British Journal of Pharmacology (2001) 134, 1523-1531

© 2001 Nature Publishing Group Al rights reserved 0007-1188/01 $15.00 @

www.nature.com/bjp

Increased rigidity of the chiral centre of tocainide favours
stereoselectivity and use-dependent block of skeletal muscle Na™
channels enhancing the antimyotonic activity in vivo
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1 Searching for the structural requirements improving the potency and the stereoselectivity of Na™
channel blockers as antimyotonic agents, new derivatives of tocainide, in which the chiral carbon
atom is constrained in a rigid o-proline or pyrrolo-imidazolic cycle, were synthesized as pure
enantiomers.

2 Their ability to block Na* currents, elicited from —100 to —20 mV at 0.3 Hz (tonic block) and
2—10 Hz (use-dependent block) frequencies, was investigated in vitro on single fibres of frog
semitendinosus muscle using the vaseline-gap voltage-clamp method.

3 The a-proline derivative, To5, was 5 and 21 fold more potent than tocainide in producing tonic
and 10 Hz-use-dependent block, respectively. Compared to ToS5, the presence of one methyl group
on the aminic (To6) or amidic (To7) nitrogen atom decreased use-dependence by 2- and 6-times,
respectively. When methylene moieties were present on both nitrogen atoms (To8), both tonic and
use-dependent block were reduced.

4 Contrarily to tocainide, all proline derivatives were stercoselective in relation to an increased
rigidity. A further increase in the molecular rigidity as in pyrrolo-imidazolic derivatives markedly
decreased the drug potency with respect to tocainide.

5 Antimyotonic activity, evaluated as the shortening of the time of righting reflexes of myotonic
adr/adr mice upon acute drug in vivo administration was 3 fold more effective for R-To5 than for R-
Tocainide.

6 Thus, constraining the chiral centre of tocainide in a-proline cycle leads to more potent and

stereoselective use-dependent Na* channel blockers with improved therapeutic potential.
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Introduction

Tocainide is an orally effective lidocaine derivative, able to
block the voltage-gated Na™ channels in a use-dependent
manner, a feature that enhances its potency in situations of
prolonged depolarization and/or excessive firing of action
potentials with respect to a physiological excitability
(Catterall 1987; De Luca et al., 1997b; Conte Camerino et
al., 2000). Thus, tocainide is actually among the few drugs
clinically used for the symptomatic treatment of hyperexcit-
ability of myotonic syndromes, hereditary disorders of
skeletal muscle due to genetic mutations on either sodium
or chloride channel genes (Streib, 1986; Kwiecinski et al.,
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1992, Riidel et al., 1994; Lehmann-Horn & Riidel, 1996;
Cannon, 1997; Ptacek, 1998). However, its clinical use
presents some disadvantages, due to the high doses required
for its antimyotonic effectiveness with the risk of a greater
incidence of serious side effects, especially at the cardiac,
haematopoietic and central nervous system levels (Roden &
Woosley, 1986; Puniani & Bertorini, 1991; Riidel et al., 1994).

The use-dependent inhibition of Na* channels by tocainide
and other local anaesthetic (LA) drugs relies on the higher
affinity of these drugs for their receptor site on the a-subunit of
the channel when this latter is open and/or inactivated, and to a
slow recovery from inactivation of the drug-bound channels
during membrane repolarization (Catterall 1987; De Luca et
al., 1997a). At the resting state, the LA interacts with its
presumed receptor through hydrophobic interactions with two
aromatic amino acid residues at the D4 —S6 segment (Ragsdale
et al., 1994; Wright et al., 1998). Gating movements due to the
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channel opening may then allow further drug interactions with
other residues in the pore that could stabilize the drug-bound
channel in an inactivated state (Wang et al., 2000; Yarov-
Yarovoy et al., 2001). Furthermore, a site in D1—-S6 segment
would also be involved in determining the drug stereoselectivity
(Nau et al., 1999). This feature is important because tocainide
and mexiletine, another LA-like compound, have a chiral
carbon atom that contributes to the potency and the
stereoselectivity of the drug (Tricarico et al., 1991; De Luca
et al., 1997a; 2000; Desaphy et al., 1999). In particular, we
found that the introduction of an aromatic lipophilic group on
the chiral centre of mexiletine highly increases the drug potency
suggesting the establishment of a strong two-points interaction
with the two hydrophobic pockets of the receptor in D4—S6
segment (Wright et al, 1998; De Luca et al., 2000).
Furthermore, the nature of the group on the stereogenic centre
is important for the drug stereoselectivity because the
introduction of an unbending lipophilic group such as the
isopropyl one enhanced the stereoselectivity, likely due to the
occurrence of a three-points interaction of this more rigid
structure with the receptor (De Luca et al., 1997a; 2000). In
agreement with previous data, we confirmed that a higher
basicity in the molecule determines a greater use-dependent
behaviour (De Luca et al., 1997a).

