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Abstract: 
ML204 was identified as a novel TRPC4 channel inhibitor following a high throughput 
fluorescent screen of the MLSMR library and SAR analysis of active compounds. ML204 
inhibited calcium influx through TRPC4 channels activated by µ-opioid receptor stimulation with 
an IC50 value of 0.96 µM and exhibited 19-fold selectivity against TRPC6 channels in similar 
fluorescent assays.  ML204 blocked TRPC4 channels in an electrophysiological assay with an 
IC value of 2.6 µM and was also active in fluorescent and electrophysiological assays in which 
TRPC4 channels were activated by different mechanisms, indicating direct block of TRPC4 
channels. Selectivity for block of TRPC4 channels was examined in fluorescent and 
electrophysiological experiments against closely related TRPC channels and more distantly 
related TRPV, TRPA and TRPM channels, and against non-TRP ion channels. ML204 afforded 
good selectivity (19-fold) against TRPC6 channels and more modest selectivity against TRPC3 
and TRPC5 (9-fold) channels. Little or no block of TRPV, TRPA, TRPM or voltage-gated ion 
channels was observed. ML204 exhibited properties useful for a variety of in vitro investigations. 
 
Probe Structure & Characteristics: 

 

4-methyl-2-(piperidin-1-yl)quinoline; ML204 

CID Target Name IC50 (nM) 
 [SID, AID] 

Anti-target 
Name(s) 

IC50 (nM) 
[SID, AID] 

Fold 
Selective 

Secondary Assay(s) 
Name: IC50/EC50 (nM) 
[SID, AID] 

230710 TRPC4 
inhibitor  
_µOR 
activation 

960 ± 260   
[97362164, 
492994] 

TRPC6 
inhibitor 
_Ach 
activation 

17900  
[97362164, 
492987] 

19 TRPC4 inhibitor 
_Qpatch_µOR activation: 
2600  
[97362164, 492991] 
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Recommendations for Scientific Use of the Probe: 

The TRPC4 inhibitor will be used in physiological studies to achieve specific blockade of these 
channels in native tissues. Current approaches to altering TRPC4 function include the use of 
siRNA knockdown, gene knockout, or blocking antibodies to validate the involvement of TRPC4 
channels in physiological functions.  These methods suffer from compensation problems, 
efficiency and availability issues, in addition to issues of tissue penetration and requirements of 
long term exposure due to slow association rates. Pharmacological probes are desired, in some 
cases, because of their fast rate of action and possibility of washout. The cells under study, 
especially in electrophysiological experiments, will be least disturbed in terms of protein 
expression, complex assembly, and interaction partners when small molecule probes are used.  
This approach will help validate whether TRPC4 channels explicitly contribute to physiological 
processes linked to TRPC4 channels in mouse genetic models including endothelial cell, 
smooth muscle cell, and neuronal cell functions. The probe can be used to pharmacologically 
identify TRPC4 currents in native tissues and to explore the role of these channels in 
contractility, calcium signaling, secretion, and synaptic transmission using in vitro methods. 
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1 Introduction 

TRP channels are a large and diverse family of ion channels that are often involved in sensory 
transduction. TRP channels were originally identified based on a Drosophila mutant that 
exhibited altered electroretinographic responses in response to photostimulation.  Sequence 
analysis of TRP channels suggests a structural organization similar to voltage-gated potassium 
channels and cyclic nucleotide-gated channels, which are composed of tetramers of subunits 
each containing six transmembrane domains. TRP genes typically encode nonselective cation 
channels with polymodal activation. Some TRP family members can be directly activated by 
chemical stimuli (TRPV1 and TRPA1), others can be modulated by GPCR signaling pathways, 
and many exhibit voltage-dependent activation.   

Biophysical and pharmacological studies have predicted many classes of voltage-gated and 
ligand-gated ion channels, and also predicted existence of many specific family members.  In 
these cases, classification of ion channels by sequence similarity agrees well with functional 
classifications.  This harmony is not maintained when examining TRP family channels.  Few 
TRP channels have been fully characterized in native tissues due to a lack of understanding of 
gating mechanisms and a dearth of selective pharmacological modulators.  

TRPC channels are closely related to the prototypical TRP channel found in Drosophila 
photoreceptors. Most mammalian species have 7 TRPC isoforms, but TRPC2 is a pseudogene 
in most primates. Based on sequence homology, the TRPC channels are subdivided into four 
groups, TRPC1, TRPC2, TRPC3/C6/C7 and TRPC4/C5. TRPC channels are believed to be 
activated downstream from the stimulation of phospholipase C pathway by G protein coupled 
receptors (GPCRs) and receptor tyrosine kinases. TRPC2 and TRPC3/C6/C7 can be directly 
activated by diacylglycerols, including a synthetic analog, 1-oleoyl-2-acetyl-sn-glycerol (OAG). 
However, whether diacylglycerols alone provide the condition for the full activation of these 
channels is a subject of debate.  TRPC1 and TRPC4/C5 subgroups are not sensitive to 
diacylglycerols.  Exactly how these channels are activated downstream from receptor 
stimulation is not known.  

In addition to receptor activation, TRPC4/C5 channel activities are enhanced by elevated 
intracellular calcium, as well as by micromolar extracellular concentrations of lanthanum and 
gadolinium [1]. TRPC4/C5 are abundantly expressed in smooth muscle cells and in brain 
neurons [2].  A number of physiological functions have been assigned to TRPC4 channels 
based on the studies of TRPC4 knockout mice.  These include regulations of agonist dependent 
vasorelaxation in aorta endothelial cells, actin-stress fiber formation and microvascular 
permeability in lung vascular endothelial cells, serotonine-induced dendritic GABA release in 
thalamic interneurones, and muscarinic-activated cation currents in visceral smooth muscle, 
which modulate intestinal contraction and motility [3-5].  However, functional characterization of 
these channels in native tissues has been hampered by a lack of specific pharmacological tools.  
SKF96365, 2-aminoethoxydiphenyl borate, as well as lanthanum and gadolinium can modulate 
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TRPC4/C5 functions, but they are not specific to these channels.  In fact, no specific small 
molecule inhibitors for TRPC4 or TRPC5 are found searching PubMed, Google Patents or the 
US Patent Office databases.  

