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all traces are from the same neuron. B) Each pair of bars represents
the mean inhibition of Igaga induced by DBTDs, before (Control) and in

the presence of flumazenil. Lines over the bars indicate the SEM.
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Resumen

Synthesis and Electrophysiological Evaluation of 6,11-Dihydrodibenzo[c,f]
[1,2,5]thiadiazepine-5,5-dioxide (DBTD): Non-Competitive GABAa Receptor
Antagonists

En este trabajo describimos un nuevo proceso para obtener
dibenzolc,f][1,2,5]tiadiazepinas (DBTDs o 2) y sus efectos como modulador de los
receptores GABA, de neuronas mientéricas de cobayo. La sintesis de derivados
de DBTDs inici6 con dos compuestos aromaticos comerciales. Un grupo azida fue
obtenido después de dos reacciones secuenciales y posteriormente el anillo
central fue cerrado via nitrenos obteniendo sulfonamidas triciclicas (DBTDs). Los
resultados de experimentos de célula completa en neuronas mostraron que la
aplicacion de 2 no afecta la corriente neuronal basal pero inhiben las corrientes
inducidas por GABA (lgasa), las cuales son mediadas por receptores GABAa. Los
efectos de las DBTDs alcanzaron su maximo a los 3 min después de su aplicacion
y fueron: i) reversibles; ii) dependiente de la concentracion (con un orden de
potencia de 2c = 2d > 2b); iii) antagonismo no competitivo y; iv) solo se presenta
cuando 2 fue aplicado extracelularmente. Picrotoxina y 2 no afectan sus efectos
inhibitorios cuando ambos se aplican. Nuestros resultados indican que DBTD
actia en la region extracelular de los canales GABA distinto al poro, pero
independiente del sitio de unidn de la picrotoxina, benzodiazepina y sitios de unién
a GABA. Las DBTDs descritas aqui pudieran ser empleadas como un modelo
inicial para sintetizar nuevos inhibidores de los receptores GABAA con potencial
para ser usados como antidotos en la intoxicacion por moduladores positivos de

estos receptores o inducir epilepsia experimental.

PALABRAS CLAVE.

Dibenzotiadiazepinas, Receptores GABA,, Neuroquimica, Actividad Bioldgica,
Neuronas entéricas, Patch clamp, Antagonistas de los receptores GABAa,

Electrofisiologia.
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Abstract

Synthesis and Electrophysiological Evaluation of 6,11-Dihydrodibenzo]c,f]
[1,2,5]thiadiazepine-5,5-dioxide (DBTD): Non-Competitive GABAa Receptor
Antagonists

A new process for obtaining dibenzo[c,f][1,2,5]thiadiazepines (DBTDs or 2) and
their effects as modulators on GABAA receptors of guinea pig myenteric neurons
are described. Synthesis of DBTD derivatives began with two commercial aromatic
compounds. An azide group was obtained after two sequential reactions, and the
central ring was closed via nitrene to obtain the tricyclic sulfonamides (DBTDs).
Whole-cell neuronal recordings showed that 2 application did not affect the holding
neuronal current but inhibited the currents induced by GABA (lgasa), Which are
mediated by GABAAa receptors. These DBTDs effects reached their maximum 3
min after application and were: i) reversible, ii) concentration-dependent (with a
rank order of potency of 2c = 2d > 2b), iii) mediated by a non-competitive
antagonism, and iv) only observed when applied extracellularly. Picrotoxin (which
binds in the channel mouth) and DBTDs effects were not modified when both
substances were simultaneous applied. Our results indicate that DBTD acted on
the extracellular domain of GABAA channels but independent of the picrotoxin,
benzodiazepine, and GABA binding sites. DBTDs used here could be the initial
model for synthesizing new GABAAa receptor inhibitors with a potential to be used

as antidotes for positive modulators of these receptors or to induce experimental

epilepsy.

Keywords

Dibenzothiadiazepines, GABA, receptors, neurochemistry, Biological activity, Enteric

neurons, Patch clamp, GABA, receptor antagonists, Electrophysiology.
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CHAPTER 1 BACKGROUND

1.1 Ligand Gated Channels are Essential for Neuronal Communication

Fast synaptic transmission is mediated by neurotransmitters, which activate ionic
channels in the postsynaptic membrane. The opening of these Ligand Gated
Channels (LGC) modifies the membrane potential of the postsynaptic cell, which
results in excitatory or inhibitory postsynaptic potentials (EPSP and IPSP,
respectively). There are different LGC in the neuronal tissue: i) the superfamily of
the Cys-loop (p.e. nicotinicos), ii) those activated by nucleotides named purinergic
(P2X), and iii) those activated by glutamate, cknown as glutamatergic. The
properties of Cys-loop receptors, in particular those of GABAAa receptors, activaed
by y-aminobutiric acid (GABA) will be revised here.

Cys-loop receptors are composed of five subunits that share several
structural properties. Each subunit possesses certain structural properties that are
well conserved for all members of this family. For instance, subunits are all
composed of an extracellular amino terminus, four transmembranous domains
(M1-M4), and an extracellular carboxyl terminus (Le Novere et al., 2002; Ortells
and Lunt, 1995). Between transmembrane domains, M3 and M4 there is a long
intracellular loop that allows for interaction with the proteins of the intracellular
matrix. There are some important functional differences among Cys-loop receptors.
Thus, some are permeable to cations (p.e. nACh receptors) and mediate EPSPs,
and others (p.e. GABAAa receptors) are permeable to cloride and mediate IPSPs

1



(Karanjia et al., 2006; Le Novere et al., 2002; Miranda-Morales et al., 2007; Ortells
and Lunt, 1995).

Thus far, there are twenty known GABAa subunits grouped into seven
families based on their structural similarities (a1-6, p1-4, y1-3, pl1-3, ¢, =@, 6, J).
Each one of these subunits shows a particular localization to specific areas in the
nervous system. The p subunit, for instance, was initially only found in the retina,
are functionally distinct to other GABAa receptors, and was known as GABAc
previously (Hanley et al., 1999). The most common native receptor stoichiometry is

two a, two B and one of either v, 8, or ¢ (Farrar et al., 1999).

Different  stoichiometry of GABAax receptors provides different
pharmacological and functional properties, affecting the overall efficacy and affinity
of agonists and antagonists, and the channels properties (Enna, 2012). Thus, o
subunits have been shown to impart different receptor efficacies for partial agonists
like (RS)-dihydromuscimol, piperidine-4-sulfonic acid and 4,5,6,7-
tetrahydroisoxazolo [5,4-c] pyridin-3-ol (Ebert et al., 1994). Changing the 3 subunit
has also been reported to affect the potency for GABA and the maximum current
obtained (Ducic et al., 1995; Hadingham et al., 1993; Jensen et al., 2002). The 3
subunit has also been shown to impart the ion selectivity of the GABAA channel
(Jensen et al.,, 2002). Likewise, the presence of the y subunit, specifically y2,
appears to be important for benzodiazepine potentiation of the GABA response
(Kofuji et al., 1991; Sigel et al., 1990). Collectively, the characteristics of the GABA

channels are dependent on the subunits present.



Additional subunit diversity can be obtained by splicing variations. The v,
subunit exist in two forms, a short y,s and a long vy, form (Kofuji et al., 1991; Sigel
et al., 1990). The addition of a twenty-four base-pair (eight amino acid) exon
provides the y,_ isoform with a new regulatory region, a calcium dependent PKC

phosphorylation site in the large cytoplasmic loop (Swope et al., 1999).

The localization of the GABAa receptors in the postsynaptic membrane
appears to be dependent on the presence of a tubulin binding protein called
gephyrin (Kneussel et al.,, 1999). This protein was originally identified as being
required for the localization of the glycine channels (Kirsch et al., 1991) and latter,
it was shown to be required for the clustering of GABAA channels at GABAergic
synapses (Kneussel et al., 1999). It is postulated that the interaction of GABAa
channels is dependent on the association of the y subunit with a protein called
GABA\ receptor associated protein (GABARAP) (Wang et al., 1999). GABARAP
has protein homology with microtubule-associated proteins (MAPS) and has been
postulated that GABARAP functions as a protein-cytoskeleton linker. This is a
similar function to what MAP1-B, which has been shown, to be associated with the
anchoring of GABAc receptors (Hanley et al., 1999). At present, it is unclear
whether the tubulin binding functions of gephyrin, GABARAP, MAP1-B and
possibly other MAPs are essential for GABAA subunit anchoring. In either case
there is strong evidence implicating gephyrin in the clustering of GABA, receptors

(Kneussel et al., 1999).



1.2 Pharmacological Importance of GABAA Receptors

GABA, are expressed in both central and peripheral nervous systems. These
receptors mediate most of the effects of GABA in the brain. Its pharmacological
importance is well recognized because they are the targets for therapeutic effects
of benzodiazepines, phenobarbital, and various general anesthetics. In addition,
GABAA receptors have been implicated in numerous pathological processes such
as: epilepsia, han sido implicados en numerosos procesos patolégicos tales como
la epilepsy, anxiety, major depression, pain, and as target of psychotropic
substances (Enna, 2012; Krivoshein and Hess, 2006; Mohler, 2011; Twyman et al.,
1989). The role of GABAA channels in the peripheral nervous system is unknown
(Sokolova et al., 2001). However, their expression in primary sensory neurons
suggests that they might be used as targets to control the sensory activity by

synthetic substances.

1.3 Enteric Neurons

Synaptic communication in enteric neurons is not a simple matter, with some
studies suggesting that the number of neurons and associated glia in the system
rivals that of the spinal cord (Galligan, 2002). All three types of synaptic
communication are present in the enteric nervous system and employ various
channels and neurotransmitters (Galligan, 2002; Shen and Surprenant, 1993). The
majority of the synapses in the enteric nervous system are located in two
ganglionated plexuses, the myenteric and submucosal. These plexus play distinct
set of functions; namely, the myenteric plexus appears to be responsible for the

control of gastrointestinal motility while the other mediates the gastrointestinal

4



epithelium functions, neuroimmune responses and local blood flow (Cooke, 1998;

Galligan, 2002).

There are two major classes of enteric neurons; S neurons and AH neurons
(Nishi and North, 1973). Extensive characterizations of both S and AH neurons
have been published (Brookes, 2001; Costa et al.,, 1996; Furness et al., 1998).
Functionally, S type neurons appear to function as interneurons and motor
neurons, and AH type neurons function as intrinsic sensory neurons (Brookes,

2001; Costa et al., 1996; Furness et al., 1998).

1.3.1 Enteric GABA, receptors

The function of GABA in the enteric nervous system is unclear. GABAa channels
have been shown to be present mainly in AH neurons in the myenteric plexus but
are found on both S and AH neurons in the submucosal plexus (Cherubini and

North, 1984).

Through the use of reverse transcriptase polymerase chain reaction (RT-
PCR) and in-situ hybridization it has been shown that al, a3, a5, 2 and y3 are
expressed in both myenteric and submucosal plexuses. In addition the B3 and y1
subunits have been found in the myenteric but not submucosal plexus (Poulter et
al., 1999). Furthermore, a number of putative intrinsic primary afferents and nitric
oxide synthase (NOS) immunoreactive inhibitory motor neurons have been shown

to express p subunits (Fletcher et al., 2001). Up to date, pharmacological studies

have not identified the functional role of the p subunits in the gut.



The exogenous application of GABA is able to elicit a chloride mediated
current and GABA has been found to mediate contraction in ex-vivo longitudinal
muscle preparations (Karanjia et al., 2006; Miranda-Morales et al., 2007; Tsai et
al., 1993; Zhou and Galligan, 2000). These effects have been pharmacologically
identified as being mediated by either GABAA or GABAg. GABAA mediated
synaptic responses have not been found in the enteric nervous system (Galligan,
2002), yet the large number of GABAA channels suggests some role for GABA in
the gut. Indeed GABA has been implicated as a mediator of intestinal motility and
has been shown to affect the secretion of acetylcholine gastrin and somatostatin
from the gut (Harty et al., 1991; Harty and Franklin, 1983; Poulter et al., 1999).
Here, we used enteric GABAa channels as a model to investigate the effect of

DBTDs on sensory primary neurons.

1.4 Biological relevance of dibenzothiadiazepines

Tricyclic compounds with a central thiadiazepine ring (Figure 1, 1 ring B) were first
described in Weber's 1966 publication of the synthesis of dibenzothiadiazepines
(DBTDs) (Weber, 1966a), followed by a description of the compounds anti-
depressive effects (1a) (Weber, 1966b; Weber and Frossard, 1966).

In 1991, Giannotti et al. (Giannotti et al.,, 1991) prepared DBTD (1b)
structural variants at nitrogen 11 (N-11) with the purpose of increasing the
antidepressive effects previously observed by Weber while reducing possible side
effects. In addition to the effects of DBTDs on the central nervous system, these
substances were found to act as non-nucleosidic reverse transcriptase inhibitors of

HIV-1 (1c) (Bellarosa et al.,, 1996) and to have anti-proliferative activity on



leukemia cell lines (1d) (Silvestri et al., 2006). Effects that increased the attention

toward these tricyclic compounds.

The central ring of DBTDs has been synthesized via the Goldberg method
(Goldberg, 1906), which involves an Ullmann intra-molecular condensation
reaction (N-C) (Figure 2, via a) (Goldberg, 1906). This reaction is limited by the fact
that ortho-haloanilines significantly reduce number of possible substituents that
may be included in the DBTDs. Only one report has described the use of this
methodology for obtaining compounds 2a and 2d (Altamura et al., 2009). As an
alternative approach, N-C bonds may be formed via intra-molecular reactions of
aryl azides with benzene derivatives (Figure 2, via b), which has been described
during the formation of carbazoles through thermolysis (Jian and Tour, 2003),
photolysis (Tsao et al., 2003), and recently, via metal catalysis (Shou et al., 2009;
Stokes et al., 2009). The advantage of using aryl azides is that C-N bonds form
directly. Therefore, the use of monosubstituted anilines with diverse functional
groups can lead us toward obtaining DBTDs with functional variations in the C ring.
Known DBTDs and triheterocyclic analogous compounds include diverse
substituents on the nitrogen of the thiadiazepine ring (Figure 1); however, no
studies have examined the biological activities of the parent compound and 9-
substituted derivatives (Figure 2). This work is the first report to consider a
biological study of DBTDs without substituents on nitrogens 6 and 11 of B ring,
which were obtained through a distinct process than the Ullmann method. The

presence of a hydrogen atom at N-6 and N-11 in a DBTD can determine the



compound’s affinity toward proteins via hydrogen bond interactions (Cherney et al.,

2003), as shown in Figure 3.
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Figure 1. General chemical structure of the dibenzolc,f][1,2,5]thiadiazepines 1, and

several DBTDs reported to have biological activity (1a, 1b, 1c, and 1d).
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Figure 2. Retrosynthetic analysis of the non-substituted DBTDs. a) Classical
method for obtaining 2 by the Goldberg methodology; b) Obtaining 2 from an aryl
azide.



The linear synthetic route to the DBTDs 2a—2g comprises four stages and
proceeds as described in Scheme 1. The thiadiazepine ring is formed through
direct amination of the C ring via intramolecular thermal cyclization of 4 (Figure 2,
via b). This methodology provides an alternative to the classical amination of
Goldberg approach, with respect the formation of ring B in the substituted DBTDs
(Figure 2, via a) (Altamura et al., 2009; Bellarosa et al., 1996; Giannotti et al.,

1995; Giannotti et al., 1991; Weber and Frossard, 1966).