To go further in the study of the structure-activity
relationship and to better evaluate the role of the chiral
centre in the potency and/or stereoselectivity of drug for
blocking Na™ channels, the effects of the pure enantiomers of
a new derivative of tocainide, in which the asymmetric
carbon atom is constrained in a rigid a-proline cycle (ToS5,
Figure 1) were evaluated on Na® currents of native frog
skeletal muscle fibres. In addition, by introducing methyl

groups on one or both of the nitrogen atoms of the proline
derivative (as in To6, To7 and To8, Figure 1) or by
constraining the chiral centre in a pyrrolo-imidazolic cycle
(To3 and To4, Figure 1), we have investigated whether a
further decrease in the ability of the molecule to transit
through various conformations could modify the drug
potency and/or stereoselectivity, and consequently the
interaction with the receptor. The results indicate that
constraining the stereogenic centre in a o-proline cycle, as
in ToS5, highly improves potency, stereoselectivity and use-
dependent behaviour of Na™ channel blockers. Accordingly,
an acute in vivo administration of tocainide and ToS5 in
myotonic adr/adr mice showed that To5 was 3 fold more
effective than its parent compound in decreasing the time of
righting reflex of myotonic mice. On the basis of these data,
we can conclude that the newly synthesized proline derivative
of tocainide, To5, may be considered as a potential
therapeutic agent in the treatment of myotonic syndromes.

Methods
Fibre preparation and voltage clamp apparatus

Segments of undamaged single muscle fibres (about 1 cm in
length) were obtained by microsurgery (plucking procedure)
from the ventral branch of the semitendinosus muscle of Rana
Esculenta bathed in normal physiological solution at room
temperature. The cut-end fibre was then superfused with an
internal solution and mounted across three chamber parti-
tions, which delineated the four pools. Three strips of
vaseline were applied over the fibre and carefully sealed to
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Figure 1 Chemical structure of tocainide and its newly synthesized a-proline and pyrrolo-imidazolic analogues.
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the fibre to reduce leakage. The width of the gaps of the
central pools (A and B) had been previously set to 70—
100 um and 200 uM, respectively. Four KCl/agar bridges
electrodes connected the recording chamber to the voltage
clamp amplifier based on methods described by Hille &
Campbell (1976) and detailed elsewhere (De Luca et al., 1995;
1997a). When the solution level was lowered below the
vaseline strips, the four pools were physically and electrically
independent from each other: this was confirmed by verifying
that no leak current was flowing upon increasing the
amplifier gain. Then the solution in the pool A was replaced
with the external solution and after about 10 min of
equilibration the recordings were performed at 10°C. The
usual holding potential (h.p.) was —100 mV.

Sodium currents were recorded using an amplifier con-
nected via a A/D and D/A Digidata 1200 Interface (Axon
Instruments, Foster City, CA., U.S.A.) to a 486 DX2/66
personal computer and stored on the hard disk. The
stimulation protocols and data acquisition were driven by
the Clampex program (pClamp6 software package; Axon
Instruments). The currents flowing in response to depolariz-
ing command voltages were low pass filtered at 10 kHz
(Frequency Devices, U.S.A.), visualized on an oscilloscope
and sampled at 20 kHz. When necessary, leak and capacities
currents were subtracted by P/4 method. The acquired traces
were analysed later using Clampfit program (pClamp6
software package; Axon Instruments).

Drugs and solutions

The following solutions (mM) were used: Normal physiolo-
gical solution: NaCl 115, KCI 2.5, CaCl, 1.8, Na,HPO, 2.15,
NaH,PO, 0.85; External solution: NaCl 77, Choline-Cl 38,
KCl 2.5, CaCl, 1.8, Na,HPO,4 2.15, NaH,PO4 0.85; Internal
solution: CsF 105, MOPS 5, MgSO4 2, EGTA 5, Na,ATP
0.55. The pH was adjusted at 7.2 with a standard NaOH
concentrated (5N) solution.

