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Abstract

AIM: To investigate anti-hypersensitive effects of
a28-1 ligands in non-inflammatory and inflammation-
associated colonic hypersensitivity (CHS) mouse
models.

METHODS: To induce an inflammation-associated
CHS, 1% dextran sulfate sodium (DSS) was admi-
nistered to C57BI/6] male mice, in drinking water,
for 14 d. Regarding the non-inflammatory neonatal
maternal separation (NMS) -induced CHS model, wild-
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type C57BI/6] pups were isolated from their mother
from day 2 to day 14 (P2 to P14), three hours per day
(from 9:00 a.m. to 12:00 p.m.). Colorectal distension
was performed by inflating distension probe from 20
puL to 100 pL by 20 pL increment step every 10 s.
After a first colorectal distension (CRD), drugs were
administered subcutaneously, in a cumulative manner,
(Gabapentin at 30 mg/kg and 100 mg/kg; Pregabalin at
10 mg/kg and 30 mg/kg; Carbamazepine at 10 mg/kg
and 30 mg/kg) and a second CRD was performed one
hour after each injection.

RESULTS: The visceromotor response (VMR) to
CRD was increased by our NMS paradigm protocol in
comparison to non-handled (NH) mice, considering the
highest distension volumes (80 uL: 0.783 + 0.056 mV/s
vs 0.531 £ 0.034 mV/s, P < 0.05 and 100 plL: 1.087
+ 0.056 mV/s vs 0.634 + 0.038 mV/s, P < 0.05 for
NMS and NH mice, respectively). In the inflammation-
associated CHS, DSS-treated mice showed a dramatic
and significant increase in VMR at 60 and 80 nulL
distension volumes when compared to control mice
(60 pL: 0.920 £ 0.079 mV/s vs 0.426 £ 0.100 mV/s
P < 0.05 and 80 pL: 1.193 + 0.097 mV/s vs 0.681 *
0.094 mV/s P < 0.05 for DSS- and Water-treated mice,
respectively). Carbamazepine failed to significantly
reduce CHS in both models. Gabapentin significantly
reduced CHS in the DSS-induced model for both
subcutaneous injections at 30 or 100 mg/kg. Pregabalin
significantly reduced VMR to CRD in the non-
inflammatory NMS-induced CHS model for the acute
subcutaneous administration of the highest cumulative
dose (30 mg/kg) and significantly reduced CHS in low-
dose DSS-treated mice in a dose-dependent manner.
Finally, the percent decrease of AUC induced by
acute GBP or Pregabalin treatment were higher in the
inflammatory DSS-induced CHS model in comparison to
the non-inflammatory NMS-induced CHS model.

CONCLUSION: This preclinical study demonstrates
028-1 ligands efficacy on inflammation-associated CHS,
highlighting their potential clinical interest in patients
with chronic abdominal pain and moderate intestinal
inflammation.

Key words: Neonatal maternal separation; Dextran
sulfate sodium; Colonic hypersensitivity mouse models;
Colorectal distension; a25-1 ligands

© The Author(s) 2016. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Chronic abdominal pain is commonly re-
ported by patients suffering from gastrointestinal
disorders. These patients form a very heterogeneous
group in regards to their colonic inflammation status.
Such heterogeneity may explain the current lack of
satisfactory options regarding pain management in
these patients. This preclinical study shows that c25-1
ligands are effective against colonic hypersensitivity,
especially when they are used in the case of moderate
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intestinal inflammation. Thus, our results pointed out
the need for assessing the clinical benefits of a28-1
ligands on chronic abdominal pain based on the level of
intestinal inflammation observed in patients.

Meleine M, Boudieu L, Gelot A, Muller E, Lashermes A,
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Carvalho FA. Comparative effects of ¢25-1 ligands in mouse
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22(31): 7111-7123 Available from: URL: http://www.wjgnet.
com/1007-9327/full/v22/i31/7111.htm DOI: http://dx.doi.
org/10.3748/wjg.v22.i131.7111

INTRODUCTION

Visceral pain is a diffuse and stabbing sensation,
which may result from functional visceral disorders
or from inflammation of a visceral organ. Irrita-
ble bowel syndrome (IBS), a common functional
gastrointestinal disorder characterized by Rome
Il criteria!’, is characterized by changes in bowel
habits and development of colonic hypersensitivity
(CHS) in the absence of macroscopic organic lesions.
In contrast, inflammatory bowel diseases (IBD),
including ulcerative colitis (UC) and Crohn’s disease
(CD), are characterized by active phases with active
mucosal inflammation ultimately leading to gut wall
alterations'”, These active phases are interspersed
with remission periods, characterized by low-grade
inflammation and IBS-like symptoms®*.

