig 6F).

Noxious CRD-induced colonic pain

Noxious CRD was used routinely to induce colonic pain in mice that involved an immediate

increase in phosphorylated MAPK ERK 1/2 (p-ERK) in the spinal dorsal horn [13]. We found

that noxious CRD in wildtype mice also increased the number of thoracolumbar DRG neurons

expressing the phosphorylated Akt (p-Akt) within 30 min (Fig 7A–7C), suggesting a rapid

Fig 7. DRG neuron activity and colonometrical recordings following noxious CRD stimulation. (A-C):

Immunostaining of p-Akt in thoracolumbar DRG (n = 4 animals per condition). (D-E): Colonometrograms from mice

that received sham balloon insertion or noxious CRD. (F): Comparison of AICP. (G): Comparison of ΔP/Δt. n = 3

animals per condition. ��, p<0.01; �, p<0.05. Student t test.

https://doi.org/10.1371/journal.pone.0245410.g007
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activation of sensory neurons. In parallel, we found that noxious CRD increased the values of

AICP and ΔP/Δt in colonometrograms of wildtype mice that were examined at 1 h post CRD

when compared to sham balloon insertion (Fig 7D–7G). The ICI between sham and CRD was

not significantly different.

Discussion

Guided by information obtained from clinical settings [1–3], we performed colonometry in

mice by infusing saline into the distal colon in a constant rate and simultaneously recorded

ICP. Similar as in humans, colonometrograms in mice demonstrated intermittent pressure

rises due to stretch-induced peristaltic reflex contractions of the distal colon. We analyzed the

colonometrograms for the amplitude of intracolonic pressures (AICP), the rapidness of pres-

sure rising (Δp/Δt), and the colonic inter-contraction intervals (ICI) to determine colonic

function in healthy and diseases. We found that the values of AICP and Δp/Δt were increased in

several pathophysiological states that had heightened colonic sensory activity. Examples

assessed in the present study included TNBS-induced visceral hypersensitivity, chemogenetic

activation of the sensory pathways governed by Nav1.8-expressing cells, and noxious CRD-

evoked colonic pain. Furthermore, we found that TNBS-evoked up-regulation in the values of

AICP and Δp/Δt was attenuated by Cre-based chemogenetic inhibition of specific Nav1.8-ex-

pressing cells. Inhibition of Nav1.8 also reversed TNBS-evoked colonic pain behaviors in

response to CRD. We therefore deduced that the increases in the values of AICP and Δp/Δt

from colonometrograms could be indicators of colonic hypersensitivity. Among all the param-

eters, the increases in the amplitude of intracolonic pressures are the most straightforward

results of increased colonic mechanical sensitivity.

Colonic stretch-reflex contraction is initiated by colonic sensation to the mechanical defor-

mation of the colon wall such as during saline infusion in colonometry. When threshold is

reached, the sensory signals received by DRG neurons are conveyed to the spinal reflex path-

way by which the motor system is driven to trigger colonic contraction that causes increases in

ICP. Excretion of colonic content, e.g., the saline during colonometry, brings down the ICP

before starting to build up enough force to elicit another stretch-reflex colonic contraction,

forming intermittent pressure cycles. When the colonic afferent neurons are sensitized and

hyperactive, such as following TNBS treatment, chemogenetic activation, or noxious CRD

stimulation, the sensory responses to colonic stretch (e.g., during saline infusion) are greatly

enhanced. The strengthened sensory-motor reflex and increased neurotransmitter release

could evoke stronger colonic contraction resulting in higher amplitude of ICP (a larger value

of AICP). The surge of ICP caused by colonic reflex contraction could also be rapid due to

increased firing thereby resulting in a larger value of Δp/Δt. When the enhanced sensory activ-

ity is suppressed such as by chemogenetic inhibition of Nav1.8-expressing cells in TNBS-

treated mice, the activity of colonic stretch-reflex pathway and colonic contraction are also

reduced therefore the values of AICP and Δp/Δt are subsequently decreased. In free-moving

mice, respiratory excursions could also induce ICP rises due to diaphragm movement, how-

ever these changes in ICP are much smaller in its amplitude and duration when compared to

stretch-reflex contraction-induced ICP rises thereby they are considered as artifacts in data

analysis.