The compounds tested and shown in Figure 1 were
Tocainide; Proline derivatives: N-[(2,6-dimethylphenyl)-2-pyr-
rolidinecarboxamide, To5; N-[(2,6-dimethylphenyl)-1-methyl-
2-pyrrolidinecarboxamide, To6; N-[(2,6-dimethylphenyl)-N-
methyl-2-pyrrolidinecarboxamide, To7; N-[(2,6-dimethylphe-
nyl)-N, 1-dimethyl-2-pyrrolidinecarboxamide, To8; Pyrrolo-
imidazolic derivatives: 2-(2,6-dimethylphenyl)-hexahydro-1H-
pyrrolo[1.2-climidazol-1-one, To3; 2-(2-methyl-4-chorophe-
nyl)-hexahydro-1H-pyrrolo[1.2-c]limidazol-1-one, To4. All the
compounds were prepared in our laboratories, as pure or highly
enriched enantiomeric forms (enantiomeric purity ~93%), as
hydrochloride or hydroiodide salts according to procedures
described in details elsewhere (Loughhead et al., 1999;
Franchini et al., 2000). Stock solutions were prepared by
dissolving the compounds in external solution, that for To4
contained DMSO (<1%). DMSO, at the highest final
concentration used (0.2%), was without effect on the
parameters recorded. All other chemicals used were of
analytical grade and obtained from Sigma Chemical Company
(St. Louis, MO, U.S.A.).

Pulse protocols

The curves describing the voltage dependence of sodium
current (I-V curve; not shown) were constructed with a cycle

of 10 ms test pulses from the h.p. of —100 mV to increasing
potentials (from —70 to +75 mV). The intervals between
each test pulse were long enough (~3 s) to allow complete
recovery of sodium channel from inactivation. The exact
value of membrane potential at which Iy, peaked its
maximum (Inamax), Calculated from the I-V curves, was
—37.6+0.6 mV (n=62). Thus, the test pulse used for
evaluating tonic block exerted by each test compound (see
below) was —20 mV since this membrane potential value is
in the linear part of the I-V curve, when the dynamic
process of activation is complete. At —140 mV all the
channels are virtually in the resting ‘activatable’ state, and the
I\, reaches its maximal value. No difference in peak Iy, was
observed when the h.p. was —100 mV, suggesting that at this
potential the channels are mostly in the resting state. Thus
the drug-induced reduction of peak Iy, at —100 mV was
considered mostly as tonic block (block of the channel in the
resting state). The use-dependent behaviour of each com-
pound was evaluated with 30 s trains of test pulses from the
h.p. of —100 to —20 mV at the frequency of 2 and 10 Hz.
With this protocol in the presence, but not in the absence, of
use-dependent compounds a further reduction in peak In,
over the tonic block was observed, that progressively
cumulated until a new equilibrium was reached. The value
of the current at the equilibrium normalized with respect to
the current in the absence of drug was used to calculate the
potency of the drug for blocking the channels under
conditions of excessive stimulation (e.g. high-frequency
firing). Steady-state inactivation (h,,) curves were determined
by cyclic protocol of pulse sequences. Each sequence
consisted of a conditioning pulse to —140 mV for 500 ms
(to have most of the sodium channels in the ‘activatable’
state), a prepulse of variable potential of either 50 or 1000 ms
duration and the 10 ms test pulse to —20 mV; after a pause
of 1 s the sequence was cyclically repeated 18 —20 times with
the prepulse potential value increased each time by 5 mV
steps (De Luca et al., 1995; 1997a).

The data were expressed as mean +standard error of the
mean (s.e.mean) and statistical significance of differences
between mean values has been estimated by unpaired
Student’s #-test. The estimates of s.e.mean of normalized
Iy, values have been obtained as described previously (De
Luca et al., 1995). Molar concentrations of the drugs tested
producing a 50% block of Iy, (ICsy) were determined by
using a non-linear least squares fit of the concentration-
response curves to the following logistic equation: Ef-
fect=—100/{1 + (K/[drug])"}, where Effect is the per cent
change of Iy,, — 100 is the maximal per cent block of In,, K
is the ICso, n is the logistic slope factor, and [drug] is the
molar concentration of the compound. The hy, curves have
been fitted with a single Boltzmann distribution and the
potential at which 50% of the sodium channels were
inactivated (Vh;;;) was calculated at the inflection point of
the curves (De Luca et al., 1991).

