














Selectivity of ML204 inhibition of non-TRPC channels was
determined using a combination of electrophysiological and
fluorescent assays. ML204 at 10 �M caused no significant inhi-
bition (	20%) of TRPV1 channels activated by the addition of
30 nM capsaicin and at 30 �M no significant inhibition (10%
change) of KCNQ2 potassium channels in automated electro-
physiological experiments (not shown).
The effects of ML204 on a panel of TRP channels were eval-

uated using FlexStation assays monitoring changes in fluores-
cent intensity due to changes in [Ca2�]imeasuredwith Fluo4. A
series of ML204 concentrations, up to 22.2 �M, caused no inhi-
bition of the responses of TRPA1, TRPM8, TRPV1, or TRPV3
to corresponding agonists. High concentrations of ML204
caused very weak and slow activation of TRPA1 (supplemental
Fig. S1).
Effects of ML204 on voltage-gated sodium, potassium, and

calcium channels were evaluated using whole-cell voltage
clamp recordings from neurons isolated from mouse dorsal
root ganglia. ML204 at 10 �M exhibited no significant inhibi-
tion (	10%) of these currents (supplemental Fig. S2). Individ-
ual current recordings and I-V relations in the presence of

ML204 were identical with control recordings from the same
cells.
ML204 was also examined in broad profiling studies. ML204

was tested in 397 assays listed in PubChem and was active in
only one assay (cycloheximide counter screen for small mole-
cule inhibitors of Shiga toxin, AID 2314) that is not TRPC4-
based. Furthermore, ML204 was tested at Ricerca’s (formerly
MDS Pharma’s) Lead Profiling Screen (binding assay panel of
68 GPCRs, ion channels, and transporters screened at 10 �M)
and was found to not significantly interact with 61 of the 68
assays conducted (with the criterion of no inhibition of radioli-
gand binding greater than 50% at 10�M).ML204 did have activ-
ity against several targets (Table 2); however, it should be
pointed out that these are only single-point values and that
functional selectivity may differ from binding study results.
ML204 Blocks Muscarinic Receptor-activated Cation Chan-

nels in Intestinal Smooth Muscle Cells—The relatively high
selectivity for TRPC4 suggests that ML204 would be effective
on the native channels. It has been previously shown that
TRPC4 and TRPC6 channels mediate the mICAT in intestinal
smooth muscle cells, with TRPC4 being the major component,
accounting for 80% of mICAT in mouse ileal myocytes (17). To
test if ML204 single smooth muscle myocytes inhibits endoge-
nous TRPC4 channels, mICAT was activated in freshly isolated
from guinea pig ileum either with bath application of carbachol
(100 �M; peak current density was �8.3 � 2.3 pA/pF at �40
mV,n� 9) (Fig. 5A) or intracellular infusion ofGTP�S (200�M,
peak current density was�9.7� 1.2 pA/pF at�40mV, n� 10)
(Fig. 5B). Application of ML204 (10 �M) significantly blocked
the carbachol-evoked currents by 86� 2% (n� 9) and GTP�S-
induced current by 65 � 4% (n � 10) (Fig. 5C). Less than com-
plete block is in part due to co-activation of ML204-insensitive
TRPC6 channels in this functional assay (17). The level of inhi-
bition is consistent with the data from knock-out mice (see
“Discussion”). Hence, this result supports use of ML204 as a
specific TRPC4 probe in native tissues.
SAR Studies—Analogues of ML204 were synthesized and/or

purchased to determine the components of ML204 that con-
tribute to inhibition of TRPC4� channels. Effects of com-
pounds on TRPC4� channels were analyzed using the fluores-
cent assay as shown in Fig. 1 and confirmed for a subset of
compounds using a QPatch electrophysiological assay. Selec-
tivity against block of ACh-induced TRPC6 channel response
was also performed using the fluorescent membrane potential
assay. The original hit (1) was resynthesized and confirmed at
0.96 �M against TRPC4 with �19-fold selectivity over ACh-
induced TRPC6 activation. The initial SAR surrounded modi-
fication of the left side (R-group) (Table 1 and Fig. 6). Themost
potent analogs were the original hit (piperidine), the five-mem-

TABLE 1
SAR of left- and right-hand portions of ML204 establishes the need for
small cycloalkyl substitution

aThe IC50 is the average of at least three independent titrations (mean � S.D.
Shown in the table) by automated electrophysiological recording.

b The IC50 is either the result of a group fit or a single dose titration.
c Compounds with 	50% inhibition at 20 �M were not further profiled for IC50
data indicated by nd.