2 Materials and Methods 

1. Cell lines: TRPC4Opioid Receptor-expressing HEK293 cells, TRPC4 
Receptor-expressing HEK293 cells, TRPC6 expressing HEK293 cells 

2. Stimulus Compounds: DAMGO to activate µ-Opioid Receptors [D-Ala2, N-Me-Phe4, 
Gly5-ol]-Enkephalin acetate salt (DAMGO) (Sigma, E7384-10MG), Serotonin 
hydrochloride to activate the 5HT1A receptor (Sigma, H9523), Acetylcholine chloride to 
activate endogenous muscarinic AChR expressed in HEK293 cells  (Sigma, A6625)  

3. PBS pH7.4 (Invitrogen, 10010023) 

4. Dulbecco's Modified Eagle Medium (D-MEM) (1X), liquid (high glucose) w/L-Glut (Sigma, 
D5796-500ML) 

5. Heat Inactivated Fetal Bovine Serum (Sigma, F2442) 

6. L-Glutamine (Invitrogen, 25030081) 

7. 100x Penicillin-Streptomycin (Mediatech, 30-001-CI) 

8. CellStripper (Mediatech, 25-056-Cl) 

9. G418 (Invitrogen, 11811-031) 

10. Hygromycin (Mediatech, 30-240-CR) 

11. HEPES (Sigma, H4034) 

12. 10XHBSS (Invitrogen, 14065056) 

13. Pluronic F-127 (20% solution in DMSO) (Invitrogen, P3000MP) 

14. Fluo-4 Calcium Assay Kit (Invitrogen, F14202) 

15. Membrane Potential Assay Kit, Blue (Molecular Devices, R8034) 

16. Triple-layer flask (VWR, 62407-082) 

17. BD Biocoat 384-well plates (BD, 354663) 

2.1 Assays 

1. HTS for TRPC4 inhibitors using Fluo-4 Ca2+ flux assay 
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2. Counter Screen for TRPC4 inhibitors with HEK-TRPC6 using Membrane Potential Assay 

3. Counter Screen for TRPC4 inhibitors with TRPC4-5HT1AR Cells using Fluo-4 flux assay 

4. Orthogonal assay for Screening TRPC4 inhibitors using alternative activation method 

5. Manual Patch Clamp test for TRPC4 inhibitors 

6. TRPC4 validation assay using Automated Electrophysiology 

2.2 Probe Chemical Characterization 

 

Probe compound ML204 (CID 230710, SID 97362164) was prepared according to the above 

scheme and provided the following characterization data:  1H NMR (400 MHz, DMSO-d6): 7.75 
(d, J = 8.1 Hz, 1H), 7.52-7.45 (m, 2H), 7.21-7.17 (m, 1H), 7.10 (s, 1H), 3.67 (bs, 4H), 2.54 (s, 

3H), 1.62-1.55 (m, 6H).LC/MS: RT = 0.65 min., m/z = 227.2 [M + H]+. 

Solubility:  Solubility in PBS was determined to be 728 M, which is >700-fold higher than the 
IC50 for TRPC4 inhibition. 

GSH Conjugates: 

SID/VU# 

Conjugate 

m/z 

RT (min.) 

Relative abundance (% of peak area of parent at T = 0 min.) 

 T = 0 min. T = 60 min. 

ML204 

103061324/ 
VU0024172-3 

GSH-1 
m/z =708.2313 + 711.2343 

RT = 6.654 
NF 0.053 

GSH-2 
m/z = 496.1952 + 496.1976 

RT = 7.5 
NF 0.046 
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Stability:  Stability was determined for ML204 at 23°C in PBS (no antioxidants or other 
protectorants and DMSO concentration below 0.1%) and is shown in the table presented below. 
The solubility of ML204 in PBS (>700 µM) suggests that the stability measurements may not be 
affected by precipitation, although direct determinations of compound decomposition were not 
made.  

SID/VU# 
Percent Remaining 

0 min. 15 min. 30 min. 1 hour 2 hour 24 hour 48 hour 
ML204 

103061324/ 
VU0024172-3 

100 84 79 * 52 30 12 

*Sample at 1 hour was lost during preparation. 

ML204: CID 230710, SID 97362164 (assay data) and CID 49786978, SID 103061324 

(deposited Probe) 

Compounds added to the SMR collection (MLS#s): 003227299 (ML204, 26.5 mg), 
003227300 (SID103061325, CID16800920, 22.2mg), 003227301 (SID103061326, CID 
49786979, 20.1mg), 003227302 (SID 103061323, CID 49786977, 21.6mg), 003227303 (SID 
103061328, CID 49786981, 20mg), 003227304 (SID 103061327, CID 49786980, 20.2mg). 

2.3 Probe Preparation 

 
4-methyl-2-(piperidin-1-yl)quinoline (ML204; CID 49786978, SID 103061324):  The chloro-
quinoline (100 mg, 0.56 mmol) and piperidine (0.22 ml, 2.25 mmol) were stirred in a microwave 
reaction vial. The vial was sealed, then irradiated under microwave at 200ºC with stirring for 15 
minutes. LC/MS indicate the reaction is done. The reaction was diluted with MeOH, then 
concentrated under vacuum. The residue was dissolved in 3% aqueous HCl (10 ml) and 
washed with DCM (2x5 ml). The aqueous layer was treated with 2N NaOH until the pH was 8, 
resulting in a white slurry. The slurry was extracted with DCM (3x20 ml). The combined organic 
layers were dried over Na2SO4 and concentrated to give 70 mg (55%) of the product as a white 
solid.   

3 Results 

A high-throughput fluorescent assay for TRPC4 channel inhibitors measured calcium influx 
through TRPC4 channels activated by µ-opioid receptor stimulation.  Compounds from the 
MLSMR library that inhibited calcium influx in the primary assay were evaluated in confirmatory 
and selectivity assays against TRPC6 channels.  Approximately four hundred compounds were 
selected for concentration-response (CRC) experiments and IC50 values were used to rank 
compounds for further study. The original hit (SID 24829278) was re-synthesized (SID 

97362164, VU0024172-3) and confirmed at 0.96 M with ~19-fold selectivity over TRPC6.  
ML204 activity against TRPC4 channels was confirmed in automated (IC50=2.6 µM) and 
manual electrophysiological experiments.  ML204 also blocked TRPC4 activity in a number of 
fluorescent and electrophysiological experiments in which TRPC4 channels were activated by 
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different mechanisms indicating a direct effect of ML204 on TRPC4 channels.  Selectivity for 
block of TRPC4 channels was examined in fluorescent and electrophysiological experiments 
against closely related TRPC channels and more distantly related TRPV, TRPA and TRPM 
channels, and against non-TRP ion channels. ML204 afforded good selectivity (19-fold) against 
TRPC6 channels and more modest selectivity against TRPC3 and TRPC5 channels. Little or no 
block of TRPV, TRPA, TRPM or voltage-gated ion channels was observed. ML204 exhibited a 
half life of two hours in buffered saline and poor stability when incubated with liver microsomes.  