DBTDs with a modified B ring were shown to have biological effects.
Giannotti et al. synthesized a series of DBTDs with substituents in the
thiadiazepine ring, and they showed that the compounds displayed a potential
antidepressive effect using the apomorphine-induced hypothermia test (Giannotti
et al., 1991). However, these authors found no binding of DBTDs with receptors to
dopamine, serotonin, histamine, benzodiazepine, GABA, acetylcholine, and
adrenaline, and reported that DBTDs lack effect on serotonin and noradrenaline
uptake. However, such observations does not rule out that DBTDs might be
modulating any of these receptor proteins through a different binding site than the

one directly-activated by a given agonist or modulator.

At least three observations indicated us that GABAA channels might be the
target for DBTDs: i) the tricyclic sulfonamide 2 is structurally similar to the 1,4-
benzodiazepines, which are major positive modulators of these channels (Enna,

2012); i) DBTDs have antidepressive actions (Giannotti et al., 1991), and GABAa
9



channels have been implicated in mood disorders, including depression (Brickley
and Mody, 2012; Krystal et al., 2002). Therefore, the aim of the present study was
to further investigate the effects of DBTDs on GABAA channels and to report a new
synthetic platform for obtaining DBTD compounds that do not include the
thiadiazepine ring substitutions. We found that these compounds inhibit directly
GABAA channels by a mechanism that is independent of the binding sites for

GABA, picrotoxin, and benzodiazepine.
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bonds and proteins.

11



RATIONALE

A series of DBTDs with substituents in the thiadiazepine ring displayed a potential
antidepressive. However, there is not binding of these compounds with receptors
to dopamine, serotonin, histamine, benzodiazepine, GABA, acetylcholine, and
adrenaline, and do not have any effect on serotonin and noradrenaline uptake.
This lack of binding does not rule out that DBTDs might be modulating any of these
receptor proteins through a different binding site than the one activated by a given
agonist or modulator. For instance, GABAa channels have various binding sites

that could be the target for DBTDs.

HYPOTHESIS

Since DBTDs does not bind to GABA receptors DBTDs regulate GABAA channels

by binding to modulatory site.

OBJECTIVES

1) To report a new synthetic platform for obtaining DBTD compounds that do not

include the thiadiazepine ring substitutions.

2) To investigate the effects and possible mechanism of action of DBTDs on

enteric GABAA channels.
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CHAPTER 2 MATERIAL AND METHODS

2.1 Chemical Methods
2.1.1 General Procedures

All reagents and solvents were reagent-grade and were used as received from
Sigma-Aldrich Co. (St. Louis, MO, USA). Flash chromatography was performed
using Merk Kiesegel 60 silica gel (230-400 mesh). Melting points are reported
uncorrected. The FTIR spectra were recorded on a Thermo Nicolet Nexus 470
FTIR as thin films on a KBr disk (for solids) or a germanium ATR crystal (for
liquids). 'H NMR and '*C NMR spectra were obtained using an Eclipse Jeol
(operating at 300 and 75 MHz, respectively) and a Varian-Gemini (operated at 200
MHz and 50 MHz, respectively), and the signals are reported in ppm relative to
TMS. All mass spectra (MS) were recorded on a Jeol AX505HA mass
spectrometer. Elemental analyses were performed on a CE-440 Exeter Analytical

Inc.

2.1.2 General Procedures for Synthesizing N-(4-(R)phenyl)-2-
nitrobenzenesulfonamides (5a-5f)

Anhydrous pyridine (1.10 mL, 13.6 mmol) and 4-R-aniline (1.24 mL, 13.6 mmol) in
dry acetone were added, via cannula, to a stirred solution of 2-nitrobenzenesulfonyl
chloride (3.01 g, 13.6 mmol) in dry acetone under nitrogen, and the reaction
mixture was stirred at room temperature. After 24 h the mixture was neutralized
with a saturated sodium bicarbonate solution, and the resulting solid was collected,
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washed with water and ethanol, and dried under vacuum. The solid was purified by
flash chromatography (silica gel, eluting with 90:10 hexane—ethyl acetate), then
recrystallized from ethyl acetate—hexane (30:70) to obtain 5a as a white solid
(11.97 mmol, 88%); mp: 118-119 °C. The same procedure was used for the

synthesis of 5b—5f.

Products 5, 6, and 4 (except for series f) were first reported by Saeed and N.H.
Rama (Saeed and Rama, 1997). However, 5 and 6 not were characterized and

compound 4 was only partially characterized by IR and MS spectroscopies.

N-(phenyl)-2-nitrobenzenesulfonamide (5a): 'H NMR (300 MHz,
CDCl3+[Dg]DMSO): d = 7.08 (m, 1H), 7.21 (m, 4H), 7.63 (ddd, Jo= 7.5 Hz, Jn= 1.6
Hz, 1H), 7.70 (ddd, Jo= 7.5 Hz, J= 1.6 Hz, 1H), 7.76 (dd, Jo,= 8.0 Hz, J,= 1.6 Hz,
1H), 7.92 (dd, Jo= 7.9 Hz, Jn= 1.6 Hz, 1H), 9.9 ppm (s, 1H); IR (KBr): v = 3324,

1380, 1180 cm™; MS (El, 70 eV): m/z: 278 [M]*.

N-(4-fluorophenyl)-2-nitrobenzenesulfonamide (5b): Yellow crystals. Yield 79%;
mp: 106 °C; *H NMR (200 MHz, [Dg]DMSO): d = 7.13 (d, Jo= 6.8 Hz, 4H), 7.88 (m,
4H), 10.7 ppm (s, 1H); IR (KBr): v = 3293, 1360, 1160 cm™; MS (EI, 70 eV): m/z:

296 [M]".

N-(4-chlorophenyl)-2-nitrobenzenesulfonamide (5c): Yellow crystals. Yield
66%; mp: 122 °C; *H NMR (200 MHz, [Dg]DMSO): d = 7.13 (d, Jo= 9.0 Hz, 2H),
7.35 (d, Jo= 9.0 Hz, 2H), 7.89 (m, 4H), 10.9 ppm (s, 1H); IR (KBr): v = 3309, 1334,
1162 cm™: MS (EI, 70 eV): m/z: 312 [M]".
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N-(4-bromophenyl)-2-nitrobenzenesulfonamide (5d): Colorless crystals. Yield
79%; mp: 118 °C; *H NMR (200 MHz, [D¢] DMSO): d = 7.06 (d, Jo= 9.0 Hz, 2H),
7.47 (d, Jo= 8.8 Hz, 2H), 7.91 (m, 4H), 10.9 ppm (s, 1H); IR (KBr): v = 3297, 1363,

1164 cm™. MS (El, 70 eV): m/z: 358/356 [M]".

N-(4-methoxyphenyl)-2-nitrobenzenesulfonamide (5e): Yellow needle crystals.
Yield 72%; mp: 90 °C; *H NMR (200 MHz, [Dg]DMSO): d = 3.67 (s, 3H), 6.83 (d,
Jo= 9.0 Hz, 2H), 7.03 (d, Jo= 9.0 Hz, 2H), 7.87 (m, 4H), 10.4 ppm (s, 1H); IR (KBr):

v = 3259, 1361, 1172 cm™; MS (EI, 70 eV): m/z: 308 [M]".

Ethyl-4-(2-nitrophenylsulfonamido)benzoate N (5f): brown solid. Yield 82%; mp:
172 °C; *H NMR (300 MHz, [Dg]DMSO): d = 1.25 (t, Jo= 7.1 Hz, 3H), 4.22 (q, Jo=
7.1 Hz, 2H), 7.13 (BB’, Jo= 8.7 Hz, 2H), 7.75 (ddd, Jo= 7.5 Hz, 1H), 7.78 (AA’, Jo=
8.7 Hz, 2H), 7.79 (ddd, Jo,= 7.5 Hz, 1H), 7.91 (dd, J,= 6.6 Hz, 1H), 7.98 ppm (dd,
Jo= 7.0 Hz, 1H); IR (KBr): v = 3200, 1690, 1365, 1162 cm™; MS (El, 70 eV): m/z:
350 [M]*.

2.1.3 General Procedures for the Synthesis of 2-amino-N-(4-(R)

phenyl)benzenesulfonamide (6a—6f)

N-(4-(R) phenyl)-2-nitrobenzenesulfonamide 5 (4.3 g, 15.6 mmol) and tin (I)
chloride dehydrate (14.82 g, 65.7 mmol) were heated in ethyl acetate under reflux
for 4 h. The mixture was stirred, and a saturated sodium bicarbonate solution was
added to a pH of 6. The solution was extracted with ethyl acetate. The solvent was
removed, and the residue was purified by flash chromatography (eluting with a

90:10 solution of hexane—ethyl acetate).
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2-amino-N-phenylbenzenesulfonamide (6a): Yellow powder (14.04 mmol, 90%);
mp: 123-124 °C; *H NMR (300 MHz, [Dg]DMSO): d = 5.99 (s, 2H), 6.54 (ddd, Jo=
7.6 Hz, Jm= 1.2 Hz, 1H), 6.75 (dd, Jo= 8.1 Hz, Jm= 0.9 Hz, 1H), 6.97 (ddd, J,= 8.2
Hz, 1H), 7.04 (dd, Jo= 8.6 Hz, 2H), 7.2 (m, 3H), 7.49 (dd, Jo= 8.5 Hz, Jn= 1.4 Hz,
1H), 10.2 ppm (s, 1H); IR (KBr): v = 3457, 3368, 3240, 1360, 1180 cm™; MS (ElI,

70 eV): m/z: 248 [M]".

2-amino-N-(4-fluorophenyl) benzenesulfonamide (6b): Brown liquid. Yield 99%;
'H NMR (200 MHz, [Dg]DMSO): d = 5.98 (s, 2H), 6.53 (ddd, Jo= 7.05 Hz, Jn= 1.2
Hz, 1H), 6.74 (dd, Jo= 8.3 Hz, Jn= 1.2 Hz, 1H), 7.05 (d, J,= 6.4 Hz, 4H), 7.21 (ddd,
Jo= 7.0 Hz, Ju= 1.6 Hz, 1H), 7.43 (dd, Jo= 8.2 Hz, Jn= 1.6 Hz, 1H), 10.2 ppm (s,
1H); IR (KBr): v = 3469, 3382, 3284, 1313, 1147 cm™; MS (El, 70 eV): m/z: 266

[M]".

2-amino-N-(4-chlorophenyl) benzenesulfonamide (6¢): Brown liquid. Yield 99%;
'H NMR (200 MHz, [Dg]DMSO): d = 6.0 (s, 2H), 6.53 (ddd, Jo= 8.0 Hz, Jn= 1.1,
1H), 6.73 (dd, Jo= 8.3 Hz, Jm= 0.9 Hz, 1H), 7.03 (d, Jo,= 8.8 Hz, 2H), 7.2 (ddd, Jo=
8.5 Hz, Jm= 1.6, 1H), 7.26 (d, Jo= 8.8 Hz, 2H), 7.47 (dd, Jo= 8.0 Hz, Jn= 1.6, 1H),
10.4 ppm (s, 1H); IR (KBr): v = 3467, 3378, 3245, 1313, 1135 cm'™}; MS (El, 70 eV):

m/z: 282 [M]".

2-amino-N-(4-bromophenyl) benzenesulfonamide (6d): Brown liquid. Yield 99%;
'H NMR (200 MHz, [Dg]DMSO): d = 6.0 (s, 2H), 6.55 (ddd, J,= 7.8 Hz, 1H), 6.76
(dd, Jo=8.3 Hz, J;,= 0.9 Hz, 1H), 7.0 (d, Jo= 8.8 Hz, 2H), 7.21 (ddd, Jo,= 7.0 Hz, J=

1.6 Hz, 1H), 7.39 (d, Jo= 8.8 Hz, 2H), 7.49 (dd, Jo= 7.9 Hz, Jun= 1.5 Hz, 1H), 10.4
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ppm (s, 1H); IR (KBr): v = 3482, 3384, 3268, 1319, 1139 cm™; MS (El, 70 eV): m/z:

328/326 [M]".

2-amino-N-(4-methoxyphenyl) benzenesulfonamide (6e): Brown liquid. Yield
99%: H NMR (200 MHz, [Dg]DMSO): d = 3.65 (s, 3H), 5.9 (s, 2H), 6.5 (ddd, Jo=
7.7 Hz, Jn= 1.2 Hz, 1H), 6.72 (dd, Jo= 8.7 Hz, 1H), 6.77 (d, Jo= 9.0 Hz, 2H), 6.95
(d, Jo= 9.0 Hz, 2H), 7.19 (ddd, Jo= 8.2 Hz, Jn= 1.6 Hz, 1H), 7.36 (dd, Jo= 8.1 Hz,
Jm= 1.6 Hz, 1H), 9.84 ppm (s, 1H); IR (KBr): v = 3480, 3380, 3266, 1321, 1147 cm’

1 MS (El, 70 eV): m/z: 278 [M]".

Ethyl-4-(2-aminophenylsulfonamido)benzoate (6f): Yellow crystals. Yield 88%;
mp: 163 °C; *H NMR (200 MHz, [Dg]DMSO): d = 1.25 (t, J,= 6.3 Hz, 3H), 4.22 (q,
Jo= 7.0 Hz, 2H), 6.0 (s, 2H), 6.56 (ddd, Jo,= 7.6 Hz, 1H), 6.73 (dd, Jo= 7.8 Hz, 1H),
7.14 (BB', Jo= 8.8 Hz, 2H), 7.22 (ddd, Jo,= 7.7 Hz, 1H), 7.57 (dd, Jo= 8.1 Hz, Jm=
1.6 Hz, 1H), 7.79 (AA’, Jo= 8.8 Hz, 2H), 10.8 ppm (s, 1H); IR (KBr): v = 3470, 3380,

3230, 1690, 1322, 1144 cm™; MS (El, 70 eV): m/z: 320 [M]".

2.1.4 General Procedures for Synthesizing 2-azido-N-(4-
(R)phenyl)benzenesulfonamide (4a—4f)

An aqueous solution of sodium nitrite (3.6 g, 51.8 mmol) was added to 2-amino-N-
(4-(R)phenyl)benzenesulfonamide 6 (2.86 g, 11.5 mmol) in trifluoroacetic acid, and
the reaction mixture was stirred for 1 h. Sodium azide (1.9 g, 28.8 mmol) was
added, and the solution was stirred for an additional 1 h. The mixture was
neutralized with saturated sodium bicarbonate solution and extracted with ethyl

acetate. The reaction mixture was concentrated and purified by flash
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chromatography (70:30, hexane—ethyl acetate). The obtained solid was

recrystallized in ethyl acetate—hexane (30:70).

2-azido-N-phenylbenzenesulfonamide (4a): Brown powder (9.78 mmol, 85%);
mp: 139 °C; 'H NMR (200 MHz, [Dg]DMSO): d = 6.97 (ddd, J,= 7.0 Hz, 1H), 7.1
(dd, Jo= 7.4 Hz, 2H), 7.2 (ddd, Jo= 7.4 Hz, 2H), 7.28 (ddd, Jo= 7.6 Hz, 1H), 7.5 (dd,
Jo= 8.1 Hz, 1H), 7.64 (ddd, Jo,= 7.8 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz, 1H), 10.4 ppm (s,

1H); IR (KBr): v = 3253, 2133, 1340, 1190 cm™; MS (El, 70 eV): miz: 274 [M]".

2-azido-N-(4-fluorophenyl) benzenesulfonamide (4b): White solid. Yield 83%;
mp: 129 °C; *H NMR (200 MHz, [Dg]DMSO): d = 7.09 (m, 4H), 7.27 (ddd, Jo= 7.3
Hz, Jn= 1.4 Hz, 1H), 7.52 (dd, Jo,= 8.0 Hz, J,= 1.0 Hz, 1H), 7.62 (ddd, J,= 8.4 Hz,
Jm= 1.6 Hz, 1H), 7.8 (dd, Jo= 7.8 Hz, Jm= 1.6 Hz, 1H), 10.2 ppm (s, 1H); IR (KBr): v

= 3249, 2140, 1334, 1166 cm’; MS (EI, 70 eV): m/z: 292 [M]".

