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Abstract

:

For the past two decades, botulinum neurotoxin A (BoNT/A) has been described as a strong candidate in the treatment of pain. With the production of modified toxins and the potential new applications at the visceral level, there is a real need for tools allowing the assessment of these compounds. In this study, we evaluated the jejunal mesenteric afferent nerve assay to investigate BoNT/A effects on visceral nociception. This ex vivo model allowed the continuous recording of neuronal activity in response to various stimuli. BoNT/A was applied intraluminally during three successive distensions, and the jejunum was distended every 15 min for 3 h. Finally, samples were exposed to external capsaicin. BoNT/A intoxication was validated at the molecular level with the presence of cleaved synaptosomal-associated protein of 25 (SNAP25) in nerve terminals in the mucosa and musculosa layers 3 h after treatment. BoNT/A had a progressive inhibitory effect on multiunit discharge frequency induced by jejunal distension, with a significant decrease from 1 h after application without change in jejunal compliance. The capsaicin-induced discharge was also affected by the toxin. This assay allowed the description of an inhibitory effect of BoNT/A on afferent nerve activity in response to distension and capsaicin, suggesting BoNT/A could alleviate visceral nociception.
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Key Contribution: This article describes the inhibitory effect of BoNT/A on jejunal afferent nerve multiunit discharge, measured with an ex vivo assay, in response to mechanical or chemical stimulation.










1. Introduction


Famous in the field of aesthetics, botulinum neurotoxin A (BoNT/A), produced by the bacterium Clostridium botulinum, is also a therapeutic solution in the treatment of various pathologies [1]. The main effect of this neurotoxin is on peripheral cholinergic synapses, inducing the inhibition of acetylcholine release. In brief, after binding onto a synaptic vesicle 2 (SV2) receptor and undergoing cellular internalization, BoNT/A cleaves SNAP25 (Synaptosomal-Associated Protein, 25 kDa) [2]. This membranal t-SNARE protein (Target Soluble NSF (N-ethylmaleimide-sensitive factor) Attachment Protein Receptor), as is characteristic of the other SNARE family members, plays an important role in the membrane fusion mechanism [3]. Thus, cleavage of this protein causes the inhibition of neurotransmitter exocytosis [4]. Since its first regulatory approval by the US FDA in 1989 for the treatment of strabismus and blepharospasm [5], BoNT/A, due to its inhibitory effect on acetylcholine release at the neuromuscular junction level, has become a solution for the management of an increasing number of diseases, such as movement disorders (hemifacial spasm and other spastic disorders, focal dystonia, etc.) [6,7,8,9]. Subsequently, the use of BoNT/A was extended to the treatment of non-muscular diseases. For example, injections of BoNT/A are also used to treat hyperhidrosis and sialorrhea, by preventing the hyperstimulation of eccrine sweat and salivary glands, respectively [1,10,11,12].



Since the 2000s, this neurotoxin has appeared as a strong candidate drug in the treatment of pain, with the publication of several studies describing BoNT/A as having an effect in different pain models [13]. Even though the mechanism of action of BoNT/A at the afferent/sensory fiber level is still under investigation, its analgesic effects are now recognized, permitting its use in treating various painful conditions, such as diabetic neuropathy, joint pain, and migraine [14].



With the increasing number of potential new applications in pain relief, especially at the visceral level (e.g., for interstitial cystitis, endometriosis) [15,16], and the development of new technologies for the production of modified toxins [17], there is a need for tools allowing the assessment of these new compounds. However, pain perception is a complex multifactorial process involving afferent nerves, spinal neurons, ascending and descending pathways of facilitation and inhibition, and several different brain regions [18,19,20]. It is now also known that the psychological aspect is very important in the way pain is perceived [21]. Changes in any of these elements can affect sensory signals and result in the generation or modification of pain [18]. All these aspects make it difficult to assess the effect of a compound on pain in vivo [22]. In the case of visceral pain, this is complicated by specific phenomena, such as cross-organ sensitization and pain-referred mechanisms [23,24], which further complicate the identification of sources of visceral pain and, therefore, the evaluation of the impact of such compounds as botulinum neurotoxin.



An ex vivo approach is an effective way to assess the effect of such compounds in an organ-specific manner without the influence of other nervous structures implicated in pain integration (dorsal root ganglion, spinal cord, and brain). In order to understand the molecular mechanisms involved in visceral sensory perception, or to evaluate the effect of compounds on visceral nociception, ex vivo models of visceral afferent recording have been developed. For example, an assay allowing the measurement of afferent nerve activity in an isolated bladder was used to establish the properties of mechanosensory neurons projecting to the bladder, and to understand the neural mechanisms of lower urinary tract symptoms in obstruction-induced bladder overactivity [25,26]. This assay was also used to describe the inhibitory effect of onabotulinum toxin A on bladder afferent nerve activity [27]. Similarly, the jejunum mesenteric nerve assay, described in detail by Nullens et al. [28], has also been used to understand the mechanisms involved in jejunal signal transduction in response to mechanical and chemical stimuli. This ex vivo model provides the opportunity to continuously measure the mesenteric nerve activity in response to stimuli without modulation or input from the central nervous system. Thus, the transient receptor potential vanilloid 1 channel (TRPV1) has been described as a component effecting jejunal afferent sensitivity to distension and acidity in mice [29]. It is therefore interesting to evaluate the impact of BoNT/A on the afferent nerve activity of another visceral organ, such as the intestine. In addition, a significant advantage of working with the jejunum is the possibility of using several jejunal segments from the same animal [28]. This makes it possible to compare the effects of different toxins on the same animal; furthermore, from an ethical point of view, it reduces the number of animals used.



The main objectives of this study were to evaluate whether the jejunum mesenteric nerve assay could be an effective tool to assess the effects of toxins on visceral nociception, and to measure the impact of an intraluminal perfusion of a controlled quantity of BoNT/A on mesenteric afferent nerve activity in response to nociceptive jejunal distension and capsaicin serosal exposure.




2. Results


2.1. The Jejunum Mesenteric Nerve Assay: A Sensitive Assay


The sensitivity of the jejunum mesenteric nerve assay was evaluated with the use of two inhibitors targeting channels known to be involved in mechanosensitive multiunit discharge (Figure 1). The first was capsazepine (CPZ), a specific TRPV1 channel antagonist [30]. TRPV1, a non-selective cation channel, was described as a component of mechanical visceral nociception [29,31,32]. Inhibition of this channel with CPZ induces a partial inhibition of the multiunit discharge frequency in response to jejunal distension [29]. The second was tetrodotoxin (TTX), a specific and potent blocker of voltage-dependent sodium channels [33,34,35]. This toxin was observed to block visceral afferent mechanosensitivity [36]. As illustrated (Figure 1A), each jejunal segment was mounted between two tubes and subjected to successive distensions with or without an inhibitor. The aspiration of the whole nerve into a glass suction electrode allowed the continuous recording of multiunit discharge, i.e., action potentials generated by all fibers composing the nerve.



After 5-min incubation with 30 µM CPZ in the external medium, the basal multiunit discharge frequency, measured at an intraluminal pressure (IP) of 0 mmHg, was not affected by the antagonist, with a spontaneous firing frequency of 36.15 ± 7.52 imp/s and 38.6 ± 10.2 imp/s with dimethyl sulfoxide (DMSO) and CPZ, respectively (p = 0.59; Figure 1B,C). However, the multiunit discharge frequency measured in response to jejunal distension with CPZ was significantly (p < 0.0001) lower than previous responses in the presence of DMSO. The delta mean firing frequency in response to a low IP, such as 10 mmHg, was 40.5 ± 4.1 imp/s under control conditions (DMSO) and 16.2 ± 5.7 imp/s in the presence of CPZ, and was 128.8 ± 21.3 vs. 67.5 ± 21.1 imp/s at a high IP, such as 50 mmHg, with DMSO and CPZ, respectively (Figure 1C). The inhibition of TRPV1 induced a partial inhibition of the multiunit discharge induced by a mechanical stimulation.