Our results are in line with those obtained from colonometry in humans and colonic

manometry in rodents. In human, continuous perfusion of the bowel with saline at a constant

flow rate results in waves of ICP at regular intervals [2]. Patients with spinal cord injury dem-

onstrate a rapid rise of ICP recorded by colonometry [1]. The severity of abdominal pain in

patients with nerve injury or irritable bowel syndrome is associated with the increased
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amplitude of ICP recorded [1, 29]. MS patients who show bladder hyperactivity and bowel

dysfunction also have increased ICP assessed by colonometry [3]. Measurement of ICP as

physiological outcomes of colonic sensitivity is also tested in rodents using colonic manometry

[4, 8]. In manometric assessment of the colon, ICP is sensed by a pressure sensor placed inside

the colon to respond to balloon distension. In colonometric assessment of the colon, ICP is

acquired by an external pressure transducer connected to an intracolonic tube and is recorded

in response to colonic stretch to saline infusion. Although the procedures of these two methods

are slightly different, the principles of the technologies are similar in which the colonic stretch-

reflex contractions are recorded by ICP to reflect the sensory responses to colonic mechanical

stimulations.

To validate colonometry in mice, we choose the well-established TNBS-colitis model for its

unique feature of post inflammatory visceral hypersensitivity [12, 19]. We find increased val-

ues of AICP and Δp/Δt in TNBS-treated animals. Colonic mechanical pain is mediated by sen-

sory neurons in DRG including nociceptive neurons and LTMRs in which Nav1.8 is highly

expressed [17]. When we activate Nav1.8-expressing cells including Nav1.8-expressing DRG

neurons by a CNO-induced DREADD-based chemogenetic approach, we find that the values

of AICP and Δp/Δt are also increased. While when we inhibit the activity of Nav1.8-expressing

cells, TNBS colitis-evoked up-regulation of AICP and Δp/Δt is attenuated, meanwhile TNBS

colitis-induced pain behavior in response to CRD is also suppressed. These results suggest a

correlation of the values of AICP and Δp/Δt to colonic pain. In addition to DRG neurons [17],

Nav1.8 expression is also identified in the colon, brain, and heart [16, 30]. Thus, chemogenetic

activation or inhibition of Nav1.8-expressing cells does not preclude the effects of CNO in the

colon and brain to affect colonic mechanical sensitivity. In addition, we find that the values of

AICP and Δp/Δt are also increased following noxious CRD stimulation of the colon, by which

the sensory reflex pathways are activated [13]. Collectively, we find consistent results of colo-

nometrograms from mice with colonic hypersensitivity that is induced by different methods.

The approaches used in clinical settings to assess colonic pain and pain in general involve

questionnaires and numerical scaling that are not applicable to experimental animals [31, 32].

Over the years, several methods have been developed and some of them have been widely used

in rats to assess colonic pain. These methods include assessment of abdominal withdrawal

reflex (AWR) in response to CRD [10, 33–35] and measurement of visceromotor responses

(VMR) by EMG [36, 37]. However, these methods are not very reliable in mice due to the

nature that mice are more active for AWR analysis, and the transgenic mice are more suscepti-

ble to surgeries. Recent years a concept of measurement of ICP as physiological outcomes of

colonic sensation in mice has been developed. In addition to colonic manometry that was cre-

ated by Larauche et al. [8], O’Mahony proposed to measure the pressure spikes above the CRD

pressure detected by the intracolonic mini-balloon as colonic contractile pressure [34]. How-

ever, these techniques have not been widely applied to the research field of visceral hypersensi-

tivity. Adapted from human studies to measure ICP by colonometry [1–3], we for the first

time present the feasibility of colonometry in mice to measure ICP as an outcome of colonic

stretch-reflex contraction to assess colonic mechanical sensitivity. Infusion of a constant rate

of saline into a hallow organ while measuring intra-organ pressures to assess the organ func-

tion has been used in pulmonary [38] and urodynamic [39, 40] studies, and here in study of

colonic function.

Author Contributions

Conceptualization: Liya Y. Qiao.

Data curation: Liya Y. Qiao, Jonathan Madar.

PLOS ONE Colonometry measures colonic pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0245410 March 12, 2021 14 / 17

https://doi.org/10.1371/journal.pone.0245410


Formal analysis: Liya Y. Qiao, Jonathan Madar.

Funding acquisition: Liya Y. Qiao.

Investigation: Liya Y. Qiao.

Methodology: Liya Y. Qiao, Jonathan Madar.

Project administration: Liya Y. Qiao.

Resources: Liya Y. Qiao.

Supervision: Liya Y. Qiao.

Validation: Liya Y. Qiao, Jonathan Madar.

Visualization: Liya Y. Qiao.