2-azido-N-(4-chlorophenyl) benzenesulfonamide (4c): White crystals. Yield
80%; mp: 134 °C; '*H NMR (200 MHz, [D¢]DMSO): d = 7.11 (d, Jo= 8.8 Hz, 2H),
7.27 (d, Jo= 8.8 Hz, 2H), 7.31 (ddd, Jn= 1.1 Hz, 1H), 7.51 (dd, Jo= 8.0 Hz, J,= 1.4
Hz, 1H), 7.66 (ddd, Jo= 7.7 Hz, Jn= 1.6 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz, Ju= 1.4 Hz,
1H), 10.5 ppm (s, 1H); IR (KBr): v = 3345, 2132, 1338, 1164 cm™; MS (El, 70 eV):

m/z: 308 [M]".

2-azido-N-(4-bromophenyl) benzenesulfonamide (4d): Yellow powder. Yield
87%; mp: 124 °C; 'H NMR (200 MHz, [Dg]DMSO): d = 7.05 (d, Jo,= 8.8 Hz, 2H),
7.29 (ddd, Jo= 7.0 Hz, Jn= 1.2 Hz, 1H), 7.4 (d, J,= 8.8 Hz, 2H), 7.52 (dd, J,= 8.0

Hz, Jm= 1.2 Hz, 1H), 7.67 (ddd, Jo= 6.8 Hz, Jm= 1.4 Hz, 1H), 7.86 (dd, Jo= 7.8 Hz,
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Jw= 1.6 Hz, 1H), 10.5 ppm (s, 1H); IR (KBr): v = 3338, 2132, 1338, 1164 cm™; MS

(El, 70 eV): m/z: 354/352 [M]".

2-azido-N-(4-methoxyphenyl) benzenesulfonamide (4e): Brown crystals. Yield
78%; mp: 130 °C; *H NMR (200 MHz, [Dg]DMSO): d = 3.63 (s, 3H), 6.76 (d, Jo= 9.3
Hz, 2H), 7.01 (d, Jo= 8.7 Hz, 2H), 7.23 (ddd, Jo= 7.4, Jn= 1.1 Hz, 1H), 7.51 (dd, Jo=
7.9 Hz, Jn= 1.1 Hz, 1H), 7.62 (ddd, Jo= 7.8 Hz, J,,= 1.6 Hz, 1H), 7.73 (dd, J,= 7.9
Hz, Jm= 1.2 Hz, 1H), 9.87 ppm (s, 1H); IR (KBr): v = 3274, 2138, 1336, 1164 cm™;

MS (El, 70 eV): m/z: 304 [M]".

Ethyl-4-(2-azidophenylsulfonamido) benzoate (4f): Brown crystals. Yield 78%;
mp: 182-184 °C; *H NMR (200 MHz, [Dg]DMSO): d = 1.23 (t, Jo= 7.0 Hz, 3H), 4.20
(0, Jo= 7.1 Hz, 2H), 7.19 (BB’, Jo,= 8.7 Hz, 2H), 7.30 (ddd, Jo= 7.8 Hz, 1H), 7.48
(dd, Jo= 8.1 Hz, 1H), 7.65 (ddd, Jo,= 7.8 Hz, 1H), 7.77 (AA’, J,= 8.7 Hz, 2H), 7.94
(dd, Jo= 7.8 Hz, 1H), 10.9 ppm (s, 1H); IR (KBr): v = 3230, 2110, 1690, 1300, 1165
cm™: MS (El, 70 eV): m/z: 346 [M]".

2.1.5 General Procedures for Synthesizing 9-(R)-6,11-

dihydrodibenzolc,f][1,2,5]thiadiazepine-5,5-dioxide (2a—2f)
2-azido-N-(4-(R)phenyl) benzenesulfonamide 4 (0.2 g, 0.73 mmol) was added to a
solution of diphenyl ether (10 mL, 63 mmol) at 208 °C. The solution was stirred for
5 min then cooled to room temperature. The reaction mixture was purified by flash
chromatography (70:30, ethyl acetate—hexane). The resulting residue was

recrystallized in ethyl acetate—hexane (30:70).
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Compounds 2a and 2d were previously reported by Altamura et al. (Altamura et

al., 2009), and spectroscopic data are in agreement with those reported here.

6,11-dihydrodibenzo(c,f][1,2,5]thiadiazepine-5,5-dioxide (2a): Brown crystals
(0.50 mmol, 69%); mp: 198 °C; *H NMR (300 MHz, [D¢]DMSO): d = 6.82 (ddd, Jo=
7.8 Hz, Jn= 0.9 Hz, 1H), 6.88 (dd, Jo= 7.4 Hz, Jn= 1.5 Hz, 1H), 7.03 (ddd, Jo,= 7.7
Hz, Jn= 1.5 Hz, 1H), 7.07 (dd, Jo,= 8.1 Hz, J,= 1.5 Hz, 1H), 7.14 (ddd, Jo= 7.5 Hz,
Jm= 1.5 Hz, 1H), 7.18 (dd, Jo= 8.2 Hz, J,= 1.0 Hz, 1H), 7.37 (ddd, Jo= 7.7 Hz, Jn=
1.6 Hz, 1H), 7.61 (dd, Jo= 8.0 Hz, J= 1.6 Hz, 1H), 8.98 (s, 1H), 9.80 ppm (s, 1H);
13C NMR (75 MHz, [Dg]DMSO): d = 117.5, 119.5, 119.6, 121.1, 125.2, 125.9,
127.3, 128.4, 128.8, 132.9, 139.5, 139.9 ppm; IR (KBr): v = 3380, 3301, 1313,
1160 cm™; MS (El, 70 eV): m/z: 246 [M]"; Anal. calculated for C1,H1gN,0,S: C

58.52%, H 4.09%, N 11.37%, found: C 58.11%, H 4.11%, N 11.13%.

9-fluoro-6,11-dihydrodibenzo(c,f][1,2,5]thiadiazepine-5,5-dioxide (2b):
Colorless needle crystals. Yield 70%; mp: 202 °C; *H NMR (300 MHz, [Dg]DMSO):
d = 6.69 (ddd, Jo= 8.2 Hz, Jmu.r = 3.0 Hz, 1H), 6.86 (dd, Jo,= 7.2 Hz, 1H), 6.89 (d,
Jm= 2.7 Hz, 1H), 7.05 (dd, Jo= 7.5 Hz, 1H), 7.16 (dd, Jo= 8.1 Hz, Jn= 0.6 Hz, 1H),
7.41 (ddd, Jo= 7.6 Hz, J,= 1.5 Hz, 1H), 7.63 (dd, Jo= 8.0 Hz, J»= 1.8 Hz, 1H), 9.14
(s, 1H), 9.78 ppm (s, 1H); 3C NMR (75 MHz, [Dg]DMSO): d = 105.6, 107.6, 119.0,
121.4, 126.1, 129.3, 130.4, 133.1, 139.2, 141.3, 159.2, 162.5 ppm; IR (KBr): v =
3365, 3226, 1295, 1159 cm™; MS (EI, 70 eV): m/z: 264 [M]"; Anal. calculated for
C12HoN20,SF: C 54.54%, H 3.43%, N 10.60%, found: C 54.05%, H 3.32%, N
10.34%.
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9-chloro-6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-5,5-dioxide (2c): White
powder. Yield 79%; mp: 248 °C; *H NMR (300 MHz, [Dg]DMSO): d = 6.87 (ddd, Jo=
7.8 Hz, Jn= 1.2 Hz, 1H), 6.88 (dd, Jo= 8.4 Hz, Jn= 2.1 Hz, 1H), 7.01 (d, Jo= 8.4 Hz,
1H), 7.13 (d, Jn= 2.1 Hz, 1H), 7.15 (dd, Jo= 8.1 Hz, Ju= 0.6 Hz, 1H), 7.41 (ddd, Jo=
7.7 Hz, Jn= 1.5 Hz, 1H), 7.62 (dd, Jo= 8.0 Hz, Jm= 1.6 Hz, 1H), 9.11 (s, 1H), 9.95
ppm (s, 1H); **C NMR (75 MHz, [Dg]DMSO): d = 118.3, 118.7, 119.7, 120.4, 124.2,
125.8, 129.2, 129.5, 131.1, 133.3, 139.2, 140.5 ppm; IR (KBr): v = 3369, 3269,
1304, 1156 cm™; MS (EI, 70 eV): m/z: 280 [M]*; Anal. calculated for C1,HoN»O,SCl:

C 51.34%, H 3.23%, N 9.98%, found: C 51.03%, H 3.22%, N 9.81%.

9-bromo-6,11-dihydrodibenzo]c,f][1,2,5]thiadiazepine-5,5-dioxide (2d): Brown
powder. Yield 85%; mp: 250 °C; *H NMR (300 MHz, [Dg]DMSO): d = 6.87 (ddd, Jo=
7.4 Hz, 1H), 6.94 (d, Jo= 8.4 Hz, 1H), 7.01 (dd, Jo= 8.2 Hz, Jm= 2.0 Hz, 1H), 7.15
(d, Jo= 8.4 Hz, 1H), 7.28 (d, Jm= 1.8 Hz, 1H), 7.41 (ddd, Jo= 7.8 Hz, 1H), 7.62 (dd,
Jo= 7.8 Hz, Jn= 1.2 Hz, 1H), 9.10 (s, 1H), 9.96 ppm (s, 1H); *C NMR (75 MHz,
[Ds]DMSO): d = 118.3, 119.2, 119.7, 121.6, 123.3, 124.6, 125.8, 129.2, 129.7,
133.3, 139.2, 140.7 ppm; IR (KBr): v = 3371, 3268, 1308, 1160 cm™; MS (El, 70
eV): m/z: 326/324 [M]"; Anal. calculated for C1,HgN,O,SBr: C 44.32%, H 2.79%, N

8.61%, found: C 44.09%, H 2.81%, N 8.74%.

9-methoxy-6,11-dihydrodibenzo]c,f][1,2,5]thiadiazepine-5,5-dioxide (2e):
Yellow crystals. Yield 67%; mp: 171 °C; *H NMR (300 MHz, [Dg]DMSO): d = 3.73
(s, 3H), 6.49 (dd, Jo= 8.7 Hz, Jm= 2.7 Hz, 1H), 6.66 (d, Jn,= 2.7 Hz, 1H), 6.83 (ddd,
Jo= 7.5 Hz, Jn= 0.9 Hz, 1H), 6.96 (d, Jo= 8.7 Hz, 1H), 7.17 (d, Jo= 7.8 Hz, 1H), 7.37
(ddd, Jo= 7.7 Hz, Jn= 1.5 Hz, 1H,), 7.62 (dd, Jo,= 7.8 Hz, Jm= 1.5 Hz, 1H), 8.99 (s,
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1H), 9.51 ppm (s, 1H); *C NMR (75 MHz, [D¢]DMSO): d = 55.2, 104.2, 107.4,
117.7,118.1, 119.5, 126.3, 129.0, 130.4, 132.8, 139.7, 141.2, 158.6 ppm; IR (KBr):
v = 3374, 3228, 1322, 1149 cm™; MS (El, 70 eV): m/z: 276 [M]*; Anal. calculated
for C13H12N203S: C 56.51%, H 4.38%, N 10.14%, found: C 56.56%, H 4.40%, N

9.89%.

Ethyl 6,11-dihydrodibenzo[c,f][1,2,5]thiadiazepine-9-carboxylate-5,5-dioxide
(2f): Brown crystals. Yield 12%; mp: 227 °C; *H NMR (300 MHz, [Dg]DMSO): d =
1.31 (t, Jo= 7.0 Hz, 3H), 4.30 (q, Jo= 7.2 Hz, 2H), 6.85 (ddd, J,= 7.5 Hz, 1H), 7.07
(d, Jo= 8.1 Hz, 1H), 7.19 (d, Jo= 7.8 Hz, 1H), 7.40 (dd, J,= 8.1 Hz, 1H), 7.40 (ddd,
Jo= 7.6 Hz, 1H), 7.61 (dd, Jo= 7.8 Hz, Jn= 1.5 Hz, 1H), 7.73 (d, Jm= 1.8 Hz, 1H),
9.20 (s, 1H), 10.3 ppm (s, 1H); **C NMR (75 MHz, [D¢]DMSO): d = 14.2, 60.7,
118.1, 119.6, 120.4, 121.3, 125.3, 126.8, 128.2, 128.9, 129.6, 133.4, 138.3, 139.6,
165.1 ppm; IR (KBr): v = 3360, 3234, 1700, 1328, 1170 cm™; MS (El, 70 eV): m/z:
318 [M]"; Anal. calculated for C15H14N204S: C 56.59%, H 4.43%, N 8.80%, found:

C 56.67%, H 4.44%, N 8.64%.

Procedures for Synthesizing 6,11-dihydrodibenzo]c,f][1,2,5]thiadiazepine-9-
carboxylic acid 5,5-dioxide (29)

A solution of potassium hydroxide 10% (w/v) was added to ethyl 6,11-
dihydrodibenzolc,f][1,2,5]thiadiazepine-9-carboxylate-5,5-dioxide 2f (0.5 g, 1.57
mmol). The reaction mixture was heated under reflux and stirred for 60 min, after
which a chloride acid solution was added to a pH of 6. The resulting solid was
collected, washed with water, and dried under vacuum. The resulting yellow solid
residue was obtained in a quantitative yield; mp: 350 °C; *H NMR (300 MHz,
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[Dg]DMSO): d = 6.84 (ddd, Jo= 7.6 Hz, J,= 1.0 Hz, 1H), 7.05 (d, Jo,= 8.1 Hz, 1H),
7.18 (d, Jo= 8.1 Hz, 1H), 7.39 (dd, Jo= 8.1 Hz, J,= 1.8 Hz, 1H), 7.39 (ddd, J,= 7.6
Hz, Jn= 1.8 Hz, 1H), 7.61 (dd, J,= 8.0 Hz, J,= 1.6 Hz, 1H), 7.72 (d, J,= 1.8 Hz,
1H), 9.15 (s, 1H), 10.7 ppm (s, 2H); **C NMR (75 MHz, [D¢]DMSO): d = 118.0,
119.6, 120.7, 121.6, 125.4, 126.8, 128.9, 129.3, 129.4, 133.4, 138.3, 139.7, 166.7
ppm; IR (KBr): v = 3360, 3234, 1700, 1328 cm™; MS (El, 70 eV): m/z: 290 [M]*;
Anal. calculated for C13H10N204S: C 53.79%, H 3.47%, N 9.65%, found: C 53.73%,

H 3.47%, N 9.28%.

2.2 Biological Methods
2.2.1 Primary Cultures of the Myenteric Neurons

Guinea pigs (100-200 g; either male or female) were sacrificed by cervical
dislocation and carotid exsanguination. These methods have been approved by the
Animal Care Committee of the IPICYT and are in agreement with the published
Guiding Principles in the Care and Use of Animals, approved by the American
Physiological Society. A segment of ~10 cm of the jejunum was removed and
placed in a modified Krebs solution (in mM: NaCl, 126; NaH,PQO,, 1.2; MgCl,, 1.2;
CaCly, 2.5; KCI, 5; NaH,COg3, 25; glucose, 11. The sample was gassed under 95%
O, and 5% CO,) and opened longitudinally. A dissecting microscope was used to
dissect the mucosa and submucosa layers prior to removing most of the circular

muscle layer, leaving the myenteric plexus embedded in a longitudinal layer.