Patients suffering from IBS and IBD during active
or remission phases often complain about abdominal
pain®®., This common symptom is a crucial feature
because of his strong impairments on patient’s quality
of life, in the absence of efficient therapies®!. The
modulation of intestinal sensory neurotransmission
has been considered as a therapeutic approach in IBS
patients. For many years, the ability pain of many
potential targets expressed in intestinal sensory afferents
to modulate abdominal has been tested in several
preclinical models and in different dlinical conditions”®,
Notably, tricyclic antidepressants and selective serotonin
reuptake inhibitors have proved to be effective!®,
but were associated with strong adverse effects such
as sedation, central nervous system dysfunction or
anticholinergic symptoms''?. Inflammatory Bowel
Diseases treatments mostly target inflammation either
via administration of aminosalicylates compounds,
glucocorticoids or anti-tumor necrosis factor-o. antibodies
strategy™'!, or by reducing the immune response
using immunosuppressive thiopurines azathioprine or
6-mercaptopurinet™**®, However, to date, no therapy
aiming to relieve CHS associated with IBD is currently
available. In this context, development of innovative
treatments is needed to alleviate abdominal pain in
IBS patients and in IBD patients during the quiescent
periods.
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Anticonvulsants, initially designed to modulate
GABAergic or glutamatergic systems, target neuronal
excitability by modulating ion channels, receptors, and
intracellular signaling pathways™***!. Among them,
carbamazepine (CBZ) induces a decrease of sodium
(Na") channel conductance, whereas gabapentin (GBP)
and pregabalin (PGB), a new class of anticonvulsants
called a25-1 ligands, act on voltage-gated calcium
(Ca®*) channels (Caw) to inhibit pre-synaptic glu-
tamate release'*'®""), Drugs designed as 025-1
ligands have provided new options for pain treatment,
notably for neuropathic pain management!®*,
Concerning colonic pain, all studies were focused
on IBS pathology, which share some features with
neuropathic pain, such as an increase in sensitivity,
without clear macroscopic organic dysfunction. Some
clinical studies have highlighted the beneficial effect of
GBP™ and PGB™" on IBS-associated symptoms, and
their analgesic activity was confirmed in rat models
of non-inflammatory visceral pain®*?*. Surprisingly,
although their antihyperalgesic impact on somatic
inflammatory pain has been widely described”*?®, the
effects of these compounds have never been evaluated
either in specific inflammatory colonic pain models or
in IBD patients, among which 35% exhibit IBS-like
symptoms®®.

In this context, this preclinical study investigates
a28-1 ligand (GBP and PGB) beneficial effects on
CHS, in different mouse models, associated or not
to intestinal inflammation. They will be compared
to those receiving another anticonvulsant drug, i.e.,
CBZ. The main question addressed by this preclinical
study will be to describe the effect of 025-1 ligand
compounds, in a CHS mouse model associated with
a colonic inflammation induced by dextran sulfate
sodium (DSS) administration compared those
obtained in a non-inflammatory IBS-like model, in-
duced by neonatal maternal separation (NMS).

MATERIALS AND METHODS

Drugs

Gabapentin (2-[1-(aminomethyl)cyclohexyl]acetic
acid; Zhejiang Chiral Medicine Chemicals Co, Ltd,
Hanghzou, China) and Pregabalin [(S)-(+)-3-
(aminomethyl)-5-methylhexanoic acid; Pierre Fabre
Laboratories, Castres, France] were dissolved in
0.9% saline. Carbamazepine [5-carbamoyl-5H-
dibenzo(b,f)azépine; Sigma-Aldrich, Saint Quentin
Fallavier, France] was suspended in 0.9% NaCl and
sonicated for 45 min, to allow proper suspension.

Animal models of CHS

Regarding the non-inflammatory NMS-induced CHS
model, C57BI/6] pregnant mice were purchased from
Janvier laboratories (Le Genest Saint Isle, France) and
single-housed, up to birth of the pups. Briefly, wild-
type C57BI/6] pups were isolated from their mother
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from day 2 to day 14 (P2 to P14), three hours per
day (from 9:00 a.m. to 12:00 p.m.) and placed in
individual temperature-regulated boxes (37 C) in
a separate room set up with similar environmental
conditions, as previously described™!. These mice,
named NMS, were compared to non-handled (NH)
mice, used as control (Figure 1A). Pups were then
left with their mothers up to weaning (P21). All
experiments were then performed on nine-week-old
male mice.