Writing – original draft: Liya Y. Qiao, Jonathan Madar.

Writing – review & editing: Liya Y. Qiao, Jonathan Madar.

References
1. White J. C., Verlot M. G. & Ehrentheil O. Neurogenic disturbances of the colon and their investigation by

the colonmetrogram. Ann Surg 112, 1042–1057, https://doi.org/10.1097/00000658-194012000-00004

(1940). PMID: 17857694

2. Chauve A., Devroede G. & Bastin E. Intraluminal pressures during perfusion of the human colon in situ.

Gastroenterology 70, 336–340 (1976). PMID: 765185

3. Haldeman S., Glick M., Bhatia N. N., Bradley W. E. & Johnson B. Colonometry, Cystometry, and

Evoked-Potentials in Multiple-Sclerosis. Arch Neurol-Chicago 39, 698–701, https://doi.org/10.1001/

archneur.1982.00510230024008 (1982). PMID: 7125999

4. Larauche M. et al. Cortagine, a CRF1 agonist, induces stresslike alterations of colonic function and vis-

ceral hypersensitivity in rodents primarily through peripheral pathways. Am J Physiol Gastrointest Liver

Physiol 297, G215–227, https://doi.org/10.1152/ajpgi.00072.2009 (2009). PMID: 19407218

5. Larsson M., Arvidsson S., Ekman C. & Bayati A. A model for chronic quantitative studies of colorectal

sensitivity using balloon distension in conscious mice—effects of opioid receptor agonists. Neurogastro-

ent Motil 15, 371–381, https://doi.org/10.1046/j.1365-2982.2003.00418.x (2003). PMID: 12846725

6. Christianson J. A. & Gebhart G. F. Assessment of colon sensitivity by luminal distension in mice. Nat

Protoc 2, 2624–2631, https://doi.org/10.1038/nprot.2007.392 (2007). PMID: 17948005

7. Arvidsson S., Larsson M., Larsson H., Lindstrom E. & Martinez V. Assessment of visceral pain-related

pseudo-affective responses to colorectal distension in mice by intracolonic manometric recordings. The

journal of pain: official journal of the American Pain Society 7, 108–118, https://doi.org/10.1016/j.jpain.

2005.09.003 (2006). PMID: 16459276

8. Larauche M., Gourcerol G., Million M., Adelson D. W. & Tache Y. Repeated psychological stress-

induced alterations of visceral sensitivity and colonic motor functions in mice: influence of surgery and

postoperative single housing on visceromotor responses. Stress 13, 343–354, https://doi.org/10.3109/

10253891003664166 (2010). PMID: 20536336

9. Antoniou E. et al. The TNBS-induced colitis animal model: An overview. Ann Med Surg (Lond) 11, 9–

15, https://doi.org/10.1016/j.amsu.2016.07.019 (2016). PMID: 27656280

10. Shen S., Al-Thumairy H. W., Hashmi F. & Qiao L. Y. Regulation of transient receptor potential cation

channel subfamily V1 protein synthesis by the phosphoinositide 3-kinase/Akt pathway in colonic hyper-

sensitivity. Experimental neurology 295, 104–115, https://doi.org/10.1016/j.expneurol.2017.06.007

(2017). PMID: 28587873

11. Liu M., Kay J. C., Shen S. & Qiao L. Y. Endogenous BDNF augments NMDA receptor phosphorylation

in the spinal cord via PLCgamma, PKC, and PI3K/Akt pathways during colitis. J Neuroinflammation 12,

151, https://doi.org/10.1186/s12974-015-0371-z (2015). PMID: 26289587

12. Feng B. et al. Altered colorectal afferent function associated with TNBS-induced visceral hypersensitiv-

ity in mice. Am J Physiol Gastrointest Liver Physiol 303, G817–824, https://doi.org/10.1152/ajpgi.

00257.2012 (2012). PMID: 22859364

PLOS ONE Colonometry measures colonic pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0245410 March 12, 2021 15 / 17