The cell isolation procedure has been described elsewhere (Barajas-Lopez

et al., 1996). The myenteric preparation was dissociated by sequential treatment
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with two enzymatic solutions: the first solution contained papain (0.01 mL mL™
activated with 0.4 mg mL™ L-cysteine), and the second solution contained
collagenase (1 mg mL™) and dispase (4 mg mL™). The enzymes were removed by
washing the neurons with L15 medium, and the neurons were placed on round
coverslips coated with sterile rat-tail collagen. The culture medium was varied from
minimal medium to essential medium 97.5% containing 2.5% guinea pig serum, 2
mM L-glutamine, 10 U-mL™ penicillin, 10 pg-mL™ streptomycin, and 15 mM

glucose.

2.2.2 Whole-Cell Recordings of the Membrane Currents Induced by
GABA

To reduce the effects of the membrane currents other than those mediated by the
activation of LGIC, experiments were conducted in the presence of Cs’ (a
potassium channel blocker). This was important because GABA modulates the
membrane ion channels of the central neurons (enteric neurons) via G-protein
linked receptors (Cherubini and North, 1984; Krantis, 2000; Wellendorph and
Brauner-Osborne, 2009). Membrane currents induced by GABA were recorded
using a Gene Clamp 500B amplifier (Axon Instruments, Inc.). The holding potential
was -60 mV (unless otherwise stated), and the short-term (4-50 h) primary
cultures of the myenteric neurons were used to prevent space-clamp problems due
to neurite growth. Glass pipettes with a resistance of 2-5 MQ were prepared as
described previously (Barajas-Lopez et al., 1996). This low resistance and slight
suction inside the pipette during the recordings maintained a low series resistance

(around 6 MQ).
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All experiments were conducted using standard solutions with the following
compositions (in mM); inside the pipette: CsCl, 160; EGTA, 10; HEPES, 5; NacCl,
10; ATPMg, 3 and GTP, 0.1; external solution: NaCl, 160; CacCl,, 2; glucose, 11;
HEPES, 5 and CsCl, 3. The pH of all solutions was adjusted to 7.3-7.4 using either
CsOH (pipette solution) or NaOH (external solution). The seal resistance in the
whole-cell mode ranged from 1 to 10 GW. The whole-cell current data were
recorded on a PC using the AxoScope software (Axon Instruments, Inc.) and were
analyzed using the AXOGRAPH software (Molecular devices). The recording
chamber was superfused with an external solution at ~2 mL min™>. The solution
around the neuron was quickly exchanged during recordings using an eight-tube
device. Each tube was connected to a syringe (10 mL) containing either the control
or the experimental solution. A control tube was positioned ~300 pm in front of the
recorded neuron, and substances were applied externally by abruptly
interchanging the tube for another tube containing the control solution plus the
drug(s). Desensitization of the GABA, receptors was prevented by applying GABA
at intervals of at least 5 min, in between cells were continuously superfused with
extracellular solution. Experimental substances were removed by returning to the
control solution. External solutions were applied by gravity, and the height of the
syringes was continuously adjusted to minimize changes in the flow rate. The

experiments were performed at room temperature (24 + 1 °C).

2.2.3 Solutions and Reagents

L15 medium, minimum essential medium, Hanks solution, penicillin-streptomycin,

and L-glutamine were purchased from GIBCO. Collagenase and papain were
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purchased from Worthington, and dispase was purchased from Roche. Cesium
chloride, sodium chloride, ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetra-
acetic acid (EGTA), HEPES, adenosine-5'-triphosphate magnesium salt (ATP
magnesium salt), guanosine-5'-triphosphate sodium salt (GTP sodium salt), cesium
hydroxide, flumazenil, GABA, picrotoxin, and dimethyl sulfoxide were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Picrotoxin and the DBTD stock solutions,
which were prepared in ethanol (50% v/v) and DMSO, respectively. The desired
final drug concentration was obtained by diluting the stock solutions in an external

solution prior to application.

2.2.4 Data Analysis

The concentration—-response data were fit to a logistic model: | = Inha/[1+
(ECso/[A])™], where [A] is the agonist concentration, | is the current, and Imax is the
maximum current. ECso is the concentration of drug that elicits a half-maximum
response, and nH is the Hill coefficient. Experimental data were reported as *
SEM, and n represents the number of cells used. The unpaired Student’s t-test
was applied to data obtained from two different groups of cells. One-way ANOVA
and the Bonferroni tests were used to compare multiple means. The two-tailed P

values of 0.05 or less were considered to be statistically significant.

2.2.5 Theoretical calculations

Quantum chemical calculations of the DBTDs structures 2a—2g in the gas phase
were performed using GAUSSIAN 03 (Frisch et al., 2004) in conjunction with

density functional theory (DFT) calculations. Geometry optimization of the DBTDs
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was followed by frequency calculations performed at the B3LYP/6-311 ++G(d,p)
level. Table 1 reports the cLog P, generated using HyperChem, of each optimized

structure obtained from Gaussian V03.
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CHAPTER 3 RESULTS AND DISCUSSION

3.1 Synthesis of DBTDs

The synthetic route begins with the reaction of 4-substituted-anilines with 2-
nitrobenzenesulfonyl chloride under reflux using pyridine as the base and acetone
as solvent. The 2-nitrosulfonamides 5a—5f were obtained in good yields (66—88%).
The subsequent catalytic hydrogenation of the nitro group using dehydrated tin(ll)
chloride under reflux with ethyl acetate yielded the amines 6a—6f in yields above
88%. The amino compounds were transformed to the corresponding 2-
azidobenzensulfonamides through their diazotization with sodium nitrite in
trifluoroacetic acid. (Note that the transformation of 6e was accomplished using
hydrochloric acid). The in situ substitution of the diazo group with sodium azide
induced conversion to 4a-4f with a 78-87% vyield. In the final step, the
thiadiazepine formation reaction proceeded via thermolysis above 208 °C in
diphenyl ether, this temperature favored the formation of an intermediate nitrene
reagent (Jian and Tour, 2003). A direct N-C-type amination of the C ring provided
the DBTDs 2a-2f with yields of 67-85%, except for compound 2f, which was
isolated with a yield of 12%. Compound 2g was obtained by basic hydrolysis of 2f

after a hydrochloride acid treatment.
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2 R NH, R
5 6
2a R=H c
2b R=F
2c R=ClI
2d R=Br
2e R=0OMe

“‘S NH 7 “S NH

2f R= COOEt
2g R= COOH <] Q11D3 ""‘— @[

Scheme 1. Reagents and conditions: a) Anhydrous pyridine, dry acetone, Ny, 24
h; b) SnCl,.2H,0, ethyl acetate, 4 h; c) first step: NaNO,, F3CCO,H, 1 h; second
step: NaN3z, 1 h; d) (CgHs)20, 208 °C, 5 min. 2g was obtained from 2f: first step:
KOH 10%, 1 h; second step: HCI 10%.
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3.2 Pharmacological Analysis on GABAA Receptors

The inhibitory effects of DBTDs on the native GABAa receptors of guinea pig
myenteric neurons were studied here for the first time. The CI~ concentrations
outside and inside the neurons were similar, and a holding potential was -60 mV.
At this potential, GABA (0.03—-3 mM) induced inward currents (Igasa) in 86% of
myenteric neurons. The amplitude of the currents was concentration-dependent
(ECso = 115 £ 10 uM) and varied among the different neurons with an amplitude
range of 0.1-6 nA in response to 300 uM GABA. Most neurons maintained a stable
value of lgaga during repeated GABA applications. Otherwise, the data were
rejected. In order to test that these GABA currents are mediated by GABAa
channels bicuculline (0.1-100 pM) and picrotoxin (3—1000 pM) were used,
inhibitors of these receptors (Karanjia et al., 2006; Miranda-Morales et al., 2007;
Zhou and Galligan, 2000). Both substances inhibited Igaga in @ concentration-
dependent manner (data not shown) with an ICsy of 10+2 and 6+1 uM,
respectively. Maximal concentrations used for both antagonists virtually abolished
lcaa, @s it was previously reported (Karanjia et al., 2006; Miranda-Morales et al.,

2007; Zhou and Galligan, 2000).

Figure 4 shows that the DBTDs (100 uM) inhibited the currents induced by
GABA (300 pM) in a time-dependent manner (3—180 s) with time constants (t) of
4.9, 2.6, and 29.3 s for 2b, 2c, and 2d, respectively. These constants were
calculated by fitting the data using the Michaelis—Menten equation (R* = 0.98, 0.88,
and 0.99, respectively). The maximum inhibition induced by 2b and 2c (100 pM)

was reached 3 min after initial exposure. For 2d, the time required to reach the
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maximum inhibition was calculated to be 17 min; however, the experimental
maximum inhibition observed after a 3 min treatment was 74.2 = 2.4% (n=10),
similar to the calculated maximum inhibition, 87.0 + 3.0%. In all subsequent
experiments, a DBTD treatment time of 3 min was used. The current inhibition
induced by 2b, 2c, and 2d was fully reversed within five minutes of washing. The
holding current remained constant in the presence of the compounds at all
concentrations tested, indicating that the compounds could not open the GABAA

receptors or any other neuronal ion channel under the experimental conditions.

Control experiments were conducted using DMSO, the solvent used for all
DBTDs, demonstrating that DMSO did not modify the properties of Igasa alone at
the maximum concentration used here, 0.33% V/V (data not shown). The inhibitory
activities of the DBTDs were likely to be use-independent because the compounds
effects did not require active GABAAa receptors and the inhibitory activity increased
over time, despite the absence of the agonist (GABA) (Krehan et al., 2006). This

indicates that DBTDs bind to the closed stage of these channels.

The inhibitory effects of seven DBTDs at a 100 uM concentration are listed
in Table 1. The data indicate that the rank order of potency for these inhibitors was
2c = 2d > 2b = 2f = 2e > 2a > 2g. Figure 5 shows the concentration—response
curves for the inhibitory effects of three DBTDs (3—1000 uM) on the currents
induced by GABA (300 puM). The maximum effect of 2b was achieved at 1 mM,
yielding complete inhibition of the GABA-activated inward currents; with an 1Csg
value (104 = 9.2 uM). We did not reach the maximum inhibition for 2c and 2d

because the compounds were insoluble at concentrations exceeding 300 UM under
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our experimental conditions. Curve fits were obtained in both cases with ICs

values of 50.4 + 6.4 uM and 47.6 + 30.3 puM for 2c and 2d, respectively.

Table 1. Percent inhibition in the presence of 100 puM compounds on GABA-

induced inward currents, p ICs, log P, and physical data.

No. Percentage of P ICso / M log P! Yield/% mp/°C
inhibition’™
2a 28.4 + 1.4 (5) ND 2.18 69 198
2b 50.8 +2.1(12) 3.98 1.50 70 202
2c 74.2 £ 3.6 (6) 4.30 2.69 79 248
2d 74.2 + 2.4 (10) 4.32 2.97 85 250
2e 43.7+3.8 (3) ND 1.92 67 171
2f 47.1 + 3.7 (7) ND 2.25 12 227
29 16.0 + 2.4 (6) ND 1.87 100 350

[a] Values are given as the mean + SEM, with the number of experiments in

parentheses. [b] Data generated using HyperChem.
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Figure 4. Halogenated DBTDs inhibited the Igasa in a time-depended manner. A)
lcasa Was recorded before, during application of 100 yM 2b, and after removal of
the inhibitor of a given myenteric neuron for various lengths of time. The horizontal
bars above the traces indicate the application profiles of the indicated substances.
B) Time course of Igasa (induced by 300 uM GABA) inhibition induced by 2 over 3—
180 s. Michaelis—Menten fits. Each data point represents the mean value from 3—
12 different experiments. The lines represent the SEM.
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Figure 5. DBTDs inhibited Igaga iIn a concentration-dependent manner. A)
Representative Igaga recordings from a myenteric neuron in the presence of
various concentrations of 2b, which was added 3 min before GABA application. B)
Concentration—response curves for the effects of the DBTDs on the amplitude of
lcasa. The lines indicate fits to the experimental data using a two-parameter logistic
function (Kenakin, 1993), assuming an inhibition of 100%. Each data point

represents the mean £ SEM from 3-12 individual experiments.
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We considered the possibility that because these novel substances were
highly lipophilic (log P ~ 2.0 for all compounds, Table 1), the DBTDs could
permeate the neuron membrane and interact with the inner part of the GABAAa
channel, thereby inhibiting Icaga. TO investigate this possibility, we added 100 puM
2b to the pipette solution (internal) and monitored Igaga, and we applied 2b to the
outside of the cells and monitored the inhibitory effects (Figure 6). Experiments
were performed using 2b, even though cLog P was less than 2, because 2c and
2d were insoluble under the conditions employed. The amplitude of Igaga (300 uM)
for neurons with 2b (100 uM) applied inside (-1408 *+ 344 pA; n=4) and measured
2 to 3 min after obtaining the whole cell configuration did not differ from the
amplitude of the control Igasa (—1510 £ 333 pA; n=12) of experiments in which 2b
was tested extracellularly. Consistent with these findings, in recordings with 2b in
the pipette, the amplitude of Igasa was the same 5 min (-1536 = 379 pA) and 10
min (-1604 + 409 pA; n=4) after obtaining the whole-cell configuration. In addition,
the presence of 2b inside the neurons did not affect the magnitude of the inhibition
induced by the extracellular application of 2b (100 uM). Thus, such an inhibition
was as large as that observed without 2b inside the cells (Figure 6B). Altogether,
these data rule out that DBTDs inhibitory effect on GABAA channels are mediated
by an intracellular target and they must be binding to an extracellular region of the

channels.
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Figure 6. The inhibitory effects of 2b on GABAa receptors were mediated by an
extracellular binding site. A) lgasa for a 100 uM concentration of 2b in the pipette
(2b_s), 10 min after obtaining the whole cell. Icasa Was recorded before (-/i) and in
presence of extracellular (o/i) 2b (100 uM for 3 min). B) Bars indicate the average
amplitude of Igasa, and the lines above indicate the SEM. Igaga amplitude or the
inhibitory effect of 2b did not differ significantly (NS) by the presence of 2b inside
the pipette. Statistical comparison of the data was done using the unpaired
Student’s t-test.
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Figure 7 shows two concentration-response curves for the effects of GABA, one in
the absence and the other in the presence of 100 pM 2b. As shown, the
antagonistic effect of 2b is not surmounted by increasing the GABA concentration.
Indeed, the ECsp values for these curves were 126.7 £ 16 and 123.4 + 84 uM in the
absence and in the presence of 2b, whereas, the maximum inhibition clearly
decreased in the presence of 2b (~50%) across the full GABA concentration—
response curve. Our data demonstrate that the pharmacological antagonism by
which 2b inhibits the GABAa receptors is non-competitive and therefore, it is

unlikely acting at the GABA binding site.