Regarding the inflammatory DSS-induced CHS
model, C57BI/6] male mice weighing 20-24 g were
purchased from Janvier laboratories (Le Genest
Saint Isle, France), housed 8 per cage and allowed
to acclimatize to the animal care facility for at
least one week after their arrival and before any
experiment. Briefly, inflammation-associated CHS
induction in mice was adapted from Okayasu et a/*”
by administering 1% DSS (MP Biomedicals, Illkirch,
France) in drinking water for 14 days. Colorectal
distension test was performed on the last day of
treatment at D14 (Figure 1B).

All animals were housed in a temperature-
controlled environment with a 12/12 h light/dark
cycle and ad libitum access to food and water. All
experiments were performed following the ethical
guidelines set out by the International Association for
the Study of Pain (IASP)®!, with EU guidelines and
the regulations of the French Agriculture and Forestry
Ministry (decree 874848) and with approval from local
ethical committee (N° CE08-10 and N° CE09-10).

Colorectal distension and CHS measurement

Prior to colonic sensitivity measurement, mice were
anaesthetized with an intraperitoneal injection (0.1
mL/10 g) of a Ketamine and Xylazine 2:1 (v/v)
mixture diluted in 0.9% NacCl, the left abdominal
external musculature was exposed by skin incision and
two nickel-chromium electrodes (Nikrothal 80, Kanthal,
Sweden) were implanted into the abdominal oblique
muscle. Electrodes were secured with 5-0 sutures
(Ethicon, Somerville, NJ, United States). The opposite
electrode ends were externalized subcutaneously
through an incision at the back of the neck and
wrapped around a polyethylene catheter attached to
the skin with three 3-0 sutures (Ethicon, Somerville,
NJ, United States). Mice were allowed to recover at
least five days before experiments.

On experimental day, mice were accustomed to
the restraint device for 3 h before colorectal distension
(CRD). They were then briefly anaesthetized (2%
Isoflurane) in order to insert the distension probe
(Fogarty Arterial Embolectomy Catheter 4, Edward
Lifescience, CA, United States) at 1 cm from the anal
margin, and a nickel-chromium reference electrode
(Nikrothal 80, Kanthal, Sweden) was inserted
subcutaneously in the tail. Animals were placed in
home-made restriction cages, tape-maintained on
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Figure 1 Experimental design of anticonvulsant treatment assessment on colonic hypersensitivity. A: Non-inflammatory hypersensitivity was induced by
neonatal maternal separation from day 2 to day 14 (P2 to P14). At week seven, electrodes were surgically implanted in abdominal muscle. On week eight, mice
were accustomed to restraint device for 3 h before probe insertion for the colorectal distension (CRD). Balloon was inflated from 20 to 100 pl to assess basal
colonic sensitivity. Then mice were subcutaneously injected with a first dose of anticonvulsants [carbamazepine (CBZ) 10 mg/kg, gabapentin (GBP) 30 mg/kg or
pregabalin (PGB) 10 mg/kg] or saline and colonic sensitivity was assessed 1 h later for the two distension volumes displaying the highest significant differences in
visceromotor response (VMR) between control and sensitized groups (80 and 100 pl). A second subcutaneous injection was performed to reach the second dose of
anticonvulsants (CBZ 30 mg/kg, GBP 100 mg/kg or PGB 30 mg/kg) or saline and the same protocol was repeated; B: A moderate intestinal inflammation was induced
by replacing drinking water by 1% DSS at D1 for 14 d. At D10, electrodes were surgically implanted in abdominal muscle. On the last day of treatment (D14), mice
were accustomed to restraint device for 3h before probe insertion for the CRD. Balloon was inflated from 20 to 100 uL to assess basal colonic sensitivity. Then mice
were subcutaneously injected with a first dose of anticonvulsants (CBZ 10 mg/kg, GBP 30 mg/kg or PGB 10 mg/kg) or saline and colonic sensitivity was assessed
1h later for the two distension volumes displaying the highest significant differences in VMR between control and sensitized groups (60 and 80 uL). A second
subcutaneous injection was performed to reach the second dose of anticonvulsants (CBZ 30 mg/kg, GBP 100 mg/kg or PGB 30 mg/kg) or saline and the same
protocol was repeated. CRD: Colorectal distension.