https://doi.org/10.1097/00000658-194012000-00004
http://www.ncbi.nlm.nih.gov/pubmed/17857694
http://www.ncbi.nlm.nih.gov/pubmed/765185
https://doi.org/10.1001/archneur.1982.00510230024008
https://doi.org/10.1001/archneur.1982.00510230024008
http://www.ncbi.nlm.nih.gov/pubmed/7125999
https://doi.org/10.1152/ajpgi.00072.2009
http://www.ncbi.nlm.nih.gov/pubmed/19407218
https://doi.org/10.1046/j.1365-2982.2003.00418.x
http://www.ncbi.nlm.nih.gov/pubmed/12846725
https://doi.org/10.1038/nprot.2007.392
http://www.ncbi.nlm.nih.gov/pubmed/17948005
https://doi.org/10.1016/j.jpain.2005.09.003
https://doi.org/10.1016/j.jpain.2005.09.003
http://www.ncbi.nlm.nih.gov/pubmed/16459276
https://doi.org/10.3109/10253891003664166
https://doi.org/10.3109/10253891003664166
http://www.ncbi.nlm.nih.gov/pubmed/20536336
https://doi.org/10.1016/j.amsu.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27656280
https://doi.org/10.1016/j.expneurol.2017.06.007
http://www.ncbi.nlm.nih.gov/pubmed/28587873
https://doi.org/10.1186/s12974-015-0371-z
http://www.ncbi.nlm.nih.gov/pubmed/26289587
https://doi.org/10.1152/ajpgi.00257.2012
https://doi.org/10.1152/ajpgi.00257.2012
http://www.ncbi.nlm.nih.gov/pubmed/22859364
https://doi.org/10.1371/journal.pone.0245410


13. Harrington A. M. et al. Colonic afferent input and dorsal horn neuron activation differs between the thor-

acolumbar and lumbosacral spinal cord. Am J Physiol Gastrointest Liver Physiol, https://doi.org/10.

1152/ajpgi.00013.2019 (2019). PMID: 31188624

14. Castro J. et al. Linaclotide inhibits colonic nociceptors and relieves abdominal pain via guanylate

cyclase-C and extracellular cyclic guanosine 3’,5’-monophosphate. Gastroenterology 145, 1334–1346

e1331–1311, https://doi.org/10.1053/j.gastro.2013.08.017 (2013). PMID: 23958540

15. Beyak M. J., Ramji N., Krol K. M., Kawaja M. D. & Vanner S. J. Two TTX-resistant Na+ currents in

mouse colonic dorsal root ganglia neurons and their role in colitis-induced hyperexcitability. Am J Phy-

siol Gastrointest Liver Physiol 287, G845–855, https://doi.org/10.1152/ajpgi.00154.2004 (2004). PMID:

15205116

16. Erickson A. et al. Voltage-gated sodium channels: (NaV) igating the field to determine their contribution

to visceral nociception. The Journal of physiology 596, 785–807, https://doi.org/10.1113/JP273461

(2018). PMID: 29318638

17. Shields S. D. et al. Nav1.8 expression is not restricted to nociceptors in mouse peripheral nervous sys-

tem. Pain 153, 2017–2030, https://doi.org/10.1016/j.pain.2012.04.022 (2012). PMID: 22703890

18. Chen L. et al. Conditional knockout of NaV1.6 in adult mice ameliorates neuropathic pain. Sci Rep 8,

3845, https://doi.org/10.1038/s41598-018-22216-w (2018). PMID: 29497094

19. Hughes P. A. et al. Post-inflammatory colonic afferent sensitisation: different subtypes, different path-

ways and different time courses. Gut 58, 1333–1341, https://doi.org/10.1136/gut.2008.170811 (2009).

PMID: 19324867

20. Xia C., Shen S., Hashmi F. & Qiao L. Y. Colitis-induced bladder afferent neuronal activation is regulated

by BDNF through PLCgamma pathway. Experimental neurology 285, 126–135, https://doi.org/10.

1016/j.expneurol.2015.12.006 (2016). PMID: 26687970

21. Kay J. C. et al. Endogenous PI3K/Akt and NMDAR act independently in the regulation of CREB activity

in lumbosacral spinal cord in cystitis. Exp Neurol 250, 366–375, https://doi.org/10.1016/j.expneurol.

2013.10.015 (2013). PMID: 24184018

22. Mahler S. V. & Aston-Jones G. CNO Evil? Considerations for the Use of DREADDs in Behavioral Neu-

roscience. Neuropsychopharmacology: official publication of the American College of Neuropsycho-

pharmacology 43, 934–936, https://doi.org/10.1038/npp.2017.299 (2018). PMID: 29303143

23. Kornhauser J. M. et al. CREB transcriptional activity in neurons is regulated by multiple, calcium-specific

phosphorylation events. Neuron 34, 221–233, https://doi.org/10.1016/s0896-6273(02)00655-4 (2002).