3.1 Summary of Screening Results 

 

Screening Summary: 

1.  305k compounds initially screened → 1189 hits (AID 2247) 
2. 856 compounds retested → 735 compounds validate as TRPC4 inhibitors using assay 

from primary screen (AID 2636, 2637)   
3. 856 compounds → 541 compounds show TRPC4 dependent inhibition using an 

alternative TRPC4 expressing cell line (AID 434978) 
4. 506 compounds tested against TRPC6 → 421 show no activity against TRPC6 

expressing cells (AID 434948) 
5.  421 tested for dose dependent inhibition of TRPC4 → 393 compounds generated CRC 

curves (AID 434942)  
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Fig. 1A Fig. 1B

After the screening hits were finalized, there were approximately 393 confirmed hits with dose 
dependent effects (see table for activity breakdown). 
 
 
 
 
 
 
 
 

3.2 Dose Response Curves for Probe  

The effects of TRPC4 inhibitors were titrated in a fluorescent calcium influx assay (AID 492994) 
as was used for the HTS screen (AID 2247) and further examined in electrophysiological 
experiments (AID 492991) in which TRPC4 channels were activated by GPCR stimulation.  

3.2.1 Fluorescent assay 

The primary HTS assay used to identify TRPC4 inhibitors measured calcium influx in a HEK293 
cell line (AID 2247). TRPC4 channel activation was triggered by GPCR activation in HEK293 
cells stably expressing TRPC4 channels along with µ-opioid receptors.  Addition of 300 nM 
DAMGO activates the µ-opioid receptors and Gi/o signaling pathways that cause TRPC4 
channels to open.  Calcium influx is measured by a calcium-sensitive fluorescent dye (Fluo-4 
AM, Invitrogen) on an FDSS instrument. Figure 1 shows full block of TRPC4-mediated calcium 
influx by ML204 with an IC50 value of 0.99 µM. In replicate experiments (n=5), the mean ± SD 
IC50 values were 0.96 ± 0.26 µM.  

 

 

 

  

IC50 Count 
< 1 µM 54

1 – 5 µM 235

5- 10 µM 91

>10 µM 13
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Figure 1.  Inhibition of calcium influx in TRPC4- and µ-opioid receptor-expressing cells by 
ML204 after activation by DAMGO.  Left panel (A) displays fluorescent signals in individual wells 
in the presence of different concentrations of ML204.  Dose-response experiment showing 
inhibition of calcium influx by ML204 (mean + SD; n=4) is shown in (B).  

3.2.2 Electrophysiological assay 

In order to more directly monitor block of TRPC4 channels, an electrophysiological assay was 
developed and implemented on the QPatch16 automated electrophysiology instrument (AID 
492991, 504589). Whole cell voltage clamp recordings were made from the HEK293 TRPC4 
and µ-opioid receptor expressing cells that were used in the primary, confirmatory and SAR 
assays. Cells were held at 0 mV, stepped to -100 mV for 50 ms, and voltage ramps from -100 
mV to +120 mV were applied every 15 s to initiate low levels of voltage-dependent channel 
opening to monitor TRPC4 channel activity. In Figure 2A, the voltage ramp occurred between 
250 ms and 370 ms. Addition of 50 nM DAMGO to the bath solution produced large increases in 
TRPC4 channel activity that can best be seen at +120 mV at the end of the voltage ramps (Fig. 
2A). DAMGO-activated TRPC4 currents were reversibly blocked by ML204 (Fig. 2A and Fig. 
2B). Figure 2B shows a diary plot of the current amplitudes recorded from one cell at +120 mV 
over time. After an initial stabilization period, DAMGO, ML204 or buffer were added with a 
double addition protocol to ensure more complete fluid exchange. 50 nM DAMGO added to the 
bath solution produced a large increase in TRPC4 currents, which were blocked by more than 
50% by 3.3 µM ML204.  Subsequent washout of the compound and DAMGO returned TRPC4 
currents to control levels. Subsequent reapplication of 50 nM DAMGO produced a robust 
activation of TRPC4 currents to levels similar to the initial DAMGO activation levels. This 
protocol enabled reliable determination of TRPC4 inhibition and was used to produce 
concentration response curves for ML204. ML204 blocked TRPC4 with an IC value of 2.9 µM 
using this protocol (n=7 cells). A similar IC50 value of 2.6 µM was obtained using this protocol, 
but with a modification allowing application of multiple concentrations of this compound for each 
cell (n=5 cells). The modified protocol was used to evaluate selected TRPC4 inhibitors and data 
are shown in the SAR tables.   
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Figure 2.  Block of TRPC4 currents by ML204 in automated electrophysiology (QPatch) 
experiments.  (A) shows effects of DAMGO and ML204 on membrane currents elicited by 
voltage ramps from -100 mV to +120mV applied every 15 s from a holding potential of 0 mV. (B) 
shows a plot of currents at +120 mV in each voltage ramp versus time.  Solutions were added 
twice for each condition as indicated by vertical lines. 

 

3.3 Scaffold/Moiety Chemical Liabilities 

No chemical liabilities are evident. 

3.4 SAR Tables 

The original hit (SID 24829278) was re-synthesized (SID 97362164, VU0024172-3, Entry 1) and 

confirmed at 0.96 M against TRPC4 (AID 492994, 492988) with ~19-fold selectivity over 
TRPC6 (AID 492987 and 492981). The initial SAR surrounded modification of the left-side (R-
group). The most potent analogs were the original hit (piperidine) and the five-membered ring 

analog (pyrrolidine, SID 97362170, VU0324728-2, 2.75 M, ~5.4-fold selectivity, Entry 7). Other 
6-membered analogs were much less active (methylpiperazine, SID 97362167, VU0023733-2; 
morpholine, SID 97362168, VU0023528-4; piperazine, SID 97362179, VU0418914-1).  In 
addition, basic amines were also not tolerated (Entries 4, 9, 14, 16, and 19) – with most 
compounds giving a negative valued when tested for percent inhibition at 20 µM. Other aromatic 
substituted compounds were found to be inactive (compounds that did not have >50% @ 20 
µM). 
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Table 1.  SAR evaluation of the left-hand portion.   

 

Entry S/C c SID/ 
VU# 

R TRPC4 mOR, 
µMa (% inhib. 