the tail and allowed to recover for 30 min prior CRD. cumulative manner (Figure 1). Briefly, after basal
Electrodes were connected to a Bio-Amp® recording assessment of visceral sensitivity, mice were sub-
system (AD Instruments, Oxford, United Kingdom) cutaneously injected with a first dose of anticonvulsants
linked to an acquisition interface device (Power- (GBP 30 mg/kg, PGB 10 mg/kg and CBZ 10 mg/kg)
Lab®, AD Instruments, Oxford, United Kingdom). and their effects on colonic sensitivity were assessed 1h
Electromyographic signal was amplified, filtered at 100 later concerning the two distension volumes displaying
Hz, integrated and smoothed. Colorectal distension the highest significant differences in VMR, between
was performed by inflating the distension probe from control and sensitized groups (80 and 100 pL for NMS
20 pL to 100 pL, by 20 pL increment step (Figure model and 60 and 80 uL for DSS model). A second
1). A 5 min interval period was observed between subcutaneous injection was performed to reach the
stimulations. Recording was performed 10 s before second dose of anticonvulsants (GBP 100 mg/kg, PGB
stimulation (baseline) and 10 s during the stimulation 30 mg/kg and CBZ 30 mg/kg) and colonic sensitivity
period. Visceromotor responses were quantified as the was assessed again 1lh later with the same distension
area under the electromyogram activity curve during volume.

the 10 s stimulation period minus the area measured

during the 10 s baseline. Treated mice displaying Tissue myeloperoxidase assay

VMR values lower than the mean minus 2 SEM for all A piece of colon (around 50 mg) was thoroughly
distension volumes were considered as non-sensitized washed in PBS and homogenized (50 mg/mL) in 0.5%
and excluded from the analysis. hexadecyltrimethylammonium bromide (Sigma) in

50 mmol/L PBS, (pH 6.0), freeze-thawed 3 times,
Effect of anticonvulsants on CHS sonicated and centrifuged. Myeloperoxidase (MPO)

In order to reduce the number of animals included was assayed in the supernatant by adding 1mg/mL of
in the study, as recommended by ethical guidelines, dianisidine dihydrochloride (Sigma) and 5 x 10%-5 X
all drugs were administered subcutaneously in a 4% H202 and the change in optical density measured
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Table 1 Inflammatory parameters in low dose 1% dextran

sulfate sodium-induced colonic hypersensitivity model

Water DsS
Histological score 01+£0.1 40£06
MPO activity 24+03 40+0.6

On the same mouse, intestinal inflammation has been assessed by
measuring the colonic myeloperoxidase (MPO) activity and histological
score. °P < 0.01 Water vs dextran sulfate sodium (DSS) treated ANOVA 1
Way followed by Tuckey’s post-hoc test for multiple comparisons.

at 450 nm. Human neutrophil MPO (Sigma) was used
as standard. One unit of MPO activity was defined as
the amount that degraded 1.0 umol of peroxide/min at
25CP,

Histology

Colons were fixed for 24 h in 4% buffered formalin
at 4 °C and then subjected to hematoxylin and eosin
staining on tissue sections of 5 um thickness. Stained
slides were scored, blindly from the study protocol
as previously described™, Slides were scored for the
presence/absence of active inflammation, the intensity
of inflammation (average number of neutrophils and
the number of fields that were involved), the extent
of inflammation (mucosa, submucosa, or serosa),
the presence or absence of ulceration, architectural
disarray, and the pattern of involvement.

Statistical analysis

All data were expressed as mean + SE. Statistical
analyses were performed with GraphPad Prism
software. For VMR analysis in model validation, a
two-way (Volume and Treatment) ANOVA followed
by Bonferroni post-hoc test for multiple comparisons
were used. For the effects of anticonvulsants on VMR,
a one-way (Treatment) ANOVA followed by Bonferroni
post-hoc test for multiple comparisons were used.
A P value less than 0.05 was considered statistically
significant.

RESULTS

Effect of acute treatment with « 25-1 ligands in a non-
inflammatory NMS-induced CHS model

As shown in Figure 2A, the VMR to CRD of both
mouse groups, NH (n = 17) and NMS (n = 26) mice,
gradually increased in response to balloon inflation.
Three mice were excluded after our NMS paradigm
from the analysis because they were considered as
non-sensitized (see material and methods) (Figure
2A, grey circles). Thus, among NMS mice used for
model validation, 23 of the 26 mice (88.5%) were
considered to develop CHS (sensitized NMS mice), by
our NMS paradigm protocol, in comparison to NH mice
(Figure 2A). When compared to NH mice, maternal
deprivation induced a significant increase in VMR to
CRD for the highest distension volumes reflecting CHS
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(80 pL: 0.783 £ 0.056 mV/s vs 0.531 + 0.034 mV/s,
P < 0.05 and 100 pL: 1.087 + 0.056 mV/s vs 0.634 +
0.038 mV/s, P < 0.05 for NMS sensitized and NH mice,
respectively) (Figure 2B). The area under the curve
(AUC) between 80 and 100 uL exhibited a significant (P
< 0.0001) 1.61-fold increase of the colonic sensitivity
in sensitized NMS mice in comparison to NH mice
(18.72 £ 1.02 and 11.65 % 0.58, respectively) (Figure
2B, top-right insert).