In addition, the 5-min incubation with 1 µM TTX in the external medium caused a significant (p = 0.026) decrease in firing frequency under basal conditions (IP = 0 mmHg), with a spontaneous firing frequency of 31.00 ± 8.20 imp/s and 4.79 ± 2.84 imp/s without and with TTX, respectively (Figure 1B,D). Moreover, the multiunit discharge in response to jejunal distension was almost totally and significantly (p < 0.0001) inhibited by the blockage of voltage-dependent sodium channels. The average delta mean firing frequency induced by low IP, such as 10 mmHg, was 43.9 ± 11.7 vs. −0.4 ± 0.5 imp/s, and was 144.4 ± 16 vs. 5.2 ± 5.5 imp/s at high IP, such as 50 mmHg, without and with TTX, respectively (Figure 1D). The inhibition of voltage-gated sodium channels induced a strong inhibition of non- and mechanosensitive afferent nerve activity.



In summary, the sensitivity of the jejunum mesenteric nerve assay made it possible to describe both the partial inhibition of the mechanosensitive afferent nerve activity by CPZ and the global inhibition of the afferent nerve activity induced by TTX.




2.2. An Effective BoNT/A Intoxication


Prior to functional evaluation, the ability of BoNT/A to cleave SNAP25 was assessed to verify the effectiveness of our treatment. To do so, immunostaining of the total and cleaved SNAP25 (c-SNAP25) was performed on sections from BoNT/A- and PBS/BSA (vehicle)-treated jejunum preparations. The levels of SNAP25 N-ter (full and cleaved forms) were similar in PBS/BSA- and BoNT/A-treated samples (Figure 2A). There was staining observed at the nerve endings in the mucosa (villi) and in the musculosa as well as in/around the neuron cell bodies of the submucosal and myenteric plexi. Regarding the cleaved form levels, there was a clear difference. As expected, after PBS/BSA perfusion, c-SNAP25 was not observed in jejunal tissue sections. In contrast, staining of c-SNAP25 occurred in BoNT/A-treated samples. Three hours after intraluminal perfusion of the toxin, c-SNAP25 was only observed in the nerve terminals of the lamina propria and the muscularis; minimal perineuronal staining was also noted in the plexi (Figure 2B).



To conclude, the intraluminal application of BoNT/A during three successive distensions allowed the jejunum/nerve preparation intoxication.




2.3. BoNT/A Inhibits Jejunal Multiunit Afferent Nerve Discharge


In order to evaluate the effect of BoNT/A treatment on jejunal afferent nerve activity, each preparation was treated with a perfusate equivalent to 1 mL of a 3 nM BoNT/A solution or vehicle (PBS/BSA), adjusted to luminal volume. BoNT/A or vehicle was applied by intraluminal perfusion during three repeated distensions separated by a 15 min rest period without internal perfusion. Each jejunal segment was subjected to repeated distension (every 15 min) before, during, and after treatment with BoNT/A or PBS/BSA, and the afferent nerve activity was continuously recorded. Spontaneous afference nerve discharge (IP = 0 mmHg) measured from the nerves before treatment was similar for each group. This basal activity was maintained over time in the vehicle group, with a mean firing frequency of 28.80 ± 3.45 imp/s before treatment, and 36.24 ± 9.48; 32.1 ± 10.81, and 29.65 ± 11.26 imp/s 1, 2, and 3 h after vehicle application, respectively. The p-value was 0.89, 0.99, and 0.99 at 1, 2, and 3 h after vehicle application, respectively. However, this spontaneous activity tended to decrease over time after toxin application, with a firing frequency of 41.39 ± 12.58 imp/s before treatment, and 26.64 ± 12.64; 18.89 ± 9.93, and 10.45 ± 5.09 imp/s 1, 2, and 3 h after BoNT/A application, respectively (Figure 3A). The p-value was 0.66, 0.35, and 0.17 at 1, 2, and 3 h after BoNT/A application, respectively.



Regarding the mechanosensitive response, under vehicle conditions, jejunal distension evoked reproducible pressure-dependent increases in afferent nerve firing, with a weak but significant decrease from 2 h after treatment. For instance, at 50 mmHg, the mean firing frequency was 155.5 ± 18.3 imp/s before treatment, and 147.3 ± 17.1; 141.1 ± 20.5, and 123.3 ± 25.5 imp/s 1, 2, and 3 h after treatment, respectively (Figure 3B).



In contrast, after BoNT/A application, the level of multiunit discharge in response to distension showed a progressive and large decrease in jejunal afferent nerve firing frequency over time. The inhibition of this mechanosensitive afferent firing resulting from BoNT/A application was significant from 1 h after toxin perfusion, and was amplified after 2 and 3 h. For instance, in response to distension induced by an IP of 50 mmHg (maximum distension), the mean firing frequency was 128 ± 16.9 imp/s before BoNT/A treatment, and 105.3 ± 33.6; 48.9 ± 18.5, and 24.8 ± 11.2 imp/s 1, 2, and 3 h after treatment, respectively (Figure 3C).



To evaluate the evolution of muscle compliance over time, the jejunal volume was estimated at each pressure. There was no significant change in the pressure–volume relationship after PBS/BSA (Figure 3D) or BoNT/A (Figure 3E) application, indicating that there was no marked difference in the mechanical property of the gut wall after treatment.



At the end of experiments, i.e., more than 3 h post-treatment, the afference nerve activity in response to TRPV1 stimulation was measured. In the vehicle-treated group, the external perfusion of 1 µM capsaicin at a rate of 80 mL/h generated a progressive increase in capsaicin concentration in the organ bath up to the final concentration of 1 µM, and generated a transient increase in multiunit discharge frequency, peaking 4 min after the start of capsaicin application (Figure 4A). Three hours after the first distension with BoNT/A, the response induced by capsaicin was considerably lower than in the post-vehicle treatment, with a maximum increase in firing frequency of 5.5 ± 3.5 and 44.5 ± 12 imp/s, respectively (Figure 4B,C).



In conclusion, BoNT/A inhibited the afferent nerve activity induced by distension, and also by stimulation of TRPV1, without a change in compliance.




2.4. BoNT/A Does Not Change the Quantity of Calcitonin Gene-Related Peptide in the Nerve Endings


In order to assess the impact of BoNT/A on the quantity of calcitonin gene-related peptide (CGRP) in the nerve endings, immunostaining was performed on sections from BoNT/A- and vehicle-treated preparations. CGRP staining was detected at the nerve endings in the mucosa and at the myenteric plexi. The level of CGRP was moderate, and similar in PBS/BSA- and BoNT/A-treated samples (Figure 5). The amount of CGRP in the nerve endings was therefore not affected by the application of BoNT/A.





3. Discussion


In this ex vivo study, we demonstrated, for the first time, that internal perfusion of BoNT/A during three successive jejunal distensions induced a time-dependent inhibition of multiunit discharge in response to mechanical and chemical stimulation.



A prerequisite of this study was to use a sensitive electrophysiological assay. The sensitivity of our system was validated with the use of a TRPV1 antagonist, CPZ, which induced a partial inhibition of multiunit discharge in response to distension. This result was in accordance with the effect of CPZ described in a previous electrophysiological study on the mouse jejunum [29]. Moreover, a strong inhibition of non- or mechanosensitive afferent activity could be measured following voltage-gated sodium channels (VGSCs) blockage by TTX. This is in agreement with the role of VGSCs as the main drivers of noxious signals from the viscera to the CNS, as supported by preclinical and clinical evidence [37,38,39].