PMID: 11970864

24. King D. E., Macleod R. J. & Vanner S. J. Trinitrobenzenesulphonic acid colitis alters Na 1.8 channel

expression in mouse dorsal root ganglia neurons. Neurogastroenterology and motility: the official jour-

nal of the European Gastrointestinal Motility Society 21, 880–e864, https://doi.org/10.1111/j.1365-

2982.2009.01279.x (2009). PMID: 19239624

25. Chiu I. M. et al. Bacteria activate sensory neurons that modulate pain and inflammation. Nature 501,

52–+, https://doi.org/10.1038/nature12479 (2013). PMID: 23965627

26. Daou I. et al. Optogenetic Silencing of Na(v)1.8-Positive Afferents Alleviates Inflammatory and Neuro-

pathic Pain. Eneuro 3, https://doi.org/10.1523/Eneuro.0140-15.2016 (2016). PMID: 27022626

27. Payne C. E. et al. A novel selective and orally bioavailable Na(v)1.8 channel blocker, PF-01247324,

attenuates nociception and sensory neuron excitability. Brit J Pharmacol 172, 2654–2670, https://doi.

org/10.1111/bph.13092 (2015). PMID: 25625641

28. Jarvis M. F. et al. A-803467, a potent and selective Nav1.8 sodium channel blocker, attenuates neuro-

pathic and inflammatory pain in the rat. Proceedings of the National Academy of Sciences of the United

States of America 104, 8520–8525, https://doi.org/10.1073/pnas.0611364104 (2007). PMID:

17483457

29. Holdstock D. J., Misiewicz J. J. & Waller S. L. Observations on Mechanism of Abdominal Pain. Gut 10,

19–+, https://doi.org/10.1136/gut.10.1.19 (1969). PMID: 5784155

30. Coppini R. & Ferrantini C. NaV1.8: a novel contributor to cardiac arrhythmogenesis in heart failure. Car-

diovascular research 114, 1691–1693, https://doi.org/10.1093/cvr/cvy210 (2018). PMID: 30169598

31. Mujagic Z. et al. Systematic review: instruments to assess abdominal pain in irritable bowel syndrome.

Aliment Pharmacol Ther 42, 1064–1081, https://doi.org/10.1111/apt.13378 (2015). PMID: 26290286

32. Simren M., Abrahamsson H. & Bjornsson E. S. An exaggerated sensory component of the gastrocolo-

nic response in patients with irritable bowel syndrome. Gut 48, 20–27, https://doi.org/10.1136/gut.48.1.

20 (2001). PMID: 11115818

33. Al-Chaer E. D., Kawasaki M. & Pasricha P. J. A new model of chronic visceral hypersensitivity in adult

rats induced by colon irritation during postnatal development. Gastroenterology 119, 1276–1285,

https://doi.org/10.1053/gast.2000.19576 (2000). PMID: 11054385

PLOS ONE Colonometry measures colonic pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0245410 March 12, 2021 16 / 17

https://doi.org/10.1152/ajpgi.00013.2019
https://doi.org/10.1152/ajpgi.00013.2019
http://www.ncbi.nlm.nih.gov/pubmed/31188624
https://doi.org/10.1053/j.gastro.2013.08.017
http://www.ncbi.nlm.nih.gov/pubmed/23958540
https://doi.org/10.1152/ajpgi.00154.2004
http://www.ncbi.nlm.nih.gov/pubmed/15205116
https://doi.org/10.1113/JP273461
http://www.ncbi.nlm.nih.gov/pubmed/29318638
https://doi.org/10.1016/j.pain.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22703890
https://doi.org/10.1038/s41598-018-22216-w
http://www.ncbi.nlm.nih.gov/pubmed/29497094
https://doi.org/10.1136/gut.2008.170811
http://www.ncbi.nlm.nih.gov/pubmed/19324867
https://doi.org/10.1016/j.expneurol.2015.12.006
https://doi.org/10.1016/j.expneurol.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26687970
https://doi.org/10.1016/j.expneurol.2013.10.015
https://doi.org/10.1016/j.expneurol.2013.10.015
http://www.ncbi.nlm.nih.gov/pubmed/24184018
https://doi.org/10.1038/npp.2017.299
http://www.ncbi.nlm.nih.gov/pubmed/29303143
https://doi.org/10.1016/s0896-6273%2802%2900655-4
http://www.ncbi.nlm.nih.gov/pubmed/11970864
https://doi.org/10.1111/j.1365-2982.2009.01279.x
https://doi.org/10.1111/j.1365-2982.2009.01279.x
http://www.ncbi.nlm.nih.gov/pubmed/19239624
https://doi.org/10.1038/nature12479
http://www.ncbi.nlm.nih.gov/pubmed/23965627
https://doi.org/10.1523/Eneuro.0140-15.2016
http://www.ncbi.nlm.nih.gov/pubmed/27022626
https://doi.org/10.1111/bph.13092
https://doi.org/10.1111/bph.13092
http://www.ncbi.nlm.nih.gov/pubmed/25625641
https://doi.org/10.1073/pnas.0611364104
http://www.ncbi.nlm.nih.gov/pubmed/17483457
https://doi.org/10.1136/gut.10.1.19
http://www.ncbi.nlm.nih.gov/pubmed/5784155
https://doi.org/10.1093/cvr/cvy210
http://www.ncbi.nlm.nih.gov/pubmed/30169598
https://doi.org/10.1111/apt.13378
http://www.ncbi.nlm.nih.gov/pubmed/26290286
https://doi.org/10.1136/gut.48.1.20
https://doi.org/10.1136/gut.48.1.20
http://www.ncbi.nlm.nih.gov/pubmed/11115818
https://doi.org/10.1053/gast.2000.19576
http://www.ncbi.nlm.nih.gov/pubmed/11054385
https://doi.org/10.1371/journal.pone.0245410