The tricyclic sulfonamide 2 is also structurally similar to the 1,4-
benzodiazepines, hence, DBTD inhibitory actions may be related to the
benzodiazepine modulator sites. The inhibitory effects of 2b, 2c, and 2d remained
constant in the absence and presence of flumazenil, a known antagonist of the
benzodiazepine site on the GABA, receptors (Figure 8). Inhibition by 100 uM 2b,
2c, and 2d without flumazenil (50.8 = 2.1%, 74.2 = 3.6%, 74.2 = 2.4%,
respectively) was not blocked by the co-application of 10 pM flumazenil (47.8
5.8%, 69.6 + 5.2%, 68.4 = 6.8%, respectively). The same concentration of
flumazenil, applied for 3 min, did not induce changes in the holding current or lgaga
in experiments carried out using five different neurons (Data not shown). We
showed that 2b did not act through the benzodiazepine binding site, which is in
agreement with the lack of binding with receptors to benzodiazepine, previously

reported (Giannotti et al., 1991).
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We further investigated if the inhibitory effect of DBTD on Igasa Was voltage
dependent by conducting experiments at two holding membrane potentials, —60
mV and +40 mV in the same neurons. Igasa (300 uM) was recorded in the absence
or presence of 100 uM 2b, 2c, and 2d. As shown in Figure 9, the inhibitory effects
induced by any of the three substances were identical for an inward Igasa (recorded
at -60 mV) than for the outward lgasa (recorded at +40 mV). These results
suggested that the DBTDs affected the Igaga Via a voltage-independent

mechanism.
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Figure 7. 2b inhibits lgaga INn @ non-competitive manner. A) Concentration—
response curves for GABA in the absence (Control) and in the presence of 2b.
Responses were normalized with respect to the curves obtained in the presence of
3 mM GABA in each cell and in the absence of 2b. Each point represents the
mean + SEM for 5-12 neurons. The lines indicate fits of experimental data to a

three-parameter logistic function.
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Figure 8. The inhibitory effects of compounds 2 on the GABAA channels were
independent of the benzodiazepine binding site. A) First and last traces represent
control currents induced by GABA (300 puM). The two middle traces were recorded
in 2d (100 uM) alone or plus flumazenil (10 yuM), all traces are from the same
neuron. B) Each pair of bars represents the mean inhibition of Igaga induced by
DBTDs, before (Control) and in the presence of flumazenil. Lines over the bars
indicate the SEM.

40



A B

—*2c 100 M eomv  []+40mv
2
Control - 80 L
c o (I
/ s °0r I
1A E :
5s € 40
5
Control _é 20
—_ oL
+2¢c 2b 2c 2d

Figure 9. The inhibitory effects of compounds 2 on GABAA channels were voltage
independent. A) Igaga induced by 300 uM GABA without (Control) or in presence of
2c (100 uM) at -60 mV (upper traces) and +40 mV (lower traces) from the same
neuron. lgaga Was recorded at 5 min intervals, and 2c was applied 3 min before the
second GABA application. B) The average (bars) inhibitory effect of 2b, 2c, and 2d

was the same at both membrane potentials. Lines over the bars indicate the SEM.
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The fact that binding of compounds 2 on GABAA channels can occur during
the close stage and is voltage independent suggests that its binding site is not
within the channel pore. In order to further study this, we investigate if picrotoxin
interacts with the binding of 2c. Picrotoxin is known to bind into a site within the
channel formed by the second transmembrane domains of the five subunits
constituting the GABAAa receptors (Olsen, 2006; Sieghart et al., 2012). We found
that neither picrotoxin effect was modified by 2c nor the inhibitory effect of 2c was
affected by picrotoxin (Figure 10), which would indicate that 2c does not bind into

the picrotoxin binding site.
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Figure 10. The inhibitory effects of compounds 2 on the GABAA channels were
independent of the benzodiazepine binding site. A) First and last traces represent
control currents induced by GABA (300 puM). The two middle traces were recorded
in 2d (100 uM) alone or plus flumazenil (10 yM), all traces are from the same
neuron. B) Each pair of bars represents the mean inhibition of Igaga induced by
DBTDs, before (Control) and in the presence of flumazenil. Lines over the bars
indicate the SEM.
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CONCLUSIONS

We described the preparation of novel DBTDs via a nitrene radical that inserted
into the C on the aromatic ring. Seven derivatives were generated (2a—g), and their
effects on GABAA neuronal receptors were tested. The DBTDs inhibited Igaga in a

time- and concentration-dependent manner.

The DBTDs displayed an inhibitory effect on the GABAa channel of myenteric
neurons, and this antagonism was non-competitive indicating that it does not bind
to the GABA receptor and their effect is likely allosteric. Inhibition was mediated by
an extracellular binding site that was most likely not in the mouth of the channel
and therefore, it is unlikely that this effect is mediated by channel blockage. Their
effect was also independent of the benzodiazepine binding site. The DBTDs
described here could be used as a model to explore new GABA, receptor inhibitors
with a potential to be used as antidotes for substances known to positively
modulate GABAa channel activity or as a new drugs to induce experimental
epilepsy. These compounds appear to bind on a different site than picrotoxin;
therefore, they could be used alone or in combination with picrotoxin. Future
experiments will be aimed to molecularly identify DBTDs binding sites on GABAAa

receptors.
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Abstract: A new process for obtaiming dibenzofc f][1.2,5]tiadizzepines (DBTDs) and
their efects on GABA . receptors of puinea pig moyvenseric neurons sre described Synthesis
of DBTD derivatives bagan with two conmercial aromatic conpounds. An azide sroup
was obtaimed after two sequential reactions, and the cenmal nng was closad via 3 nimene o
obtain the micyclic sulfonamides (DETDs). Whole—cell recordings showed that DETDs
application did not affect the holding currens i inhibited the ourents indoced by GABA
(Loape ) which are mediated by (ZABA, recepiors. These DBTDs effects reached their
mavinmm 3 min after application and wers: (1) reversible, (i) concentration-dependent
(with & rank order of potency of X¢ = 2d = 2b), (i) medizted by 3 non-competitive
antagonism. and (iv) ooly observed when applied exracelhilarly. Picrotoxn (which binds
i the charmel moath) snd DETDs effects were not modified when both substances wese
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simmitaneous spplied COur resalts indicate that DB T acted on the exmacslinlar domain of
GABA, channels ut independent of the picrotodn, benzodiazepine, and GABA binding
sites. DETD: used here could be the ndtial model for synthesizing new GABA . receptor
inhibitors with a potential fo be used as anadotes for positve modulaters of these recepion
of 1o induce experimental epilepsy.

Keywords: dibenzothisdiazepines; (GABA. rmecepior  amtagondsts; paich  claom
nevroechermisoy; hiological activity; enferic nenrons; elecmophysiology

1. Infroduoction

The synthesiz of mcyclic compommds with & cenira] thisderepine mne (see Finee 1, 1 oz B) were first
desmibed by Weber [1], folloaed by a desaipdon of e conpomds snb-depressdve efecs (compoumd
Ia) [2.3] In 1991, Gisnmott &f al. [4] prepared DBTD (conmpound 1b) stacnaral variants at nitrogen 11
(1-117 with the purpose of incressing the anfidepressive effects previonsly cbhearved by Weber, while
reducing possible side effiects. In addition to the efects of DETD: on the cenfral nervows system thess
substances were foumd 0 act a5 non-moclecsidic reverse irnscripizse imhibitors of HIWV-1
{conmpound 1c) [5] and to heve and-proliferative activity oo leukemia cell lines (conmpound 1d) [6].
affects that moressed the sttention toward these moychc compoumds.

Figure 1. General chemica]l stachure of the dibenzofe 01,2, 5] ddadizrepines 1, and several
DETD= reported to have bioloical actvity (compowmmds 1a, 1b, 1o, and 1d).
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The cenmal ring of DETD: has been synthesized via the Goldberg method, which meolves an
Tlmsrm imfrz-molecular condensation reaciien (-C) (Figore 2, moufe 1) [7]. This reaction is hnited
by the fact that erihie-haloanilines significanty reduce the mmiber of pessible substments that meay be
inctoded in the DBTDs. Cmly one report has described the use of this methodology for obtaining
commpounds Xa and 24 [2]. As an alternative approach, M-C bonds may be fommed via inore-molecular
reactions of aryl azides with benzene derivatives (Figure 2, route b)), which has been described during
the formation of carbazoles through thermolysis [0], photolysis [10], and recendly, wia mmetal
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catalysis [11,12]. The advantage of using aryl azides is that C-1 bonds are formed divectdy. Therefors,
the use of monosubsttoed amilines with diverse fimctoonsl groups can lesd us foward obtsimng
DBETDs with fimctional variatons m the C mng. Enoan DBETD: and mibeterocyclic anslogous
compounds mchude diverse substents on the nirogen of the isdiszepine mng (Fizume 1); however, no
smdies have examined the biological actvities of the parent compommd and S-mabstneed dervatves
(Flguze I).

Figure 1. Fewosynthetic anslysis of the non-substansed DETD:. (a) Classical method for

abtaining 2 by the Goldberg methodology; (b) Obtaining 2 fom an aryl azide.
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This work is the fitst repont to consider 8 biologicsl smdy of DBTDs withoe mbsoments on
nimogens § and 11 of B ring, which were obtained throush a process distinc: fTom the Ullmeamm
method The presence of a hydrogen stom at -6 and W-11 m a DETD can determuine the compoumnd s
affinity toward proteins via bydrogen bond interactmons [13], a5 showmn in Figume 3.

Figure 3. The doted lines in DETDs indicate probable interactons betwesn hydrogen
bonds and proteins.

Hydrogen-bond Hydrogen-bond

acceplor atom donor atom

@Mﬁ

Hydrogen-bond
donor atom

52



Molecules 2013, 18 BT

The linear synthedic route fo the DBTD: 2a—g comprises four stages and proceeds as describad in
Scheme 1. The thiadiazepine ring is formed through direct aminaton of the C nng via inramol eonlar
therms] cyclizadon of 4 (Figure 2, route b). This methodology provvides an sliematve to the classical
amination of Goldberg approach, with respect to the fonmation of ring B in the sobstinted DBETDs
(Figure 2, route a) [2,4.5,8,14]. DETD: with 2 modified B ring were showm to have biclogical effects.
(iznmotd of ai. symthesized a series of DB TDs with substituents in the thisdiszepine ring, and they
showed that the compounds displayved a potental antidepressive efiect nsing the apomorphine-imdaced
bypothermia test [4]. However, these authors fiomd no bindine of DETDs with receptors fo dopamins,
serotonin, histamine benzodiazepine, GABA. acetylcholine, and adrenaline, snd reported that DETD:
lack of effact on semionm and norsdrenaline uptsks. However, such obsermations does not male out that
DBETDs might be modulating awy of thess receptor proteins through a different hinding site than the
one directly activated by a given agonist or modulator. At least three observatons indicated us that
GABA, channels might be the target for DBTD:: (1) the tricyclic sulfonsmide 2 is strochorally simdlar
to the 1 4-benrodiszepine: which are major posidve modulators of these chammels [15]; (ii) DETDs
hewe anfidepressive actions [4] and (i) GABA,. channels have been mmplicated in mood disorders,
inclnding depreszion [146.17). Therefore, the aim of the present smdy was to fmther investigate the
affects of DETD: on (ABA, channsl:s and to report a new synthetc platfonn for obtaining DETD
compounds that do not mclude the thiadiazepine ring mbstintions. We found that these compomds
inhibit directly GABA, chamnels by 3 mechanizm that is independant of the binding sites for GABA
picrotoxin, and benzodiazeping.

Scheme 1. Reggenis and condinons: (3) Anhydrows peridims, dry acetone M, 24 b
(b 5ol 7H,0, ethyl acetate, 4 b () first step: Wali0y, F,OO0UH. 1 b sacond step: Mald,,
1 b () (CH O, 208 °C, 5 min Conpoumd 2e was olbtined from M first step KOH 1026, 1
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1. Results and Dhscassion
2.1, Chamiziry

The synthedic rowte begms with the rescion of 4-substmted-anilines wiath 2-mitchenrensasul fomyl
chlomide under refl nsme pyridine 55 the base snd acetone as sobvent. The 2-mirosulfonamides Sa—f
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were obtained in good yields (56%:—88%). The subsequent catalytic hydrogenation of the nifro gZroup
using oIl chlornds wmder reflux with ethyl acetate yielded the anines §a—f in yields above 88%. The
aming compomids were ransformed to the coresponding 2-amidobenzenculfonamides thronsh their
dizzotization with sodim mifrite in Tiflucreacetc aod (Dote thet the trapsformation of e was
acconplished using hvdrochloric acid). The mr sitw substimton of the diazo zroup with sodien azide
indnced comversion to 4a—f with & 78%—87% yield In the fins] step, the thisdiazepine formation
reacton procesded via themmolysis above 208 °C in dipheny] ether, this tempersmrs Savoured the
formation of sn intermediate nitrene reagent [9]. A direct N-C-type amination of the C ring provided
the DETD: 2a—f with yvields of 67%—85%, except for commpound 2, which was isolated in a yvisld of
12%%. Compoumd g was obtained by basic bydrolysis of 2 after a hydrochloric acid oeatment.

2.2. Biological Resulis

The inhibitory effects of DETDs on the natve GABA . recepors of puines pig myenferic neuroms
were stdied here fior the first tme. The €1 concenmations ouside and inside the neurons were sinlar,
and 8 holding potential was —60 mV. Af thic potental GABA (0.03—3 mM) induced wvard oumens
(Toaps) Im 86% of moventeric peuroms. The amplimede of the oerents was concenfration-dependent
(ECs =115 = 10 pM) and varied samong the diferent neurons with a range of 0L1-6 nA. in response to
300 M GABA. Most newrons maintained a stable value of L, .. during repeated GABA applications.
Ortheraize the dats were rejected. In onder to test that these (ABA currents are mediated by GABA .
chammels bicooulline (0.1-100 pAi) snd picrotomin (3-1,000 phf) were wsed inhibitors of these
recepiors [18-20]. Both substences imhibited Ly ass I 2 concenirafion-dependent menner (data not showm)
with an IC., of 10=2 and § = 1 pM respectvely. Maximal concensrations used for both antagomnists
virmnally abolished Loap,,. as it was previously repored [15-20].

Fimore 4 chows that applicaden of DETDs (100 pbi) inhibited the omrents nduced by (ABA
{300 pbd) in 5 fime-dependant manmer (3-180 ) with tdime constants (f) of 4.9, 2.6, and 20.3 ¢ for b,
2¢, and 2d respectvely. The:s constants were caloulated by Sming the data wsing the
Michaelis—Menten equation (R = 0.98, 088, and 0.09, respectively). The maxinmum inhibition induced
by Xb and 2 (1080 pb) was reached 3 min afier imitial exposure. For 2d, the tme reqguired to reach the
maximen inhibiton was calodlated to be 17 min however, the experiments] mavinvamn inhibition
observed affer & 3 min oestment was 742 = 24% (@ = 10), smlsr to the caloulsted mavinnmn
inhibiton (87.0 = 3.0%) In all subsequent experiments, 2 DETD trestment fime of 3 pun was nsed
The ourrent inhibition indoced by 2b, 2, and 2d was fully reversed within five mimees of washing.
The holding oarent remsined constant in the preseace of the componnds af all concenTations tesed
indicating that the conmounds could not open the GABA, receptors or any other nevronsl ion chanmal
under the experimental conditions.

Conirol experiments were conducted using DME0), the solvent nsed for all DETD:, demonsirating
that DMS0 did not modify the properdes of Lhages alone at the maximoom concentration used here,
0.33% VIV {data oot shown). The inhibitory acivites of the DBTDs were likely to be nse-indspendent
bacause their effects did not require active (ABA, rsceptors and the inhibitory activity incressed over
time, despite the sbsence of the agomist (ZABA) [21]. This indicates that DETDs bind fo these
chammels g their closed stage.
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Fignre 4. Halogenated DBTD: inhibited the L., o 3 ime-depended rmonner. (A) L0,
was recorded before, doring applicatgen of 100 ph b, and after remonal of the inhibitor of
a given nryenteric neuron for varions lensthe of tme. The horizomta] bars shove the Taces
imdicate the spplication profiles of the indicated substances. (B) Time course of Loags
(mduced by 300 phd EABA) inhibition induced by * over 3-180 5. Michaelis-Wenten fits.
Each data point represents the mesn value from 3-17 different experiments. The lines
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The inhibitory effects of seven DBETD: at a 100 pM concenfration are listed in Table 1. The data
indicate that the rapk order of potency for these mbibitors was Xc = Id = Ib; we were mable 1o
calonlate the powency of M. 2e, Xa, 1g due to solubility problems. Fipome 5 shows the
ConCEnTaEion-—Tesponse omrves for the mbubitory effects of thres DETDs (31,000 ub) on the curenis
induced by GABA (300 piD). The maxinnuw effect of 2b was achieved at 1 mM (inducine a complete
inhibiton of the GABA-actvated omrents), and sn ICs valwe (104 = 2.2 pbd). We did not reach the
macnmm inhitidon fior 2c and 2d becanse the compounds were insphible at conceniratons exceeding
300 p& under our expenimental condiions. Curve fts were obfamed in both cases with IC, values of
S04 =6.4ph and 47.6 =303 pM for 2c and 2d, respecavely.