TABLE 2
Ricerca profiling of ML204
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bered ring analog (2; 2.75 �M, �5.4-fold selectivity), and the
seven-membered ring analog (3; 1.50 �M, 9.7-fold selective).
The SAR around this scaffold was rather steep because substi-
tuted piperidine analogs were much less active (4 (5.3 �M) and
5 (12.6 �M)). The addition of heteroatoms was also not well
tolerated (morpholine,7 (�20�M) andpiperidine,6 (inactive)).
Substitutions with larger aryl groups were also not well toler-
ated. The diethyl amine (9; 5.2 �M) led to a �5-fold loss of
activity; however, methyl substitution on the pyrrolidine was
tolerated (13; 2.5�M), which was equipotent with the unsubsti-
tuted compound (see supplemental Tables S1 and S2 for full
SAR analysis).

Having established the most potent left-hand substituents
(piperazine, pyrrolidine, and homopiperazine), a library syn-
thesis of these compounds was initiated (3 � 8) in order to
further explore the quinoline portion of the molecule (Table 1
and Fig. 6). When varying the right side, the pyrrolidine analog
proved to bemore active than the piperidine (22 (5.8�M) versus
23 (1.5 �M), 26 (0.58 �M) versus 25 (�20 �M), and 29 (1.05 �M)
versus 28 (10.5�M)).Of note, 26was themost active compound
tested (0.58 �M); however, the compound is not as selective
(�7.3-fold) against ACh-induced TRPC6 activation compared
with 1. Substitution is not tolerated in the 4-position of the
quinoline ring or the 8-position. In addition, removal of the
phenyl ring of the quinoline (pyridine or pyrimidine) is also not
tolerated. Substitution of the 6-position is tolerated for some
compounds. For example, ethyl substitution is not tolerated
when R is piperidine (1 versus 25); however, ethyl substitution
enhances the potency when R is pyrrolidine (2 versus 26). We
have evaluated both portions of the primary hit (left-hand
amine substituent and the right-hand quinoline) and have
determined the SAR to be rather steep for this molecule. Small
cycloalkyl ring moieties are tolerated on the left-hand portion,
and very limited substitution is tolerated on the quinoline.

DISCUSSION

We report here the first potent and selective blocker for
TRPC4 channels, ML204, with apparent IC50 values of about 1
�M in fluorescent intracellular Ca2� assays and about 3 �M

in whole-cell voltage clamp experiments. ML204 blocked
TRPC4� activity induced through either Gi/o stimulation by
�-opioid, 5HT1A serotonin, and M2 muscarinic receptors or
Gq/11 stimulation by the endogenousM3-likemuscarinic recep-
tors. It also blocked TRPC4� channels activated by intracellu-
larly applied GTP�S or Ca2�, which bypass receptor stimula-
tion. These results point to a direct inhibitory effect of ML204
on TRPC4� channels, although effects on modulatory compo-
nents closely coupled to TRPC4� channels cannot be excluded.
Selectivity—ML204 exhibited some selectivity within the

TRPC subfamily of channels and higher selectivity against
other TRP channels and non-TRP channels. ML204 inhibited
TRPC5 channel currents activated through co-stimulation of
Gi/o and Gq/11 signaling by �-opioid and M3-like muscarinic
receptors. This result is not surprising, given the close similarity
between TRPC5 and TRPC4 channels. On the other hand, the
effects ofML204 onTRPC6 are uncertain. Inmembrane poten-
tial assays, the compound blocked carbachol-induced mem-
brane depolarization mediated by TRPC6 with an IC50 of �19
�M, and in whole-cell manual electrophysiological recordings,

FIGURE 5. Inhibition of endogenous mICAT) in intestinal smooth muscle
cells by ML204. A, effect of ML204 on carbachol (CCh)-induced mICAT. Left, time
course of the experiment showing mICAT development in response to 100 �M

CCh and reversible current inhibition by ML204 (10 �M). Current desensitization
prevents complete current recovery after drug wash-out. Vertical deflections on
the trace are caused by voltage ramps applied at 30-s intervals in order to meas-
ure steady-state I-V relationships. Right, mICAT I-V relationships measured in con-
trol (a), in the presence of ML204 (10 �M) (b), and after wash-out of ML204 (c) and
CCh (d), as denoted on the left. B, effect of ML204 on GTP�S-induced mICAT; similar
to A, but the current was induced by intracellular infusion of GTP�S (200 �M). The
arrow indicates the time of membrane break-through. HP, holding potential. C,
summary of ML204 on mICAT activated by either CCh (100 �M) or intracellular
infusion of GTP�S (200 �M). The mean current density (normalized as 1) immedi-
ately before ML204 application (holding potential of �40 mV) was �8.27 � 2.29
pA/pF (n � 9) and �9.71 � 1.18 pA/pF (n � 10) for CCh and GTP�S, respectively.
Error bars are plus or minus standard error.