The first objective of this study was to establish BoNT/A treatment conditions that allowed an internalization of the toxin. The cleavage of SNAP25 is an effective indicator of toxin activity, and therefore reflects the efficacy of the intoxication on jejunum/nerve preparations [40,41,42]. The intoxication after BoNT/A treatment (mucosal application of the toxin during three successive distensions) was evaluated with immunohistochemistry. The immunostaining of SNAP25 N-ter part (using an antibody that recognized its total and cleaved forms) showed the presence of a large and similar amount of this protein at the nerve endings of the mucosa and muscularis layers following both treatments. Regarding the cleaved form, as expected, c-SNAP25 was absent in the PBS/BSA condition, while staining was observed at the synapses after treatment with BoNT/A. It should be noted that this labelling did not allow discrimination between afferent and efferent nerve endings, but it did allow us to observe, under these treatment conditions, that BoNT/A had been internalized and had a significant SNAP25 cleavage activity.



The second objective was to analyze the effect of BoNT/A on the mesenteric nerve activity in response to mechanical and chemical stimulation. After PBS/BSA treatment, these experiments described a multiunit discharge on the mesenteric nerve under basal conditions (IP = 0 mmHg) and in response to distension, with a frequency comparable to that obtained before treatment. Only a slight decrease in firing frequency in response to distension was visible from 2 h after vehicle treatment, consistent with physiological fatigue. On the other hand, BoNT/A induced a progressive inhibition of the mesenteric afferent nerve activity. We observed that the spontaneous activity of the nerve tended to decrease over time. Moreover, the toxin application induced a significant time-dependent decrease in the frequency of multiunit discharge in response to mechanical stimulation. This effect on the mechanosensitive response appeared as early as 1 h after the first distension in presence of toxin. The effect was amplified 2 and 3 h after BoNT/A application; however, it is important to take into consideration that the effect at 2 and 3 h may be overestimated by the possible “physiological fatigue” described in our control condition. This time-dependent effect was in accordance with the mechanism of action of botulinum neurotoxin, and with previous results obtained from a bladder afferent nerve assay [27]. Interestingly, in jejunum segments previously incubated with BoNT/A, capsaicin-induced firing of the afferent fibers was drastically reduced, supporting an involvement of TRPV1-driven processes in BoNT/A’s quenching effects. Nevertheless, these data have to be considered cautiously, as these tissues were stimulated both mechanically and chemically in the same set of experiments, mainly for ethical reasons.



The mechanism of action (MOA) of BoNT/A on jejunal afferent nerve activity remains unclear. The toxin could have an effect at different levels of the nociceptive pathway [43]. An advantage of this ex vivo preparation is that we can limit the MOA to the peripheral compartment, without the involvement of the central nervous system, via retrograde transport [44]. However, this toxin could have an effect at one or more levels of the visceral nociceptive pathway, such as on stimulus detection or signal transmission.



As for stimulus detection, different elements must be considered. Regarding the mechanosensitive response, the toxin may interfere with the ability of mechanosensors to detect mechanical stimulation or/and modify the cellular localization of these proteins. One parameter that may alter the detection of mechanical stimulus was a change in jejunal compliance. Our results show that this parameter was not modified by BoNT/A, with no change in the pressure–jejunal volume relationship. Another hypothesis that can be put forward is that the toxin could influence the activation of mechanosensors, or their presence at the membrane. For example, this effect could be due to an impact on TRP channels. As a matter of fact, TRPV1 was characterized as being involved in jejunal/gut mechanosensation by the use of knock out (KO) murine models, or its antagonist, CPZ [29,31]. The use of KO mice demonstrated a peripheral mechanosensory role of TRPV1, with a reduction in colorectal mechanosensitivity [32]. Moreover, previous studies have shown that this toxin inhibits TRPV1 translocation to the membrane at the levels of trigeminal ganglion neurons and dorsal root ganglia [45,46,47,48,49]. An effect on the TRPV1 pathway could also explain the spontaneous nerve activity decrease following BoNT/A application. This decreasing tendency was previously described by Rong et al. in KO mice [29]. In addition, a change in TRPV1 cellular localization may explain the inhibitory effect of BoNT/A on the response induced by capsaicin. Furthermore, it has been reported that BoNT/A could interact directly with TRPV1 [50], and thus might structurally explain the blockade of capsaicin effect in our study. However, in view of the partial decrease in the mechanosensitive response in TRPV1 KO mice or induced by CPZ [29], the inhibition of this channel could only partially explain the effect of BoNT/A. Another TRP, TRPA1, could be involved in this effect of BoNT/A. This ion channel was also described as being involved in mechanosensation [51], and previous studies showed co-trafficking of TRPV1 and TRPA1 with an inhibitory effect of BoNT/A [45,49]. This hypothesis could be verified by an evaluation of the cellular localization of these channels, and how this correlates with c-SNAP25 in nerve endings.



An effect of BoNT/A on neurotransmitter release would also explain why the mechanosensitive and pharmacological responses were reduced. A previous study on isolated rat bladder showed an inhibition of the evoked release of CGRP from afferent nerve terminals following BoNT/A application [52]. This effect of BoNT/A was also described in a model of migraine pain, with an inhibition of CGRP release from activated sensory neurons [53]. The impact of BoNT/A on CGRP release was indirectly tested via the quantification of the neurotransmitter in the nerve endings. An inhibition of CGRP exocytosis following BoNT/A treatment could induce an accumulation of CGRP in nerve terminals [54]. This immunostaining did not show a difference of CGRP expression in nerve endings. However, a direct evaluation of CGRP release into the lumen with an enzyme-linked immunosorbent assay (ELISA) would have been a more effective functional test to confirm this result.



Using an electrophysiological approach, we described an assay adapted for the evaluation of the effect of BoNTs on visceral nociception. One of the most important advantages of the jejunum nerve assay is that it enables one to repeatedly measure a reproducible electrophysiological afferent response to jejunal distension for an extended period. It presents the possibility of measuring spontaneous multiunit discharge under basal conditions (IP = 0 mmHg), as well as in response to repeated mechanical stimulation both before and a couple of hours after BoNT/A treatment, in the same sample. In addition, the sensitivity of this assay allowed the characterization of a partial or a strong inhibitory effect on mechanosensitive multiunit afferent nerve discharge, as observed with CPZ and TTX. Sensitivity and sustained response over time were important criteria in the selection of our model. These criteria should allow us to discriminate between different BoNTs according to their kinetics and potency. One limit of this approach is the interval between each distension, which decreases the accuracy of assessing the kinetics of BoNTs. This time interval can be reduced down to 10 min [55], although this would make it difficult to discriminate between toxins with a low difference of potency. In conclusion, this assay is an effective tool to show the early effect of BoNT/A on afferent nerve activity.



Another limitation of this study would be its translationality to humans [56,57]. Even though no animal model can mimic human visceral pain perfectly, visceral pain models have allowed the study of the pathophysiology of the disease, as well as the efficacy of potential analgesics [58,59]. Moreover, while interspecies differences have been described in BoNT sensitivity [60], protein engineering can produce BoNTs with improved affinity for human receptors to bypass these discrepancies [61].




4. Conclusions


In conclusion, the mouse jejunal mesenteric nerve preparation was sensitive to BoNT/A at the afferent level in our study. Ex vivo models describing the effect of BoNT/A on visceral nerve activity usually focus on the lower urinary tract and, more precisely, the efferent innervation [62,63,64]; the afferent activity is much less explored ex vivo [27,65]. The ex vivo jejunum preparation used here allows one to explore the effect of botulinum neurotoxins on the afferent activity at the visceral/intestinal level in a quick and reproducible way, with a reduced number of animals required compared to in vivo experiments. It could be further used to evaluate the effect of other serotypes or recombinant modified neurotoxins, and to potentially detect promising candidates to help patients with visceral pain, as there is still room for improved treatments.




