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Introduction

Pain is a common and debilitating symptom of inflammatory bowel disease (IBD) [4]. 

Unfortunately, IBD remains a significant health problem because of its high prevalence 

about 1.3% of US adults (3 million) are diagnosed with IBD [9; 34] and its debilitating 

impact on the quality of life. These two factors are exacerbated by the lack of effective 

therapies, which also contributes to the tremendous economic burden of IBD in terms of 

health care costs and lost productivity [50].

The pathophysiology of pain associated with IBD is complex but appears to be due 

to a heightened response to physiological stimuli within the intestine, termed visceral 

hypersensitivity [4; 12; 27]. Visceral hypersensitivity, in turn, appears to be due, at least 

in part, to the sensitization of colonic nociceptors, which is typically reflected as a reduction 

in the mechanical threshold for activation and an increase in the response to both innocuous 

and noxious stimulation of the colon [4; 47].

While the sensitization of colonic nociceptors appears to be due to intrinsic changes in 

colonic afferents [14], this sensitization may also be due to the loss of GABAA receptor 

(GAR) mediated inhibition in their peripheral terminals.

We have recently demonstrated that the excitability of colonic afferents in situ is established, 

at least in part, by GAR activity [28]. Importantly, GAR antagonists increased the colonic 

afferent excitability, suggesting that in the absence of tissue injury, there is sufficient 

extracellular GABA for GAR activation. There is evidence of a decrease in extracellular 

GABA in the colon in the presence of inflammation [1]. And there is evidence that 
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GAR controlling the excitability of nociceptive afferents are present in the periphery [6]. 

Importantly, a loss of GAR inhibition of the central terminals of nociceptive afferents 

contributes to inflammatory hypersensitivity [2]. Interestingly, at the central terminals, 

there is not simply a loss of inhibition, but the emergence of a GAR-mediated excitation 

[7; 49]. However, this change in GAR signaling appeared to be GAR subtype-dependent 

because GAR-mediated excitation in the presence of inflammation appeared to be dependent 

on high-affinity GAR subtypes while low-affinity GAR-positive allosteric modulators 

(PAMs) retained their analgesic efficacy [2]. These observations raise the possibility that 

depending on the nature of the inflammation-induced change in GAR signaling in the 

colon, GAR activation may contribute to the hypersensitivity despite the apparent decrease 

in the extracellular GABA levels in the colon. Nevertheless, we hypothesize that visceral 

hypersensitivity observed in the presence of persistent inflammation is due a decrease in 

GAR-mediated suppression of nociceptive signaling from the colon.

To begin to test this hypothesis, we performed a series of behavioral pharmacological 

experiments in mice in the presence or absence of persistent inflammation of the 

gastrointestinal tract. Persistent inflammation was induced with dextran sodium sulfate 

(DSS) added to the drinking water. GAR agonists, antagonists, and PAMs were directly 

applied to the colon. Visceral sensitivity was assessed with the visceromotor response 

(VMR) evoked with balloon distention of the colon. Our results, raise the interesting 

possibility that activation of low-affinity GARs and/or blocking high-affinity GARs may 

be effective therapeutic strategies for the management of pain associated with IBD.

Methods

All procedures were approved by and performed in accordance with the guidelines of the 

University of Pittsburgh Institutional Animal Care and Use Committee. They were also 

performed in accordance with the guidelines established by the United States National 

Institutes of Health for the use of animals in research. All attempts were made to minimize 

the number of mice used and any pain or distress associated with the procedures performed.

Animals and Treatment

172 adult (8–10 weeks old) male and female C57BL/6J mice (Taconic Biosciences, 

Germantown, NJ, USA) were used in all experiments. Mice were housed by sex two to 

four per cage, in a temperature and humidity-controlled Association for Assessment and 

Accreditation of Laboratory Animal Care (AAALAC) approved facility, with food and water 

available ad libitum, in rooms on a 12:12 h light: dark schedule with lights on at 07.00 h.

Mice were divided randomly by cage into two groups defined by the presence or absence 

of visceral inflammation. Those in the inflammation group received 3% (wt/vol) of dextran 

sodium sulfate (DSS) at a molecular weight of 36,000–50,000 Da (MP Biomedicals, Santa 

Ana, CA, USA) in their drinking water for 5 days. The non-inflamed, or control group 

received water bottles handled and filled in the same way as group receiving DSS, but DSS 

was omitted. Mice received DSS- or vehicle-filled water bottles for five days, and on the 

sixth day of treatment, mice were used for behavioral pharmacological experiments. At the 
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end of the behavioral pharmacological experiments, mice were euthanized with an overdose 

of isoflurane 5%, and tissue removed for subsequent analysis.