@ 20 µM) 

QPatcha 

(µM) 
TRPC6, µMb 
(% inhib. @ 

20 µM) 

Selectivity 

1 S 97362164/ 
VU0024172-

3  

0.96± 0.26 2.6b 18.4 19 

2 S 97362170/ 
VU0324728-

2  

2.75 ± 0.79 8.02 ± 
2.16 

14.93 5.4 

3 S 99432281/ 
VU0204326-

4  

1.50b 1.96 ± 
0.22 

9.74 6.5 

4 S 97362165/ 
VU0418904-

1  

5.31 ± 3.85 2.6 ± 0.95 >20 >4 

5 S 97362166/ 
VU0418905-

1 

12.63b 11.9 ± 
1.97 

>20 ~1 

6 S 97362167/ 
VU0023733-

2  

(-93.7**) nd 23.8 N/A 

7 S 97362168/ 
VU0023528-

4  

>20 (39.4) >20b 23.22 1 

8 S 97362169/ 
VU0418906-

1 

>20 (23.2) nd nd N/A 

9 S 97362171/ 
VU0180678-

3  

5.24b 7.54 ± 
0.63 

>20 ~4 

10 S 97362172/ 
VU0418907-

1 
 

(-121.3**) nd >20 N/A 

11 S 97362173/ 
VU0418908-

1 
 

20.82b nd >20 N/A 

12 S 97362174/ 
VU0418909-

1 

6.40b 9.89 ± 
0.13 

>20 ~3.1 

13 S 97362175/ 
VU0418910-

1  

2.49 ± 0.4 5.46 ± 
1.12 

14.23 5.7 

14 S 97362176/ 
VU0418911-

1 

10.97b 8.90 ± 
0.53 

(-3.3%**) N/A 
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15 S 97362177/ 
VU0418912-

1  

(-0.09**) nd >20 N/A 

16 S 97362178/ 
VU0418913-

1 

11.97b 24.51 ± 
6.7 

>20 ~2 

17 S 97362179/ 
VU0418914-

1  

(-155.7**) nd 20.45 N/A 

18 S 97362180/ 
VU0300359-

2 

(-65.2**) nd >20 N/A 

19 S 97362181/ 
VU0418915-

1 

19.92b 8.8 ± 3.95 13.18 0.7 

20 S 97362182/ 
VU0418916-

1 

>20b (37.8) nd 18.82 N/A 

21 S 97362183/ 
VU0418917-

1  

7.32b 9.4 ± 0.68 >20 ~2 

a The IC50 is the average of at least three independent titrations (Mean ± SD shown in table). b The IC50 is 
either the result of a group fit, or a single dose titration.  c S/C = synthesized material or catalog material.d 
Compounds with <50% inhibition at 20 µM were not further profiled for IC50 data indicated by nd 

Keeping the left-side of the molecule constant (piperidine, pyrrolidine), the right-hand side of the 
molecule was varied. When varying the right-side, the pyrrolidine analog proved to be more 
active than the piperidine (SID 99344393, Entry 21 vs. SID 99344394, Entry 22; SID 99344395, 
Entry 23 vs. SID 99344396, Entry 24 and SID 99344397, Entry 25 vs. SID 99344398, Entry 26). 
Of note, SID 99344396 (VU0419900-1, Entry 24) was the most active compound tested (0.58 

M); however, the compound is not as selective (~7.3-fold) against TRPC6.  Substitution is not 
tolerated in the 4-position of the quinoline ring, or the 8-position. In addition, reducing the size of 
the quinoline (pyridine or pyrimidine) is also not tolerated. Substitution in the 6-position is the 
only tolerated position. We have evaluated both portions of the HTS 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.  Although the SAR appears to be shallow for 
this molecule, this is the first report of a TRPC4 small molecule inhibitor and should benefit the 
larger scientific community. 
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Table 2.  SAR evaluation of the right-hand (quinoline) portion. 

 

Entry S/C c SID/ 
VU# 

R TRPC4 
mOR, µMa 
(% inhib. @ 

20 µM) 

QPatch a 
(µM)  

TRPC6, µM b 
(% inhib. @ 

20 µM)  

Selectivity 

22 S 99344393/ 
VU0419897-1 

5.82b 3.93b 8.58 3 

23 S 99344394/ 
VU0419898-1 

1.5 ± 0.47 3.91± 0.57 2.03 0.52 

24 S 99432276/ 
VU0424394-1 

1.30b 0.9 ± 0.12 12.83 14.2 

25 S 99344395/ 
VU0419899-1 

(45.8) 3.73 ± 0.5 14.99 4.0 

26 S 99344396/ 
VU0419900-1 

0.58 ± 0.09 2.06 ± 0.2 4.24 7.3 

27 S 99432277/ 
VU0424395-1 

7.37b 3.3 ± 0.37 (42.7%) N/A 

28 S 99344397/ 
VU0419901-1 

10.50b 6.38 ± 0.26 20.21 2 

29 S 99344398/ 
VU0419902-1 

1.05 ± 0.28 3.94 ± 0.16 7.15 7 

30 S 99432282/ 
VU0206683-4 

3.99b 1.63 ± 0.4 (10.3%) N/A 

31 S 99344399/ 
VU0419903-1 

(22.4) nd (-15.9%**) N/A 

32 S 99344400/ 
VU0419904-1 

(-11.5**) nd (-6.8%**) N/A 
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33 S 99432283/ 
VU0424399-1 

(-8.7**) nd (-51.8%**) N/A 

34 S 99344401/ 
VU0419905-1 

(17.2) nd (-17.3%**) N/A 

35 S 99344402/ 
VU0419906-1 

(-40.0**) nd >20 N/A 

36 S 99432278/ 
VU0424396-1 

(9.7) nd (-14.9%**) N/A 

37 S 99344403/ 
VU0419907-1 

(36.7) nd (-9.4%) N/A 

38 S 99344404/ 
VU0419908-1 

(21.0) nd (37.5%) N/A 

39 S 99432279/ 
VU0424397-1 

(15.0) nd (6.8%) N/A 

40 S 99344405/ 
VU0324753-2 

(30.7) nd (30.4%) N/A 

41 S 99344406/ 
VU0324893-2 

10.66b 9.96 ± 2.01 9.80 1 

42 S 99432280/ 
VU0424398-1 

(30.6) nd (38.4%) N/A 

43 S 99344407/ 
VU0419909-1 

(23.9) nd (-2.2%**) N/A 

44 S 99344408/ 
VU0419910-1 

(16.8) nd (7.2%) N/A 

45 S 99432284/ 
VU0424400-1 

(55.0) nd (-16.7%**) N/A 

a The IC50 is the average of at least  three independent titrations (Mean ± SD shown in table). b The IC50 is 
either the result of a group fit, or a single dose titration. c S/C = synthesized material or catalog material.  d 

Compounds with <50% inhibition at 20 µM were not further profiled for IC50 data indicated by nd. 
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 3.5 Cellular Activity  

The primary screen and all secondary assays and counter screens are cell based assays. 

