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An anesthesia protocol for robust and repeatable measurement of behavioral visceromotor responses to colorectal distension in mice
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Introduction: Visceral motor responses (VMR) to graded colorectal distension (CRD) have been extensively implemented to assess the level of visceral pain in awake rodents, which are inevitably confounded by movement artifacts and cannot be conveniently implemented to assess invasive neuromodulation protocols for treating visceral pain. In this report, we present an optimized protocol with prolonged urethane infusion that enables robust and repeatable recordings of VMR to CRD in mice under deep anesthesia, providing a two-hour window to objectively assess the efficacy of visceral pain management strategies.



Methods: During all surgical procedures, C57BL/6 mice of both sexes (8–12 weeks, 25–35 g) were anesthetized with 2% isoflurane inhalation. An abdominal incision was made to allow Teflon-coated stainless steel wire electrodes to be sutured to the oblique abdominal musculature. A thin polyethylene catheter (Φ 0.2 mm) was placed intraperitoneally and externalized from the abdominal incision for delivering the prolonged urethane infusion. A cylindric plastic-film balloon (Φ 8 mm x 15 mm when distended) was inserted intra-anally, and its depth into the colorectum was precisely controlled by measuring the distance between the end of the balloon and the anus. Subsequently, the mouse was switched from isoflurane anesthesia to the new urethane anesthesia protocol, which consisted of a bout of infusion (0.6 g urethane per kg weight, g/kg) administered intraperitoneally via the catheter and continuous low-dose infusion throughout the experiment at 0.15–0.23 g per kg weight per hour (g/kg/h).



Results: Using this new anesthesia protocol, we systematically investigated the significant impact of balloon depth into the colorectum on evoked VMR, which showed a progressive reduction with increased balloon insertion depth from the rectal region into the distal colonic region. Intracolonic TNBS treatment induced enhanced VMR to CRD of the colonic region (>10 mm from the anus) only in male mice, whereas colonic VMR was not significantly altered by TNBS in female mice.



Discussion: Conducting VMR to CRD in anesthetized mice using the current protocol will enable future objective assessments of various invasive neuromodulatory strategies for alleviating visceral pain.
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1. Introduction

Managing visceral pain associated with functional gastrointestinal disorders (FGIDs) is an unmet clinical need despite the prevalence of visceral pain (1), the negative impact on patient's quality of life (2), and the significant financial burden relevant to visceral pain (3). In particular, visceral pain is the cardinal complaint of patients with irritable bowel syndrome (IBS), one of the FGIDs featuring increased visceral hypersensitivity to normal bowel function in the absence of apparent organ damage or inflammations. The “functional” nature of IBS challenges the discovery of quantifiable biological markers (biomarkers) for the diagnosis of IBS (4); IBS is often a diagnosis of exclusion in general medical practice (5). Reliable and quantifiable biomarkers can greatly guide the development of preclinical animal models and facilitate the translation of preclinical discoveries to successful medical interventions in clinics (4). Among the limited list of biomarker candidates, visceral hypersensitivity assessed by functional distal colorectal distension (CRD) was reported to closely correlate with the diagnosis of IBS in patients (6, 7), and thus has been widely used as an objective metric in preclinical animal studies of visceral pain (8–11). Unlike the convenient patient-reported visual analog score (VAS) of pain in clinical assessment, objective quantification of visceral hypersensitivity in rodents relies on the pseudoaffective reflex of visceromotor responses (VMR) as measured usually by the electromyographic (EMG) activities of the abdominal oblique musculature (12), and to a lesser extent by visual inspection of abdominal activities (13) and intraluminal colonic pressure (14). VMR to CRD recorded in conscious rodents has been widely implemented to screening pharmacological targets for alleviating visceral pain, including the N-methyl-D-aspartate (NMDA) receptor blocker (15), kappa opioid receptor blockers (16), blocker of paracellular permeability and myosin light chain kinase inhibitor (17), cannabinoid receptor antagonists (18), guanylate cyclase-C agonists (19, 20), and neurokinin receptor antagonists (21).

Recording VMR from conscious rodents is unavoidably confounded by the voluntary and involuntary limb and torso movement, which generally produces artifacts in the EMG recordings with magnitude comparable to and even higher than the VMR signals. In addition, the assessment of invasive pain-managing schemes cannot be conveniently conducted on awaked animals, including implantable neurostimulators that are promising non-drug alternatives for treating chronic visceral pain (22). Thus, VMR recorded in anesthetized rodents is potentially an ideal test bench for assessing various neuromodulation schemes to treat IBS-related visceral pain. However, the VMR is a pseudoaffective reflex subserved by spino-bulbo-spinal neural circuitry. Therefore, most general anesthesia that suppresses neural activities in the pons of the brain stem usually inhibits VMR to CRD (12). In clear contrast, urethane has been proved to preserve the spino-bulbo-spinal reflex with a single injection and was extensively applied in recording micturition responses during slow bladder filling in rats (23) and mice (24). Also, several recent publications from us and others showed that VMR to CRD can be recorded from mice receiving a single i.p. injection of urethane (22, 25). In the current study, we focus on establishing a new urethane anesthesia protocol that enables repeated VMR recordings to CRD in mice under hours-long anesthesia. The new protocol consists of an initial bout of urethane infusion and a continuous low-dose i.p. urethane infusion via a catheter. We optimized the urethane infusion protocol to achieve robust and repeatable VMR recordings to CRD for up to 2 h. Since the distal colon and rectum are innervated by distinct afferent pathways (26), we systematically assessed the effect of balloon depth in the colorectum on the VMR recordings to CRD in both naive and visceral hypersensitive mice induced by intracolonic enema of 2,4,6-trinitrobenzenesulfonic acid (TNBS).



2. Methods

All experimental procedures were approved by the University of Connecticut Institutional Animal Care and Use Committee.