Visceromotor response (VMR)

The VMR was evoked and recorded as previously described [28]. Mice were anesthetized 

using an intraperitoneal injection of urethane (1.2g/Kg). We chose urethane as an anesthetic 

because produces a long-lasting stable level of anesthesia, has minimal effects on autonomic 

and cardiovascular systems, and has minimal effect on GAR signaling [18; 29; 45]. In 

contrast, inhaled anesthetics such as isoflurane act to enhance responses of GAR [46]. 

Then the mice were place on a heating pad. The abdominal area was shaved, and a ~1 cm 

incision was done in the skin to expose the abdominal musculature. Positive and negative 

clip electrodes (Pomona Electronics) were attached to the abdominal muscle to record the 

VMR.

A polyethylene balloon (length,1.5 cm; diameter, 0.9 cm) affixed to the end of PE-60 tubing, 

was used to distend the colon. The balloon was inserted trans-anally until the proximal end 

of the balloon was 0.5 cm from the anal verge (total balloon insertion = 2 cm) and secured 

with tape to the mouse tail. The balloon was designed to enable the infusion of the test 

agents rostral to the balloon. The volume of each intra-colonic infusion was 0.1 ml and was 

given immediately after the baseline distensions. A ground electrode was attached to the tail 

of the mouse. The recordings and ground electrodes were attached to a differential amplifier 

(A-M Systems) connected to an A-D converter (Cambridge Electronic Design (CED) Micro 

1401).

Colorectal distension (CRD) was performed by balloon inflation using a compressed N2 

tank equipped with a pressure regulator connected to a computer-controlled air valve. CRD 

to 20, 30, 45, 60, and 70 mmHg were applied for 10 s every 4 min. The VMR was amplified 

(1000×), filtered (0.3–10 kHz bandpass), sampled at 20 kHz with 1401 interface (Cambridge 

Electronic Design), and stored in a PC for analysis offline. The VMR to CRD was collected 

before (baseline) and after instillation of test agents using Spike2 (Cambridge Electronic 

Design).

Analysis of VMR

The VMR was quantified as the area under the curve (AUC) of the rectified EMG signal 

recorded during distension minus the AUC of the rectified EMG signal recorded over the 

10 s prior to distension. Prior to the intracolonic instillation of test agents, the VMR was 

evoked three times at each pressure (20, 30, 45, 60, and 70 mmHg). The mean VMR at 

each pressure was considered the baseline, and the variance around that mean was used to 

determine whether a mouse “responded” to a test agent. That is, a mouse was considered 

a responder, of the VMR evoked after the test agent was > two standard deviations from 

the baseline response. The response to test agents was determined in the same manner as 

baseline, with a VMR evoked three times at each pressure. A four min inter-stimulus interval 

was maintained throughout.

To be able to compare the impact of test agents on VMR from control and DSS-treated 

mice, data were analyzed as a % of change from baseline using the following equation: 
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((VMRtest agent – VMRbaseline)/VMRbaseline)*100, where VMRbaseline and VMRtest agent are 

the VMR determined before and after application of test agents, respectively. Thus, if a test 

agent increases the VMR (i.e., increases nociception), the % change from baseline will be 

positive, while if a test agent decreases the VMR (i.e., decreases nociception), the % change 

from baseline will be negative.

Intestinal permeability

Changes in intestinal permeability was determined by quantifying Evans Blue leakage from 

the colon lumen. The proximal colon (2.5 cm) was incised at the junction with the cecum, 

and the fecal contests were gently flushed with 3 ml of PBS. The ends of the colon were 

then ligated with a 4.0 silk suture and 0.2 ml of 1.5% (w/v) Evans Blue (Sigma-Aldrich) in 

0.1 M phosphate buffered saline (PBS) was injected into the lumen of the colon with a 1 

ml syringe and gavage needle. The colon sac was suspended in 50 ml of oxygenated Krebs 

solution (in mM: 117.9 NaCl, 4.7 KCl, 25 NaH2CO3, 1.3 NaH2PO4, 1.2 MgSO4*7H2O, 

2.5 CaCl2, 11.1 D-glucose) maintained at 30–32 °C for 120 min. The colon was opened 

and rinsed 4 times with 3 ml PBS at room temperature. The colon was dried on filter 

paper at 37°C for 24 hr, weighed and incubated with 1 ml of formamide (Sigma-Aldrich) 

at room temperature for 24 hr. The amount of Evans Blue recovered from the tissue was 

estimated from a standard curve with a microplate reader at a wavelength of 655 nm (BioTek 

Instruments, Epoch/2 microplate reader). Evans Blue recovered (in μg) was then normalized 

to the dry weight of the colon (in mg).