Conformational study

A systematic conformational search on tocainide and its
proline derivatives (ToS, To6, To7, To8) was performed by
using the semi-empirical AMI1 method of -calculation
implemented in PC Spartan Pro (Wavefunction Inc.) (Dewar
et al., 1985). For each compound, clusters of conformations
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were located in the range of 3 Kcal/mol from global
minimum, on the basis of the values presented by the
dihedral related to the bond connecting the pyrrolidine ring
to the xylylamino carbonyl moiety (N1-C2-CO-O). Two
conformers were considered as belonging to the same cluster
when they shared the same amide configuration (E/Z) and the
respective dihedrals differed by no more than 5°. Rotatable
bonds were varied in increments of 60°. The amide bond was
assumed to be planar or near planar and it was allowed to
vary in increments of 180°. For each compound, the number
of conformer clusters was plotted against the eudismic ratio,
evaluated as [ICsq distomer/ICsy eutomer], for the tonic block
and the points were fitted by using a linear regression
correlation.

In vivo studies

Two-month-old myotonic adr/adr mice were used in this
study. The tested drugs (tocainide and ToS5) were injected
subcutaneously and their effects were evaluated on the
righting reflex time of the mice (TRR), the time the mouse
needed to right itself on the four legs after it was turned on
its back, monitored at various intervals after the drug
administration (30 s, 1 h, 2 h, 3 h and 4 h). At each time,
five measurements were taken from each mouse and the
maximum value (t) recorded was used for statistical analysis.
The drug effect was estimated as the ability of the tested
compound to shorten the TRR with respect to the TRR
before the administration.

Results

Tonic and use-dependent block of Na™ channels by
tocainide derivatives

Constraining the stereogenic centre in a rigid o-proline
cycle, as in To5 derivative, caused a marked increase in the
potency for producing both tonic and use-dependent block
of Iy, (elicited with test pulses from —100 to —20 mV at
0.3 Hz and 2-10 Hz frequencies, respectively) with respect
to tocainide. Indeed, as illustrated in Figure 2, 100 um of
R-To5 produced a tonic block (47.9+8.7%, n=6) compar-
able to that observed with 500 um of R-tocainide
(42.6+4.2%, n=38). The higher potency of R-To5 versus
R-tocainide was more evident during the stimulation at
10 Hz (Figure 2). Consequently, the concentration-response
curves of R-To5 for both tonic and use-dependent block
were shifted to the left with respect to those of R-tocainide
(Figure 3A.B). As shown in Table 1, the concentrations of
test compounds for the half-maximal block of Iy, (ICs
values) decreased upon increase of stimulation frequency.
The ICso values of To5 for tonic and 10 Hz-use-dependent
blocks were 5 and 21 fold lower than those of R-tocainide,
respectively.

It is noteworthy that under the present experimental
conditions, tocainide showed almost no stereoselectivity for
both tonic and use-dependent block, as can be seen in Figure
3, in which the dose-response curves of R- and S-enantiomers
of tocainide are almost overlapping. By contrast, the R-
enantiomer of To5 was more potent than the S-one and the
eudismic ratio [ICso distomer/ICs, eutomer] increased with

500 pM R-Toc

a-proline derivatives

100 pM R-To5 100 uM S-Tob
] J
1 A
1ms 1A
1ms
100 pM S-To8
100 pM S-To7
J !
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Figure 2 Na' current transients recorded by the three vaseline gap
voltage-clamp method from single fibres of frog semitendinosus
muscle in the absence and presence of eutomers of tocainide (Toc)
and of its proline-like derivatives without methyl groups (To5), with
a methyl on the aminic (To6) or amidic (To7) nitrogen atom and
with methylene moieties on both nitrogen atoms (To8). In particular,
the effects produced by 500 um of R-Toc were compared to those
obtained in the presence of 100 um of R-To5, S-To6, S-To7, and S-
To8. In each group of traces, the control current (in the absence of
drug) is the greatest one obtained with single depolarizing pulses
from —100 to —20 mV for 10 ms. A similar depolarizing stimulus
elicited around 10 min after the application of each compound
allowed to estimate the tonic block exerted by the drug. Afterwards,
the depolarizing stimulus was repetitively applied at a 10-Hz
frequency for 20-30 s, producing a cumulative block over the tonic
one due to a use-dependent behaviour, until a new equilibrium was
reached. The smallest traces correspond to the residual current at the
end of the 10 Hz stimulation protocol.