2.1. Surgical preparation and experiment setup

C57BL/6 mice of both sexes (8–12 weeks, 25–35 g) were anesthetized by 2% isoflurane inhalation during all surgical procedures to avoid spontaneous or volitional movement. Throughout the anesthesia phase, mice were placed on a feedback-controlled heating pad (HP-150, Auber Instruments, Alpharetta, GA, United States) to maintain consistent body temperature of ∼37°C. To record abdominal EMG, we used a pair of Teflon-coated stainless wires (Conner Wire, Chatworth, CA, United States), exposed the ∼0.5 mm tip, and sutured them directly to the muscle with hypoallergenic bioabsorbable sutures (polyglactin, Ethicon) with 1 mm separation between both electrodes. The other ends of the electrodes were connected to a differential amplifier (Model 1700, A-M Systems, Sequim, WA, United States) with the ground wire connected to the mouse tail. During surgery, three pairs of Teflon-coated stainless steel wire electrodes were sutured to the rectus abdominis (R.A.) and the external oblique (E.O.) musculature immediately above the inguinal ligament (both sides for E.O.) for measuring the EMG responses to CRD (as shown in Figure 1A). One pair of Teflon-coated stainless steel wire electrodes was sutured to the latissimus dorsi (L.D.) musculature for measuring respiratory rate (RR). In addition, a plastic catheter (Φ 0.2 mm) was placed intraperitoneally beneath the transversus abdominis musculature for the infusion of urethane. Incisions on muscle layers were closed by bioabsorbable sutures (polyglactin, Ethicon) and on the skin layer by nonabsorbable sutures (Vicryl, Ethicon). A flexible lubricated polyethylene-film balloon (Φ 8 mm × 15 mm) was inserted intra-anally into the precise location in the colorectum by measuring and maintaining the 5–30 mm distance between the end of the balloon and the anus (i.e., the balloon depth) via taping the connected plastic inflating catheter to the tail. The balloon was pressurized by a custom-built distension device consisting of four hydrostatic columns of water set at 15, 30, 45, and 60 mmHg pressures (22) (shown in Figure 1A). Computer-controlled solenoid valves were implemented to regulate the onset and termination of CRD, which as shown in Figure 1A consisted of four ascending pressure steps of 5 s duration and 7 s between successive steps (15, 30, 45, and 60 mmHg). EMG responses were recorded using a differential amplifier and a digitizer (CED 1401, Cambridge Electronic Design Limited, Cambridge, United Kingdom).
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FIGURE 1
In vivo setup and procedure for measuring VMR to CRD using a new urethane anesthesia protocol. (A) A schematic representation of the experimental setup for measuring the EMG activities from abdominal muscles during CRD. The CRD was delivered using hydrostatic saline columns of 15, 30, 45, and 60 mmHg. (B) The anesthesia protocol involved an initial bout of urethane followed by a continuous low-dose urethane infusion. The electrode implantation and i.p. catheterization were performed under isoflurane anesthesia (2%), which was cleared for 60 min before the low-dose urethane infusion. Repeated CRD was conducted with 10–15 min intervals between successive CRDs. VMR, visceral motor responses; CRD, colorectal distension; EMG, electromyographic; i.p., intraperitoneal; E.O., external oblique; R.A., rectus abdominis; L.D., latissimus dorsi.




2.2. New urethane anesthesia protocol for VMR recordings

The new urethane anesthesia protocol consists of an initial bout of infusion right after the catheter insertion as described above and a continuous low-dose infusion of urethane 60 min after terminating isoflurane (shown in Figure 1B). First, the initial dose of 0.6 g/kg urethane was administered intraperitoneally via the catheter inserted during the above surgical preparation. Isoflurane inhalation is removed after completing all the surgical procedures followed by another 60-min clearing period. Then, we started the continuous i.p. infusion of low-dose urethane [0.15–0.23 g per kg weight per hour (g/kg/h)] through the catheter to maintain systemic anesthesia for 2 h. During the 2-h window, VMR to CRD were assessed six times with 10–15 min between successive tests.

The rate of low-dose urethane infusion is critical to maintain optimal mouse anesthesia, i.e., the absence of locomotion and any other volitional movement while the presence of spino-spinal reflex (e.g., plantar reflex) and spino-bulbo-spinal reflex (i.e., the VMR to CRD). Thus, three rates of low-dose urethane infusion (0.15, 0.45, and 1.5 g/kg/h) are objectively assessed not only by the VMR to CRD but also by the respiratory rate as measured from EMG activities of the latissimus dorsi musculature (L.D. musculature in Figure 1A). Each rate of low-dose infusion was applied for 30 min (shown in Figure 2).
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FIGURE 2
Optimization of low-dose urethane infusion rates by measuring RR and VMR. (A) The anesthesia protocol involved assessing three different urethane infusion rates in ascending order: 0.15, 0.45, and 1.5 g/kg/h. The RR and VMR were measured at the end of each infusion rate step indicated by T1, T2, and T3. (B) The RR and VMR were not significantly different between the infusion rates of 0.15 and 0.45 g/kg/h. However, the 1.5 g/kg/h infusion rate resulted in a significant increase in RR and a decrease in VMR when compared to the two lower infusion rates. * indicates p < 0.05 (n = 6). RR, respiratory rate; VMR, visceral motor responses.




2.3. The effect of axial location of the distending balloon on VMR

Since the distal ∼30 mm of the colorectum is differentially innervated by two distinct afferent pathways between the proximal colonic and distal rectal regions (26), the evoked VMR to CRD are likely different with distending balloon inserted in distal vs. proximal regions of the 30-mm-long colorectum. Thus, we systematically assessed the effect of axial location of the balloon in the colorectum on the evoked VMR by controlling the balloon depth in the colorectum, which is defined as distance between the distal end of the balloon and the anus. We control the balloon depth to be 0, 5, 10, 15, 20, 25, and 30 mm by marking and taping the connected catheter to the mouse tail. VMR to CRD were repeatedly recorded from the same animal with different balloon depths. At least 10 min was given between successive CRD.



2.4. VMR measurement in mice with TNBS-induced visceral hypersensitivity

Our prior report showed that intracolonic enema of TNBS induced persistent behavioral visceral hypersensitivity in male mice (11). In this study, we implemented the same mouse model to assess the effect of axial location of the distending balloon on VMR to CRD in both male and female mice. Mice were anesthetized by 2% isoflurane inhalation, transanally administered with TNBS (0.2 ml @ 10 mg/ml in 50% ethanol; Sigma-Aldrich, St. Louis, MO, United States) via a 22-gauge feeding needle (#18061-22, Fine Science Tools, Foster City, CA, United States), and held in a head down position (∼30°) for 5 min to preserve TNBS in the colorectum. Dietary gel (NGB-1, Bio-Serv, Flemington, NJ, United States) was provided to mice showing severe weight loss (>5% original body weight). Mice at 10–14 days following TNBS treatment were used in the current study, a time period as characterized by our prior study showing significant behavioral visceral hypersensitivity (11).



2.5. Analysis and statistics

EMG activities evoked by CRD were recorded from the abdominal oblique musculature, digitized at 2000 Hz, and processed off-line using customized MATLAB scripts. The EMG signals were rectified for calculating the area under the curve (AUC), which was used to evaluate the level of VMR to CRD (27). VMR evoked by CRD was quantified as the AUC values during the 5 s CRD subtracted by the AUC of the 5 s pre-distending baseline recording. Results are expressed as means ± standard error (SE). One-way ANOVA and Tukey's repeated post-hoc comparisons were performed as appropriate using SigmaStat v4.0 (Systat Software, San Jose, CA, United States). Differences were considered significant when p < 0.05.