3.6 Profiling Assays 

 3.6.1 Profiling Panels 

ML204 was tested in 397 assays listed in PubChem and was active in only one assay 
(Cycloheximide Counterscreen for Small Molecule Inhibitors of Shiga Toxin) that is not TRPC4 
based.  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 µM), and was found to 
not significantly interact with 61 out of the 68 assays conducted (no inhibition of radio ligand 
binding > 50% at 10 µM).  ML204 did have activity against several targets (see Table 3 below); 
however, it should be pointed out that these are only single-point values and that functional 
selectivity may be significantly better than suggested by these “% activities.” 

 

Table 3. Ricerca profiling of ML204 (SID 97362164/VU0024172-3). 

SID/ 
VU# 

 
Primary Biochemical 

Assay 
Species % inhibition @ 10 µM 

ML204 
97362164/ 

VU0024172-3 
 

Adrenergic, 1A rat 54% 
Adrenergic, 2A human 58% 
Histamine, H1 human 77% 

Imidazoline I2, central rat 77% 
Muscarinic, M2 human 61% 

Nicotinic acetylcholine human 76% 
Sigma, 1 human 83% 

 

 

3.6.2 Metabolic and Physical Properties 

ML204 and other analogs were also evaluated in our tier 1 in vitro DMPK battery to further 
establish its utility as a small molecule probe.  In CYP450 assay, ML204 was clean against three 

of the CYP enzymes (>30 M, 2C9, 2D6, 3A4), but was a potent inhibitor of CYP1A2 (310 nM).  
This trend held true for most of the analogs as well, with CYP1A2 the only CYP with significant 

inhibition (<1 M).  Due to the structural features of ML204 and analogs (small, planar aromatic 
structures) – this is an expected result as these compounds has similar structural features as 
other known CYP1A2 inhibitors. 
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Table 4.  CYP450 inhibition for ML204 and analogs. 

Entry Cmpd Structure 
CYP450 (µM) 

1A2 2C9 2D6 3A4 

1 
97362164/ 

VU0024172-3 
0.31 >30 >30 >30 

2 
97362171/ 

VU0180678-3 
0.96 >30 26.4 >30 

3 
97362165/ 

VU0418904-1 
0.50 >30 >30 >30 

4 
97362170/ 

VU0324728-2 
0.81 >30 11.1 >30 

5 
97362178/ 

VU0418913-1 
0.24 9.7 4.6 16.6 

6 
97362175/ 

VU0418910-1 
0.74 >30 >30 >30 

7 
99344394 

/VU0419898-1 
0.56 >30 2.85 >30 

8 
99344398/ 

VU0419902-1 
0.37 >30 >30 >30 

9 
99344396/ 

VU0419900-1 
<0.1 >30 <0.1 >30 

 

The metabolic stability of ML204 and analogs were evaluated in assays which can predict rat 
and human hepatic clearance from in vitro microsomal clearance values (Table 5).  This allows 
for a rank ordering of compounds that would be predicted to have poor stability in our in vivo 
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testing protocols (oral dosing).  Unfortunately, all of the compounds evaluated showed high 
(near hepatic blood flow) clearance in human and rat liver microsomes.  This result is not 
surprising as all the compounds tested contain an unsubstituted benzylmethyl and unsubstituted 
cycloalkyl groups which is known to undergo oxidation by liver microsomes.  In addition, these 
compounds all showed high protein binding as well (>99% bound), except for SID 97362170, 
Entry 4 which showed a favorable free fraction (%fu, human = 2.7%; rat = 3.5%). 

Table 5.  Intrinsic clearance and protein binding data of ML204 and analogs. 

Entry Cmpd Structure 

Intrinsic Clearance 
Protein Binding 

(% fu) Human Rat 

CLINT CLHEP CLINT CLHEP Human Rat 

1 
97362164/ 

VU0024172-3 
 

400.0 20.0 1968.1 67.6 0.2 0.2 

2 
97362171/ 

VU0180678-3 
 

210.4 19.1 152.0 47.9 0.6 0.6 

3 
97362165/ 

VU0418904-1 
 

298.9 19.6 2588.3 68.2 0.1 0.1 

4 
97362170/ 

VU0324728-2 
 

317.8 19.7 430.1 60.2 2.7 3.5 

5 
97362178/ 

VU0418913-1 
 

376.5 19.9 2393.1 68.0 0.0 0.0 

6 
97362175/ 

VU0418910-1 

 

218.1 19.2 627.3 63.0 1.0 1.2 
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7 

99344394 

/VU0419898-
1  

301.0 19.6 4084.5 68.8 1.1 1.6 

8 
99344398/ 

VU0419902-1 
 

362.1 19.8 1175.6 66.1 0.6 1.1 

9 
99344396/ 

VU0419900-1 
 

261.8 19.4 3921.6 68.8 0.8 1.6 

 

Table 6: Calculated property comparison of ML204 with MDDR compounds 

Property 
ML204, 

CID230710 MDDR Phase I MDDR Launched 

MW 226.32 438.98 415.20 

cLogP 4.33 3.21 2.21 

TPSA 16.1 97.06 91.78 

Hdon 0 2.12 2.13 

Hacc 2 7.06 6.47 

LogS -4.52 -4.96 -3.73 

NrotB 0 7.08 5.71 

  

3.6.3 Selectivity Studies 

The selectivity of ML204 for blocking TRPC4 channels compared with block of other TRP 
channels was determined using a combination of electrophysiological and fluorescent assays 
that measured activity of recombinantly expressed TRP channels.   

 3.6.3.1 Selectivity in Electrophysiological Studies 

Whole cell voltage clamp recordings were made from HEK293 cells expressing TRPC6, TRPC5 
and TRPC3 channels using the following protocols. 