Test agents

Test agents included the non-selective GAR agonist muscimol (1–100μM), δ-subunit 

preferring GAR agonist 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-3-ol (THIP, 100 μM), the 

non-selective GAR antagonist bicuculline (100μM), the GAR antagonist, gabazine, which 

is non selective at low concentrations (1 μM), but high-affinity GAR preferring at high 

concentrations (100μM), and the GAR positive allosteric modulator (PAM) diazepam (1–

100 nM). All test agents were obtained from Sigma-Aldrich. Muscimol and bicuculline were 

dissolved in distilled water at 100 mM while THIP and gabazine were dissolved in distilled 

water at 25mM. Stock solutions were stored at −20̊ C. On the day of the experiment, the 

stock solution was diluted to the final concentration in sterile saline (NaCl 0.9%) solution. 

Diazepam was dissolved in DMSO (100%) at 1 mM. For diazepam, the final concentration 

of DMSO was 0.01%.

Statistics

Data are presented as mean ± SEM. Data were analyzed using Prism 9 (GraphPad, San 

Diego, CA, USA), using student’s t-tests for two group comparisons, or more commonly 

two- or three-way analysis of variance (ANOVA) with Sidak’s, Tukey’s or Bonferroni’s 

post hoc analyses dependent on data distribution. Non-parametric data were analyzed using 

the Friedman rank test. Data were tested for normality and equal distribution prior to the 

application of parametric tests.
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Results

Induction of colitis by DSS administration

Consistent with previous results [8; 11; 33; 35; 38], 3% DSS in the drinking water was 

associated with changes consistent with the presence of visceral inflammation. DSS-treated 

mice developed diarrhea, with evidence of blood in their stool. There was a decrease in 

bodyweight in DSS-treated mice across the five days of treatment which was significantly 

lower by day three in DSS-treated mice (49 male and 37 female) compared to those with 

water alone (i.e., control mice, 46 male and 40 female) (Figure 1A, significant interaction 

between time, treatment, and sex (F (5, 800) = 71.13, p < 0.01). As colon inflammation is 

also associated with a decrease in colon length and an increase in spleen weight [11] we 

compared both in 14 mice each (7 male and 7 female) from control and DSS groups. Both 

endpoints were analyzed with a two-way ANOVA, which revealed a significant influence of 

treatment (DSS) for colon length (Figure 1B, F (1, 12) = 5.698, p < 0.01), but no significant 

influence of sex (F (1, 12) = 4.037, F (1, 24) = 1.257, p > 0.05), nor a significant interaction 

between treatment and sex (F (1, 12) = 0.1968, F (1, 24) = 0.7394, p > 0.05). Likewise, 

there was a significant influence of treatment (DSS) for spleen weight (Figure 1C, F (1, 24) 

= 10.77, p < 0.01), but no significant influence of sex (F (1, 24) = 1.257, p > 0.05), nor a 

significant interaction between treatment and sex (F (1, 24) = 0.7394, p > 0.05).

Finally, given that colon inflammation is associated with an increase in colon permeability, 

we evaluated the colon-permeability in separate groups of control (4 male and 3 female) 

and DSS-treated (4 male and 3 female) mice. Consistent with the presence of colon 

inflammation, there was a significant main effect of treatment (F (1, 10) = 10.47, p < 0.01) 

due elevated Evans Blue leakage into the colon wall in DSS-treated compared to control 

mice (Figure 1D). There was no significant effect of sex (F (1, 10) = 0.03842, p > 0.05), 

nor interaction (F (1, 10) = 0.3840, p > 0.05) between sex and treatment with respect to the 

amount of Evans Blue recovered from the colon wall.

DSS-treatment produces mechanical visceral hypersensitivity

Consistent with previous results [22; 24; 33; 42], DSS treatment was associated with the 

emergence of visceral hypersensitivity. Changes in visceral sensitivity were assessed with 

the VMR in response to CRD (Figure 1E). VMR data from control (46 male and 40 female) 

and DSS- (49 male and 37 female) treated mice were analyzed with a three-way ANOVA 

(treatment x sex x distension pressure). Results of this analysis revealed a significant 

interaction between treatment and distension pressure (F (4, 672) = 154, p < 0.01), but 

no significant influence of sex (F (1,168) = 0.3256, p > 0.05), nor a significant interaction 

between sex and treatment (F (1,168) = 0.2966, p > 0.05) or distension pressure (F (4, 672) 

= 1.356, p > 0.05; Figure 1F). Of note, post-hoc testing confirmed the DSS-induced increase 

in VMR was significant (p < 0.01), in response to both non-noxious (e.g., 20 mmHg) and 

noxious (e.g., 70 mmHg) distension pressures.