3. Results


3.1. Determine the rate of low-dose urethane infusion to achieve consistent VMR to CRD

The main objective of the study is to establish a new anesthesia protocol for robust recordings of VMR to CRD in mice, the critical parameter of which is the rate of continuous infusion of low-dose urethane (Figure 1B). As shown in Figure 1A, VMR to CRD was recorded by the EMG electrode pair on the right E.O. musculature. RR was recorded by the EMG electrode pair on the L.D. musculature. The balloon depth in the colorectum was maintained at 5 mm in this study. In six mice (three females and three males), three ascending rates of continuous urethane infusion were assessed (0.15, 0.45, and 1.5 g/kg/h), each with a duration of 30 min (Figure 2A). The VMR and RR were recorded at the end of each 30-min duration as indicated by T1, T2, and T3 in Figure 2A. The VMR evoked by the 60-mmHg stepped pressure recorded at T1, T2, and T3 in each mouse were normalized by the VMR recorded at T1 with the lowest infusion rate (0.15 g/kg/h). As shown in Figure 2B, the infusion rate of 1.5 g/kg/h resulted in a significant increase in RR recorded at T3 (one-way ANOVA with repeated measure, F2,15 = 6.82, p < 0.05; post-hoc comparison, p = 0.015 vs. T2, p = 0.016 vs. T1). Also as shown in Figure 2C, the rate of 1.5 g/kg/h significantly suppresses the VMR to CRD as recorded at T3 (one-way ANOVA with repeated measure, F2,15 = 9.06, p < 0.5; post-hoc comparison, p = 0.004 vs. T2, p = 0.009 vs. T1). There was no significant difference in RR or VMR between the urethane infusion rates of 0.15 and 0.45 g/kg/h measured at T1 and T2, respectively. Thus, we maintained the rate of low-dose urethane infusion of no more than 0.3 g/kg/h for the rest of the study.



3.2. Comparison of VMR to CRD from different abdominal musculatures

The EMG magnitude as a metric of VMR is affected not only by the muscle recorded from but also the spacing between the two differential electrodes (∼1 mm). As shown in Figure 1A, we implanted three pairs of electrodes to simultaneously record from bilateral E.O. and the medial R.A. musculatures in 16 mice (8 females and 8 males). The balloon depth in the colorectum was set to be 5 mm in all recordings. The VMR recordings were processed as AUC values from four distending pressures (15, 30, 45, and 60 mmHg), which were normalized by the AUC value of 60 mmHg CRD (100%) recorded from the right E.O. Representative VMR from the right E.O., left E.O., and R.A. musculatures are displayed in Figure 3A, and the pooled data from 16 mice are displayed in Figure 3B. The VMR recorded from left and right E.O. musculatures were not significantly different (two-way ANOVA with repeated measure, F2,510 = 33.262, p < 0.0001; post-hoc comparison p = 0.19 for left vs. right E.O.), both of which are significantly higher than from the R.A. (post-hoc comparison, p < 0.0001 for right E.O. vs. R.A.; p < 0.0001 for left E.O. vs. R.A.). Thus, we only recorded VMR from the right E.O. for the rest of this study.
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FIGURE 3
VMR to CRD recorded simultaneously from three different abdominal muscles: the left and right E.O. and R.A. muscles. (A) Representative EMG recordings of VMR from three abdominal muscles from one mouse in response to stepped CRD pressures: 15, 30, 45, and 60 mmHg. (B) Normalized AUC of EMG recordings from the three different abdominal muscles (n = 16). VMR, visceral motor responses; CRD, colorectal distension; EMG, electromyographic; AUC, area under the curve; E.O., external oblique; R.A., rectus abdominis.




3.3. Assess repeatability of VMR recordings by repetitive CRD

We aim to advance the VMR recordings from anesthetized mice as a reliable test bench to objectively assess various neuromodulatory interventions for treating visceral pain. Thus, we systematically determine the repeatability of VMR recordings evoked by multiple CRD within the 2-h time window during the low-dose urethane infusion in eight mice. From four mice (two females and two males), VMR to CRD was recorded six times during the first 60 min period at the low-dose urethane infusion rate of 0.15 g/kg/h and recorded for another six times during the second 60 min period at the infusion rate of 0.23 g/kg/h. The interval between successive CRD was maintained at 10 min throughout the test. Similar tests were conducted on another four mice (two females and two males) while switching the sequence of urethane doses, i.e., 0.23 g/kg/h of urethane in the first 60 min and 0.15 g/kg/h in the second 60 min period. Within each mouse, the AUC of all VMR was normalized by the response to the 60-mmHg distension in the first VMR. Figure 4A shows representative VMR recorded 12 times from one mouse at 0.15 g/kg/h and 0.23 g/kg/h urethane infusion. VMR recordings showed no within-sample differences in each of the eight mice recorded under the same rate of urethane infusion (two-way ANOVA with repeated measures, F5,360 = 1.925, p > 0.05 for all). In each of the eight mice, the VMR to CRD recorded at the same urethane infusion rates were averaged and plotted in Figure 4B, which showed no significant difference between 0.15 and 0.23 g/kg/h urethane in all of the eight mice tested (two-way ANOVA with repeated measures, F1,56 = 0.005, p > 0.05 for all). These results indicate that the new anesthesia protocol with low-dose urethane infusion (0.15–0.23 g/kg/h) enables robust and repeatable VMR recordings to CRD with 10 min intervals for at least 2 h.
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FIGURE 4
Repeated measurement of VMR to CRD in mice under the new urethane anesthesia protocol. (A) Representative VMR responses recorded 12 times from one mouse under 0.15 and 0.23 g/kg/h urethane infusion (six times each) within a 2-h period. The VMR is displayed as the normalized AUC of the EMG signals. (B) The average VMR to CRD recorded from eight mice under the 0.15 and 0.23 g/kg/h urethane infusion (six times each). The average VMR was recorded under the same infusion rate in each mouse. VMR, visceral motor responses; CRD, colorectal distension; EMG, electromyographic; AUC, area under the curve.