Voltage ramp protocol: Vh=0 mV. The protocol started at 0 mV for 5 ms, then at +100 mV for 20 
mV, followed by a ramp from +100 mV to -100 mV within 500 ms, finally at -100 mV for 5 ms. 
Each protocol cycle was 2 s and the sampling rate was 5 kHz.  Extracellular solution (ECS) 
contained (in mM): 145 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 Glucose, 10 HEPES, pH7.4. 
Recording pipettes were pulled from micropipette glass (A-M Systems, Inc., Carlsborg, WA) to 
3-5 MΩ when filled with an intracellular solution containing (in mM): CsCl2 110, MgCl2 1, CaCl2 
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4.77, BAPTA 10, HEPES 10, pH 7.2. The concentrations of CaCl2 and BAPTA in the internal 
solution were calculated using MAXCHELATOR to give a free calcium concentration of 200 nM 
in the internal solution.  ML204 was dissolved in DMSO and stored in an amber glass bottle at 
room temperature. Before each recording, 100 mM ML204 stock solution was diluted in ECS 
and delivered via a gravity-driven perfusion system (an array of 8 parallel tubes). Drugs were 
applied by manually moving the tubing array so that the target cell was exposed to the direct 
stream from one tube.  Stimulation protocol: after whole cell configuration is formed for 1 min, 
the recorded cell was first exposed to receptor agonist alone (100 nM DAMGO or 10 µM 
carbachol plus 100 nM DAMGO for TRPC5 and TRPC4 expressing cells, 100 µM carbachol for 
TRPC3 and TRPC6 expressing cells and 10 µM OAG for TRPC6 expressing cells), followed by 
the mixture of agonist plus 10 µM ML204, and then again with the agonist alone. Due to the 
quick desensitization of the channels, the second agonist stimulation may not be as effective as 
the first one, but it should be possible to observe the inhibitory effect induced by ML204.  All 
recordings were made at room temperature (22-24°C). 

 ML204 exhibited modest inhibitory effects on TRPC6 channels activated by bath application of 
100 µM carbachol to cells stably expressing TRPC6 channels and transiently expressing 
M5AchR receptors as shown in Figure 3A.  In an additional set of experiments, 10 µM ML204 
produced no appreciable block of TRPC6 currents activated by bath application of OAG.   
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Fig. 3A mTRPC6 + M5AChR      Fig. 3B  mTRPC5 + µOR 

 Figure 3.  Whole cell voltage clamp recordings from cells expressing TRPC6 and M5 AchR (A) 
and TRPC5 and µ-opoid receptors (B).  Effects of ML204 on currents recorded during voltage 
ramps following exposure to carbachol (A) or DAMGO (B) are shown in the lower panels.  
Upper panels show time courses of changes in current amplitudes at positive (filled symbols) 
and negative (open symbols) ramp voltages.  

 

ML204 exhibited modest block of TRPC5 channels activated by µ-opioid and muscarinic 
acetylcholine receptor co-stimulation as shown in Figure 3B.  At 10 µM, ML204 blocked less 
than half of the TRPC5 current, although quantitation of the magnitude of the block is 
complicated by the steadily increasing current magnitude in the presence of carbachol and 
DAMGO.   
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 Fig. 4A   hTRPC3        Fig. 4B Summary of Whole-cell Recordings 

 Figure 4.  Effect of ML204 on whole cell voltage clamp recording from a cell expressing TRPC3 
channels following activation by carbachol is shown in (A). Currents recorded during voltage 
ramps are shown in the lower panel and the time course of changes in currents recorded at 
+100 mV and -100 mV ramp voltages are shown in the upper panel. (B) shows summary of 
effects of 10 µM ML204 on ramp currents from cells expressing  different TRPC channels.  

 

ML204 at 10 µM blocked TRPC3 channels activated by carbachol in HEK293 cells expressing 
TRPC3 channels and endogenous muscarinic acetylcholine receptors as shown in figure 4A.    

A summary of ML204 effects on TRPC channels in manual electrophysiological experiments is 
shown in figure 4B.  At 10 µM, ML204 produced nearly complete block of TRPC4 channels 
activated by muscarinic or µ-opioid receptor signaling pathways.  Lower levels of block of 
TRPC3 and TRPC5 channels were observed indicating moderate selectivity against these 
channels and TRPC6 was weakly blocked by ML204 indicating a higher level of selectivity 
against this channel.  

ML204 at 10 µM caused no significant inhibition (<20%) of TRPV1 channels activated by 
addition of 30 nM capsaicin in automated electrophysiological experiments performed on the 
QPatch instrument.  In addition, ML204 produced no significant inhibition (10% change at 30 
µM) of KCNQ2 potassium channels in electrophysiological experiments using the IonWorks 
Quattro instrument in population patch clamp mode (protocol similar to AID 2603 except that 
inhibition is calculated).   
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 3.6.3.2 Selectivity in Fluorescent Experiments 

ML204 was evaluated for block of a closely related channel, TRPC6, using a HEK cell line 
stably expressing TRPC6 channels (AID 492987 and 492981). TRPC6 activation was initiated 
by muscarinic receptor activation following addition of acetylcholine to the cells. Cation influx 
was measured using a membrane potential sensitive dye (blue dye, Molecular Devices, R8034) 
and changes in fluorescent intensity were determined on a FDSS instrument (Hamamatsu). 
ML204 afforded weak block of TRPC6 activity in this assay with an IC50 of 17.9 ± 2.3 µM (n=3).  

The effects of ML204 on a panel of TRP channels were evaluated using a Flex Station 
(Molecular Devices, Inc.) measuring changes in fluorescent intensity due to changes in 
intracellular calcium measured with Fluo-4 or to changes in membrane potential measured with 
a membrane potential sensing dye (FMP).  Cells seeded in wells of 96-well plates were loaded 
with either Fluo-4 or FMP dye and assayed using Flex Station. Results are shown in Figure 5.  
ML204 caused no inhibition of TRPA1, TRPM8, TRPV3 or TRPV1.  High concentrations of 
ML204 caused weak and slow activation of TRPA1.  ML204 inhibited TRPC5-mediated Ca2+ 
influx in a dose-dependent manner with an IC50 value of 9.2 μM.  The effects of high 
concentrations of ML204 on TRPC3 are difficult to interpret because high concentrations of 
ML204 caused a partial inhibition of Fluo-4 calcium influx signals triggered by carbachol in 
HEK293 cells not expressing TRPC channels and it produced a concentration dependent 
decrease in the fluorescence intensity of the membrane potential sensing dye. Overall, ML204 
afforded a favorable selectivity profile for inhibition of TRPC4 versus five other TRP channels, 
with significant block only observed for the closely related TRPC5 (9.2 µM). 
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Fig. 5  
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Figure 5.  Selectivity panel for effects of ML204 on TRP channels in fluorescent assays.  
Cells expressing different TRP channels were loaded with Fluo-4 to measure calcium 
influx or with FMP to measure membrane potential changes.  TRP channel opening  
was triggered by an appropriate agonist for  each cell type as indicated and changes in 
fluorescent intensity were determined using a Flex Station (Molecular Devices).  
Responses following exposure to varying concentrations of ML204 are shown in 
different colors for each experiment as indicated.   