5. Materials and Methods


5.1. Drugs


BoNT/A used in this study was a recombinant botulinum neurotoxin type A1 produced at IPSEN Bioinnovation (Milton Park, United Kingdom). This neurotoxin has the same primary sequence and activity equivalent to natural BoNT/A1 [66]. Capsaicin (8-methy-N-vanillyl-6-nonenamide, TRPV1 agonist) and gelatin (Prionex® highly purified type A) were acquired from Sigma-Aldrich, Chimie Sarl, St. Quentin Fallavier, France (M2028 and G0411). Capsazepine (N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-tetrahydro-7,8-dihydroxy-2H-2-benzazepine-2-carbothioamide; a TRPV1 receptor antagonist; CPZ) was purchased from Tocris Bioscience, Bristol, UK. Tetrodotoxin (tetrodotoxin citrate; Na+ channel blocker; TTX) was purchased from Abcam, Amsterdam, Netherlands (AB120055). Freshly diluted aliquots were used in all experiments. Stock solutions were made by dissolving drugs in distilled water for TTX, in DMSO for CPZ, and capsaicin was dissolved in a solution of 50% DMSO plus 50% ethanol. One aliquot of each compound was thawed at +4 °C before use and discarded after use; this excludes gelatin, which was stored at +4 °C and used up to 2 weeks.




5.2. Jejunum Segments Preparation


Nineteen non-fasted male C57BL6/N mice (5–6 weeks old; Janvier Labs) were anaesthetized with 3% isoflurane in 2% O2 (deep anaesthesia) followed by a check of no residual reflex after pinching of the toes, decapitation, and exsanguination. Four mice were used for CPZ experiments, 4 mice for TTX experiments, 6 mice for experiments with PBS/BSA, and 5 mice for experiments with BoNT/A. One jejunal segment per mouse was used. All experimental procedures were in accordance with animal ethics and well-being regulations, approved by the Ethics Committee of Ipsen Innovation (C2EA; registration number 32), and were conducted in compliance with the relevant animal health regulation in France (Council Directive No.2010/63/UE of 22 September 2010 on the protection of animals used for scientific purpose)



Segments of jejunum were dissected as described previously [28]. In brief, the abdomen was promptly opened, and the entire jejunum was excised and placed immediately in cold carbogenated Krebs–Henseleit (KH) solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 25 mM NaHCO3, 1.2 mM MgSO4, 11 mM D-glucose, and 2.52 mM CaCl2). Segments of jejunum (approximately 3 cm in length) were sampled with a mesenteric neurovascular bundle at the center of the loop (Figure 1A). Preparations were transferred into a customized recording chamber, and continuously superfused at 80 mL/min with carbogenated KH solution, and kept at 35 °C. Following this, the sample was gently mounted between two tubes, with the duodenal end on the input tube and the ileal end on the output tube (Figure 1A). The input port was attached to an infusion pump, enabling the continuous perfusion of the lumen with carbogenated KH solution at a rate of 3 µL/s. The intraluminal pressure (IP) was continuously monitored with one pressure transducer (Opcobe, Living system) at each port.




5.3. Multiunit Discharge Recording on Mesenteric Nerve


As described previously [28], for each sample, the mesenteric nerve located between blood vessels was isolated by gently removing the fatty tissue, taking care not to damage the vessels and nerve. The tip of the suction electrode was positioned immediately next to the nerve, which was slowly aspirated into the capillary up to a sufficient length. In order to isolate the recording electrode and the nerve tip from the rest of the preparation, the glass capillary was closed with adipose tissue (mechanical sealing, Figure 1A). The glass suction electrode was connected to a Neurolog NL100AK headstage (IBIS Instrumentation, Ottawa, ON, Canada). Signals were amplified with an NL104 amplifier (gain 10K), a band pass filtered at 300–3000 Hz, and with an NL125 filter. The signal was automatically digitized and sampled at 20 kHz using a Micro1401 interface, and recorded and displayed on a PC running the Spike2 software package (Cambridge Electronic Design, CED, Cambridge, UK).




5.4. Mechanical Stimulation


To investigate the effect of drugs on jejunal mechanosensitivity, segments of jejunum were distended by a progressive increase in IP. This protocol was inspired by previous studies [29,55]. The increase in pressure was induced by the output port closing with a maintain ofinternal perfusion with Krebs solution at a rate of 3 μL/s to a maximal IP of 50 mmHg. After a resting period (45 min stabilization period), preparations were distended every 15 min. The first distensions were used to assess the basal response of the sample. If these 3–4 responses were not similar, the sample was discarded. The pressure–response relationship was determined using a custom-made script (provided by CED) in the Spike2 interface. Delta firing frequency corresponded to an afferent firing frequency measured at a given pressure minus the afferent firing frequency measured before distension in the absence of pressure. The jejunal volume at each IP was estimated. All data are expressed as mean ± SEM.




5.5. Pharmacological Stimulation


To evaluate the response to TRPV1 stimulation 3 h after intraluminal application of BoNT/A or vehicle, 1 µM capsaicin solution was applied on the same samples used to study the mechanosensitive response by bath superfusion at a rate of 80 mL/h, as described previously [29,67]. The concentration of capsaicin in the organ bath was progressively increased until it reached 1 µM. The nerve activity was measured continuously. Delta firing frequency corresponded to an afferent firing frequency measured over time after the start of capsaicin perfusion minus the baseline afferent activity over a 400 s period beforeperfusion. All data are expressed as mean ± SEM.




5.6. Treatments


In dedicated experiments 1 µM tetrodotoxin (TTX) or 30 µM capsazepine (CPZ) were applied by 5-min incubation in an organ bath before jejunal distension, and maintained during distension with external perfusion terminated. These distensions were preceded (15 min before) by a distension in the presence of the respective vehicle, ultrapure water (for TTX) or DMSO (for CPZ) applied in the same manner.



Previously, 3 nM BoNT/A was described as having an effect on bladder strip parasympathetic-dependent contractility [64]. Each jejunal segment was thus treated with a perfusate equivalent to 1 mL of a 3 nM solution, adjusted to luminal volume. BoNT/A was applied by intraluminal perfusion during 3 repeated distensions separated by a 15 min rest period without internal perfusion. The third distension was followed by a washout, with a restart of the intraluminal perfusion of KH, which was maintained throughout the rest of the experiment. Of note, 20 min before BoNT/A or vehicle treatment, samples were internally perfused with KH containing 0.5% gelatin to reduce non-specific binding of the toxin on tubing.




5.7. Immunohistochemistry


At the end of the ex vivo recording, jejunum samples (3 treated with PBS/BSA and 5 treated with BoNT/A) were immediately fixed in 10% v/v formalin (VWR Chemicals, France) at room temperature for 24 h. Jejunums were then cut into multiple cross-sections of 3 to 4 mm, dehydrated, embedded in paraffin blocks, and histological slides (5 µm) were finally prepared. For immunohistochemical staining of the tissue sections, a standard avidin–biotin–peroxidase procedure was used, as described in previous work [66]. After a heat-induced epitope retrieval step, endogenous peroxidases were blocked for 10 min in 3% H2O2. Slides were incubated with primary antibodies specific to the BoNT/A-cleaved form of SNAP25 (c-SNAP25, EF14007, rabbit polyclonal, IPSEN, France; overnight incubation), the N-ter part of SNAP25—thus recognizing both SNAP25 full and cleaved forms (111 011, Synaptic Systems, Göttingen, Germany; overnight incubation), or CGRP (C8198, Sigma-Aldrich, St Louis, MO, USA; incubation for 1 h). Sections were then incubated with a biotinylated anti-rabbit or anti-mouse IgG, secondary antibody for 30 min (Vector Laboratories, Burlingame, CA, USA), followed by a 30-min incubation with an amplification system (avidin–biotin) coupled to horseradish peroxidase (Vector Laboratories, Burlingame, CA, USA). Finally, sections were incubated for 5 min with 0.02% diaminobenzidine (DAKO, Carpinteria, CA, USA), and counterstained with hematoxylin.