Because the response to test agents required repeated CRD, we next sough to confirm the 

stability of the VMR over time and following intracolonic instillation of control solutions 

(e.g., vehicle used for test agents: saline or DMSO). Six mice (3 male and 3 female) 
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each were tested with saline and with DMSO in the DSS-treated and control groups (24 

total). VMR data were analyzed with a three-way ANOVA (sex x treatment (+/− DSS) x 

intracolonic infusion (Before/After)), which revealed a significant influence of treatment 

(F (1, 8) = 26.92, p < 0.01), but no significant influence of sex (F (1,8) = 0.0553, p > 

0.05), infusion of saline (F (1,8) = 0.0062, p > 0.05), or a significant interaction between 

sex, treatment and/or infusion of saline (Figure 2, F (1,8) = 0.2866, p > 0.05). Likewise, 

three-way ANOVA results also revealed a significant influence of treatment (F (1, 8) = 

26.90, p < 0.01), but no significant influence of sex (F (1,8) = 0.0036, p > 0.05), infusion of 

DMSO (F (1,8) = 1.063, p > 0.05), or a significant interaction between sex, treatment and/or 

infusion of DMSO (Figure 2, F (1,8) = 0.1484, p > 0.05).

The impact of persistent inflammation on the actions of the non-selective GABAA agonist, 
muscimol

We recently reported that activation of GAR in the colon in uninflamed mice with 

the non-selective GAR agonist muscimol, attenuates colonic nociceptor excitability and 

consequently visceral sensitivity [28]. If a loss of GAR inhibition of colonic afferents 

contributes to inflammatory hypersensitivity, as we hypothesized, and this loss of inhibition 

is due to a decrease in functional GAR, we predicted we would observe a rightward shift 

in the muscimol concentration response curve such that more muscimol would be needed 

to produce the same decrease in visceral nociception. To test this prediction, we assessed 

the impact of the intracolonic application of muscimol (0.1 to 100 μM) on CRD-induced 

VMR in control and DSS-treated mice. Male and female mice were randomly assigned 

to DSS and control groups, and then to groups defined by the concentration of muscimol 

administered. As expected, based on our previous results, in mice receiving normal drinking 

water, muscimol produced a concentration-dependent decrease in the VMR (Figure 3). 

Typical examples of the effect of muscimol on VMR are shown in Figure 3A. Pooled 

stimulus-response function data before and after muscimol administration are shown in 

Figure 3B. In contrast to our prediction, the muscimol-induced suppression of the VMR 

in DSS-treated animals, as a percent of baseline, at least at the highest doses tested (10 

and 100 μM) was comparable to that in vehicle-treated mice. Even more striking, however, 

was that in contrast to control mice in which there was no detectable change in VMR in 

response to 0.5 and 1 μM muscimol, these concentrations of muscimol increased the VMR 

in DSS-treated mice. Thus, the effect of muscimol in DSS-treated mice was bi-directional, 

increasing VMR at low concentrations and decreasing VMR at high concentrations. The 

variability in responses to 1 and 100 μM muscimol in vehicle- and DSS-treated mice are 

plotted in Figure 3C. Pooled concentration-response data plotted as percent change from 

baseline (Figure 3D) were analyzed with a three-way ANOVA (sex x treatment x dose). The 

results revealed a significant treatment x dose interaction (F (4, 38) = 7.69, p < 0.01), but no 

main effect or significant interactions associated with sex.

THIP increases visceral hypersensitivity in DSS-treated mice

The bi-directional influence of muscimol on the VMR in DSS-treated mice suggested 

the emergence of a high-affinity GAR underlying the pro-nociceptive effects of the 

low concentrations of muscimol, in addition to a low-affinity GAR underlying the anti-

nociceptive effects of the high concentrations of muscimol. To further test this possibility, 
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we assessed the impact of the high-affinity δ-subunit preferring GAR agonist THIP (100 

μM) on the VMR in DSS-treated (4 male and 2 female) and control (4 male and 2 female) 

mice. Given that THIP has some activity at low-affinity receptors, it was not surprising 

that THIP suppressed the VMR in control mice (Figure 4). However, consistent with the 

emergence of a pro-nociceptive high-affinity GAR, THIP increased the VMR in DSS-treated 

mice. VMR data calculated as a percent change from baseline were analyzed with a two-

way ANOVA (sex x inflammation). Results of this analysis confirmed the presence of a 

significant (F (1, 8) = 51.94, p < 0.01) effect of treatment, but no effect of sex (F (1, 8) 

= 0.04596, p > 0.05), nor a significant interaction between sex and treatment (F (1, 8) = 

0.2556, p > 0.05).