Table 1. Percent inhibiton in the presence of 100 pMd commpounds on GABA-imducad
mrward ourrents, p IC ., cLog F, and physical data.

No. _ Percentageofinhibition™  pIC./AM  cLogP™ Yield' mp~C
I EA=1403) ND 118 &0 198
b 50.8=21 (1) 308 1.50 70 202
I T41£35(6) 430 169 70 243
24 7422 24(10) 432 197 g3 250
e $37=358(3) ND 182 67 171
f 471£37(7) ND 135 12 17
1z 16.0=24(6) ND 187 100 350

[2] Vahues are given 2 the mean = EFM, with the member of experimemts in parentheses; [b] Daia generaied
using HyparCham
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Figure 5. DB TDs inhibited I,,5, in & conceniration-dependent manner. {A) Fepresentative
Loaps recordings frorn & nrventeric neuron in the presence of varions concenrations of Xb,
which was added 3 min bafore GABA spplication (B) Concenmation—sespanse curves for
the effects of the DETD: on the anplitede of Lysss. The lines imdicate fits to the
experimental data wsing a two-parameter logistic functon, [22] assmming an inhibidon of
100%5. Each data point represenss the mean = SEM from 312 individuwal expeniments.
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We considered the possbiity that becamse these novel sobstances were highly hpophilic
(log P - 2.0 for all compounds, Table 1), the DETDs could permeate the nearon membrane and
interact with the mner part of the GABA. chammel, thereby inhibiting Inspe To westigate this
possibility, we added 100 pi b o the pipstie selotion (internal) and momtored L .5, and we applied
b to the outside of the cells and monitored the inhibitory effects (Figure 6). Experiments were
parformed wsing 2b, even thowsh cLog Powas less than 2, becawse 2o and 2d were insobable umder the
conditons employed The amplitede of Lnages (300 pid) for pemons with 2 (100 b applied inside
(—1408 = 344 pA: n=4) and measured 2 to 3 nuin affer obtaining the whole call conSguration did mot
differ from the amplinade of the coomol Inses (1310 = 333 pA; o= 12) of experiments in which b
was tested exmacelllarly. Coasistent with these Sndings, in recordings with b in the pipete, the
amplitude of Lyape was the same 5 min (—1536 = 379 pA) and 10 min (—1604 = 409 pA: n = 4) after
obtzining the whols-call confimaration. In sddidon the presence of 2b incide the newrons did not affect
the magnimude of the inhibition induced by the exracellilar application of 2b (100 pd). Thos, such an
infubition was as large as that observed withont 2b inside the cells (Figure 48). Altogether, these data
ruls ot that DETDs inhibitory effects on GABA ., channels are madisted by an infracellalar target and
therefone, they nmst be acine on the exmacelnlar domain,

Fignre 7 shows two concenfration-response ourves for the effects of GABA . one in the sbsence amd
the other in the presence of 100 pbJd Ib. As shown, the antsgonistic effect of 2b is not sunmmounted by
incressing the (zARA concenmation Imdeed the EC,, vales for thess curves were 127 = 146 and
123 = 84 pM in the sbsence and in the presence of Ih, wheress, the mecdnmm mhibidon clearly
dacressed in the pressnce of Xb (~50%%) across the full GABA concentration—response curve, O data
demmonctrate that the pharmacological antagonicm by which 2b inhibits the (484, recepdors is noo-
competifive and therefore if is umlikely acong at the GABA bindng site. This is in agreement with &
previous sady [4] that shows no binding of DETDs to GABA receptors,
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Figure & The mhibitory effects of Ib on GABA, mecepiors were medisted by zn
extracellular bindmg site. A) Iyap,, fora 100 M conceniration of ¥b in the pipette (2b.),
10 min afier obtaining the whole call Lnam. was recorded before (-1) and in presence of
extracellular {(o/1) Xb (100 pbd for 3 min)). B) Bars indicate the averaze amplitnde of Lnags,
and the linss above indicate the SEM. Lz, amplimde or the inhibitory effact of 2b did not
differ sigmificamtly (M5) by the presence of 2b inside the pipette. Statistical cormparison of
the data was done using the unpaired Smdent’s =~test.
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Figure 7. 2b imhibits L,.-. In 3 mon-competitive memmer. (A) Concentrafion-response
curves for GABA in the sbeence (Control) and in the presence of Th Blesponses were
nommalized with respect to the amrves olfained in the presence of 3 mhi GABA in each cell
and in the shsence of 2b. Each point represents the mean = SEM for 5-12 nesurons. The
lipes indicate fits of experiments] data o 8 three-parametsr logisic fmction.
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We further imvestigsted if the mhibitory effect of DETD oo Lnams was volmge dependent by
conducting experiments at two holding membrane potenfizls, —60 mW and +30 mW in the same
netmomis. Loyaps (300 p) was recorded in the sheence or presence of 100 p0d Xb. 2o and 2d. As shown
in Figmre 8 the inhibitory efects induced by any of the thres substances were identical for an iowand
Lisps (Tecorded at —60 mW) than for the outward Lnag, (recorded at +340 m\V). These resulis mdicate
that the DBTDs inhibit L.k via a volage-independent mechamizm.

57



Molecules 20013, 18 202

Figure 3 The inhibitory effects of compomds 2 oo GABA, chamnels were voltage
mdependent. A) Lnams induced by 300 phd GABA without (Conimol) or in presence of 2c
(100 pdd) at —50 mW (uper maces) and +40 mW (lower traces) from the same neuron
Lojsrs Wwas recorded at 5 min imtervals, and o was applied 3 min before the second GABA
application. B) The average (bars) mhibitory effect of ¥b, 2c, and 2d was the same at both
membrane potenfials. Lines over the bars indicate the SEM.
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The fact that binding of compomd: 2 on GABA, channels can ocour daring the close stage and is
volmge-independent suzgests that itz binding site is not within the channe] pore In order to further
investigate this, we tested if picrotoxin interacts with the binding of ¢ Picrotoxin i known to bind
inin & site within the channe] formed by the second Tansmembrane domsing of the five subumdts
constinging the ABA . recepiors [23.24]. We found that neither picrotoxn effect was modified by 2o
not the inhibitory effect of M was affected by picrotoxdn (Figure ¥, which would indicate that Yo does
not bind into the picrotoxin binding site.

Figure 9. 2c-indnced inhibition of GABA ., channel: was unaffected by picrotoxin (FTx)
Bars and lines on their top, are mesns and SEM {n=4). Satistics] comparison of each pair
of bars was done using the paired 5Stodent’s f4est P valees and non sigmificanmt (W5)

differences are imdicaned
&=
g
L
=
%-SD-
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[ ]
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The micyclic sulfoasmmde 2 is also stucturally smmilar to the 1 4-bensodiszepinss hence, the
inhibitory actons of DETDs may be related to the benzodiszepine modulabor sites. The imbibibory
efects of b, X, and 2d remsined constant in the sbsence snd presence of fhomazenil a3 Enmowm
antaponist of the beneodizrepine site on the GABA, receptors (Figure 10). Inhibition by 100 pAd 2b,
2c, and 1d without flomazendl (308 = 2. 1%, 74.2 = 3.6%, 742 = 2 4%, respectively)) was not blocked
by the co-applicaton of 10 pBd faweazendl (478 = 5 8%, 6986 = 5.2%, §8.4 = 6.8%, respectively). The
sarme concentration of flunmzenil. applied for 3 min did not induce changes in the holding coment or
Lysrs I experiments carmied out using Gve different neurons (data not shown). We showed that Xh did
ot &t throngh the beazodiszepine binding sits. which is in agresment with the lack of bindine with
Tecepiorns o benendiszepine. previously reponed [4].

Figore 10. The inhibitory effects of compounds ! on the GABA, channels wese
independent of the benmodiszepine binding site. (A) First and last Taces represent conaol
currents induced by ABA GO0 pA). The oo middle maces were recorded in 24
(100 pif) alone or plos flemazenl (10 phd), all races are from the same newron. (B) Each
pair of bars represents the mean inhibiton of Lyas. indoced by DETDs, before (Control)
and in the presence of fhmearenil Tines over the bars indicate the SEML
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3. Experimental
3.1, Chemiztry
3.1.1. General

All reagents and solvents were reagent-grade and were used as received from Sigma-Aldrich Co.
(5t Lous, MO, TU54). Flash chromstosraphy was performed wsing Merk Fiesegel 60 silica gel
(230400 mesh) Melonz poiots are reported wmoommecied The FTIR specia were recorded om @
Themmo Micolat Mesus 470 FTIE. as thin film: on 3 EBr disk (for solids) or 3 gennaninm ATE. crystal
(for liquids). 'H-WME. and "'C-MMR. spectra were obeained using an Eclipse Jeol (operating at 300 and
75 MHz, respectively) and a Varian-Gentini {operated at 200 MHz and 50 MHz. respectively), and the
sigmale are reported in ppom relative to TAS. AN mess spectra (W) were reconded on 2 JTeol AWS05HA
mzss specimometer. Elemental analyses were perfommed on 3 CE-4H0 Exster Analymical Inc.
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3.1.2_ General Procedures for Synthesizing N4 F)-Phemy])-2-nirobenzenssul fonsmides Sa—f

Anhydrones pyridine (1,10 ml., 13.6 mmol) snd 4-R-aniline (1.24 ml., 136 omol) in &y acetone
were added wia cammuls o a stimed sohmion of 2 -nirobenzenemifony] chloride (3.01 g 13.6 mmol) in
dry acetone {25 ml) under nmifrogen and the reaction michors was stimed at reom temperatire, Afier
24 b the mixture was neualized with a saturated sodiom bicarbonats solufion, and the resulting solud
wias collected washed with water and ethanel and dried mder vaomm The solid was purified by
flash chromatosraphy (silica gel sluting with 9010 hexsne athy]l acetate), then recrystallized from
ethyl acetate—bhexane (30 7)) to obtain $a as a3 white solid {11.97 oonod, 838%); mp: 118-119 *C. The
zame procedurs was used for the synthesis of $b-5{. Products 5, 6, and 4 (except for series ) were first
reparied by Sseed and Fama [25]. However, § and 6 compounds were not characterized snd 4 was
only partislly characterizad by IR and M5 spectroscopiss.

N-{Phamyll-2-nitrobenzenesulfonanide (5a). "H-NME (300 MHz, CDCL, + DMSO-d;): § = 7.08 (m,
1H), 7.21 {m. 4H), 7.63 (ddd J, = 7.5 Hz, J, = 1.6 Hz 1H), 7.70 (ddd. J, = 7.5 Hz. J, = 1.6 Hz, 1H),
7.76 (dd, J, = 8.0 Hz, J, = 1.6 Hz 1H), 792 (dd J. =79 Hz, J, = 1.6 Hz, 1H), 9.9 ppm (s, 1H);
(EBr): v=3324, 1380, 1180 cm '; M5 (EL 70 &V m: 278 DT

Ny4-Flugrophamd - 2-nimpbenzeneuffonanide (5b). Yellow crystals. Yield 7% mp.: 106 °C;
'H-NME (200 MHz, DMSO0-35): 6= 7.13 (d, J, = 6.8 He, 4H), 7.88 (m 4H), 10.7 ppm (5, 1H); IR
(EBr): v=3293, 1360, 1160 cm '; MS (EL 70 &V): m/z: 206 [M].

Ny4-Chlorapheml)-2-mitrobecenesuffornamide (5. Yellow crystals. Yield &§6%; mp: 122 °C;
"H-NMR (200 MEz, DMSO-d.)x § =713 (d, J.=9.0 Hz, 2H), 7.35 (4, L, =9.0 Hz, 27H), 7.20 (m_ 4H),
10.9 ppm (s, 1H); IR (KBr): v=3300, 1334, 1162 cm '; MS (EL 70 &V ms: 312 [M]"

Ny4-Bromophenl)-2-nirobecemesulfonamide  (5d). Colorless crystals. Tield 70%: mp.
118 °C; "H-NME (200 MHz, DMSO-d,): & =7.08 (d, J, = 9.0 Hz, 2H), 747 (d J, =88 Hz 2H), 7.01
{m, 4H), 10.9 ppm (s, 1H); IR (EBr): v =3207, 1363, 1164 am . MS (EL 70 eV): mz: 3587356 MV

Nyd-Methoegphepll-2-nitrobenzemesulfbrmmide  (5e). Yellow needle crystals. Yield 72%; mp:
20 °C; 'H-NMR (200 MHz, DMSO-d.): 6 = 3.67 (s, 3H), 6.83 (d, J.=9.0Hz, 2H), 703 {(d, J.=90Hz,
JH), 7.57 (m, 450, 10.4 ppm (s, 1ED; IR (EBr): v=3259, 1361, 1172 cm ; MS (EL 70 €V): mz: 308 [M]"

Etiyl-4-(2-nimaphenyizulfonamidebenzoate  (5). Brown solid Vield 22% mp: 172 °C
"HNME (300 MEz, DMSO-d.): &= 125 (t, J, = 7.1 Hz, 3H), 422 (q. J, = 7.1 Hz, 2H), 7.13 (BE,
J, =87 Hz 7H), 7.75 (ddd J, = 7.5 Hz, 1H), 7.78 (AA', J,= 8.7 Hz 7H), 7.70 (ddd J, = 7.5 Hz 1H),
701 (dd J, = 6.6 Hz 1H), 798 ppm (4d J, = 7.0 Bz, 1H); IR (EBr): v = 3200, 1600, 1365,
1162 cm " MS (EL 70 &V mez: 350 M

3.1.3. General Procedures for the Synthesis of 2-Amino-N{4-(F) phenylibenzenssul fonsmides Ga—f

NA{3-{E) pheayl)-2-nimobenrenesulfonamide & (43 = 15.6 mmeol) and tn (I} chlonds delnyrdrate
{14.82 g 657 nunol) were heated in etiryl acefate mder reflox for 4 h. The mixchore was stimed, and a
safrated sodnom bicarbonate soluton was added to 2 pH of 6. The sohifion was extracted with etinyl
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acetate. The solvent was remerved, and the residoe was purified by flash choomatography (eluting with
2 90:10 solution of hexsne—ethyl acetata).