 

4 Discussion 

ML204 represents a significant advance in the pharmacology of TRPC channels in general and 
TRPC4 channels specifically. ML204 is the first described potent inhibitor of TRPC channels.  It 
blocks TRPC4 channels activated by GPCR signaling (µ-opioid receptor stimulation) in both a 
fluorescent assay (IC50: 0.96 µM) measuring calcium influx through TRPC4 channels and in an 
electrophysiological assay (IC50: 2.6 µM) measuring currents through TRPC4 channels 
activated by GPCR signaling. These values are close to the probe criteria (IC50 <1 µM) listed in 
the Chemical Probe Development Plan.  ML204 remarkably displays 19-fold selectivity versus a 
related TRPC channel, TRPC6 and nine-fold selectivity against the closely related TRPC5 
channel. In vitro DMPK analysis showed ML204 was highly protein bound (>99%) in both 
human and rat and also displayed high intrinsic clearance in both species.  Thus, the utility of 
ML204 is limited to in vitro studies of the TRPC family. 

4.1 Comparison to Existing Art and How the New Probe is an Improvement: 

No publications in PubMed or at the US Patent Office list potent or selective blockers of TRPC4 
channels. ML204 is a unique tool to characterize these channels in native tissues and to explore 
the molecular pharmacology of these channels.  

4.2 Mechanism of Action Studies 

 4.2.1 Manual Electrophysiological Assay 

Whole cell voltage clamp recordings (AID 492983) were made from a HEK293 cell line stably 

expressing TRPC4 channels and -opioid receptors, which was also used for the fluorescent 
assay and QPatch assay presented in Figures 1 and 2.  For manual voltage clamp recordings, 
the internal solution had ~400 nM free Ca and was composed of (in mM): 110 CsCl, 10 HEPES, 
10 BAPTA 1 MgCl2, 6.46 CaCl2, pH adjusted to 7.2 with HCl.  The external solution contained 
(in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, pH 7.4 adjusted with 
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NaOH. The pipette resistances were 2-4 MΩ and recordings were performed at the room 
temperature (22°C). Cells were held at 0 mV and repeated voltage commands stepping to -100 
mV for 20 ms followed by a voltage ramp to 100 mV in 100 ms were given at a 0.5 sec interval. 
Drugs were applied as indicated though perfusion. Typically, ML204 was applied before the 
establishment of the whole-cell configuration and treated cells were compared with control, 
untreated cells. 

 

Figure 6. Whole-cell recordings of TRPC4 currents activated by carbachol plus DAMGO.  (A) 
and (B), representative traces for voltage ramps in the absence (A) or presence of 1µM ML204 
(B) are shown in the lower panel and the time course of changes in currents recorded at +100 
mV and -100 mV ramp voltages are shown in the upper panel. (C) summary data (mean ± SEM, 
n = 13 for both) of current densities at -100 and +100 mV for untreated (Cntl) and ML204-
treated cells 

HEK293 cells stably expressing TRPC4 + -opioid receptor were used. Cells were pretreated 
with or without 1 µM ML204 (SID 97362164) for > 2 min before the addition of 10 µM carbachol 
+ 0.1 µM DAMGO. This condition was used to maximally activate TRPC4 whole-cell currents. 
Figure 6A shows representative traces of current development at -100 and +100 mV for a cell 
not treated with ML204. The I-V curve at the peak of current development is shown below. 
Figure 6B is similar to figure 6A but the cell was treated with ML204. Figure 6C shows summary 
data (mean ± SEM, n = 13 for both) of current densities at -100 and +100 mV for untreated (cntl) 
and ML204-treated cells.  

Fig. 6A Fig. 6B 

Fig. 6C 
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In addition, acute effect on TRPC4 currents by ML204 was determined in cells expressing 
mTRPC4 channels along with µ-opioid receptors.  TRPC4 currents were activated by co-
application of 0.1 µM DAMGO and 10 µM carbachol. ML204 (10 µM) inhibited >80% of the 
TRPC4 current amplitude at +100 mV; averaged responses are plotted in figure 4B. 

 4.2.2 Electrophysiological Assays Using Different Activation Mechanisms 

ML204 inhibited TRPC4-mediated cation influx in both fluorescent (AID 492996) and 

electrophysiological (AID 492991) assays, in which TRPC4 channels were activated by the -
opioid receptor agonist, DAMGO alone or in combination with carbachol, which activates 
muscarinic receptors.  Inhibitory effects of ML204 on TRPC4 channels are difficult to distinguish 
from possible effects of ML204 on the GPCR signaling pathways used to activate TRPC4 
channels in these assays. A number of alternative assays for TRPC4 function were employed 
using both electrophysiological and fluorescent measurements to evaluate effects of 
compounds on TRPC4 activity following channel activation by alternative signaling mechanisms.   

In manual electrophysiological experiments, TRPC4 currents were recorded from HEK293 cells 
expressing guinea pig TRPC4 channels along with M2 muscarinic receptors. 10 µM ML204 
nearly completely blocked currents activated by 10 µM carbachol (figure 4B). This level of 
inhibition is similar the inhibition observed at 10 µM ML204 after TRPC4 activation by µ-opioid 
receptor activation in QPatch experiments.  

An additional protocol was employed to confirm direct inhibition of TRPC4 channels by ML204. 
In automated electrophysiological experiments (QPatch: protocol similar to AID 492991), 
GTPγS was included in the intracellular solution to produce constitutive activation of G-proteins. 
In the absence of µ-opioid receptor activation, the amplitude of TRPC4 currents slowly 
increased above initial levels (figure 7B).  Addition of 50 nM DAMGO produced large and 
sustained increases in TRPC4 currents that were reversibly inhibited by ML204.  After washout 
of both ML204 and DAMGO, TRPC4 currents were maintained at high levels indicating that 
TRPC4 currents were no longer dependent on GPCR activation. ML204 inhibited TRPC4 
currents in this assay format with a potency (IC50=3.6 ±1.3 µM, n=4) similar to TRPC4 inhibition 
in other electrophysiological and fluorescent assays in which TRPC4 activation was dependent 
on GPCR activation.  
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Fig. 7A     Fig. 7B 

 Figure 7.  Block of TRPC4 currents by ML204 in automated electrophysiology (QPatch) 
experiments using alternative activation mechanism.  GTPγS was included in the intracellular 
solution to produce sustained channel activation by G-proteins following µ-OR activation.  (A) 
shows effects of ML204 on TRPC4 currents elicited by voltage ramps from -100 mV to +120mV 
following DAMGO application.  (B) shows a plot of currents at +120 mV (from voltage ramps) 
versus time.  Solutions were added when indicated at the upper markers. 