Using the non-inflammatory NMS-induced CHS
model, CBZ (n = 8) at 10 and 30 mg/kg failed to
significantly reduce VMR in response to CRD (Figure
2C). Gabapentin (n = 8) at the highest cumulative
dose of 100 mg/kg slightly reduces the VMR, but this
effect is not significant (Figure 2D). Subcutaneous
administration of Pregabalin also reduces VMR to
CRD and this effect was significant for the highest
cumulative dose of 30 mg/kg (1.111 £ 0.056 mV/s vs
0.595 £ 0.174 mV/s) (Figure 2E).

Effect of acute treatment with o 25-1 ligands in an
inflammatory DSS-induced CHS model

Among 1% DSS-treated mice used for model
validation, none of them was considered as non-
sensitized (see material and methods) (Figure 3A).
Control mice (Water, n = 7) and DSS-treated mice
(DSS 1%, n = 22) exhibit an increased VMR to balloon
inflation. DSS-treated mice showed a dramatic and
significant increase in VMR at 60 and 80 puL when
compared to control mice (60 pL: 0.920 + 0.079 mV/s
vs 0.426 + 0.100 mV/s P < 0.05 and 80 pL: 1.193 %
0.097 mV/s vs 0.681 £ 0.094 mV/s P < 0.05 for DSS-
and Water-treated mice, respectively) (Figure 3B).
Unlike in NMS model, the most significant increase
occurred for 60 and 80 pL of distension volumes (Figure
3B). The AUC between 60 and 80 nlL is significantly
(P = 0.0053) increased by 110.3% in DSS-treated
mice compared to water-drinking mice (23.30 + 3.10
and 11.08 £ 1.84, respectively) (Figure 3B, top-right
insert). In addition, as expected, low-dose 1% DSS
treatment induced moderate alterations of colonic
mucosa characterized by a few focused epithelium
disorganization and inflammatory cell infiltration
(Figure 4). Thus, a slight but significant increase of
the histological score was observed in the low-dose
1% DSS-treated mice (Table 1). Moreover, MPO
activity was not significantly modify in low-dose 1%
DSS-treated mice compared to control water-treated
mice (Table 1). All together, these results tended to
highlight a moderate colonic inflammatory impairment
associated to CHS.

In the CHS model associated with intestinal low-
grade inflammation (1% DSS in drinking water),
CBZ (n = 6) administration exhibited any significant
antihypersensitive effect in mice sensitized with DSS
(Figure 3C). In contrast, both o25-1 ligands, GBP (n = 7)
and PGB (n = 9), showed a strong antihypersensitive
effect. For a 60 pl-distension volume, s.c. adminis-
tration of GBP and PGB induced a dose-dependent
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Figure 3 Mouse model of inflammation-associated colonic hypersensitivity and assessment of pregabalin, gabapentin and carbamazepine treatments. A:
All animals were considered as sensitized by dextran sulfate sodium (DSS) treatment. Distribution of visceromotor response (VMR) values highlights an increased
response in DSS-treated (black circles n = 22) compared to control (white circles n = 7) mice; B: Assessment of colonic sensitivity in DSS-treated (n = 22) and control
mice (n = 7) displays significant differences between groups for 60 and 80 L distension volumes. Top right insert represents the area under the curve (AUC) between
60 pL and 80 pL; C: Carbamazepine (CBZ) administration (10 and 30 mg/kg s.c.) has no significant effect on VMR response in DSS-treated mice (DSS n = 6; Water
n =7); D: Both doses (30 and 100 mg/kg s.c.) of gabapentin (GBP) induce a VMR reduction in DSS-treated mice (DSS n = 7; Water n = 7); E: Pregabalin (PGB)
administration (10 and 30 mg/kg s.c.) induces a highly significant reduction of VMR in response to CRD in DSS-treated mice (DSS n = 9; Water n = 7).2P < 0.05; °P <
0.01, DSS-treated vs Water ANOVA 2 Way (Treatment; Volume) followed by Bonferroni post-hoc test for multiple comparisons; °P < 0.05; °P < 0.01, °P < 0.001, Pre-
injection vs Post-injection ANOVA 2 Way (Treatment; Volume) followed by Bonferroni post-hoc test for multiple comparisons. CRD: Colorectal distension.
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Figure 4 Representative histologic examinations of low dose 1% dextran sulfate sodium-treated mice colons after hematoxylin and eosin-staining (scales

bars = 100 um). DSS: Dextran sulfate sodium.