- dmimo-N-phorylbenzeneruffonamude (§a). Yellow powder (1404 omel, 8% mp: 123-124 °C;
'H-NMR (300 MHz, DMSO-d.): 6 = 5.99 (5, ZH), 6.54 (ddd, J,=T7.6 Hz. J.= 12 Hz, 1H), 6.75 (dd
J.=81Hz J,=09Hz 1H), 697 (ddd J.,=82 Hz 1H) 7.04 (dd J, =86 Hz 2H) 72 {m 3H),
TA4D (dd J, =85 Hz J, =14 Hz 1H), 102 ppm (s, 1H); IE (EBr): v = 3457, 3348, 3240, 1340,
1180 om"; MS (EL 70 eV mi: 2428 M

2 dmino-N-(4-fluorophery]) benzenezu[fonamide (6b). Brovwn liquid Yield 00%: 'H-MNME. (200 MHz,
DMS0-d.). & = 508 (s, 2H), 6.53 (ddd, J, = 7.05 Hz J, =12 Hz 1H). 674 (dd, J. = 83 Hz
J.=121Hz 1H), 705 (d J, =64 Hz 4H), 721 (ddd J,=T70Hz J.= 1.6 Hz 1H), 743 (dd L =82 Hz,
Jo =16 Hz, 1H), 10.2 ppm (5, 1H); IR (EBr): v = 34460, 3382, 3284, 1313, 1147 cm'; MS (EL 70 &V):
mz: 266 M

2-dmine-N-{4-chloraphery) bancenesulfonamide (6c). Brown Hquid. Yield 90%; "H-NMR (200 MEz
DMSO-dy ): 5= 6.0 (s, 27H), 6.53 (&dd J, =8.0 Bz J.= 1.1, 1H), 6.73 (dd, J,= 83 Hz J, =09 Hz
1H), 7.03 (4, J, = 8.8 Hz, 7H), 7.2 (ddd, J, =85 Hz, J. = 1.6, 1H), 7.26 (d. J. = 8.8 Hz, 7H), 747 (ad,
J, =80 Hz J, = 1.6, 1H), 104 ppm (s, 1H); IR (EBr): v = 3467, 3378, 3245, 1313, 1135 am’™";
MS (EL 70 eV): ms: 282 [MT".

2-Aming-N-(4-bromophany) benzenesulforamide (6d). Brown liquid Yield 99%; "H-NME. (200 MEz
DMS0-d.): &= 6.0 (s, 7H), §.55 (ddd. J. = 7.8 Hz, 1H), 6.76 (dd J. =83 Hz. J, =09 Hz, 1H), 70 (d,
J. = 8.8 Hz, 7H), 7.21 {ddd J, = 7.0 Bz J, = 1.6 Hz, 1H), 739 (d J, = 8.8 Hz 7H), 749 (dd
J.=T9Hz J. =15 Hz, 1H), 10.4 ppm (s, 1H); IR (KBr) v= 3482, 3384, 3268, 1319, 1130 am '; M5
(EL 70 6V): m: 328326 [M]"

2 dmimo-N-(4-mathoxypheryll  benzanesulfonamide (Ge). Brown liquid. Yield 90%:; 'H-MMER
{200 MHz. DASO-d): & =385 (s, 3H), 59 (s, 7H), 6.5 (ddd J,=77THz J.=12Hz 1H) 672 {dd
J.=8THz 1H), 677 (d J, =90 Hz 2H), 495 (d J, = %0 Hz 2H), 719 (ddd J. =82 Hz
Jo=16Hz 1H), 7.34 (dd J.=81 Hz J,= 1.6 Hz 1H), 9.84 ppm (s, 1H}; [F. (EBr): v = 3480, 3380
3266, 1321, 1147 cm '; MS (EL 70 V) mi: 278 M)

Erthyi-4-{2-mminopheryisufornamido |berzoate (67 Yellow crystals. Yield $8%; mp 163 °C; "H-NME
{200 MHz DASO-d): §=1.25 (t, J,=463 Hz 3H), 422 {q. J,=T7.0 Hz IH), 4.0 (s, 2H), 656 (ddd
J.=T46Hz 1H) 673 (dd J.=78Hz 1H) 7.14 (BB’ . =838 Hz IH) 712 (ddd .,=7.7 Hz 1H],
T37(dd J,=81He J =16 Hz 1H) 779 (44" .J =53 Hz ), 10.8 ppm (s, 1H); IF. (EBr):
v=3470, 3380, 3230, 1680, 1322 1144 cm™"; M5 (EL 70 eV mez: 320 ]

3.1.4. General Procedures for Synthesizing 2-Axido- N4 RiphemyDibenrensmifonamides 4a—1

An aqueous solufion of sodimm mimite (346 g 518 mowl) was added to 2-mmine-W-(4-
{Rphemy]Yberreneml fonarmide & (286 2, 115 nomel) in oiflworoscedc add, and the reaction mixnme
was stimed for 1 b Sodiem szide (1.9 g, 28 8 mmol) was sdded and the sohrbion was stimed for an
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additional 1 b The mmivture was newralized with saturatsd sodiom bicarbonate sohition and extracted
with ethyl acetate. The reacton mixnme was concenmated and purfied by flash chromaeeraplny
{70:30, hexane—ethyl acetate). The obiained solid was recrystallized in ethyl acetate—hexane (30:7T0).

2-Arido-N-phemy ibercenesufonamide (4a). Brown powder (2.78 mmol, 85%); mp.139 °C; 'H-IME
{200 MHz, DMSO-d,): d =697 (ddd. J,=T.0Hz, 1H), 7.1 (dd J.=74 Hz 7H), 72 (ddd. J,= T4 Hz,
IH), 7.28 (ddd J. = 7.6 Hz, 1H), 7.5 (dd J, = 8.1 Hz, 1H), 7.64 (ddd J, = 7.8 Hz, 1H), 7.86 (dd
J.=78Hz 1H), 10.4 ppm (s, 1H);, IR (KBr) v=3253, 2133, 1340, 1190 cm'; MS (EL 70 &V): mi:
274 [MT".

2-Arido-N-f4-fluoraphery) berzenesufonamide (4b). White solid Yield 83%; mp.: 120 °C; 'HNME
(200 MHz, DMSO-di): & = 7.09 (oo 4H), 727 (ddd J, = 73 Hz J, = 14 Hz 1H), 7.52 (dd
J. =80 Hz, J. = 1.0 Hz, 1K), 7.62 (ddd J, = 84 Hz J, = 1.6 Hz, 1H), 78 (dd J. = 7.8 Hz,
Jo =16 Hz 1H), 102 ppm (s, 15); IR (KBr): v = 3240, 2140, 1334, 1166 cm': MS (EL 70 &V): m-
292 M

I-Anide-N-id-chioropheni) becewemjfnamide (40). White crysmls. Yield 8% mp.: 134 °C;
"H-NME. (200 MHz, DMS0-d.): § =711 (d Jo =88 Hz 7H), 727 (d J.= 8.8 Hz. 7H), 731 (ddd
J,=11Hz 1H) 751 (dd, J,=80H=z J,=14Hz 1H), 7466 (ddd J,=7THz J = 1.6 Hz 1H),
7E6(dd J,=T8Hz J,=14Hz 1H), 10.5 ppm (5, 1H); I (EBr): v= 3345, 2132, 1338, 1164 e ';
M5 (EL 70 &V mvz: 308 [M].

2-drigo-N-i4-bromaphemyl)  bewenesuffonaruide  (4d). Yellow powdser Yield 8™ mp:
124 °C; 'HMME (200 MHz, DMS0-d): 6 = 705 (d J, = 88 Hz, 7H), 7.20 (ddd J. = 7.0 Hz
Je. =11 Hz 1H), 74 (4, J, = 88 Hz, 2H), 7.52 (dd, ., = 8.0 Hz, o= 1.2 Hz, 1H)}, 7.67 (ddd
J,=68Hz J,=14Hz 1H), 786 {dd, J, =78 Hz J,= 1.6 Hz 1H), 10.5 ppm (s, 1H}; IR (EB1):
v=333§, 2132, 1338, 1164 cm™'; M5 (EL 70 V) ms: 3543352 M

J-dzido-N-i4-methogphenyll  bemzemesulfonamide  (4e). Browm crysfals. Wield 7T8% mp.
130 °C; 'H-MME: 200 MEz, DMS0-d): §=3.63 (5, 3H), 6 76 (4, =93 Hz 2H), 701 (4 J,=87Hz
IHy, 7.23 {ddd J, =74, o = 11 Hz, 1H}, 7.51 {dd, ., = 78 Hz J, = 1.1 Hz, 1H), 7.62 (ddd,
J=T8Hz J.=146Hz 1H), 7.73 (dd L =79 Hz J, =12 Hz 1H), 287 ppm (s, 1H); IE {EBr):
v=3274 2138, 1334, 1164 o '; M5 (EL 70 &V mez: 304 M.

Ethyl<-{2-amdopheminulfonamide)  bezogie  (4f). Browm  omystals.  Yield T8% mpo
182-124 °C; 'H-NME (200 MHz, DMSO-dy): 6= 1.23 (t J, = 7.0 Hz. 3H), 420 (. J, = 7.1 Hz. 2H).
T19(BR', J,=87TH=z IH) T30(ddd J =72Hz 1H) 748 (dd J,=81H=z 1H), 765 (ddd J =7 E8Hz
1H), 777 {A4°, ., =87 Hz, H), 704 (dd J.= 7.8 Hz, 1H), 10.9 ppm (s, 1H); IF. {(EBz): v = 3230,
2110, 1680, 1300, 1165 cm '; MS (EL 70 eV): mez: 346 ]
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3.1.5. Genersl Procedures for Synthesiming 0-(F)-5. 1 1-Dihydrodibenzo[c £][ 1.2 5]ikhadiazepine-5, 5-
dioxides 2af

2-Azde- N4 Fjphemyd) benrensmifonamids 4 (0.2 = 0.73 momol) was added to 3 sobofion of diphemyl
ether (10 ml. 63 nmol) st 208 *C. The sohimtion was stmed for 5 min then cpolad 0 room temperamme.
The reaction mixtee was puoibed by flash clromatograploy (00340, etny] acetate—hermne). The resulting
mesiduwe was recrysisllized i ethy] acetate—hexame (30070 Compowmds Xa and 2d were previously
reporied by Altanmra ¢ al [8], and specioscopic data are in agresment with those reported hese.

6.1 1-Dikydrodibenzofc fI[1. 2, Jthiadicepine-3, S-dioxide (1a). Brown crystals (050 mmol, 69%);
mp.: 198 *C; 'H-NME (300 MHz, DMSO-d.): 6= 6.82 (ddd, J. = 7.8 Hz, J. = 0.9 Hz, 1H), 688 (dd
J=T4Hz J,=15Hz 1H), 7.03 (ddd J,=7.7Hz J, = 1.5Hz 1H), 707 (dd J, =81 Hz L, =15Hz
1H), 7.04 (ddd J, = 7.5 Hz, J, = 1.5 Hz. 1H), 7.18 (dd J, = 82 Hz J, = 1.0 Hz, 1H), 7.37 (ddd,
=177 Bz, J.= L6 Hz, 1H), 761 (ad J, = 8.0 Hz, J, = 1.6 Hz, 1K), 8.9 (s, 1H), 9.80 ppm (s, 1H);
BCMME (75 MHz, DMSO-d.): 6 = 1175, 1195, 1186, 1211, 1252, 1259, 1273, 1284, 1288,
132.9, 139.5, 139.9 ppox IR (KBr): v = 3380, 3301, 1313, 1160 cm™; M5 (EL 70 &V): mis: 246 M]":
Anal. caloulated for C .8, M.0.5: C 58.529, H 4000 N 11.37%, foumd: C 58.11%, H 4.11%, 1 11.13%.

O-Fluoro-6, 1 1 -dilpdrodibenzofc ][], 2, Sthiadiazepine-3, 5-dioxide (2b). Colorless needle crystals.
Yield 70%; mp: 202 °C; 'H-NME (300 MHz DMSO-4) & = 660 (ddd J= 22 Hz
Juir= 3.0 Hz, 1H), 6.85 (dd, J, =7.2 Hz, 1H), 6.8% (d, . =2.7 Hz, 1H), 7.05 (dd, J.= 7.5 Hz, 1H),
7.16 (dd J,=8.1 Hz J,=0.6Hz 1H), 741 (ddd J,=7.6Hz J,=1.5Hz 1H), 763 {dd J,=8.0Hz
Jo =18 Hz, 1H), 914 (5, 1H), 9.78 ppm (s, 1H); ""C-NMR (75 MHz, DMSO-ds): 6 = 105.6, 107.6,
119.0, 121.4, 1261, 1203, 130.4, 133.1, 139.2, 1413, 1592, 162.5 ppm; IR (KBr: v = 3365, 3226,
1295, 1159 cm '; MS (EL 70 V) m&: 264 [M]"; Anal. caloulated for CHMN20.5F: C 54.54%,
H 3.43%. N 10.60%, foumd: C 54.05%, H 3.327%. W 10.34%.

9-Chiore-6.1 1-dilydrodiberzefc 11,2, 5 thindieepine- 5, S-dioxide (1) White powder. Yield 70%;
mp.: 248 °C: 'H-NMR (300 MHz, DMSO-d.): 5= 6.87 (ddd J,=7.8 Bz J. =12 Hz 1H) 688 (dd
J =84Hz J, =21Hz 1H), 701 (d J, = 84 Hz 1H), 7.13 (4 J, = 2.1 Hz, 1H), 7.15 (dd
J.=81Hz J. =06 Hz 1H), 741 (ddd. J. = 7.7 Hz, Jo = 1.5 Hz, 1H), 762 (éd J. = 8.0 He
Jo=16Hz 1H), 9.11 (5, 1H), 9.95 ppm (s, 1H); "'C-NME. (75 MHz, DMSO-Dy): 4= 1183, 118.7,
119.7, 120.4, 1242, 125.8, 1202, 1205, 131.1, 1333, 139.2, 140.5 ppox IR (KBr): v = 3369, 3269,
1304, 1156cm™; MS (EL 70 eV ms: 280 [M]"; Ansl calculated fior CyHN:0nSCL C 51.34%,
H 3.23%, N 9.08% found: C 51.03%, H3.22% N081%

9-Bromo-5,1 1-diydrodibercafc 11,2, 5 thindiaepine-3, 5-diexide (2d). Brown powder. Yisld 85%;
mp.- 250 °C; "HNME (300 MHz, DMSO-d.): 5= 6.87 (ddd J, =74 Hz, 1H), 694 (d J, =54 Hz 1H),
701 (8d, J, =82 Hz J, =20 Hz, 1H), 715 (d J,=8.4 Hz, 1H), 7.28 (4, J. = 1.8 Hz 1H), 741 (add
J.=78 Hz, 1H), 762 (dd J, = 78 He, J. = 1.2 Hz 1H), 9.10 (s, 1H), 996 ppm (s, 1H);
UCMME (75 MHz, DMSO-d.): 6 = 1183, 1192, 1187, 121.6, 1233, 1246, 1258, 1202, 120.7,
1333, 130.2, 140.7 ppmx; IR (KBr): v = 3371, 3268, 1308, 1160 cm™'; M5 (EL 70 &V): mi: 326324
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[M]'; Anal. calculated for C,,HL,N,0,SBr: C 44.32%, H 2.79%, N 8.51%, found: C 44.09%, H 2.81%,
N 8.74%.

O-Ndethany-6, 1 1-dilydrodibenzolc £/1, 2 5] thiadiazepine-3, -diaride (2€). Vellow crystals, Vield
§7%; mp.: 171 °C; "H-NME (300 MHz DMSO-d.): 6 = 3.73 (s, 3H), 649 (dd, J. = 8.7 Ez
Jo =27z 1H), 6.66 (d,J. =27 Hz, 1H), 6.83 (add J, = 7.5 Hz J, = 0.0 Hz, 1H), 6.96 (d J, =57 Hz,
1H), 7.17{d L =78 Hz, 1H), 737 (ddd, J,=7.7Hz, J,= 1.5 Hz 1H), 7.62 (dd L=78Hz J,=15Hz,
1H), 899 (s, 1H), 9.51 ppm (s, 1H); “C-NMRE (75 MHz, DMSO-D,): 5= 55.2, 104.2, 1074, 117.7.
118.1, 119.5, 1263, 129.0, 130.4. 1328, 139.7, 1412, 158.6 ppmx. IR (KBrk: v = 3374, 3228, 1322,
1149 em™'; MS (EL 70 eV): mé: 276 [M]': Anal. caloulated for C,,H,:N-0,5: C 56.51%, H 4.38%
N 10.14%, found: C 56.56%, H 4.40%, N 9.85%.