the stimulation frequency, being 2, 2.8 and 3.4 for the tonic,
2 Hz- and 10 Hz-use-dependent blocks, respectively (Table
1). The stereoselectivity was maintained or even enhanced
when the structure was made more rigid with the introduc-
tion of methylene moieties on one or both nitrogen atoms of
the proline derivatives, as in To6, To7 and ToS8 (Figure 1 and
Table 1). For these compounds, the S-enantiomers were more
potent than the R-ones (Table 1). To verify if the increase in
stereoselectivity was correlated with an increase in molecular
rigidity, for each test compound, we plotted the eudismic
ratio for the tonic block versus the number of conformer
clusters evaluated by the semi-empirical AM1 method. As
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Figure 3 Concentration-response curves for tonic (A) and 10 Hz-use-dependent block (B) of Na" currents obtained with R- and
S- enantiomers of tocainide and its o-proline derivative, ToS5. The amount of block was calculated in conditions of single
depolarizing 10-ms pulses from —100 to —20 mV (tonic block, A) or after 20—-30 s of a 10-Hz train of similar pulses (use-
dependent block, B). Each point shows the per cent block of /N, max Observed in the presence of each concentration of drugs versus
INamax 10 the absence of drug in the same fibre and is the mean +s.e.mean from 4-6 fibres. The curves fitting the experimental
points were obtained using the logistic function described in Methods.

Table 1 Concentrations for half-maximal tonic and use-dependent block of sodium currents by tocainide and its analogues

Compound Tonic block
R-Toc 580.7+£37.9
S-Toc 503.84+32.8
o-Proline derivatives
R-To5 116.3+5.8
S-To5 229.6+16.2
R-To6 249.4+432.7
S-To6 107.2+8.1
R-To7 341.6+34.2
S-To7 104.6+2.6
R-To8 ~1000
S-To8 285.4+8.5
Pyrrolo-imidazolic derivatives
R-To3 ~ 1000
R-To4 > 1000

Use-dependent block

2 Hz 10 Hz
380.0+7.0 273.3+23.3
302.0+7.0 223.74+42.0

26.4+3.9 12.9+0.7
75.4+10.3 44.6+5.2
179.84+25.6 67.2+11.6
72.0+8.6 28.0+3.5
272.1+26.4 217.84+16.5
103.34+3.0 67.4+0.9
> 500 ~500
230.3+16.9 197.7+3.6
> 500 ~500
> 1000 > 500

Concentrations able to produce half-maximal response (ICsy, in um) in producing a tonic block (calculated during infrequent
depolarizing stimulation from —100 to —20 mV) and a use-dependent block calculated by using trains of depolarizing pulses at the
frequency of 2 Hz and 10 Hz. The ICs, values have been obtained during non-linear least squares fit of the concentration-response data

to the logistic equation described in Methods.

shown in Figure 4, the points were highly correlated with a
correlation coefficient 1?=0.860 (P <0.05).

The S-To6 and S-To7 derivatives, in which one methyl
group is introduced, produced a tonic block similar to that
induced by R-To5; however, they were less effective in
producing the use-dependent block (Figure 2 and Table 1). In
fact, the dose-response curves of the methylated derivatives,
S-To6 and S-To7, for the 10 Hz-use-dependent block were
shifted to the right with respect to that of R-To5 (Figure 5).
S-To7, having the methyl group on the amidic nitrogen, was
even less use-dependent than S-To6, in which the methylene
moiety is on the aminic nitrogen. The drug use-dependent
behaviour could be appreciated by calculating the ratio [ICsq
tonic block/ICsy 10 Hz-use-dependent block]. This ratio was

4 and 1.5 for S-To6 and S-To7, respectively, these values
being strongly reduced with respect to that of R-To5 (around
9) (Table 1). When two methyl groups were introduced in the
proline derivative as in S-To8, both tonic and use-dependent
block were decreased with respect to those of R-To5 (Figure
2). Among the methylated proline derivatives, S-To8 is the
less potent for blocking sodium channels, particularly at high
frequency of stimulation (Figure 5 and Table 1). Indeed,
compared with R-To5, the tonic and the 10 Hz-use-
dependent block of S-To8 are reduced by a factor of 2.5
and 15 respectively (Table 1). The use-dependent behaviour
of S-To8, estimated by the ratio [ICsy tonic block/ICsg
10 Hz-use-dependent block] (around 1.5) is similar to that of
S-To7 (Table 1).

British Journal of Pharmacology vol 134 (7)
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Figure 4 Relationship between the eudismic ratio (ICsy distomer/
ICso eutomer) obtained for the tonic block and the number of
conformer clusters of tocainide and its proline derivatives. For each
test compound, the number of conformer clusters was evaluated by
using the semi-empirical AM1 method as described in Methods. For
each drug, clusters of conformations were located in the range of
3 Kcal/mol from global minimum, on the basis of the values
presented by the dihedral related to the bond connecting the
pyrrolidine ring to the xylylamino carbonyl moiety (N1-C2-CO-O).
The points were fitted by a linear regression equation, with r>=0.860
and P<0.05.
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Figure 5 Concentration-response curves for the 10 Hz-use-depen-
dent block of Iy, obtained with the eutomers of the proline
derivatives of tocainide, R-To5, S-To6, S-To7 and S-To8. The
amount of block was calculated after 20—30 s of a 10-Hz train of
single depolarizing 10-ms pulses from —100 to —20 mV. Each value
is the per cent block of Inamax Observed in the presence of each
concentration of drugs versus /namax in the absence of the drug in
the same fibre and is the mean-+s.e.mean from 4-6 fibres. The
curves fitting the experimental points were obtained using the logistic
function described in Methods.