Table 2 Comparison of the carbamazepine, gabapentin or

pregabalin efficacy on neonatal mother-separated and dextran
sulfate sodium induced colonic hypersensitivity models

NMS DSS
CBZ 10 mg/kg 9+8 6+18
30 mg/kg 5+13 17 £15
GBP 30 mg/kg 1532 45+9
100 mg/kg 14 £37 56+9
PGB 10 mg/kg -16+8 54£7
30 mg/kg 47 +£13 667"

On the same mouse, the visceromotor response to gradual colorectal
distensions (CRD) has been evaluated before and after the first and the
second injection of CBZ, GBP or PGB. For each gradual CRD, the area
under the curve (AUC) has been calculated between 80 uL and 100 uL in
NMS model or between 60 puL and 80 pL for DSS model. Data represented
the mean percent variation of the AUC calculated after the first or the
second injection in comparison to the AUC calculated before any injection.
‘P < 0.05, °P < 0.01 NMS I DSS treated ANOVA 1 Way followed by
Tuckey’s post-hoc test for multiple comparisons. CBZ: Carbamazepine;
GBP: Gabapentin; PGB: Pregabalin; NMS: Neonatal maternal separation;
DSS: Dextran sulfate sodium.

VMR decrease in DSS-treated mice (1.092 + 0.160
mV/s vs 0.460 £ 0.099 mV/s and vs 0.390 = 0.090
mV/s for GBP 30 and 100 mg/kg, respectively; 0.793
+ 0.082 mV/s vs 0.283 = 0.033 mV/s and vs 0.236 +
0.046 mV/s for PGB 10 and 30 mg/kg, respectively).
For a 80 pL-distension volume, the highest cumulative
dose of GBP (100 mg/kg) and both doses of PGB (10
and 30 mg/kg) induced a significant reduction of VMR
in DSS-treated mice (1.238 £ 0.157 mV/s vs 0.630
0.153 mV/s for GBP 100 mg/kg; 1.123 + 0.110 mV/s
vs 0.550 + 0.087 mV/s and vs 0.373 + 0.068 mV/s
for PGB 10 and 30 mg/kg, respectively) (Figure 3D
and E).

Comparative effect of acute treatment with « 25-1
ligands on CHS

To compare the effects of anticonvulsant drug (GBP,
PGB and CBZ) treatment, the AUC corresponding to the
two distension volumes displaying the highest significant
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differences in VMR between control and sensitized
groups (80 and 100 puL for NMS model and 60 and 80
uL for DSS model) were calculated. Carbamazepine
failed to significantly reduce CHS in both models (Figure
5A and B). Gabapentin also failed to reduce CHS in
NMS-induced model, but significantly reduced it in the
DSS-induced model for both subcutaneous injections
of 30 or 100 mg/kg (Figure 5C and D). Subcutaneous
acute administration of the highest cumulative dose
of PGB (30 mg/kg) significantly reduced VMR to CRD
(Figure 5E), and significantly reduced CHS in low-dose
DSS-treated mice, since s.c. acute administration of
PGB induced a dose-dependent inhibition of abdominal
contractile responses to CRD (Figure 5F). In addition,
none of these drugs (CBZ, GBP and PGB) did modify
the colonic sensitivity in control (NH or water-treated)
animals.

Finally, the percent decrease of AUC induced
by acute GBP or PGB treatment were higher in the
inflammatory DSS-induced CHS model in comparison
to the non-inflammatory NMS-induced CHS model
(Table 2). This decrease was significant for both doses
of PGB.

DISCUSSION

The present study demonstrates the acute anti-
hypersensitive effect of a28-1 ligands gabapentin
and pregabalin, compared to the non-a28-1 ligand
anticonvulsant carbamazepine, on CHS models, in mice.
A more effective effect of a28-1 ligands was observed in
CHS associated with colonic inflammation compared to
the non-inflammatory model.