3.4. CRD of proximal colonic region produces significantly lower level of VMR than of distal rectal region

Within the same mouse, VMR to CRD was assessed with a distending balloon positioned at different depths in the colorectum as illustrated in Figure 5A. The representative VMR to CRD at balloon depth of 5 vs. 15 mm from the same mouse is displayed in Figure 5B, indicating the dramatic reduction of VMR with increased balloon depth in the colorectum. The VMR were recorded with balloon depths up to 30 mm into the anus in male mice and 25 mm in female mice. VMR from six male mice recorded at different balloon depths are normalized by the AUC evoked by the 60-mmHg pressure step with 5-mm balloon depth. Figures 5C,D show the average responses from six male and six female mice, respectively. VMR to CRD is significantly higher when recorded at the lowest balloon depth (5 mm) as compared to deeper distension with increased depth (10–20 mm) in both male (two-way ANOVA, F3,560 = 5.151, p < 0.05; post-hoc comparison, 5 mm vs. others, p < 0.05) and female mice (two-way ANOVA, F3,560 = 3.038, p < 0.05; post-hoc comparison, 5 mm vs. others, p < 0.05).
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FIGURE 5
The effect of balloon depth in the colorectum on VMR to CRD. (A) Schematic representation of the precise control of balloon location in the colorectum by the balloon depth, i.e., the distance between the end of the balloon and the anus. (B) Representative EMG signals of VMR recorded from shallow (5 mm) and deep (15 mm) balloon depths from the same mouse. (C) Normalized VMR to CRD recorded from male mice at six different balloon depths: 5, 10, 15, 20, 25, and 30 mm. (D) Normalized VMR to CRD recorded from female mice at five different balloon depths: 5, 10, 15, 20, and 25 mm. * indicates p < 0.05 (n = 12). VMR, visceral motor responses; CRD, colorectal distension; EMG, electromyographic.




3.5. Intracolonic TNBS produced differential sensitization of VMR to CRD between male and female mice

We previously reported that intracolonic TNBS treatment produced prolonged behavioral visceral hypersensitivity in male mice from 7 to 14 days post-treatment (11), which is evidenced by increased VMR to CRD recorded in conscious mice. VMR to CRD were recorded in mice under the newly developed urethane anesthesia protocol (0.3 g/kg/h urethane infusion) with multiple balloon depths into the colorectum in both male (5–30 mm depth) and female mice (5–25 mm depth). Tests were conducted in mice receiving intracolonic saline (control) or TNBS. As shown in Figure 6A for 10 mm balloon depth, the VMR to CRD is significantly higher in male mice receiving TNBS than those receiving saline (two-way ANOVA, F1,40 = 4.391, p < 0.05) but is not significantly different between female mice receiving TNBS and saline (two-way ANOVA, F1,40 = 0.62335, p = 0.434). This sex difference in TNBS-induced increase in VMR to CRD is also observed with 15 mm balloon depth as shown in Figure 6B, i.e., sensitized response by TNBS only in male mice (two-way ANOVA, F1,40 = 14.43158, p < 0.05) but not in female mice (F1,40 = 0.64, p = 0.428). VMR to CRD in saline-treated groups showed no significant sex differences for both 10 and 15 mm balloon depths (F1, 40 = 1.946, p > 0.05 for 10 mm, F1, 40 = 3.723, p > 0.05 for 15 mm). CRD recorded in each mouse were normalized by the response to 60 mmHg distension at 5 mm balloon depth. All responses to 45 mmHg distension at different balloon depths from saline and TNBS groups were pooled together and displayed in Figure 6C, and all responses to 60 mmHg displayed in Figure 6D. In male mice, VMR to distension of 45 mmHg was significantly higher at balloon depth of 10 and 15 mm in the TNBS group than in the saline group (Two-way ANOVA, F1,20 = 26.659, p < 0.05; post-hoc comparison), whereas female mice showed no difference between the TNBS and the saline groups at all tested balloon depths. Similarly, VMR to 60 mmHg distension were significantly increased in male mice in the TNBS group as compared to the saline group at balloon depths of 10, 15, 20, and 25 mm (two-way ANOVA, F1,40 = 36.421, p < 0.05; post-hoc comparison) while female mice showed comparable VMR between the TNBS and the saline groups.
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FIGURE 6
The effect of intracolonic TNBS on VMR to CRD in male and female mice. The visceral hypersensitivity following intracolonic TNBS and saline (as a control) was assessed in male and female mice by VMR to CRD at balloon depths of 10 mm (A) and 15 mm (B). (C) Normalized VMR to 45 mmHg stepped distension at different balloon depths. The VMR was normalized by the response to 60 mmHg distension step at 5 mm balloon depth. (D) Normalized VMR to 60 mmHg stepped distension at different balloon depths. * indicates p < 0.05 (n = 6). VMR, visceral motor responses; CRD, colorectal distension; TNBS, 2,4,6-trinitrobenzenesulfonic acid.


We set the threshold for positive VMR response as five times the root mean square of the baseline noise level of the EMG signals. As illustrated in Figure 7A, mice with positive response to stepped distension are considered responders and those with negative response are non-responders. As shown in Figure 7B, mice of either sex receiving TNBS or saline are all responders to 45 and 60 mmHg distension at balloon depth of 5 mm. As summarized in Figure 7C for 10-mm balloon depth, only 50% mice are responders to 60 mmHg distension in male mice receiving saline, in comparison to 100% responders in male mice receiving TNBS. In contrast, female mice had comparable proportions of responders (83.3%) between the saline and the TNBS groups. At a balloon depth of 20 mm shown in Figure 7D, no male mice in the saline-treated group responded to 60 mmHg distension, whereas 83.3% in the TNBS-treated group did. Again, the proportions of responders in female mice were not different between saline (16.7%) and TNBS groups (16.7%).
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FIGURE 7
Intracolonic TNBS sensitizes the VMR to colonic distension in male mice. (A) Representative EMG recordings from a mouse with positive VMR responses to a distending pressure (responder) and from another mouse with negative VMR responses (non-responder). (B) Mice from all groups are responders to rectal distension of 45 and 60 mmHg with a shallow balloon depth of 5 mm. (C) Male mice receiving TNBS showed a higher responder proportion to 60 mmHg distension of 10 mm balloon depth than male mice receiving saline. Female mice showed no difference in the proportions of responders between the saline and TNBS groups. (D) Male mice receiving TNBS have sensitized responses to colonic distension (20 mm balloon depth) with 83.3% responders as compared to 0% responders in the saline group. Again, female mice showed no difference in the proportions of responders between the saline and TNBS groups. TNBS, 2,4,6-trinitrobenzenesulfonic acid; VMR, visceral motor responses; EMG, electromyographic.