Diazepam inhibits visceral hypersensitivity in DSS-treated mice

With evidence of endogenous GAR signaling influencing the response to CRD in both 

control and DSS-treated mice, it was possible to further test the involvement of a low-

affinity GAR in mediating the antinociceptive effects of GAR activation of the colon. We 

used a PAM for this purpose, because they potentiate the actions of endogenous GABA, 

and chose diazepam because it has preferential activity for low-affinity γ-subunit containing 

receptors [44].

The effect of diazepam (1, 10, and 100 nM) on the VMR was assessed in groups of 

DSS-treated (4–5 male and 1–2 female for each concentration) and control (3–5 male and 

2–3 female for each concentration) mice. Diazepam 100 nM decreased the VMR in both 

control and DSS-treated mice. Typical examples of the effect of diazepam on VMR are 

shown in Figure 5A. Results of a three-way ANOVA revealed a significant influence of 

treatment (F (1, 80) = 35.13, p < 0.01), CRD-pressure (F (4, 80) = 27.61, p < 0.01), 

diazepam (F (1, 80) = 30.42, p < 0.01), and a significant interaction between treatment, 

CRD-pressure, and diazepam (100nM, F (4, 80) = 2.884, p = 0.028). Post hoc tests indicated 

that significant interactions were due to a preferential influence of diazepam on the VMR 

response to noxious distension pressures in DSS-treated mice (Fig. 5B). Variability in the 

response to diazepam (100 nM) in the inhibition of the VMR to 70 mmHg of distension 

is shown in Figure 5C. Despite the fact that the baseline response to CRD was smaller in 

the absence of inflammation, the relative impact of diazepam was significantly greater in 

DSS-treated mice (F (1, 32) = 29.89, p < 0.01), main effect of treatment, but no effect of 

diazepam concentration nor a significant interaction between treatment and concentration). 

This is most easily seen in data plotted as a percent change from baseline (Figure 5D), where 

the diazepam-induced decrease in VMR was larger in DSS-treated mice at every dose of 

diazepam tested.

GABAA receptor antagonists reveal a pro-nociceptive role for endogenous GABA in DSS-
treated mice

Our data with GABA agonists in DSS-treated mice combined with our previous data 

indicating that endogenous GAR activation contributes to the establishment of visceral 

nociceptive threshold [28], suggest that DSS-induced visceral hypersensitivity may be due, 

at least in part to the constitutive activation of a high-affinity GAR. If true, it should be 

possible to attenuate DSS-induced hypersensitivity with a high-affinity GAR antagonist. To 
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test this possibility, we assessed the impact of intracolonic gabazine on the VMR in inflamed 

and non-inflamed mice.

Gabazine is considered a competitive antagonist of GAR subtypes [19]. However, gabazine 

is more potent against low-affinity than high-affinity GAR [31] and concentrations of less 

than 10 μM, has no effect on tonic high-affinity GAR currents [51]. Thus, to assess the 

relative contribution of high- and low-affinity GAR in DSS-induced hypersensitivity, 1 μM 

and 100 μM gabazine were used in different groups of DSS-treated (3–4 male and 1–3 

female for each concentration) and control (4 male and 1–2 female for each concentration) 

mice.

There were marked differences in the response to gabazine that were dependent on 

concentration and DSS-treatment (Figure 6A and B). Indeed, analyzing VMR data with 

a three-way ANOVA (treatment x gabazine dose x CRD-pressure), revealed significant 

main effects of inflammation (F (1, 30) = 12.08, p < 0.01) and CRD-pressure (F (1, 30) 

= 6.92, p <0.01), and a significant interaction between all three parameters (F (4, 72) = 

7.972, p < 0.01). Post-hoc analysis suggested that this was due to the fact that gabazine 

had no detectable influence on nociceptive threshold at a concentration of 1 μM, but at a 

concentration of 100 μM, drove changes in nociceptive threshold in opposite directions in 

control and DSS-treated mice. That is, gabazine increased visceral sensitivity in the absence 

of inflammation, consistent with the anti-nociceptive role of endogenous GAR signaling 

previously described in naïve animals. However, in DSS-treated mice, 100 μM gabazine was 

antinociceptive, consistent with the predicted emergence of pro-nociceptive GAR signaling 

in the colon (Figure 6B). Taken together, these data add additional support to the suggestion 

that inflammation of the colon results in a shift in the actions of a high-affinity GAR from 

inhibition to excitation such that this receptor contributes to inflammation-induced visceral 

hypersensitivity.

Bicuculline, another competitive GAR antagonist was used to further assess the contribution 

of pronociceptive GAR signaling to inflammation-induced visceral hypersensitivity. CRD-

induced VMR was measured in additional groups of DSS-treated (4 male and 4 female) and 

control (4 male and 4 female) mice before and after intracolonic infusion of bicuculline (100 

μM). The effects of bicuculline were similar to the effect of 100 μM gabazine (Figure 7A): 

VMR was increased in control animals but decreased in DSS-treated animals (Figure 7B). 