The inflammatory animal model of CHS used in
this work involved the administration of 1% DSS in
drinking water during 14 consecutive days. Dextran
sulfate sodium is widely used in rodents to induce
colitis and generates quite similar symptoms to those
of patients displaying IBD, such as inflammatory cell
infiltration, cytokines production and fecal blood™*,
showing the relevancy of this model to study intestinal
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Figure 5 Comparative effect of carbamazepine, gabapentin and pregabalin on visceral hypersensitivity in non-inflammatory and inflammation-associated
colonic hypersensitivity mouse models. The area under the curve (AUC) (A, C and E) between 80 uL and 100 pL for neonatal maternal separation (NMS) model
and (B, D and F) between 60 pL and 80 L for Dextran Sulfate Sodium (DSS) model has been calculated for both doses of (A and B) carbamazepine (CBZ), (C and D)
gabapentin (GBP) and (E and F) pregabalin (PGB). °P < 0.05; °P<0.01,°P < 0.001, ANOVA 2 Way (Treatment; Dose) followed by Bonferroni post-hoc test for multiple
comparisons for each treatment in one CHS model. CHS: Colonic hypersensitivity; DSS: Dextran sulfate sodium.

inflammation. A few studies investigated the ability of
DSS to induce CHS and displayed discrepant results
with either a hypersensitive effect’***®! or no influence
of DSS administration on colonic sensitivity™’%.
Comparing the data of those works is challenging
since different protocols of visceral sensitivity mea-
surement and treatment time course were used.
However, it appears that high doses of DSS (> 3%),
despite inducing a severe colitis, fail to enhance
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colonic sensitivity*>®. A possible explanation of

this phenomenon might be the impairment of nerve
terminals due to tissue lesion that leads to primary
afferents desensitization. A recent paper has shown
that low-dose of DSS (0.5% to 1% DSS) in drinking
water of mice did not induce marked inflammation
but only signs of low-grade inflammation®®. Thus, in
our study, low-doses of DSS probably do not induce
severe tissue lesion and subsequent desensitization,
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but are sufficient to enhance colonic primary afferents
response to colorectal distension.

Studying IBS-like non-inflammatory CHS is
more challenging as mechanisms involved in IBS
pathophysiology are poorly known. However, several
studies have reported a close link between IBS
development and early life traumatic events such as
neglect or abuse™. Accordingly, Coutinho et a/t*"
pointed out an altered viscero-somatic response of
rats separated from their mother during neonatal
life. These sensitive disturbances seem to be cor-
related with hypothalamic-pituitary-adrenal axis
dysfunctions'*” and are associated with plastic changes
at spinal cord level™*! but not with organic injuries of
colonic mucosa™. It was recently demonstrated that
the same separation paradigm led to the increase of
VMR to CRD in mice as well*, Our results corroborate
this observation with a colonic sensitization of the vast
majority of mice separated from their mother during
postnatal period.

In DSS-induced model, we showed that a25-1
ligands were able to decrease CHS at the two used
experimental doses, while only PGB significantly
reduced the CHS in NMS model. In contrast, CBZ failed
to modify VMR scores in both models. Chosen doses
of a28-1 ligands have been shown to display an analge-
sic effect up to 2 h on mechanical hypersensitivity
developed after spinal cord injury in mice!*?. Carba-
mazepine was administered at 10 and 30 mg/kg
corresponding to doses reducing inflammatory somatic
pain related behaviors™®”. Antihyperalgesic properties
of a28-1 ligands are widely used in the management
of neuropathic pain and fibromyalgia***’’. Regarding
visceral pain, their ability to decrease colonic sensitivity
has been demonstrated in two clinical trials in IBS
patients™*?", At preclinical level, although GBP and
PGB efficiency is documented in IBS models, only few
studies reported their potential beneficial impact in
acute inflammatory models. Indeed, PGB has been
shown to decrease visceral hypersensitivity induced
by LPS®?, Our study confirms the ability of an a25-1
ligand (PGB) to relieve CHS in a non-inflammatory
model. Interestingly, the two o28-1 ligands (GBP and
PGB) more potently reduce CHS in our inflammatory
model. In addition, not all classes of anticonvulsants
are suitable to alleviate CHS, as highlighted by CBZ
treatment failure, suggesting a specific involvement of
a26-1 in the mechanism of action of GBP and PGB.

The first evoked action of GBP and PGB on
GABAergic system does not seem to occur as conclude
Taylor in his review™®., Instead, their high affinity for
a25-1 subunits of Caw channels®*? could explain their
effect on chronic pain. Indeed, it is well documented
that o28-1 subunit stimulation increase both current
amplitude of high voltage activated Caw channels
and their trafficking to the plasmatic membrane®™.
Consistent with this observation, mutation in the a28-1
Ca’* channel subunit preventing the binding of c28-1
ligands, led to a decrease in their analgesic effects in
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mouse pain models®***), Regarding visceral sensitivity,
Liao et al®® demonstrated the spinal upregulation of
o28-1 subunit and the efficacy of GBP in a pancreatitis
model in rats. Among Caw channels, several data
demonstrate that all subtypes can be involved in
chronic pain development including visceral pain®">°.
Their preponderant role is the increase of spinal
synaptic transmission by promoting neurotransmitter-
containing vesicle release that may lead to long-
term potentiation phenomenon underlying chronic
pain state™”. Involvement of a25-1 subunits was also
demonstrated in visceral pain conditions. Hence,
in a rat model of CHS induced by uterine cross-
sensitization a spinal overexpression of a25-1 subunit
was described™. It is, therefore, possible that CHS
in NMS mice is related to the up-regulation of Caw
channels and associated a28-1 subunits at presynaptic
terminals of spinal sensory neurons and, in this model,
antihyperalgesic effect of PGB is mainly due to spinal
neurotransmission inhibition.