The To3 and To4 derivatives in which the chiral centre of
tocainide is introduced in a pyrrolo-imidazolic cycle, more
rigid than the proline one, were only available as R-

dependent block were around twice higher than those of R-
tocainide and 10 to 50 fold higher than those of the proline
derivative (Table 1). The R-To4 analogue, containing a
chloride atom but with only a methyl moiety in the aromatic
ring in ‘ortho’ position, is even less potent in producing both
tonic and use-dependent block (Table 1).

Effect of tocainide derivatives on steady-state inactivation

Tocainide has been previously shown to shift the steady-state
inactivation curves (hoo curves) toward more negative
potentials in a manner dependent on the duration of the
depolarizing prepulse, implying a voltage- and time-depen-
dent reduction of the number of channels available for
opening, principally due to a preferential binding of this drug
to sodium channels in an inactivated state that, in turn,
explains the use-dependence of tocainide (Fakler et al., 1990;
Tricarico et al., 1991; De Luca et al., 1991, 1997a).

All proline and pyrrolo-imidazolic derivatives of tocainide
acted as inactivated Na™ channel blockers because they
shifted the hoo curves at 50 and 1000 ms prepulse duration
towards more negative potentials. As can be seen in Figure 6,
in which the effects of 100 and 300 um of R-To5 and of S-
To8 on hoo curves at 1000 ms prepulse are compared, the
shift was concentration-dependent. Furthermore, the left-shift
in the hoo curves produced by R-To5 was more pronounced
than that produced by S-To8 (Figure 6, Table 2), as expected
by taking into account the higher potency of R-ToS5.

Contrarily to tocainide, the proline derivatives showed a
certain stereoselective behaviour in shifting the hoo curves,
this feature being particularly evident at the 1000 ms prepulse
duration (Table 2). Furthermore, for the eutomers of proline
derivatives, the shift observed at 1000 ms was generally
greater than that at 50 ms (Table 2). For R-To5 and S-To6
derivatives, this difference was significant at a concentration
of 100 uM whereas the statistical significance was only
reached at 300 uM for S-To7 and was never observed with
S-To8. This could be due to the higher use-dependent
behaviour of R-To5 and S-To6 for blocking Na™ currents
(evaluated by the ratio (ICsy tonic block/ICsy 10 Hz-use-
dependent block)) with respect to that of S-To7 and S-To8
(Table 1).

Compared to tocainide, both pyrrolo-imidazolic deriva-
tives, R-To3 and R-To4 which are less potent for blocking
sodium channels are also less effective in shifting the steady-
state inactivation curves towards more negative potentials.
For example, at 1000 ms, 500 um of these derivatives
produced a shift in hoo curves similar to 300 uM of tocainide
(Table 2).

Effects of in vivo administration of tocainide and its
proline derivative, To5, on the time of righting reflex
(TRR) of myotonic adr|adr mice

The potency and the use-dependent behaviour of the Na*
channel blockers are two critical characteristics that are taken
into account in the search of new antimyotonic agents. Then,
regarding the results presented above, To5 may have a
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o Control, Vh1/2=-82.3£0.7 mV
® R-To5 100uM, Vh1/2=-90.7£0.3 mV
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Figure 6 Steady-state inactivation curves (hoo curves) constructed with a prepulse duration of 1000 ms and the effect of increasing
concentration of R-To5 (A) and S-To8 (B). At each membrane potential is shown the current amplitude normalized to the Inamax
value obtained at —140 mV. Because certain variability exists between controls, the effect of each drug has been compared to the
control hoo curves recorded in the same experiments. Each point is the mean +s.e.mean of 3—6 experiments. Curves were fitted by a
single Boltzmann distribution as described in Methods that allowed to calculate the Vh; ), value of membrane potential at which

50% of channels are inactivated.