Thus, there were again significant main effects of treatment (F (1, 140) = 9.608, p < 0.01) 

and distension pressure (F (4, 140) = 100.5, p < 0.01), and a significant interaction between 

the two (F (1, 140) = 43.86, p < 0.01). Variability in the response to bicuculline can be seen 

in Figure 7C. These data are consistent with an inflammation-induced shift in the valence of 

endogenous high-affinity GAR signaling in the colon.

Discussion

The purpose of this study was to test the hypothesis that visceral hypersensitivity observed 

in the presence of persistent inflammation is due a decrease in GAR-mediated suppression 

of nociceptive signaling from the colon. The model of persistent inflammation used 

was DSS-induced colitis and consistent with previoius results with this model, DSS 
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treatment was associated with weight loss, a decrease in colon length, an increase in 

colon permeability, an increase in spleen weight, and an increase in the response of 

CRD. Persistent inflammation was associated with a qualitative shift in the response to 

intracolonic muscimol administration, with the emergence of a muscimol-induced increase 

in the VMR in response to low concentrations (100 and 500 nM) of muscimol, that 

was not present in control mice. The response to THIP was also shifted in inflamed 

mice from supression to potentiation of the VMR. In contrast, persistent inflammation 

was associated with an increase in the antinocicetive efficacy of diazepam. There was no 

detectable response to gabazine at concentrations selective for low-affinity GARs (1 μM). 

But at a gabazine concentration that blocks both low- and high-affinity GAR (100 μM), the 

changes in VMR in inflammed and control mice were in opposite directions: the VMR was 

increased in control mice but decreased in inflamed mice. Comparable results were obtained 

with the non-selective GAR antagonist bicuculline. Taken together, these results suggest 

persistent inflammation-induced visceral hypersensitivity is not simply due to a loss of GAR 

inhibition, but the emergence of a high-affinity GAR-induced increase in nociception.

Our results with GAR agonists and diazepam suggest that there are at least two distinct GAR 

subtypes in the colon that influence visceral nociception. This includes at least one high-

affinity GAR subtype, and at least one low-affinity GAR subtype. That is, while muscimol is 

generally considered a non-subtype selective GAR agonist [10; 26], it has an exceptionally 

high-affinity for δ subunit-containing GARs [39], a subunit commonly associated with 

high-affinity GARs. Thus, we suggest that the effects of low concentrations of muscimol 

were mediated by high-affinity receptors, while those associated with high concentrations 

of muscimol were mediated by low-affinity receptors. The hyperalgesia associated with 

THIP in DSS-treated mice is consistent with the emergence of a pro-nociceptive high-

affinity GAR in the presence of persistent inflammation. Similarly, the observation that 

the PAM diazepam, thought to facilitate activity of γ subunit-containing low-affinity 

receptors [44], attenuated the VMR in both the presence and absence of inflammation, 

is consistent with the presence of a low-affinity GAR that retains antinociceptive efficacy. 

Taken together, these observations suggest that different GAR subtypes mediate the pro- 

and anti-nociceptive effects of GAR signaling in the colon. This has potentially important 

therapeutic implications as it suggests two different approaches to the treatment of visceral 

hypersensitivity, with a high-affinity GAR antagonist and a low-affinity GAR agonist. 

Although, most of the drugs used in this research are not currently used for treatment of 

IBD in humans, diazepam has been used clinically for the treatment of high-tone pelvic floor 

dysfunction [32; 41], a condition that is frequently comorbid with painful bladder syndrome 

[36].

Our GAR antagonist data not only add additional support the suggestion that there are at 

least two GAR subtypes in the colon involved in the regulation of nociceptive threshold, 

but that inflammatory hypersensitivity involves a shift in the valence of the high-affinity 

GAR from inhibition to excitation. That is, the absence of a detectable influence of 1 

μM gabazine on the VMR regardless of the presence of inflammation, suggests that the 

low-affinity GAR, while present and functional in the colon as suggested by the agonist data, 

is not sufficiently engaged by endogenous GABA to play a significant role in regulating the 

response to CRD. Thus, the change in VMR associated with 100 μM gabazine appears to 
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be due to the inhibition of a high-affinity GAR that suppresses nociception in the absence 

of inflammation, but contributes to inflammatory hypersensitivity. It is certainly possible 

that this shift reflects the emergence of a receptor on another cell type in the colon that 

dominates the inhibitory signaling detected in the absence of inflammation. However, based 

on inflammation-induced changes previously described in the spinal cord dorsal horn on 

the central terminals of nociceptive afferents [17], we suggest a more likely possibility is a 

change in the functional consequences of GAR activation of the same cell.