4. Discussion

From the current study, we have systematically established an anesthesia protocol that enables the robust and repeatable measurement of VMR to CRD in anesthetized mice for at least 2 h. Increased abdominal muscle activity is considered a pseudoaffective reflex of visceral nociception that requires functioning spino-bulbo-spinal neural circuitry above the spinal level. Cervical spinal cord transection (C1) completely abolishes the VMR to the CRD (12). Many general anesthesia methods used in animal studies suppress supraspinal neural activities and thus significantly attenuate or completely inhibit the VMR to CRD, including steroidal anesthetic alphaxalone/alphadolone (12), isoflurane (28), halothane (29), ketamine (30), and alpha-chloralose (12). Pentobarbital sodium, previously used as a sedative and preanesthetic in patients, preserves the VMR to CRD in mice and was used by several prior studies [e.g., (31)]. However, its discontinued manufacturing and heightened regulatory control in the United States have prevented its wider application in recent laboratory research. General anesthesia by a single i.p. injection of urethane (typically 1–1.5 g/kg) was widely used to preserve the VMR to CRD in anesthetized rats [e.g., (32–35)]. In comparison, a similar urethane anesthesia protocol was only implemented by a handful of mouse studies for recording VMR to CRD under anesthesia [i.e., (22, 25)], suggesting the need to further improve and optimize the urethane anesthesia protocol in mice.

In the current study, we demonstrated that continuous i.p. infusion of a low-dose urethane enables a consistent anesthesia condition for repeated assessment of VMR to CRD. To initiate anesthesia, we used an initial bout of 0.6 g/kg urethane infusion combined with continuous isoflurane inhalation (2%), which not only removes voluntary locomotion of the mouse but also inhibits the spino-spinal reflex from forceps pinching of the hind paw. Consistent with the inhibitory effect of isoflurane reported previously (28), we did not record any VMR to CRD during and within 30 min after terminating the isoflurane anesthesia. We then narrowed down the range of urethane dose for continuous infusion by precisely measuring the respiratory rate, which closely correlates with the level of brain activity during anesthesia and sleep (36). Different doses of urethane anesthesia reportedly recapitulate distinct stages of natural sleep in rodents: slow-wave sleep (SWS) at low-dose and rapid eye movement (REM) sleep at high dose with a respiratory rate higher in the REM phase than in the SWS phase (36). We observed that the respiratory rate at 0.15 and 0.45 g/kg/h urethane infusion is comparable but significantly lower than at 1.5 g/kg/h, suggesting the SWS phase at the dose of 0.15–0.45 g/kg/h and REM phase at 1.5 g/kg/h. VMR to CRD was absent at an infusion rate of 1.5 g/kg/h, consistent with the prior finding that high dose of urethane completely abolished the VMR in rats (12). Since the SWS sleep phase features stable brain neural activities and autonomic signals, we limited the urethane infusion rate to below 0.45 g/kg/h. The lower range of the perfusion rate is justified by the stable respiratory rate in the absence of voluntary and involuntary movement, indicative of sufficient anesthesia. Remarkably, we demonstrated that six consecutive measurements of VMR to CRD with 10 min intervals are comparable with no significant difference in each of the eight tested mice at two perfusion rates of urethane: 0.15 and 0.23 g/kg/h. In addition, the mean VMR to CRD recorded under 0.15 and 0.23 g/kg/h urethane infusion is comparable within each mouse. These systematic studies strongly indicate that i.p. infusion of 0.15–0.23 g/kg/h urethane provides an optimal anesthesia condition to allow repeatable measurement of VMR to CRD for at least 2 h.

We limited the age of the mice to 8–12 weeks when optimizing the urethane anesthesia condition. We are fully aware that age is a significant factor impacting the level of anesthesia. Older mice have a slower metabolism rate (37), which likely contributes to a longer time to achieve anesthesia and longer carryover period after terminating the anesthesia. From our unpublished observation, after the initial bout of urethane and isoflurane anesthesia, aged mice (>20 weeks of age) require a longer isoflurane clearing time to show VMR to CRD than younger adult mice (8–12 weeks). The anesthesia conditions established from the current study will be an ideal baseline for further optimization in studies using mice at other age ranges.

Using the anesthetized mouse model, we systematically assessed two key factors that affect the quantitative measurement of VMR to CRD via EMG recordings, i.e., EMG electrode location in different muscles and balloon depth in the colorectum. The visceromotor reflex to visceral nociception evokes higher activities in certain skeletal or smooth muscles than others. For example, noxious stomach distension evokes the highest level of EMG signals in skeletal muscles in the neck rather than back muscles or abdominal smooth muscles; within the neck muscles, the signal is higher in the acromiotrapezius muscle than in the sternomastoideus muscle (38). Through simultaneous EMG recordings from three different abdominal smooth muscles (left and right E.O. and R.A. musculatures), we showed that VMR to CRD evoked a higher EMG magnitude in E.O. than in the R.A. musculature. Remarkably, the recorded EMG signals from the left and right E.O. showed no statistical difference despite being recorded by different pairs of electrodes that would likely have different input impedance due to different spacing between the two bipolar inputs. This suggests that EMG signals are a reliable metric of evoked E.O. muscle activities, not significantly impacted by the electrode configurations, and can be implemented to compare the level of VMR between different animals. The distending balloon location in the colorectum, as indicated by the balloon depth, significantly impacts the evoked EMG magnitude: increasing the balloon depth from 5 to 15 mm resulted in about a 60%–70% reduction in EMG magnitude. The mouse distal colorectum consists of colonic and rectal regions that are predominantly innervated by the lumbar splanchnic nerve (LSN) and pelvic nerve (PN) pathways, respectively (26, 39). Given the balloon length of 15 mm, CRD of 5 mm depth will likely stimulate both LSN and PN afferents, whereas CRD of 15 mm will stimulate mostly the LSN afferents. Our result is consistent with a prior nerve transection study indicating the dominant role of the PN pathway in driving the VMR to CRD; transecting the LSN does not significantly affect the magnitude of VMR, whereas transecting the PN completely abolishes the VMR (31). Taken together, the current results indicate that consistent EMG recordings of VMR to CRD will require (1) recording electrodes to be on the E.O. musculature and (2) distending balloons to be positioned in the rectal region, preferably 5–10 mm into the anus.