To assess the expression of these proteins in the tissues, the level of their specific IHC staining was evaluated under a light microscope by a trained investigator (VM from the investigative pathology department), using a 5-point scale scoring system (0: no staining, 1: low staining, 2: moderate staining, 3: strong staining, 4: very strong staining).




5.8. Statistical Analysis


Statistical analysis was carried out using GraphPad Prism version 8.3.0 (GraphPad Software, San Diego, CA, USA). Data obtained with or without CPZ or TTX were compared using paired Student’s t-tests. Data for spontaneous nerve activity obtained before, and 1, 2, and 3 h after BoNT/A or vehicle application were compared using a one-way ANOVA and post hoc Dunnett’s multiple comparison test. Data for multiunit discharge frequency and jejunal volume obtained before, and 1, 2, and 3 h after BoNT/A or vehicle application were compared using a two-way ANOVA and post hoc Dunnett’s multiple comparison test. Data for capsaicin-induced responses obtained after BoNT/A application were compared to the PBS/BSA condition using unpaired Student’s t-tests. A p-value of less than 0.05 was considered as statistically significant.




5.9. List of Abbreviations


ANOVA, analysis of variance; BoNT/A, botulinum neurotoxin A; CGRP, calcitonin gene-related peptide; CPZ, capsazepine; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked immunosorbent assay; imp/s, impulse per second; IP, intraluminal pressure; KO, knock out; N, number of mice; mmHg, millimeter of mercury; MOA, mechanism of action; PBS/BSA, phosphate-buffered saline/ bovine serum albumin; c-SNAP25, cleaved Synaptosomal-Associated Protein 25; t-SNARE, target soluble NSF (N-ethylmaleimide-sensitive factor; SEM, standard error of the mean; SV2, synaptic vesicle protein 2; TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1; TTX, tetrodotoxin; U.S. FDA, United States food and drug administration; V, volt








Author Contributions


Study concept and design: K.R. and J.M.; Data acquisition: K.R. and V.M.; Analysis and interpretation of data: K.R., J.M. and V.M.; Drafting: K.R.; Critical review of manuscript: K.R., J.M., V.M., C.N. and S.L.; Statistical analysis: K.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by IPSEN Innovation, France.




Institutional Review Board Statement


All experimental procedures were approved by the Ethics Committee of Ipsen Innovation (C2EA; registration number 32) and were conducted in compliance with the relevant animal health regulation in place in France (Council Directive No. 2010/63/UE of 22 September 2010 on the protection of animals used for scientific purpose).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article.




Acknowledgments


The authors wish to thank Donna Daly and Hodan Ibrahim (UCLan) for their expert technical assistance, Lorenzo Limana and Denis Carré (Ipsen) for the validation of IHC markers, and Alexandra Laugerotte (Ipsen) for her help with the statistical analysis.




Conflicts of Interest


K. Retailleau, V. Martin, S. Lezmi, C. Nicoleau and J. Maignel are IPSEN employees.




References


	



Peng Chen, Z.; Morris, J.G.; Rodriguez, R.L.; Wagle Shukla, A.; Tapia-Núñez, J.; Okun, M.S. Emerging opportunities for serotypes of botulinum neurotoxins. Toxins 2012, 4, 1196–1222. [Google Scholar] [CrossRef] [PubMed]

	



Pirazzini, M.; Rossetto, O.; Eleopra, R.; Montecucco, C. Botulinum Neurotoxins: Biology, Pharmacology, and Toxicology. Pharmacol. Rev. 2017, 69, 200–235. [Google Scholar] [CrossRef] [PubMed]

	



Rizo, J.; Südhof, T.C. Snares and Munc18 in synaptic vesicle fusion. Nat. Rev. Neurosci. 2002, 3, 641–653. [Google Scholar] [CrossRef]

	



Südhof, T.C. The molecular machinery of neurotransmitter release (Nobel lecture). Angew. Chem. Int. Ed. Engl. 2014, 53, 12696–12717. [Google Scholar] [CrossRef] [PubMed]

	



Whitcup, S.M. The History of Botulinum Toxins in Medicine: A Thousand Year Journey. In Botulinum Toxin Therapy; Handbook of Experimental Pharmacology; Whitcup, S.M., Hallett, M., Eds.; Springer International Publishing: Cham, Switzerland, 2021; pp. 3–10. ISBN 978-3-030-66306-3. [Google Scholar]

	



Sarzyńska-Długosz, I.; Szczepańska-Szerej, A.; Drużdż, A.; Łukomski, T.; Ochudło, S.; Fabian, A.; Sobolewski, P.; Mariańska, K.; Maciejewska, J.; Mulek, E.; et al. Real-world effectiveness of abobotulinumtoxinA (Dysport®) in adults with upper limb spasticity in routine clinical practice: An observational study. Neurol. Neurochir. Pol. 2020, 54, 90–99. [Google Scholar] [CrossRef] [PubMed]

	



Rosales, R.L.; Balcaitiene, J.; Berard, H.; Maisonobe, P.; Goh, K.J.; Kumthornthip, W.; Mazlan, M.; Latif, L.A.; Delos Santos, M.M.D.; Chotiyarnwong, C.; et al. Early AbobotulinumtoxinA (Dysport®) in Post-Stroke Adult Upper Limb Spasticity: ONTIME Pilot Study. Toxins 2018, 10, 253. [Google Scholar] [CrossRef]

	



Simpson, D.M. Treatment of spasticity with botulinum toxin. Muscle Nerve 2000, 23, 447–449. [Google Scholar] [CrossRef]

	



O’Brien, C.F. Treatment of spasticity with botulinum toxin. Clin. J. Pain 2002, 18, S182–S190. [Google Scholar] [CrossRef]

	



Swartling, C.; Naver, H.; Pihl-Lundin, I.; Hagforsen, E.; Vahlquist, A. Sweat gland morphology and periglandular innervation in essential palmar hyperhidrosis before and after treatment with intradermal botulinum toxin. J. Am. Acad. Dermatol. 2004, 51, 739–745. [Google Scholar] [CrossRef]

	



Doft, M.A.; Hardy, K.L.; Ascherman, J.A. Treatment of Hyperhidrosis with Botulinum Toxin. Aesthetic Surg. J. 2012, 32, 238–244. [Google Scholar] [CrossRef]

	



Fuster Torres, M.A.; Berini Aytés, L.; Gay Escoda, C. Salivary gland application of botulinum toxin for the treatment of sialorrhea. Med. Oral Patol. Oral Cir. Bucal. 2007, 12, E511–E517. [Google Scholar] [PubMed]

	



Pavone, F.; Luvisetto, S. Botulinum neurotoxin for pain management: Insights from animal models. Toxins 2010, 2, 2890–2913. [Google Scholar] [CrossRef] [PubMed]

	



Oh, H.-M.; Chung, M. Botulinum Toxin for Neuropathic Pain: A Review of the Literature. Toxins 2015, 7, 3127–3154. [Google Scholar] [CrossRef] [PubMed]

	