Table 2 Effects of new proline and pyrroloimidazolic derivatives of tocainide on the steady-state inactivation curves (hoo) of sodium

channels
Compound Concentration (uM)  n  AVhy5, 50 ms prepulse (mV)  AVh,, 1000 ms prepulse (mV)
R-Toc 300 7 6.1+1.2 9.6+1.1
S-Toc 300 5.6+1.2 9.8+1.7
o-Proline derivatives
R-To5 100 4 4.1+1.1 8.8+1.1%
S-To5 100 3 7.2+0.2 6.2+0.2
R-To6 100 4 3.6+0.7 57+1.5
S-To6 100 3 3.6+0.6 8.7+0.7%
R-To7 300 4 6.6+0.6 6.0+0.9
S-To7 300 5 7.1+0.4 8.84+0.6*
R-To8 500 4 47+13 57+1.1
S-To8 500 2 9.3+1.5 10.1+1.8
Pyrrolo-imidazolic derivatives
R-To3 500 3 6.0+0.8 7.0+1.7
R-To4 500 3 1.5+1.1 9.54+2.1¢

The shift of steady-state inactivation curve produced by the drug (AVh;),) was calculated in each fibre as the differences at the inflection
point (Vh;control — Vhdrug) of the hoo curves obtained with 50 ms or 1000 ms prepulse. Each value is the mean +s.e. mean of the
individual shifts from 7 fibres. The mean values of V'h;, of hoo in the absence of drugs were —72.3 + 1.9 mV and —73.3+1.4 mV
(n=165) at 50 and 1000 ms, respectively. *Significantly different with respect to the related shift at 50 ms (P <0.05).

greater interesting therapeutic potential for the treatment of
myotonia with respect to tocainide. Consequently, we have
investigated the effects of ToS5 as a potential antimyotonic
agent by evaluating in vivo its ability to shorten the time of
righting reflex of myotonic adr/adr mouse, a phenotype with
a severe recessive form of chloride channel-related myotonia
(Gronemeier et al., 1994). The effect of this compound was
compared with that of tocainide.

When healthy mice were turned on their back, the time
needed to right themselves on the four legs (TRR) was
around 0.5+0.1 s (n=12) while the TRR of myotonic adr/

adr mice was 7.9+0.6s (n=12). Acute subcutaneous
administration to adr/adr mice of close-to-therapeutic doses
of tocainide (20 ug/g) significantly decreased the TRR, the
maximal reduction (57.6+6.4%, n=4), being reached at
around 30 min-1 h after the drug administration. Compar-
able effects on the TRR of adr/adr mice were observed
with 7 pg/g of R-ToS5 (55.9+4.1%, n=15) without manifest
side effects. By contrast, the administration of a saline
solution did not significantly modify the TRR of myotonic
mice (TRR=7.54+0.8s, n=3). Although a correlation
between the in vivo studies and in vitro experiments is
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difficult due to the specific pharmaco-kinetic profile of each
drug, the greater effectiveness in vivo of To5 with respect to
tocainide strongly relies on the higher potency and use-
dependent behaviour of the drug observed in the in vitro
experiments.

Discussion

In the present work, we show that constraining the
stereogenic centre of tocainide in a rigid proline-like cycle
represents an important structural requirement for improv-
ing the potency and the stereoselectivity of the drug for
blocking skeletal muscle Na® channels. Compared to
tocainide, the o-proline-like derivative, To5, always behaves
as an inactivated Na" channel blocker but it is 5 and 21
fold more potent in producing the tonic and the use-
dependent block of Na™ currents, respectively. With respect
to its parent compound, the proline derivative shows a
greater lipophilicity due to the proline cycle and a greater
basicity (a higher pKa value) due to the presence of a
secondary amine group. Since drugs are applied outside the
cell, a higher hydrophobicity favours the drug access to the
receptor site by diffusion through membrane while a greater
charged fraction of the drug in the cytoplasm, due to a
higher pKa value, has access to the receptor through the
hydrophilic pathway of the open channel. These results are
supported by our previous structure-activity studies with
mexiletine analogues showing that the drug potency is
strongly correlated with a high lipophilicity of the group
on the chiral carbon atom while a greater basicity in the
drug is pivotal for a higher use-dependent block (De Luca et
al., 1997a; 2000; Desaphy et al., 1999). A higher drug
lipophilicity and basicity are also critical features for a
stronger drug interaction to its presumed receptor site in the
D4-S6 segment of a-subunit. This latter has hydrophobic
pockets formed by the presence of two aromatic amino acids
lining the pore, Tyr and Phe, that could interact with the
aromatic ring and the ionisable amino group of LA drugs,
respectively (Ragsdale et al., 1994; 1996; Wright et al., 1998;
Li et al, 1999). Due to the close position of the amino
group to the asymmetric carbon atom, it is likely that
constraining both of them in a lipophilic moiety, such as a
proline-like cycle, could allow the establishment of a strong
n-m or cation-z interaction of this part of the drug with the
aromatic residue Phe, similarly to what previously observed
with lipophilic mexiletine derivatives (Desaphy et al., 1999;
De Luca et al., 2000). This, along with the higher basicity,
can explain the higher potency of To5, particularly evident
during the use-dependent block of sodium currents.
Compared to To9, the introduction of a methylene group
on either the aminic or amidic nitrogen atom, as in To6 and
To7, respectively, induced a decrease in the use-dependent
behaviour of drug without significantly affecting its ability to
block the resting channels. By contrast, the introduction of a
methyl group on both aminic and amidic nitrogen atoms, as
in S-To8, strongly reduced the drug potency for both tonic
and use-dependent block of sodium channel. Concerning the
To6 derivative, the presence of a methyl group on the aminic
nitrogen atom could induce little changes in the planarity
and/or the rigidity of the molecule that could lead to little or
no modification in the interactions between the proline cycle