Eilyl 6,11-dihydrodibenzolc f]11, 2, 5 ihindiazeping-9-carboxylate-3, 5-dioxide (). Brown aystals.
Yield 12%; mp.: 227 °C; 'H-NMR (300 MHz, DMSO-di): 6 = 131 (t. J, = 7.0 Hz. 3H), 430 (g
J.=7.2Hz, H), 6.85 (ddd. J, = 7.5 Hz, 1H), 7.07 (d, J, = 8.1 Hz, 1H), 7.19 (d, J, = 7.8 Hz, 1H), 740
(8d, J, = 8.1 Hz 1H), 740 (ddd, J, = 7.6 Hz, 1H), 761 (dd =78 Hz J.=15Hz 1H), 7.73 (d
J. = 1.8 Hz, 1H), 9.20 (s, 1H), 10.3 ppm (s, 1Hy; “C-NME (75 MHz, DMS0-d): 6 = 14.2, 60.7,
112.1, 1196, 120.4, 1213, 1253, 1268, 1282, 1280 1206, 133.4, 1383, 1306, 1651 ppm: IR
(EBr): v = 3360, 3234, 1700, 1328, 1170 cm’™'; MS (EL 70 eV mi 318 [M]"; Anal. calculawed for
C<H N05: C 56.50%, H 4.43%, N 8.80%, found: C 56.67%, H 4.44% N 8.64%

3.1.4. Procedure for Synthesizing 6, 11-Dibyydrodibenzafc £][1.2 5]thiadiszepine-9-carborylic acid 5.5-
dioxids (1)

A sphiion of potsssimn hydromids 10% (w®) was added to ethyl 6 11-dibydrodibenso
[ 101,25 thisdiazepined-carboxylate-5, 5-diowdde (3, 0.5 z, 1.57 mmol). The reaction mixmme was
heated under raflux and strred for 60 min, after which a chlorids acid sohmion was added to a pH of 4.
The resalting solid was collected, washed with water, and dried under vaomen. The remalting yellow
solid residue was obtzined in & quantitstive yield; mp: 350 °C; 'H-MME (300 MHz, DMSO-4.):
d=084(ddd J =T76He J,=10Hz 1H), 705 (4, J,=81 Hz 1H) 718{d J, =81 Hz 1H), 730
(dd . =E81Hz J,=128Hz 1H), 739 (ddd L.=76H= .L =18 H= 1H) 761 {dd L. =80H=z
Jo =16 Hz 1H), 7.72 (d J. = 1.8 Hz, 1H), 9.15 (5, 1H), 10.7 ppm (s, 2H); "C-MME (75 MHz.
DrI50-4): 6 = 1180, 1196, 1307, 1216, 1254 1268 1289 1293 1204 1334 1383 1307,
165.7 ppox; IR (EBrk v = 3360, 3234, 1700, 1328 cm™'; MS (EL 70 V) ms: 290 [B]"; Amal
caloalated fior C) o H M90.5: C 53.79%0 H 3470, W 8.65%, found: © 53.73% H 34T, N 22580,

3.2, Bivlogical Methods
3.2.1. Primary Cultores of the Myenteric Meurons

Cminea pigs (100200 g; either male or female) were sacrificed by cemvical dislecation and caread
exeammuination. These methods have been approved by the Antma] Care Comemittes of the IPTCY T amd
are in agresment with the pablished Guiding Principles in the Care and Tse of Animals, approved by
the American Physiolesical Society. A sesrnent of -.10 cm of the jejummm was removed and placed m
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A modified Erebs sobrtion (in mM: Wall, 126; NaH.PO, 1.2 MgCl, 1.2; CaCl, 2.5; ECL 5
WaH, OOy, 25; glocose, 11, The sample was gassed under 95% O and 5% COy) and opened
lonsimdinally. A dissecting microscope was used to dssect the nmcosa and subnmoosa layers prior to
remnorving most of the aroalar nmscle layver, leaving the nrventenic pleoms embedded in a lonesinadins] layver.
The cell isolation procedurs has been described elsewhere [26]. The niventeric preparafon was
dissociated by sequential Teatment with two enrymatc sohitdons: the St sehafion contained papam
{(0.01 mL-ml. "' activated with 0.4 mg-ml. " L-cysteine), and the second sohation contained collazenase
{1 mg-ml. ") and dispase (4 mg-ml. "), The enzymes wese removed by washing the neurons with L1535
medm, and the peurons were placed on round coverslips coated with sterile rat-tail collagen The
culmare medivm was varied from munimal mediem o essental medinm 97, 5% contaiming 2.5% puinea
piz senm 2 mM L-gheamine, 10 Uml ' penicilling 10 pz'ml. " streptonmycin, and 15 mM ghicose.

3.2.2. Whole-Cell Fecordings of the Membrane Currents Induced by GABA

To reduce the effects of the membrane cumrents other than those mediated by the activation of
LGIC, experiments were conducted i the presence of Cs' (a potassiem chanmel blocker). This was
important becmse (ABA modulstes the membrane jon chennels of the central neurons (entesic
nevrons) via G-protein linked receptors [27-29] Membrane corrents induced by (2484 wers recorded
using 3 Geme Clamp 500B amplifier (Molecolar Devices, CA USA). The holding potental was
—§0 mV (uoles: otheraise stated), and the shor-term (450 h) primsry oolfures of the Dryentesic
neurons were used to prevent space-clamp problams doe to neurite growth. Glass pipsttes with a
resistance of 2-5 M were prepared as descrmbed previously [23]. This low resistance and slight
suction inzide the pipette during the recordings mmintained a low series resistancs (around 6 MOY),

Al experiments were conducted nsing standard solations with the following compositons (n mbd);
inside the pipette: CsCl, 160; EGTA 10; HEPES, 5; Mall, 1f; ATPMz, 3 and &IE, (.1; edemsl
sohton: MaCl, 160; Call,. 2; glacese 11; HEPES, 5 anmd CsCl 3. The pH of all solodons was
adjusted to 7.3-T7.4 wsing either CsOH (pipette solufion) or NaOH (exiemsal solution). The seal
resistance in the whole-cell mode ransed from 1 to 10 () The whole-call omrrent data were recordad
on a PC nsing the AxoScope software (Axon Instmments, Inc) snd were snalyzed wnsing the
AMOGEATH software (Moleoalar Dievices, CA USA). The recording chamber was superfnsed with
an external sobution at ~2 mL-min~'. The solwion arcund the neuron was quickly exchaneed during
recondings nsing an eighs-nibe device. Each mwbe was connected to a syringe (10 ml) containing aither
the control or the experimentsl soloten A comtrol tobe was positioned -300 pm in fromt of the
recordad nenron, and substances were applied externally by abooptly inferchanging the tabe for another
tabe containing the confrol sohmion phos the dme(s). Desensitization of the (zABA, recepiors was
prevented by applying GABA at imfervals of at least 5 min in befween cells wers contimeonsky
superfused with extacellnlar sohifon. Experimental substances wers removed by reiming to e
control solnton External solufions wers spplied by gravity, snd the height of the syTiness was
contimiowsly adjusted to minimize changes in the Sow rate. The experiment: were performed at room
temperature (14 =1 C)
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3.2.3. Sohitions and Fesgents

L15 medivm minitmom essental mediom Hanks soltion penicillin-streptontycn, snd L-ghotanine
ware purchazed from GIRCO (Life Technolomes Comp, Carlsbad CA TT5A). Collagenase and papain
were purchased fom Werthington (Werthington Biechemmical Corp., Lakewood NI, TUSA), and
dispase was purchased fom Foche (Indisnspolis, TN, T5A). Cesim chloride, sodiem chloride, stirylens
ghycol-bis(2-aminoetrylether)-N NN N -tema-acetic acd (BEGTA), HEPES, adenosine-3-riphosphate
magmesimmn salt (ATP magnesinm salf), gusnosine-5-wriphosphate sodinm salt (GTP sodium sald),
ceshm hydroxide, flumazend], (GABA picotoxin, and dimethyl sulfoedde were puorchased from
Sigma-Aldnch (5t Lows, MO, USA). Pentobarbital-Fa was purchased from Lab Tookkyo, 5.4
(Mexco, DF., Mexica). Stock sohitfons (0.01-1 M) ware prepated using de-ionized diztilled water
and wers stored frozen exrept for picrotoxn and the DBTD stock sohifions which werns prepared in
ethamol (50% vv) and DRSO, respectively. The desired final dmg concenfration was obtained by
diluting the stock sohrions in an externsl soluton prior to application

3.2.4 Dam Analysis

The concenTation—Tesponse data were fit to a logstc model:

I= L[] + (ECTAL™] (I
whare [A] is the azomist concentration I is the current, and L., is the maxivomm omrent ECs; 1= the
concenmation of dmgz that elicdis a half-mecnmm responze. and nH iz the Hill coefficiens.
Experimental data were reported as = SEM. and n represents the mmaber of cells usad The unpained
Siudent’s t-test was applied to data obtained fom two different groups of cells. Coe-way ANOVA and
the Bonfermoni tests were used to compare mmltple means. The two-tmiled P valoes of 0005 or less
were considered to be statistically sigmificamnt.

3.2.5. Theoretical Caloalations

Chiznnun chemics] caloulations of the DBETD: stuchires 2a—g i the gas phase were performed
using GATTSSIAN 03 [30] in comjonctien with density fimcionsl theory (DFT) caloulations. Geomsiry
optimization of the DETD: was followed by frequency calonlations performed at the BILYRG-311
+HHdp) level. Table 1 reports the cLog P, genemted using HyperChem of each optimized stmochore
obtzined from Gaassian V3.

4. Conclhasions

We described the preparation of novel DBTDs via 2 nitrens radical that insemed into the C on
the aromatic ring. Seven dedvatves la—g were generated and their effects oo GABA, peuronal
Teceptors were tested. It was showm, for the first tme that DETDs inhibited I;.p, o a time- and
ConcenTation-dependent manmsr,

The DETDs displayed an mhibitory effect on the GABA, channe]l of noyenteric neurons, snd this
Antagonisn was non-conpetdtve indicating that it does not bind to the GABA recepior and their efect
is likely allestenic. Inhibiton was mediated by an exdracellulsr binding site that was most likely not in
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the mouth of the channe] and therefors, it is umlikaly that this effect is medisted by channel blockage
Their effect was also independent of the benzodiarepine binding site The DETDE described here
could be used as 3 model 1o explore new GABA, receptor inhibitors with 8 potential o be used as
anfidotes for substances known to positively modulate (ABA . channel activity or as a new dmzs oo
indure experimental epilepsy. These compommds sppear to bind on & different cite than picroboxin:
therefore, they coald be used alone or in combination with picroteedn. Puire expeniments will be
aimed to molecularly identafy DETD: bindine sites on GABA . receptors.
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Whole-cell patch clamp recordings were used to characterise the pl

erties of P2X receptors of mouse and guinea pig myenteric neu rol

imdiead 2 ranid fmeacd eneeant dn O5Y af ecocaedad sanran
INGUOCG a Tapic inwara Cuiment in Yo% OF TeC0TGea nourons o

at — 60 mV. Concentration-response curves for ATP [1-3000 pM) yielded ECsg values of 114 and 115 pM for
mouse and guinea pig myenteric neurons, respectively, with a Hill coefficient value of 1.02 and 0.79, re-
spectively, which were not significantly different of unity. o 3-methylene ATP [ 100 uM) was virtually inactive
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f;’;‘e‘”n‘;:fc seuron in hoth species. Pyridoxalphophate-6-azophenyl-2’ 4'-disulphonic acid (0.01-30 uM) inhibited the ATP-
P2X receptor induced currents (lare) with a different potency; being the IC5; 0.6 and 1.8 pM in mouse and guinea pig,

respectively. In mouse myenteric neurons, [y were inhibited by suramin whereas in guinea pig neurons we
observed two effects, potentiation and inhibition of these currents. On guinea pig, both effects of suramin had

Enteric neuron
Gastrointestinal tract

ATP different recovering kinetics and concentration dependency, indicating that they are mediated by at least two

Suramin difforent hindine sites. Dur ghservations indicate that myenteric D2Y ragcentors in these hwo snecies e
g sites. Our observations indicate that myenteric P2X receptors in these two species have

PPADS different pharmacological properties.

(mouse) J—— s mar sy sow '

P . Lk AU EISEVIED B.V. All TIZNTS reserved.

(guinea pig)

1. Introduction

P2X receptors are a family of ionotropic cation channels, activated
by extracellular adenosine 5'-triphosphate (ATP), To date, seven P2X
subunits have been cloned (P2X,_;), and the subunits may assemble as
trimers to form functional P2X receptors (Torres et al., 1999). All P2X
subunits, except P2X6, have been reported to form functional homo-
meric receptors and all of them can combine with others to form
heteromeric functional receptors with an unknown stoichiometry but
with specific biophysical and pharmacological properties (Bo et al.,
1995; Brake et al., 1994; Chen et al, 1995; Surprenant et al., 1995;
Valera et al., 1954). These properiies, defined in heterologous
expression systems, are helpful to propose putative subunit com-
binations of P2X native receptors of a given tissue. However, phar-
macological profiles of these recombinant P2X receptors do not always
match those of the endogenous P2X receptors, thus it is plausible that
some native receptors are hetero-multimeric channels composed of

Abbreviations: ce,[+=meATP, o =-methylene ATP; lyrp, ATP-induced currents; PPADS,
Pyridoxalphophate-G-azophenyl-2".4'-disulphonic acid.

* Corresponding author. Instituto Potosino de Investigacion Cientifica y Tecnoldgica
(IPICYT), Camino a la Presa San José 2055, Col. Lomas 4a Seccidn, SLP, SLP, CP78216,
Mexico. Tel.: +52 444 834 2000x2033; fax: +52 444 834 2010,

E-mail address: charajas@ipicytedumx (C. Barajas-Lopez).
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different P2X subunits or different subtypes of subunits produced by
alternative splicing (Evans et al,, 1995; North, 2002).

Experimental evidence for the existence of at least three different
P2X subunits has been found in myenteric neurons of the guinea pig
small intestine. Thus, immunoreactivity has been shown for P2X,
(Castelucci et al., 2002}, P2X5, (Poole et al., 2002; Van Nassauw et al.,
2002) and P2X; subunits (Hu et al, 2001). In murine myenteric

maneane frmmnnmarasctiviteg fae DY MDam aral 300020 DIV aed DY
RCUTCHS, IMMNUNGIeatuvity (O reaz (nll OU dl, 2avv3 ), rang dllli raAs

(Ruan and Burnstock, 2005) has been demonstrated. Lack of inmuno-
reactivity for P2Xq, P2X4nor P2Xg subunits has been reported in mouse
(Ruan and Burnstock, 2005) and guinea pig (Huetal., 2001) myenteric
neurons.

There are controversial findings regarding the pharmacological
properties of myenteric P2X receptors, which could reflect the exis-
tence of different receptor subtypes and interspecies differences. For
instance, suramin, an antagonist for many P2X receptors was reported
to potentiate (Barajas-Lopez et al., 1993, 1996a), to inhibit (Galligan
and Bertrand, 1994), or have not effect (Glushakow et al., 1998) on
responses mediated by myenteric P2X receptors of guinea pig small
intestine. A more recent study, reports that suramin can both poten-
tiate and inhibit these receptors in these neurons (Hu et al., 2001).
In rat myenteric neurons, the inhibitory effect of suramin on P2X re-
ceptors has been the only described effect (Ohta et al., 2005). There-
fore, we carried out a comparative study in murine and guinea pig
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