Under the new urethane anesthesia protocol, we demonstrated that the VMR to CRD was significantly higher in male mice 10–14 days after TNBS treatment than in male mice receiving saline as a control, consistent with prior findings of VMR recorded in conscious male mice before and after TNBS treatment (11). However, VMR recorded in urethane-anesthetized mice can only be recorded at one time point because mice cannot survive under urethane anesthesia. As discussed earlier, VMR quantified by EMG activities is not significantly affected by electrode configurations, enabling a comparison of VMR to CRD between the TNBS and saline groups. The difference in VMR between the saline and TNBS groups of male mice is apparent only when the balloon predominantly distends the colonic region (i.e., 10 and 15 mm balloon depth). In contrast, no difference in VMR was observed with a 5 mm balloon depth that predominantly distends the rectal region. This is consistent with the finding of normalized VMR recorded at different balloon depths from the same mouse, which shows significantly higher VMR in the TNBS group at balloon depths of 10–25 mm than in the saline group. Interestingly, there is a significant sex difference in TNBS-induced visceral hypersensitivity. There are no significant differences in VMR to CRD in female mice between the TNBS- and saline-treated groups. Additionally, the normalized VMR to CRD showed no difference between the TNBS and saline groups at all balloon depths. A prior study indicates that VMR to CRD in female rats is significantly affected by the estrous cycle, higher in proestrus and estrus phases than in diestrus and metestrus phases (28). We did not track the cycle of female mice in the current study. Thus, the lack of a significant difference in the current study may be due to cycle-induced variations of VMR. Nonetheless, the normalized VMR recorded in each female mouse, which accounts for the between-sample variations, also showed no apparent sensitization of VMR to CRD in female mice receiving TNBS compared to female mice receiving saline. Thus, intracolonic TNBS does not induce significant visceral hypersensitivity in female mice, similar to our recent study showing comparable VMR to CRD between intracolonic saline and zymosan-treated female mice (40). This sex difference in visceral hypersensitivity induced by colonic insult per se can be attributed to the decreased colonic epithelial permeability in female mice due to the upregulation of the tight junction proteins occludin and junctional adhesion molecule (JAM)-A via the sex hormone estrogen (41–43). The underlying mechanisms of sex hormone-mediated tight junction function of intestinal epithelia in visceral hypersensitivity await further study.



5. Conclusion

We developed a urethane anesthesia protocol for measuring the VMR to CRD in mice. The protocol involves an initial urethane dose (0.6 g/kg) followed by a low-dose infusion (0.15–0.23 g/kg/h) for up to 2 h. Repeated CRD assessments showed a consistent VMR magnitude. VMR recorded from the E.O. muscles was higher than from the R.A. muscles. Additionally, rectal distension with shallower balloon depth produced a significantly higher VMR magnitude than colonic distension with deeper balloon depth. We investigated the effects of intracolonic TNBS treatment on VMR to CRD in male and female mice. TNBS treatment induced significant visceral hypersensitivity in male mice at 10–14 days post-treatment, as evidenced by higher VMR magnitude. Female mice showed comparable VMR between the TNBS and saline groups. Further studies are required to understand the underlying neuronal and hormonal mechanisms for the apparent sex difference in TNBS-induced visceral hypersensitivity. Our findings provide a reliable methodology for studying CRD-induced VMR in mice and contribute to the understanding of sex differences in visceral hypersensitivity.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by University of Connecticut Institutional Animal Care and Use Committee.



Author contributions

SZ, LC, and BF prepared the display items. SZ prepared the initial draft of the manuscript. All authors contributed to all aspects of manuscript preparation, revision, and editing. BF supervised the project. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by NINDS U01 NS113873 and NIDDK R01 DK120824 grants awarded to BF.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Johanson J. Options for patients with irritable bowel syndrome: contrasting traditional and novel serotonergic therapies. Neurogastroenterol Motil. (2004) 16:701–11. doi: 10.1111/j.1365-2982.2004.00550.x

2. Sikandar S, Dickenson AH. Visceral pain—the ins and outs, the ups and downs. Curr Opin Support Palliat Care. (2012) 6:17. doi: 10.1097/SPC.0b013e32834f6ec9

3. Tu FF, Fitzgerald CM, Kuiken T, Farrell T, Norman HR. Comparative measurement of pelvic floor pain sensitivity in chronic pelvic pain. Obstet Gynecol. (2007) 110:1244–8. doi: 10.1097/01.AOG.0000289228.23903.cc

4. Clarke G, Quigley EMM, Cryan JF, Dinan TG. Irritable bowel syndrome: towards biomarker identification. Trends Mol Med. (2009) 15:478–89. doi: 10.1016/j.molmed.2009.08.001

5. Spiegel BM, Farid M, Esrailian E, Talley J, Chang L. Is irritable bowel syndrome a diagnosis of exclusion?: a survey of primary care providers, gastroenterologists, and IBS experts. Am J Gastroenterol. (2010) 105:848. doi: 10.1038/ajg.2010.47

6. Ritchie J. Pain from distension of the pelvic colon by inflating a balloon in the irritable colon syndrome. Gut. (1973) 14:125–32. doi: 10.1136/gut.14.2.125

7. Mertz H, Naliboff B, Munakata J, Niazi N, Mayer EA. Altered rectal perception is a biological marker of patients with irritable bowel syndrome. Gastroenterology. (1995) 109:40–52. doi: 10.1016/0016-5085(95)90267-8

8. Shinoda M, Feng B, Gebhart GF. Peripheral and central P2X3 receptor contributions to colon mechanosensitivity and hypersensitivity in the mouse. Gastroenterology. (2009) 137:2096–104. doi: 10.1053/j.gastro.2009.06.048

9. Tanaka T, Shinoda M, Feng B, Albers KM, Gebhart GF. Modulation of visceral hypersensitivity by glial cell line-derived neurotrophic factor family receptor α-3 in colorectal afferents. Am J Physiol Gastrointest Liver Physiol. (2011) 300:G418–24. doi: 10.1152/ajpgi.00456.2010

10. Feng B, La J-H, Schwartz ES, Tanaka T, Mcmurray TP, Gebhart GF. Long-term sensitization of mechanosensitive and-insensitive afferents in mice with persistent colorectal hypersensitivity. Am J Physiol Gastrointest Liver Physiol. (2012a) 302:G676–83. doi: 10.1152/ajpgi.00490.2011

11. Feng B, La J-H, Tanaka T, Schwartz ES, Mcmurray TP, Gebhart GF. Altered colorectal afferent function associated with TNBS-induced visceral hypersensitivity in mice. Am J Physiol Gastrointest Liver Physiol. (2012b) 303:G817–24. doi: 10.1152/ajpgi.00257.2012

12. Ness T, Gebhart G. Colorectal distension as a noxious visceral stimulus: physiologic and pharmacologic characterization of pseudaffective reflexes in the rat. Brain Res. (1988) 450:153–69. doi: 10.1016/0006-8993(88)91555-7

13. Martínez V, Thakur S, Mogil JS, Taché Y, Mayer EA. Differential effects of chemical and mechanical colonic irritation on behavioral pain response to intraperitoneal acetic acid in mice. Pain. (1999) 81:179–86. doi: 10.1016/S0304-3959(99)00008-1

14. Larauche M, Gourcerol G, Million M, Adelson DW, Taché 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. (2010) 13:344–55. doi: 10.3109/10253891003664166