Besides spinal mechanisms of a28-1 ligands evoked
in NMS-induced model and that probably occur in
inflammatory model as well, an effect on peripheral
sensitization cannot be ruled out explaining a higher
efficacy in DSS-induced CHS. In fact, 028-1 subunit
are retrieved in intestine primary afferent neurons
associated with N-type calcium channels® and could
be overexpressed in an inflammatory context, as
observed in somatic inflammatory pain models. In
fact, 028-1 and Caw2.2 proteins are overexpressed
in the nerves arising from L4 and L5 ganglia ipsi-
lateral to the site of CFA administration®”. In a rat
model of osteoarthritic pain an increase in a258-1
mMRNA levels was observed in ipsilateral L3 and L4
ganglia. In this model, pregabalin inhibit dorsal horn
neuronal responses®, Other studies demonstrated
antinociceptive efficacy of a28-1 ligands on behavioral
and neuronal responses in cutaneous models of acute
inflammatory pain'®>®®, Thereby, with inhibition of
spinal synaptic transmission, a28-1 ligands could also
target inflammation in DSS-induced CHS model,
explaining their potent effect in this model.

To conclude, our results, combined with available
data of literature, confirmed the beneficial effect
of 028-1 ligands in the management of visceral
hypersensitivity. Moreover, our findings highlight
their efficacy in inflammation-induced CHS. Further
studies are needed to investigate the mechanism of
action of a26-1 ligands on peripheral sensitization in
an inflammatory context. Finally, this work pointed
out the interest to study the clinical relevance of a28-1
ligands in IBD patients in remission to alleviate IBS-
like symptoms, particularly abdominal pain.

COMMENTS

Background
Colonic hypersensitivity is often reported in patients with abdominal pain
as irritable bowel syndrome (IBS) patients or inflammatory bowel diseases
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(IBD) patients during remission phases. Despite many potential tested targets
expressed in intestinal sensory afferents to modulate abdominal pain in several
preclinical models or under different clinical conditions, colonic hypersensitivity
(CHS) is not targeted by any therapy as of today. In this context, the
development of new treatments is needed to provide IBS patients and IBD
patients during the quiescent periods with a therapeutic option in alleviating
abdominal pain.

Research frontiers

Clinical studies highlighted the antinociceptive effect of alpha-2-delta-1 (2.25-1)
ligands, initially commercialized as anticonvulsant, in patients suffering from IBS.
However, no investigation was done based on the intestinal inflammation state.

Innovations and breakthroughs

The goal of this study was to determine if the .25-1 ligands (gabapentin and
pregabalin) have beneficial effects on CHS, using different mouse models of
IBS and IBD. They will be compared to those of another anticonvulsant drug,
carbamazepine. The main question addressed by this preclinical study will be
the effect of «23-1 ligand compounds in a CHS mouse model associated with
a colonic inflammation induced by dextran sulfate sodium administration and
compare these effects with those obtained in a non-inflammatory IBS-like model,
induced by neonatal maternal separation.

Applications

The present study suggests that «28-1 ligands may be beneficial for the
management of visceral hypersensitivity. In particular, our findings show the
efficacy of a28-1 ligands on inflammation-induced CHS and further studies on
the mechanisms of action of «25-1 ligands on peripheral sensitization in an
inflammatory context will pave the way for new CHS treatments for IBD patients.
Finally, this work shows the clinical relevance of using a.25-1 ligands also in IBD
patients who are in remission in order to alleviate IBS-like symptoms, such as
abdominal pain.

Terminology

Mouse CHS is evaluated in our different animal models using a colorectal
distension procedure and by evaluating the animal discomfort reflected by
changes in the visceromotor response, a pseudoaffective reflex response
widely used as index of visceral pain in rodents, to colorectal distension.

Peer-review

This preclinical study demonstrates a.25-1 ligands efficacy on inflammation-
associated CHS, showing their potential clinical interest for patients with chronic
abdominal pain and moderate intestinal inflammation.
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