Rogers, P.A.W.; Adamson, G.D.; Al-Jefout, M.; Becker, C.M.; D’Hooghe, T.M.; Dunselman, G.A.J.; Fazleabas, A.; Giudice, L.C.; Horne, A.W.; Hull, M.L.; et al. Research Priorities for Endometriosis: Recommendations From a Global Consortium of Investigators in Endometriosis. Reprod. Sci. 2017, 24, 202–226. [Google Scholar] [CrossRef]

	



Han, E.; Nguyen, L.; Sirls, L.; Peters, K. Current best practice management of interstitial cystitis/bladder pain syndrome. Ther. Adv. Urol. 2018, 10, 197–211. [Google Scholar] [CrossRef]

	



Rasetti-Escargueil, C.; Popoff, M.R. Engineering Botulinum Neurotoxins for Enhanced Therapeutic Applications and Vaccine Development. Toxins 2021, 13, 1. [Google Scholar] [CrossRef]

	



Tracey, I.; Mantyh, P.W. The Cerebral Signature for Pain Perception and Its Modulation. Neuron 2007, 55, 377–391. [Google Scholar] [CrossRef]

	



Institute of Medicine (US) Committee on Pain, Disability, and Chronic Illness Behavior; Osterweis, M.; Kleinman, A.; Mechanic, D. The Anatomy and Physiology of Pain; National Academies Press (US): Cambridge, MA, USA, 1987. [Google Scholar]

	



Melzack, R. From the gate to the neuromatrix. Pain 1999, 82, S121–S126. [Google Scholar] [CrossRef]

	



Graham-Engeland, J.E.; Zawadzki, M.J.; Slavish, D.C.; Smyth, J.M. Depressive Symptoms and Momentary Mood Predict Momentary Pain among Rheumatoid Arthritis Patients. Ann. Behav. Med. 2016, 50, 12–23. [Google Scholar] [CrossRef]

	



Turner, P.V.; Pang, D.S.; Lofgren, J.L. A Review of Pain Assessment Methods in Laboratory Rodents. Comp. Med. 2019, 69, 451–467. [Google Scholar] [CrossRef]

	



Gebhart, G.F.; Bielefeldt, K. Physiology of Visceral Pain. Compr. Physiol. 2016, 6, 1609–1633. [Google Scholar] [CrossRef] [PubMed]

	



Sanvictores, T.; Tadi, P. Neuroanatomy, Autonomic Nervous System Visceral Afferent Fibers and Pain. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021. [Google Scholar]

	



Zagorodnyuk, V.P.; Gibbins, I.L.; Costa, M.; Brookes, S.J.H.; Gregory, S.J. Properties of the major classes of mechanoreceptors in the guinea pig bladder. J. Physiol. 2007, 585, 147–163. [Google Scholar] [CrossRef] [PubMed]

	



Zagorodnyuk, V.P.; Keightley, L.J.; Brookes, S.J.H.; Spencer, N.J.; Costa, M.; Nicholas, S.J. Functional changes in low- and high-threshold afferents in obstruction-induced bladder overactivity. Am. J. Physiol.-Ren. Physiol. 2019, 316, F1103–F1113. [Google Scholar] [CrossRef] [PubMed]

	



Collins, V.M.; Daly, D.M.; Liaskos, M.; McKay, N.G.; Sellers, D.; Chapple, C.; Grundy, D. OnabotulinumtoxinA significantly attenuates bladder afferent nerve firing and inhibits ATP release from the urothelium. BJU Int. 2013, 112, 1018–1026. [Google Scholar] [CrossRef]

	



Nullens, S.; Deiteren, A.; Jiang, W.; Keating, C.; Ceuleers, H.; Francque, S.; Grundy, D.; De Man, J.G.; De Winter, B.Y. In Vitro Recording of Mesenteric Afferent Nerve Activity in Mouse Jejunal and Colonic Segments. JoVE 2016, 54576. [Google Scholar] [CrossRef]

	



Rong, W.; Hillsley, K.; Davis, J.B.; Hicks, G.; Winchester, W.J.; Grundy, D. Jejunal afferent nerve sensitivity in wild-type and TRPV1 knockout mice: TRPV1 receptor and gut sensitivity. J. Physiol. 2004, 560, 867–881. [Google Scholar] [CrossRef]

	



Messeguer, A.; Planells-Cases, R.; Ferrer-Montiel, A. Physiology and pharmacology of the vanilloid receptor. Curr. Neuropharmacol. 2006, 4, 1–15. [Google Scholar] [CrossRef]

	



Miranda, A.; Nordstrom, E.; Mannem, A.; Smith, C.; Banerjee, B.; Sengupta, J.N. The Role of TRPV1 in Mechanical and Chemical Visceral Hyperalgesia Following Experimental Colitis. Neuroscience 2007, 148, 1021–1032. [Google Scholar] [CrossRef]

	



Jones, R.C.W. The Mechanosensitivity of Mouse Colon Afferent Fibers and Their Sensitization by Inflammatory Mediators Require Transient Receptor Potential Vanilloid 1 and Acid-Sensing Ion Channel 3. J. Neurosci. 2005, 25, 10981–10989. [Google Scholar] [CrossRef]

	



Huang, C.-J.; Schild, L.; Moczydlowski, E.G. Use-dependent block of the voltage-gated Na(+) channel by tetrodotoxin and saxitoxin: Effect of pore mutations that change ionic selectivity. J. Gen. Physiol. 2012, 140, 435–454. [Google Scholar] [CrossRef]

	



de Lera Ruiz, M.; Kraus, R.L. Voltage-Gated Sodium Channels: Structure, Function, Pharmacology, and Clinical Indications. J. Med. Chem. 2015, 58, 7093–7118. [Google Scholar] [CrossRef] [PubMed]

	



Stevens, M.; Peigneur, S.; Tytgat, J. Neurotoxins and Their Binding Areas on Voltage-Gated Sodium Channels. Front. Pharmacol. 2011, 2, 37. [Google Scholar] [CrossRef] [PubMed]

	



Hockley, J.R.F.; González-Cano, R.; McMurray, S.; Tejada-Giraldez, M.A.; McGuire, C.; Torres, A.; Wilbrey, A.L.; Cibert-Goton, V.; Nieto, F.R.; Pitcher, T.; et al. Visceral and somatic pain modalities reveal Na V 1.7-independent visceral nociceptive pathways: Role of Na V 1.7 in visceral nociception. J. Physiol. 2017, 595, 2661–2679. [Google Scholar] [CrossRef]

	



Marcil, J.; Walczak, J.-S.; Guindon, J.; Ngoc, A.H.; Lu, S.; Beaulieu, P. Antinociceptive effects of tetrodotoxin (TTX) in rodents. Br. J. Anaesth 2006, 96, 761–768. [Google Scholar] [CrossRef]

	



González-Cano, R.; Tejada, M.Á.; Artacho-Cordón, A.; Nieto, F.R.; Entrena, J.M.; Wood, J.N.; Cendán, C.M. Effects of Tetrodotoxin in Mouse Models of Visceral Pain. Mar. Drugs 2017, 15, 188. [Google Scholar] [CrossRef]

	



Hagen, N.A.; Lapointe, B.; Ong–Lam, M.; Dubuc, B.; Walde, D.; Gagnon, B.; Love, R.; Goel, R.; Hawley, P.; Ngoc, A.H.; et al. A multicentre open-label safety and efficacy study of tetrodotoxin for cancer pain. Curr. Oncol. 2011, 18, e109–e116. [Google Scholar] [CrossRef]

	



Donald, S.; Elliott, M.; Gray, B.; Hornby, F.; Lewandowska, A.; Marlin, S.; Favre-Guilmard, C.; Périer, C.; Cornet, S.; Kalinichev, M.; et al. A comparison of biological activity of commercially available purified native botulinum neurotoxin serotypes A1 to F1 in vitro, ex vivo, and in vivo. Pharmacol. Res. Perspect. 2018, 6, e00446. [Google Scholar] [CrossRef]