34. O’Mahony S. M., Tramullas M., Fitzgerald P. & Cryan J. F. Rodent models of colorectal distension. Curr

Protoc Neurosci Chapter 9, Unit 9 40, https://doi.org/10.1002/0471142301.ns0940s61 (2012). PMID:

23093353

35. Delafoy L. et al. Interactive involvement of brain derived neurotrophic factor, nerve growth factor, and

calcitonin gene related peptide in colonic hypersensitivity in the rat. Gut 55, 940–945, https://doi.org/10.

1136/gut.2005.064063 (2006). PMID: 16401692

36. Ji Y., Tang B. & Traub R. J. The visceromotor response to colorectal distention fluctuates with the

estrous cycle in rats. Neuroscience 154, 1562–1567, https://doi.org/10.1016/j.neuroscience.2008.04.

070 (2008). PMID: 18550290

37. Cameron D. M., Brennan T. J. & Gebhart G. F. Hind paw incision in the rat produces long-lasting colon

hypersensitivity. The journal of pain: official journal of the American Pain Society 9, 246–253, https://

doi.org/10.1016/j.jpain.2007.10.017 (2008). PMID: 18088562

38. Stanley N. N., Alper R., Cunningham E. L., Cherniack N. S. & Kefalides N. A. Effects of a molecular

change in collagen on lung structure and mechanical function. The Journal of clinical investigation 55,

1195–1201, https://doi.org/10.1172/JCI108037 (1975). PMID: 1133168

39. Xia C. M. et al. Up-regulation of brain-derived neurotrophic factor in primary afferent pathway regulates

colon-to-bladder cross-sensitization in rat. J Neuroinflamm 9, Artn 30 https://doi.org/10.1186/1742-

2094-9-30 (2012). PMID: 22335898

40. Rose D. K. Cystometric bladder pressure determinations: Their clinical importance. J Urology 17,

0487–0501, https://doi.org/10.1016/S0022-5347(17)73369-1 (1927).

PLOS ONE Colonometry measures colonic pain

PLOS ONE | https://doi.org/10.1371/journal.pone.0245410 March 12, 2021 17 / 17

https://doi.org/10.1002/0471142301.ns0940s61
http://www.ncbi.nlm.nih.gov/pubmed/23093353
https://doi.org/10.1136/gut.2005.064063
https://doi.org/10.1136/gut.2005.064063
http://www.ncbi.nlm.nih.gov/pubmed/16401692
https://doi.org/10.1016/j.neuroscience.2008.04.070
https://doi.org/10.1016/j.neuroscience.2008.04.070
http://www.ncbi.nlm.nih.gov/pubmed/18550290
https://doi.org/10.1016/j.jpain.2007.10.017
https://doi.org/10.1016/j.jpain.2007.10.017
http://www.ncbi.nlm.nih.gov/pubmed/18088562
https://doi.org/10.1172/JCI108037
http://www.ncbi.nlm.nih.gov/pubmed/1133168
https://doi.org/10.1186/1742-2094-9-30
https://doi.org/10.1186/1742-2094-9-30
http://www.ncbi.nlm.nih.gov/pubmed/22335898
https://doi.org/10.1016/S0022-5347%2817%2973369-1
https://doi.org/10.1371/journal.pone.0245410