15. Mcroberts JA, Coutinho SV, Marvizón JCG, Grady EF, Tognetto M, Sengupta JN, et al. Role of peripheral N-methyl-D-aspartate (NMDA) receptors in visceral nociception in rats. Gastroenterology. (2001) 120:1737–48. doi: 10.1053/gast.2001.24848

16. Burton MB, Gebhart GF. Effects of kappa-opioid receptor agonists on responses to colorectal distension in rats with and without acute colonic inflammation. J Pharmacol Exp Ther. (1998) 285:707–15.9580617

17. Ait-Belgnaoui A, Bradesi S, Fioramonti J, Theodorou V, Bueno L. Acute stress-induced hypersensitivity to colonic distension depends upon increase in paracellular permeability: role of myosin light chain kinase. Pain. (2005) 113:141–7. doi: 10.1016/j.pain.2004.10.002

18. Sanson M, Bueno L, Fioramonti J. Involvement of cannabinoid receptors in inflammatory hypersensitivity to colonic distension in rats. Neurogastroenterol Motil. (2006) 18:949–56. doi: 10.1111/j.1365-2982.2006.00819.x

19. Eutamene H, Bradesi S, Larauche M, Theodorou V, Beaufrand C, Ohning G, et al. Guanylate cyclase C-mediated antinociceptive effects of linaclotide in rodent models of visceral pain. Neurogastroenterol Motil. (2010) 22:312–e84. doi: 10.1111/j.1365-2982.2009.01385.x

20. Feng B, Kiyatkin ME, La J-H, Ge P, Solinga R, Silos-Santiago I, et al. Activation of guanylate cyclase-C attenuates stretch responses and sensitization of mouse colorectal afferents. J Neurosci. (2013) 33:9831–9. doi: 10.1523/JNEUROSCI.5114-12.2013

21. Julia V, Su X, Buéno L, Gebhart GF. Role of neurokinin 3 receptors on responses to colorectal distention in the rat: electrophysiological and behavioral studies. Gastroenterology. (1999) 116:1124–31. doi: 10.1016/S0016-5085(99)70015-6

22. Chen L, Guo T, Zhang S, Smith PP, Feng B. Blocking peripheral drive from colorectal afferents by subkilohertz dorsal root ganglion stimulation. Pain. (2022) 163:665–81. doi: 10.1097/j.pain.0000000000002395

23. Maggi CA, Santicioli P, Meli A. The nonstop transvesical cystometrogram in urethane-anesthetized rats: a simple procedure for quantitative studies on the various phases of urinary bladder voiding cycle. J Pharmacol Methods. (1986) 15:157–67. doi: 10.1016/0160-5402(86)90064-1

24. Smith PP, Kuchel GA. Continuous uroflow cystometry in the urethane-anesthetized mouse. Neurourol Urodyn. (2010) 29:1344–9. doi: 10.1002/nau.20850

25. Najjar SA, Ejoh LL, Loeza-Alcocer E, Edwards BS, Smith-Edwards KM, Epouhe AY, et al. Optogenetic inhibition of the colon epithelium reduces hypersensitivity in a mouse model of inflammatory bowel disease. Pain. (2021) 162:1126–34. doi: 10.1097/j.pain.0000000000002110

26. Feng B, Gebhart GF. Characterization of silent afferents in the pelvic and splanchnic innervations of the mouse colorectum. Am J Physiol Gastrointest Liver Physiol. (2011) 300:G170–80. doi: 10.1152/ajpgi.00406.2010

27. Christianson JA, Gebhart GF. Assessment of colon sensitivity by luminal distension in mice. Nat Protoc. (2007) 2:2624–31. doi: 10.1038/nprot.2007.392

28. Ji Y, Tang B, Traub RJ. The visceromotor response to colorectal distention fluctuates with the estrous cycle in rats. Neuroscience. (2008) 154:1562–7. doi: 10.1016/j.neuroscience.2008.04.070

29. Palecek J, Willis WD. The dorsal column pathway facilitates visceromotor responses to colorectal distention after colon inflammation in rats. Pain. (2003) 104:501–7. doi: 10.1016/S0304-3959(03)00075-7

30. Alam S, Saito Y, Kosaka Y. Antinociceptive effects of epidural and intravenous ketamine to somatic and visceral stimuli in rats. Can J Anaesth. (1996) 43:408–13. doi: 10.1007/BF03011723

31. Kyloh M, Nicholas S, Zagorodnyuk VP, Brookes SJ, Spencer NJ. Identification of the visceral pain pathway activated by noxious colorectal distension in mice. Front Neurosci. (2011) 5:16. doi: 10.3389/fnins.2011.00016

32. Sapsed-Byrne S, Ma D, Ridout D, Holdcroft A. Estrous cycle phase variations in visceromotor and cardiovascular responses to colonic distension in the anesthetized rat. Brain Res. (1996) 742:10–6. doi: 10.1016/S0006-8993(96)00989-4

33. Kozlowski CM, Green A, Grundy D, Boissonade F, Bountra C. The 5-HT3 receptor antagonist alosetron inhibits the colorectal distention induced depressor response and spinal c-fos expression in the anaesthetised rat. Gut. (2000) 46:474–80. doi: 10.1136/gut.46.4.474

34. Sivarao DV, Langdon S, Bernard C, Lodge N. Colorectal distension-induced pseudoaffective changes as indices of nociception in the anesthetized female rat: morphine and strain effects on visceral sensitivity. J Pharmacol Toxicol Methods. (2007) 56:43–50. doi: 10.1016/j.vascn.2006.12.004

35. Ait-Belgnaoui A, Eutamene H, Houdeau E, Bueno L, Fioramonti J, Theodorou V. Lactobacillus farciminis treatment attenuates stress-induced overexpression of fos protein in spinal and supraspinal sites after colorectal distension in rats. Neurogastroenterol Motil. (2009) 21:567–e519. doi: 10.1111/j.1365-2982.2009.01280.x

36. Pagliardini S, Funk GD, Dickson CT. Breathing and brain state: urethane anesthesia as a model for natural sleep. Respir Physiol Neurobiol. (2013) 188:324–32. doi: 10.1016/j.resp.2013.05.035

37. Booij LH. Sex, age, and genetics in anesthesia. Curr Opin Anesthesiol. (2008) 21:462–6. doi: 10.1097/ACO.0b013e3283007ea3

38. Ozaki N, Bielefeldt K, Sengupta JN, Gebhart G. Models of gastric hyperalgesia in the rat. Am J Physiol Gastrointest Liver Physiol. (2002) 283:G666–76. doi: 10.1152/ajpgi.00001.2002

39. Feng B, Brumovsky PR, Gebhart GF. Differential roles of stretch-sensitive pelvic nerve afferents innervating mouse distal colon and rectum. Am J Physiol Gastrointest Liver Physiol. (2010) 298:G402–409. doi: 10.1152/ajpgi.00487.2009

40. Guo T, Liu J, Chen L, Bian Z, Zheng G, Feng B. Sex differences in zymosan-induced behavioral visceral hypersensitivity and colorectal afferent sensitization. Neurosci MeetPlan Soc Neurosci. (2022) 2022.