FIGURE 6. SAR and lead optimization summary of ML204, 1. Shown is a summary of observed SAR of over 45 analogs synthesized examining all regions
of 1.
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10 �M ML204 inhibited carbachol-evoked TRPC6 currents in
cells co-expressing M5 muscarinic receptors by about 40%.
However, given that ML204 weakly inhibited endogenous
Gq/11-coupled muscarinic responses in parental HEK293 cells,
the inhibition by ML204 of the carbachol-induced TRPC6
activity could be, at least partially, attributed to block of recep-
tor signaling. Interestingly, ML204 at 10 �M did not affect
TRPC6 whole-cell currents activated via bath application of
OAG, a direct activator of TRPC6 (5), suggesting a lack of direct
effect of this compound onTRPC6 channels. Further investiga-
tions are needed to evaluate the roles of ML204 on TRPC6 and
other TRPC channels of the non-TRPC4/C5 subgroup, which
share only about 40% sequence identity with TRPC4/C5.
The selectivity ofML204was further confirmedby the lack of

effect of this compound on heterologously expressed TRP
channels of other subfamilies, including TRPV1, TRPV3,
TRPM8, and TRPA1, as well as non-TRP channels (e.g. ex-
pressed KCNQ2 potassium channels and native voltage-gated
sodium, potassium, and calcium channels expressed in mouse
dorsal root ganglion neurons). In broad profiling studies,
ML204 at 10 �M showed �50% inhibition in only 7 of 68 bind-
ing assays for 68GPCRs, ion channels, and transporters. There-
fore, ML204 appears to afford excellent selectivity for TRPC4
and TRPC5. The selectivity profile of ML204 is superior to the
currently available TRPC channel blockers, SKF96365, 2-ami-
noethoxydiphenyl borate, and flufemanic acid, which are
known to affect voltage-gated channels, intracellular Ca2�

release channels, chloride channels, and/or multiple types of
TRP channels from several subfamilies (5, 27, 28).
TRPC4 and TRPC5 are abundantly expressed in smooth

muscle and central nervous system, but these expression pat-
terns do not perfectly overlap (29, 30). TRPC channels can
function as both homo- and heterotetramers with a preference
of heteromultimerization among members of the same TRPC
subgroup, as well as TRPC1withTRPC4/C5 (31–33). However,
evidence for coassembly between TRPC3 and TRPC1 or
TRPC4 has also been reported (34–36). Coassembly of differ-
ent TRPC subunits is probably cell-specific and developmen-
tally regulated (32), providing a diversity of functional TRPC
channels. It would be important to perform detailed analyses
evaluating how ML204 acts on heteromultimeric channels.
Importantly, ML204 blocked the native mICAT in smooth

muscle myocytes freshly isolated from guinea pig ileum. This
well characterized current response has many features that
resemble those of TRPC, especially TRPC4/C5, channels,
including dependence onGprotein signaling, I-V relationships,
calcium modulation, and potentiation by lanthanides (22, 37,
38). Indeed, mICAT was reduced by 80% in ileal smooth muscle
cells isolated from TRPC4 knock-out mice, and the remaining
current was eliminated by further knock-out of TRPC6 (17). In
the current study, 10 �M ML204 reduced carbachol-induced
mICAT by �85% and GTP�S-induced currents by �65%.
Although both activation protocols cause activation of TRPC4
and TRPC6, the GTP�S-induced activation does not involve
muscarinic receptors. Therefore, because of the moderate
inhibitory effect ofML204 onmuscarinic receptors, the TRPC6
fraction of the mICAT would be partially inhibited when activa-
tion was induced by carbachol but not when it was induced by