and the receptor sites. With regard to the derivatives S-To7
and S-To8, the presence of methylene moieties on the amidic
nitrogen atom could distort the planar amidic link geometry,
enhance the rigidity of the molecule and then destabilize the
drug binding to the receptor, especially during the use-
dependent block. This presumed relationship between the
rigidity and the potency of the drug is further supported by
the results obtained with the pyrrolo-imidazolic derivatives.
These latter, more rigid than the proline derivatives, were
even less potent than tocainide for both tonic and use-
dependent block of Na* channels.

According to this view, the proline-like derivatives are
more stereoselective than tocainide. The structural require-
ments for the drug stereoselectively blocking Na™ channels
are not yet well-known. However, Nau et al. (1999) have
proposed that a third site of LA interaction in D1-S6
segment of o- subunit of skeletal Na™ channel could be
involved in the drug stereoselectivity. It is possible to
hypothesise that the proline derivatives, owing to their
conformational constraint, would be able to establish such a
third-point interaction, rising then a stereoselective beha-
viour. In fact, a conformational search by semi-empirical
methods on tocainide and its proline derivatives gave a
number of conformers, in the range of 3 kcal/mol from the
lower energy conformation, that strongly correlated with the
drug stereoselectivity (Figure 4).

A useful animal model for studying the potential
antimyotonic effects of LA-like drugs is the adr/adr mouse
that is characterized by a severe myotonic state due to a
missense mutation on the skeletal muscle chloride channel
gene. As a result, the macroscopic chloride conductance
(gCl), the parameter that ensures the electrical stability of
sarcolemma under resting conditions (Adrian & Bryant,
1974) is dramatically lowered, leading to a pathological
hyperexcitability. Then, in myotonic adr/adr mice, the
muscles spontaneously generate trains of action potentials
triggering involuntary spasms, a clinical phenotype very
similar to that of Na™ channel-related myotonic syndromes
(Cannon, 1996; Cooper & Jan, 1999). Consequently, the adr/
adr mouse model is useful to test in vivo and/or in vitro
drugs potentially able to reduce the clinical symptoms of
myotonic syndromes. Accordingly, in a previous work, we
have demonstrated a correlation between the potency of
mexiletine and some related compounds for blocking
voltage-gated Na® channels and their ability in vitro to
solve the abnormal hyperexcitability of intercostal muscle
fibers of myotonic adr/adr mice (De Luca et al., 1997b). In
the present study, we have taken a particular interest in the
evaluation of the in vivo effects of tocainide and its more
potent proline derivative, To5, on a peculiar myotonic sign
of adr/adr phenotype, the abnormally increased time of
righting reflex. Indeed, compared to healthy mice, the time
of righting reflex of myotonic adr/adr mice was around 15
fold longer, probably due to the delayed relaxation caused
by the low gCl-induced potassium accumulation in the T-
tubules leading to the fibre depolarization (Cannon, 1996).
Both compounds reduced the righting reflex time of
myotonic adr/adr mice but To5, in line with its higher
Na™ channel blocking activity, was around 3 fold more
effective than tocainide. The stronger effectiveness of ToS5 in
vitro versus in vivo may be related to specific pharmaco-
kinetic aspects of each tested compound.

British Journal of Pharmacology vol 134 (7)



S. Talon et al

Na* channel block by proline tocainide derivatives 1531

Taken together, the present results indicate that the
presence of a proline-like cycle at the asymmetric centre
level of Na™ channel blockers could represent an important
structural requirement leading to more potent and stereo-
selective use-dependent drugs with an improved therapeutic
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