41. Homma H, Hoy E, Xu D-Z, Lu Q, Feinman R, Deitch EA. The female intestine is more resistant than the male intestine to gut injury and inflammation when subjected to conditions associated with shock states. Am J Physiol Gastrointest Liver Physiol. (2005) 288:G466–72. doi: 10.1152/ajpgi.00036.2004

42. Braniste V, Leveque M, Buisson-Brenac C, Bueno L, Fioramonti J, Houdeau E. Oestradiol decreases colonic permeability through oestrogen receptor beta-mediated up-regulation of occludin and junctional adhesion molecule-A in epithelial cells. J Physiol. (2009) 587:3317–28. doi: 10.1113/jphysiol.2009.169300

43. Braniste V, Jouault A, Gaultier E, Polizzi A, Buisson-Brenac C, Leveque M, et al. Impact of oral bisphenol A at reference doses on intestinal barrier function and sex differences after perinatal exposure in rats. Proc Natl Acad Sci USA. (2010) 107:448–53. doi: 10.1073/pnas.0907697107



OPS/images/fpain-04-1202590-g002.jpg
A i.p. urethane

0.6 g/kg . . .
I 2% isoflurane |.p.0u:e5t_h1ageg;zg;zlon
. g 1.5
Anesthesia I 0.15 04a
Ll ,l/_
20 min 60 min 30 min f 30 min f 30 min f
T T2 T3
[
1.2 *
o
Ecc E 1.2
o
3 1.1 S 08 *
s 8
E10 £ 0.4
= S
=
- 0.0
T4 T2 b & 3





OPS/images/fpain-04-1202590-g001.jpg
Latissimus dorsi (L.D.) Hydrostatic pressure

columns (mmHg) 80

Syringe pump
i.p. urethane

External oblique (E.O.)

Electrode
implantation

Rectus abdominis (R.A)

Outflow valve

B i.p. urethane
0.6 g/kg
2% isoflurane

i.p. urethane infusion

Anesthesia 0.15-0.23 g/kg/h
ﬂ//_
20 min 60 min 120 min
Implant EMG
Procedures | electrodes &
i.p. catheter

0 10 20 30 40
Time (s)





OPS/images/fpain-04-1202590-g004.jpg
Normalized AUC

o
o

Normalized AUC
s = &

o
o

>

0.15 g/kg/h 0.23 g/lkg/h
—=—10min 40 min
—e—20min 50 min »
—4—30 min —<— 60 min

.

/

15 30 15 60 15 30 15 60
Pressure (mmHg)

—=-0.15 glkg/h
~+-0.23 gkg/h

Nogmalizeg AUC |
b > o

o
5}

15

30 45 60
Pressure (mmHg)

- o

Normalized AUC
e -

30 45 60
Pressure (mmHg)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		An anesthesia protocol for robust and repeatable measurement of behavioral visceromotor responses to colorectal distension in mice

		1. Introduction



		2. Methods



		2.1. Surgical preparation and experiment setup



		2.2. New urethane anesthesia protocol for VMR recordings



		2.3. The effect of axial location of the distending balloon on VMR



		2.4. VMR measurement in mice with TNBS-induced visceral hypersensitivity



		2.5. Analysis and statistics











		3. Results



		3.1. Determine the rate of low-dose urethane infusion to achieve consistent VMR to CRD



		3.2. Comparison of VMR to CRD from different abdominal musculatures



		3.3. Assess repeatability of VMR recordings by repetitive CRD



		3.4. CRD of proximal colonic region produces significantly lower level of VMR than of distal rectal region



		3.5. Intracolonic TNBS produced differential sensitization of VMR to CRD between male and female mice











		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
' frontiers ‘ Frontiers in Pain Research

An anesthesia protocol for robust
and repeatable measurement of
behavioral visceromotor responses to
colorectal distension in mice





OPS/images/fpain-04-1202590-g003.jpg
A Right E.O.

Left E.O.
0.1 mV RA.
5s 60
45
30
(mmHg) 15
CRD
B
1ol > Renteo.
: A Left EO.
o e RA.
)
<
3
8
s
£ 0.5]
5
=z
0.0—

15 30 15 50
Pressure (mmHg)





OPS/images/fpain-04-1202590-g006.jpg
© 0.03
=]
<

Male

10mm depth
0.08"

0.06°

Female

—=— Saline
- ®--TNBS

15 60

30 45
Pressure (mmHg)
15mm depth
0.05

0.04

0.02
0.01

0.00

60

5
Bressure ()

45 mmHg distension
== TNBS

[ Naive
2.0

c
2

Normalized AU
=
o
*

:od
=)

5 10 15 20 25 30
CROD balloon depth (mm)

60 mmHg distension
25

C
°

Normalized AU
!

5 10 15 20 25 30
CRD balloon depth (mm)

60

30 45
Pressure (mmHg)

0.5

0.0

10 15 20 25
CROD balloon depth (mm)

10 1 20 2!
CRD balloon depth (mm)





OPS/images/fpain-04-1202590-g005.jpg
-
A c Male
Distension : :112 *
1.0
balloon —~20
o 08 —+25
—30
< 0.6
Anus
Colonrectum N 0.4
Eo2
00
B -0.2]
5 mm depth 15 30 45 60
Pressure (mmHg)
D =
o 150 Female *
101 —»- 15
—v— 20
So08] —* 25
<
15 mm depth § 0.6
-q-—h—*—*' T 0.4
E
0.2mV| 5,
10s 02]
0.01

(mmHg) o 45 &9 -
15 : 45 60
J 15 30

Pressure (mmHg)





OPS/images/fpain-04-1202590-g007.jpg
B 5 mm depth (rectal)

60mmHg 45mmHg
Il Responder

D Non-responder R ‘ ‘

02mv| M 100% 100%

3s CRD all groups
C 10 mm depth
Male Female
Saline TNBS Saline TNBS

60mmHg

50%

83.3%
D 20 mm depth (colonic)

Saline TNBS Saline TNBS

0% 16.7%
60mmHg

83.3%









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
2 frontiers | Frontiers in Pain Research