GTP�S, assuming that TRPC6 is insensitive to the blocker. This
may explain the different degrees of ML204 block of mICAT
activated by carbachol andGTP�S. However, it cannot be ruled
out that GTP�S has other effects differing from carbachol on
current activation in guinea pig ileal myocytes that are insensi-
tive to ML204. Overall, the data support that ML204 specifi-
cally inhibits the TRPC4 components of mICAT in intestinal
smooth muscle cells. Although RNA interference experiments
to knockdown mICAT current in these cells would be interest-
ing, the combined loss of smoothmuscle propertiesmakes such
experiments unfeasible.
An important feature of mICAT is that it requires simultane-

ous activation of both M2 and M3 muscarinic receptors (i.e.
co-stimulation of bothGi/o andGq/11 signaling) (22), a property
not particularly well known for expressed TRPC channels.
Nonetheless, the activation of TRPC4 by GTP�S infusion is
blocked by pertussis toxin (24), and co-expression of G�i pro-
teins with TRPC4 supports channel activation (8), demonstrat-
ing the role ofGi/o proteins in facilitatingTRPC4/C5 activation.
Hence, �-OR stimulation was used as a convenient way to trig-
gerTRPC4 channel activation in a fluorescenceCa2� assaywith
minimal background response in the primary high throughput
screen (20). This assay afforded excellent signal-to-background
ratios and Z� factors in the fluorescence assay in microplate
format. However, in whole-cell recordings, activation of Gi/o
signaling alone leads to only weak stimulation of the TRPC4
currents. Therefore, in the automated patch clamp experi-
ments, the stimulated currents displayed mostly outward cur-
rents at positive potentials, representing moderate channel
activation, consistent with voltage dependence at positive
potentials. Despite being partially active, this level of activation
is more sustained and stable, suitable for high throughput sam-
ple analysis of the automated electrophysiological system. In
manual patch clamp experiments, we have stimulated TRPC4
and TRPC5 by co-activation of both Gi/o- and Gq/11-coupled
receptors, producing very strong channel activation. Under
these conditions, the voltage dependence of the channel ismore
negatively shifted, giving rise to the U-shaped I-V relationship
in the negative potential range, typical for mICAT (22). The pre-
cise shape of the I-V curve is affected by the solution composi-
tions and voltage protocols. Specifically, only when ramping
from positive to negative voltages for long durations (seconds)
can the quasi-steady state currents be reviewed at different
potentials and therefore the perfect U-shaped I-V (39). There-
fore, in the current study, the I-V curves of TRPC4 currents
activated under different conditions appear different. Despite
this, the inhibitory effect ofML204 was observed under all con-
ditions, demonstrating that ML204 is a potent blocker of the
TRPC4 channels.
The initial efforts of synthesis and biological characterization

of ML204 displayed a relatively flat SAR. Substitution at the
2-position revealed that small heterocycloalkyl substituents
were the most tolerated (piperidine and pyrrolidine). Substitu-
tion of the 4-methyl (trifluoromethyl/phenyl) led to a loss of
potency. Alkyl and halogen substitutions were tolerated at the
6-position, but selectivity versus ACh-induced TRPC6 activa-
tion suffered. Last, deletion of the right-hand phenyl (i.e. sub-
stituted pyridine or pyrimidine) led to inactive compounds.
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The SAR studies have identified a higher affinity analog, com-
pound 26. Although this compound is less discriminative for
TRPC6, it is possible that its high potency may be useful in
certain analyses, for example in generating a radioactiveTRPC4
ligand in heterologous binding studies.
In summary, using a high throughput screen of the MLSMR

library, we have identified and characterized a potent and selec-
tive TRPC4/C5 antagonist, ML204. Although the compound
also has some weak inhibitory effects on muscarinic and other
G protein-coupled receptors, it displays at least 20-fold higher
selectivity forTRPC4over a collection of other related andnon-
related ion channels and receptors, includingTRPC6within the
same TRPC subfamily, and members of other TRP subfamilies,
such as TRPV1, TRPV3, TRPM8, and TRPA1. This level of
selectivity is far superior to other pharmacological blockers
currently used in TRPC channel research and should provide
specific blockade of TRPC4/C5 channels in native tissues in
physiological studies, hence complementing studies using
siRNA knockdown, gene knock-out, or blocking antibodies.
It is anticipated that the new TRPC4 blocker will have a wide
use in physiological and pathophysiological studies for delin-
eating the functional significance of the TRPC4/C5 channels
and facilitate the development of therapeutics targeted to
TRPC channels.
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