	



Ruthel, G.; Burnett, J.C.; Nuss, J.E.; Wanner, L.M.; Tressler, L.E.; Torres-Melendez, E.; Sandwick, S.J.; Retterer, C.J.; Bavari, S. Post-Intoxication Inhibition of Botulinum Neurotoxin Serotype A within Neurons by Small-Molecule, Non-Peptidic Inhibitors. Toxins 2011, 3, 207–217. [Google Scholar] [CrossRef]

	



Grando, S.a.; Zachary, C.b. The non-neuronal and nonmuscular effects of botulinum toxin: An opportunity for a deadly molecule to treat disease in the skin and beyond. Br. J. Dermatol. 2018, 178, 1011–1019. [Google Scholar] [CrossRef]

	



Lacković, Z. Botulinum Toxin and Pain. Handb. Exp. Pharmacol. 2021, 263, 251–264. [Google Scholar] [CrossRef]

	



Marinelli, S.; Vacca, V.; Ricordy, R.; Uggenti, C.; Tata, A.M.; Luvisetto, S.; Pavone, F. The analgesic effect on neuropathic pain of retrogradely transported botulinum neurotoxin A involves Schwann cells and astrocytes. PLoS ONE 2012, 7, e47977. [Google Scholar] [CrossRef] [PubMed]

	



Meng, J.; Wang, J.; Steinhoff, M.; Dolly, J.O. TNFα induces co-trafficking of TRPV1/TRPA1 in VAMP1-containing vesicles to the plasmalemma via Munc18–1/syntaxin1/SNAP-25 mediated fusion. Sci. Rep. 2016, 6, 21226. [Google Scholar] [CrossRef] [PubMed]

	



Nugent, M.; Yusef, Y.R.; Meng, J.; Wang, J.; Dolly, J.O. A SNAP-25 cleaving chimera of botulinum neurotoxin /A and /E prevents TNFα−induced elevation of the activities of native TRP channels on early postnatal rat dorsal root ganglion neurons. Neuropharmacology 2018, 138, 257–266. [Google Scholar] [CrossRef] [PubMed]

	



Morenilla-Palao, C.; Planells-Cases, R.; García-Sanz, N.; Ferrer-Montiel, A. Regulated exocytosis contributes to protein kinase C potentiation of vanilloid receptor activity. J. Biol. Chem. 2004, 279, 25665–25672. [Google Scholar] [CrossRef]

	



Zhang, X.; Strassman, A.M.; Novack, V.; Brin, M.F.; Burstein, R. Extracranial injections of botulinum neurotoxin type A inhibit intracranial meningeal nociceptors’ responses to stimulation of TRPV1 and TRPA1 channels: Are we getting closer to solving this puzzle? Cephalalgia 2016, 36, 875–886. [Google Scholar] [CrossRef]

	



Burstein, R.; Blumenfeld, A.M.; Silberstein, S.D.; Manack Adams, A.; Brin, M.F. Mechanism of Action of OnabotulinumtoxinA in Chronic Migraine: A Narrative Review. Headache 2020, 60, 1259–1272. [Google Scholar] [CrossRef]

	



Li, X.; Coffield, J.A. Structural and Functional Interactions between Transient Receptor Potential Vanilloid Subfamily 1 and Botulinum Neurotoxin Serotype A. PLoS ONE 2016, 11, e0143024. [Google Scholar] [CrossRef]

	



Vilceanu, D.; Stucky, C.L. TRPA1 Mediates Mechanical Currents in the Plasma Membrane of Mouse Sensory Neurons. PLoS ONE 2010, 5, e12177. [Google Scholar] [CrossRef]

	



Rapp, D.E.; Turk, K.W.; Bales, G.T.; Cook, S.P. Botulinum toxin type a inhibits calcitonin gene-related peptide release from isolated rat bladder. J. Urol. 2006, 175, 1138–1142. [Google Scholar] [CrossRef]

	



Durham, P.L.; Cady, R.; Cady, R. Regulation of calcitonin gene-related peptide secretion from trigeminal nerve cells by botulinum toxin type A: Implications for migraine therapy. Headache 2004, 44, 35–42; discussion 42–43. [Google Scholar] [CrossRef]

	



Meunier, F.A.; Colasante, C.; Faille, L.; Gastard, M.; Molgó, J. Upregulation of calcitonin gene-related peptide at mouse motor nerve terminals poisoned with botulinum type-A toxin. Pflugers Arch. 1996, 431, R297–R298. [Google Scholar] [CrossRef] [PubMed]

	



Daly, D.M.; Park, S.J.; Valinsky, W.C.; Beyak, M.J. Impaired intestinal afferent nerve satiety signalling and vagal afferent excitability in diet induced obesity in the mouse: Impaired afferent satiety signalling in obesity. J. Physiol. 2011, 589, 2857–2870. [Google Scholar] [CrossRef] [PubMed]

	



Stakenborg, N.; Gomez-Pinilla, P.J.; Verlinden, T.J.M.; Wolthuis, A.M.; D’Hoore, A.; Farré, R.; Herijgers, P.; Matteoli, G.; Boeckxstaens, G.E. Comparison between the cervical and abdominal vagus nerves in mice, pigs, and humans. Neurogastroenterol. Motil. 2020, 32, e13889. [Google Scholar] [CrossRef] [PubMed]

	



Rostock, C.; Schrenk-Siemens, K.; Pohle, J.; Siemens, J. Human vs. Mouse Nociceptors—Similarities and Differences. Neuroscience 2018, 387, 13–27. [Google Scholar] [CrossRef]

	



Greenwood-Van Meerveld, B.; Prusator, D.K.; Johnson, A.C. Animal models of gastrointestinal and liver diseases. Animal models of visceral pain: Pathophysiology, translational relevance, and challenges. Am. J. Physiol. Gastrointest Liver Physiol. 2015, 308, G885–G903. [Google Scholar] [CrossRef]

	



Regmi, B.; Shah, M.K. Possible implications of animal models for the assessment of visceral pain. Anim. Model. Exp. Med. 2020, 3, 215–228. [Google Scholar] [CrossRef]

	



Peng, L.; Berntsson, R.P.-A.; Tepp, W.H.; Pitkin, R.M.; Johnson, E.A.; Stenmark, P.; Dong, M. Botulinum neurotoxin D-C uses synaptotagmin I and II as receptors, and human synaptotagmin II is not an effective receptor for type B, D-C and G toxins. J. Cell Sci. 2012, 125, 3233–3242. [Google Scholar] [CrossRef]

	



Elliott, M.; Favre-Guilmard, C.; Liu, S.M.; Maignel, J.; Masuyer, G.; Beard, M.; Boone, C.; Carré, D.; Kalinichev, M.; Lezmi, S.; et al. Engineered botulinum neurotoxin B with improved binding to human receptors has enhanced efficacy in preclinical models. Sci. Adv. 2019, 5, eaau7196. [Google Scholar] [CrossRef]

	



Smith, C.P.; Boone, T.B.; de Groat, W.C.; Chancellor, M.B.; Somogyi, G.T. Effect of stimulation intensity and botulinum toxin isoform on rat bladder strip contractions. Brain Res. Bull. 2003, 61, 165–171. [Google Scholar] [CrossRef]

	



van Uhm, J.I.M.; Beckers, G.M.A.; van der Laarse, W.J.; Meuleman, E.J.H.; Geldof, A.A.; Nieuwenhuijzen, J.A. Development of an in vitro model to measure bioactivity of botulinum neurotoxin A in rat bladder muscle strips. BMC Urol. 2014, 14, 37. [Google Scholar] [CrossRef]

	