Two models have been proposed to account for the inflammation-induced change in GAR 

signaling. In one, there is a depolarizing shift in the Cl- equilibrium potential, secondary 

to an increase in activity of the Na+-K+-Cl-Co transporter, NKCC1 [2]. The second model 

involves an inflammation-induced decrease in a low threshold voltage-gated K+ current in 

the face of an already depolarized Cl- equilibrium potential [52; 53] coupled to an increase 

in GAR channel density [52]. The result of both models is the same, and that is an increase 

in the depolarizing drive associated with GAR activation, and the emergence of GAR 

mediated excitation of nociceptive afferents. Additional studies will be needed to identify 

the mechanism(s) responsible for the shift in GAR signaling in the colon. Nevertheless, the 

emergence of a pro-nociceptive role for GABA is consistent with the observation that GAR 

agonists potentiate nociceptive behavior evoked with formalin [5].

We originally hypothesized that visceral hypersensitivity would be due to a loss of 

GABAergic inhibition of colonic afferents. This could have been due to a decrease in GABA 

and/or a decrease in receptors. While our antagonist data argue against a decrease in GABA, 

an increase in GABA could contribute to the shift in the functional impact of high-affinity 

GAR activity. That is, if, as appears to be the case at the central terminals of nociceptive 

afferents [7; 17], and has been demonstrated at the sensory neuron cell body [2; 52], the 

intracellular Cl- concentration in the peripheral terminals of nociceptive afferents is also 

elevated, GAR activation of peripheral terminals of colonic afferents may normally drive 

membrane depolarization. An increase in GABA may result in sufficient GAR activation to 

increase the excitability of nociceptive afferents. In the GI tract, there are several sources 

of GABA, including enteric GABAergic neurons [15; 16; 25], epithelial cells [48], immune 

cells [3] and components of the gut microbiome [37], (see Figure 8A). With evidence of 

GABA synthetic machinery in the colon including GAD65 and GAD67 [30; 48], GABA 

transporters (GAT1–3, [13]) and GABA release [23] it is also possible that GABA is made 

locally from glutamate released from primary afferents as has been suggested in the CNS 

[40]. Interestingly, in the fecal retention model of visceral hypersensitivity, there is evidence 

that GABA expressing bacteria can be used to attenuate visceral hypersensitivity, at least 

as measured by changes in colonic DRG neuron excitability [37]. While the suggestion 

that it is possible to treat visceral pain with pro-biotics is intriguing, it will be important 

to determine the behavioral consequences of the increased colonic GABA concentration 

associated with the increase in GABA producing bacteria in the colon, as the decrease 

in colonic afferent excitability observed in vitro in this previous study may reflect a 

compensatory mechanism associated with an increase in GABA-induced activation of these 

neurons.
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As implied above, the most straight forward explanation for the impact of GAR activation on 

visceral sensitivity is that GAR is present on colonic afferents, enabling a direct modulation 

of their excitability [28] and the propagation of nociceptive input to central nervous system. 

This is consistent with the widespread distribution of GAR subunits among colonic afferents 

[20]. However, an indirect mechanism(s) cannot be ruled out either as these receptors are 

also present on a number of additional cell types in the colon [43], including immune 

cells [21], which may be a source of mediators ultimately responsible for the DSS-induced 

hypersensitivity.

In summary, our results suggest that there are at least two distinct GAR subtypes in the 

periphery that are contribute to the modulation of nociception. Importantly, while we and 

others have previously demonstrated that GARs are present and functional in the peripheral 

terminals of nociceptive afferents, this is the first study to demonstrate that peripheral 

GAR activation contributes to inflammatory hypersensitivity. Potentially more importantly, 

however, our results suggest that it may not only be possible to treat visceral pain with 

peripherally restricted low-affinity GAR agonists or PAMs, but with high-affinity GAR 

antagonists (Figure 8B). In this regard, it will be important to not only determine the GAR 

subunit(s) responsible for the divergent effects GAR subtypes, but their location.
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(VMR) Visceromotor response
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Figure 1. Dextran sodium sulfate (DSS) administration produces colon inflammation.
A) Percentage change from initial body weight during DSS or sterile water (Veh) treatment. 

Significant differences in body weight emerge at day three of treatment in male and female 

mice (**P < 0.01, three-way ANOVA, n = 49 and n = 37 male and female respectively). B) 
Pooled colorectum length data from fourteen DSS-treated and vehicle-treated mice (**P < 

0.01, two-way ANOVA). At the right, representative colorectum imagen from DSS-treated 

and vehicle-treated mice. C) Pooled spleen weight data from fourteen DSS-treated and 

vehicle-treated mice (respectively.**P < 0.01; two-way ANOVA). D) Pooled EB in DSS-
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treated and vehicle-treated mice (**P < 0.01, n = 7 per group; two-way ANOVA). E) 
Experimental setting for the recording of the visceromotor response (VMR) to colorectum 

distention (CRD). F) Visceromotor responses- area presented as stimulus-response functions 

reveal significant colon hypersensitivity after DSS treatment compared with sterile- water 

treatment. **p < 0.01; two-way ANOVA; n=86 mice/group. Of note, in this and subsequent 

figures, when data from individual mice are plotted, males are represented by triangles and 

females by circles, with open symbols used for vehicle treated mice and closed symbols 

used for DSS-treated mice.
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Figure 2. Intracolonic installation of the vehicle does not induce changes in VMR.
A) Typical original recordings of VMR from vehicle- (Veh) and DSS-treated mice (DSS) 

in response to CRD-pressure of 70 mmHg before and after administration of either saline 

or DMSO. B) Pooled stimulus-response function data before and after of either saline or 

DMSO relative to baseline (before saline/DMSO installation). C) VMR data for individual 

mice are plotted before and after either saline or DMSO.
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Figure 3. Direct comparation of the effect of muscimol on colon sensitivity (VMR) from vehicle-
treated and DSS-treated mice.
A) Typical original recordings of VMR from vehicle-treated (Vehicle) and DSS-treated 

(DSS) mice in response to CRD-pressure of 70 mmHg before and after admistration of 

muscimol (0.1, 0.5, 1, 10,100 μM). Time of CRD-pressure 10 s (indicated by black line on 

top on the recordings). B) VMR data are shown as stimulus-response functions before and 

after muscimol (0.1, 0.5, 1, 10,100 μM). C) VMR data for individual mice are plotted before 
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and after muscimol 1 and 100 μM. D) Pooled concentration-response data as percent from 

baseline. *P <0.5, **P < 0.01, n= 7 per group; three-way ANOVA.
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Figure 4. Effect of THIP on VMR from vehicle-treated and DSS-treated mice.
A) Typical original recordings of VMR from vehicle-treated (Vehicle) and DSS-treated mice 

(DSS) in response to CRD-pressure of 70 mmHg before and after administration of THIP 

(100 μM). Time of CRD-pressure 10 s (indicated by the black line on top of the recordings). 

B) VMR data are shown as stimulus-response functions before and after THIP (100 μM). C) 
VMR data for individual mice are plotted before and after THIP (100 μM).
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Figure 5. Effect of diazepam on VMR from vehicle-treated and DSS-treated mice.
A) Typical original recordings of VMR from vehicle-treated (Vehicle) and DSS-treated 

mice (DSS) in response to CRD-pressure of 70 mmHg before and after administration of 

diazepam (1, 10,100 nM). Time of CRD-pressure 10 s (indicated by the black line on top 

of the recordings). B) VMR data are shown as stimulus-response functions before and after 

diazepam (1, 10,100 μM). C) VMR data for individual mice are plotted before and after 

diazepam 100 μM. D) Pool concentration-response data as percent from baseline.
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Figure 6. Effect of gabazine on VMR from vehicle-treated and DSS-treated mice.
A) Typical original recordings of VMR from vehicle-treated (Vehicle) and DSS-treated 

mice (DSS) in response to CRD-pressure of 70 mmHg before and after administration of 

gabazine (1 and 100 μM). Time of CRD-pressure 10 s (indicated by the black line on top 

of the recordings). B) VMR data are shown as stimulus-response functions before and after 

gabazine (1 and 100 μM C) VMR data for individual mice are plotted before and after 

gabazine 1 and 100 μM.
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Figure 7. Effect of bicuculline on VMR from vehicle-treated and DSS-treated mice.
A) Typical original recordings of VMR from vehicle-treated (Vehicle) and DSS-treated 

mice (DSS) in response to CRD-pressure of 70 mmHg before and after administration 

of bicuculline (100 μM). Time of CRD-pressure 10 s (indicated by the black line on top 

of the recordings). B) VMR data are shown as stimulus-response functions before and 

after bicuculline (100 μM). C) VMR-data for individual mice are plotted before and after 

bicuculline (100 μM).
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Figure 8. Schematic diagram of the proposed GAR mechanism during healthy conditions.
A) In the healthy colon endogenous GABA released from GABAergic enteric neurons, 

epithelial, immune cells or components of the gut microbita attenuate nociceptive pain via 

activation of both low- and high-GAR. B) Summary of our findings on visceral sensitivity 
during health and inflamed conditions.
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