Maignel-Ludop, J.; Huchet, M.; Krupp, J. Botulinum Neurotoxins Serotypes A and B induce paralysis of mouse striated and smooth muscles with different potencies. Pharmacol. Res. Perspect. 2017, 5, e00289. [Google Scholar] [CrossRef] [PubMed]

	



Ikeda, Y.; Zabbarova, I.V.; Birder, L.A.; de Groat, W.C.; McCarthy, C.J.; Hanna-Mitchell, A.T.; Kanai, A.J. Botulinum neurotoxin serotype A suppresses neurotransmitter release from afferent as well as efferent nerves in the urinary bladder. Eur. Urol. 2012, 62, 1157–1164. [Google Scholar] [CrossRef] [PubMed]

	



Périer, C.; Martin, V.; Cornet, S.; Favre-Guilmard, C.; Rocher, M.-N.; Bindler, J.; Wagner, S.; Andriambeloson, E.; Rudkin, B.; Marty, R.; et al. Recombinant botulinum neurotoxin serotype A1 in vivo characterization. Pharmacol. Res. Perspect. 2021, 9, e00857. [Google Scholar] [CrossRef] [PubMed]

	



Yang, F.; Zheng, J. Understand spiciness: Mechanism of TRPV1 channel activation by capsaicin. Protein Cell 2017, 8, 169–177. [Google Scholar] [CrossRef] [PubMed]








[image: Toxins 14 00205 g001 550] 





Figure 1. Effect of reference compounds on afferent firing frequency. (A) Illustration of jejunum/nerve segment mounting. (1) The jejunum (J) was cut in approximately 3 cm long loops with a mesenteric neurovascular bundle (MNB), and the duodenal (DE) and the ileal ends (IE) were identified. Each segment was flushed with KH solution to remove luminal contents. (2) The duodenal end (DE) was mounted on the input tube and firmly fixed with a knot. (3) The other end of the jejunum (IE) was mounted on the output tube and secured with a knot. (4) The jejunum was slightly stretched in order to limit jejunal deformation during the distension, taking care not to exert excess tension. The MNB was pinned to facilitate nerve dissection. (5) Magnification of the red box, the nerve (N) was isolated from the vein (V) and artery and aspirated with glass suction electrode (GSE). (5′) Some adipose tissue (AT) was aspirated into the glass capillary to induce mechanical ‘sealing’. (6) Example of a jejunal distension induced by an IP of 10 mmHg. (B) Example of multiunit discharge recorded in response to jejunal distension on the same sample under control condition (dimethyl sulfoxide, DMSO; left side), after 5-min incubation with 30 µM capsazepine (CPZ; middle), and after 5-min incubation with 1 µM tetrodotoxin (TTX; right side). The internal pressure (IP; in millimeters of mercury, mmHg) is presented in the top panel. The firing frequency (impulses per second, imp/s) is presented in the middle panel, and in the bottom panel is the multiunit recording (i.e., a neurogram) (in volts, V). (C) Quantification of the afferent firing frequency measured under basal conditions (left graph; IP = 0 mmHg) and in response to distension (right graph; IP = 0 to 50 mmHg) before and after 5-min incubation with 30 µM CPZ. (D) Quantification of the afferent firing frequency measured under basal conditions (left graph; IP = 0 mmHg) and in response to distension (right graph; IP = 0 to 50 mmHg) before and after 5-min incubation with 1 µM TTX. The results are presented as mean firing rate (imp/s) under basal conditions and in delta mean firing rate (imp/s) as a function of internal pressure, and correspond to the average of mean or delta mean firing frequency obtained under basal conditions or at each IP, respectively. Number (N) of mice is indicated by 1 jejunum segment per mouse. Data are presented as mean ± standard error of the mean (SEM) from 4 independent experiments for each treatment (* p < 0.05; **** p < 0.0001; paired Student’s t-test; compound vs. buffer). 
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Figure 2. Immunostaining of total and cleaved SNAP25 in jejunum treated with phosphate-buffered saline/ bovine serum albumin (PBS/BSA) or botulinum neurotoxin A (BoNT/A). (A) Staining levels (bar graph) and immunochemistry staining of total synaptosomal-associated protein 25 (SNAP25 N-ter) in jejunum 3 h after PBS/BSA (middle) or BoNT/A (right) treatment. (B) Staining levels (bar graph) and immunochemistry staining of cleaved SNAP25 (c-SNAP25) in jejunum, 3 h after PBS/BSA (left) or BoNT/A (right) application. Scale bar is 50 µm. Number (N) of mice is indicated by 1 jejunum segment per mouse. Data are expressed as mean ± SEM from 3 or 5 jejunum preparations treated with PBS/BSA or BoNT/A, respectively. 
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Figure 3. Effect of BoNT/A on afferent firing frequency induced by distension and compliance. (A) Quantification of the afferent firing frequency (imp/s) measured under basal conditions (IP = 0 mmHg) before, and 1, 2, and 3 h after the first distension with PBS/BSA or BoNT/A. The results are presented as mean firing rate (imp/s). No significant difference at each time point (one-way analysis of variance (ANOVA) with post hoc Dunnett’s multiple comparison) after vs. before treatment. (B,C) Quantification of the afferent firing frequency measured in response to distension (IP = 0 to 50 mmHg before (green), and 1 (pink), 2 (red), and 3 (brown) h after the first distension with PBS/BSA (circles, (B)) or BoNT/A (triangles, (C)). The results are presented as delta mean firing rate (imp/s) as a function of IP, and correspond to the average of delta mean firing frequency (* p < 0.05, *** p < 0.001; 2-way ANOVA with post hoc Dunnett’s multiple comparison; after vs. before treatment). (D,E) Estimation of jejunal compliance before (green), and 1 (pink), 2 (red), and 3 (brown) h after the first distension with PBS/BSA (circles, (D)) or BoNT/A (triangles, (E)). The compliance was gauged by the pressure–volume relationship. The results are presented as jejunal volume (microliters, µL) as a function of IP, and correspond to the average of jejunal volume estimated. No significant difference at all time points (2-way ANOVA with post hoc Dunnett’s multiple comparison) after vs. before treatment. Number (N) of mice is indicated by 1 jejunum segment per mouse. Data are presented as mean ± SEM from 5 or 6 independent experiments. 
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Figure 4. Effect of BoNT/A on multiunit discharge in response to 1 µM capsaicin. (A,B) Example of multiunit discharge recorded on mesenteric nerve in response to external perfusion of 1 µM capsaicin on (A) buffer- or (B) BoNT/A-treated jejunum segments. The internal pressure (IP; in mmHg) is presented in the top panel. The firing frequency (in imp/s) is presented in the middle panel, and in the bottom panel is the neurogram (in V). (C) Quantification of the afferent firing frequency measured in response to capsaicin perfusion 3 h after PBS/BSA or BoNT/A application. The results are presented as delta mean firing rate (imp/s) as a function of capsaicin perfusion time, and correspond to the average of delta mean firing frequency measured every 2 s. Number (N) of mice is indicated by 1 jejunum segment per mouse. Data are presented as mean ± SEM from 5 independent experiments for each treatment (*** p < 0.001; unpaired Student’s t-test; BoNT/A vs. PBS/BSA). 
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Figure 5. Immunostaining of calcitonin gene-related peptide (CGRP) in jejunum treated with PBS/BSA or BoNT/A. Staining levels (bar graph) and immunochemistry staining of CGRP in jejunum 3 h after PBS/BSA (left) or BoNT/A (right) treatment. Scale bar is 50 µm. Number (N) of mice is indicated by 1 jejunum segment per mouse. Data are presented as mean ± SEM from 3 or 5 jejunum preparations treated with PBS/BSA or BoNT/A, respectively. 
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