 

TRPC channels can be partially activated by increases in intracellular calcium [6].  TRPC4 
currents were recorded with a QPatch automated electrophysiology instrument with a protocol 
similar to AID 492991 with an alteration in the intracellular solution to give a free calcium 
concentration of 1.8 µM.  Small (<1 nA) outwardly rectifying currents were observed that were 
similar to the currents activated by GPCR activation in the same cells, but were smaller in 
amplitude.  At 10 µM, ML204 inhibited most of this current, but quantification of the degree of 
block was not performed due to the small amplitude of the current and difficulties in subtracting 
small amplitude background currents.  These qualitative data further confirm a direct inhibitory 
effect of ML204 on TRPC4 channels. 

4.2.3 Fluorescent Assays Utilizing Different Activation Mechanism 

A HEK cell line stably expressing TRPC4 channels along with serotonin (5HT1a) receptors was 
used to evaluate cation influx through TRPC4 channels triggered by serotonin. Cation influx was 
measured using either a membrane potential sensitive dye (blue dye, Molecular Devices, 
R8034) or by a calcium sensitive dye (Fluo-4 AM, Invitrogen) as in AID 492995 and 434978 
respectively. ML204 inhibited membrane depolarization following 5HT1a activation with an IC50 
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value of 1.68 ± 0.79 M (n=2), similar to effects observed in assays with -opioid receptor 
activation, suggesting that ML204 inhibitory effects observed in figures 1 and 2 were not due to 

modulation of -opioid receptors or effects on intracellular calcium signaling. These data provide 
support for a mechanism in which ML204 acts directly on TRPC4 channels rather than the 
signaling pathways that activate these channels.  

4.3 Planned Future Studies 

ML204 may be a useful probe for TRPC4 function in native tissues. Experiments with knockout 
mice have implicated a role for TRPC4 channels in smooth muscle function [4, 5]. TRPC4 
channels may contribute to muscarinic-activated cation currents in visceral smooth muscle that 
may play a role in autonomic regulation of visceral contractility. ML204 may be fit for examining 
the role of these channels in visceral smooth muscle function.  Further SAR optimization to 
improve the potency, selectivity, stability and pharmacokinetic properties of ML204 may 
enhance the utility of this chemical probe.  
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6        Appendix 
 
HTS for TRPC4 inhibitors using Fluo-4 Ca2+ flux assay 

Protocol 

1. Cell culture: TRPC4Opioid Receptor-expressing HEK293 Cells are routinely 
cultured in DMEM/high glucose medium, supplemented with 10% Heat Inactivated Fetal 
Bovine Serum (HiFBS), 50 IU/ml penicillin, 50 µg/ml streptomycin, 500 µg/ml G418 and 
40 µg/ml hygromycin 

2. Cell plating: Add 50 µl/well of 300,000 cells/ml re-suspended in DMEM/high glucose 
medium with 10% HiFBS 
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3. Incubate overnight at 37°C and 5% CO2 

4. Remove medium and add 20 µl/well of 1x Fluo-4 solution to cells  

5. Incubate 45 minutes at room temperature (RT) in the dark  

6. Prepare 7.5x compound plates and control plates on Cybi-Well system: test compounds 
are prepared using assay buffer; controls are assay buffer (EC0), and ECmax of 
DAMGO 

7. Remove Fluo-4 dye solution and add 40 µl/well of assay buffer to cells 

8. Remove 40 µl solution and add 20 µl/well of assay buffer to cells 

9. Load cell plates to Hamamatsu FDSS 6000 kinetic imaging plate reader 

10. Measure fluorescence for 5 seconds at 1 Hz to establish baseline 

11. Add 4 µl of 7.5x compound stock into the cell plates 

12. Incubate plates for 110 seconds 

13. Add submaximal concentration of DAMGO and incubate for 110 seconds 

14. Add maximally activating concentration of DAMGO (DAMGO ECmax) and read for 
another 110 seconds 

15. Calculate ratio readout as F(max-min)/F0 and integrated ratio readout 

16. Calculate the average and standard deviation for negative and positive controls in each 
plate, as well as Z and Z' factors  

17. Calculate B scores for test compounds using integrated ratios calculated in Step 15 

18. Outcome assignment: If the B score of the test compound is less than the mean minus 3 
times the standard deviation (SD) of the B scores of integrated ratios of all library 
compounds (B score Inhibitor Ratio <-3*SD), the ratio of initial fluorescence intensity is 
within 3 times the standard deviation plus the mean of the ratios of the complete library 
AND having a positive integrated ratio, the compound is designated in the Outcome as 
active (value=2) as an inhibitor of the TRPC4 channel. Otherwise, it is designated as 
inactive (value=1).  

19. Score assignment: An active test compound is assigned a score between 5 and 100 by 
calculation of Integer ((Log10(abs(B score Inhibitor Ratio))-0.7)*250); they are 
normalized to the smallest and largest LOG10(B score Inhibitor Ratio), B score Inhibitor 
Ratio, as in the result definition. The inactive test compounds are assigned a score of 0. 
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Counter Screen for TRPC4 inhibitors with HEK-TRPC6 using Membrane Potential Assay  
 

Protocol 
1. Cell culture: TRPC6 expressing cells are routinely cultured in DMEM/high glucose 

medium, supplemented with 10% Heat Inactivated Fetal Bovine Serum (HiFBS), 50 
IU/ml penicillin, 50 µg/ml streptomycin, and 400 µg/ml G418 

2. Cell plating: Add 50 µl/well of 300,000 cells/ml re-suspended in DMEM/high glucose 
medium with 10% HiFBS, 50 IU/ml penicillin, and 50 µg/ml streptomycin 

3. Incubate overnight at 37°C and 5% CO2 

4. Remove medium and add 20 µl/well of Membrane Potential Dye  

5. Incubate 45 minutes at room temperature (RT) in the dark 

6. Prepare 7.5x compound plates and control plates on Cybi-Well system: test compounds 
are prepared using assay buffer; controls are assay buffer (EC0), ECmax of 
Acetylcholine 

7. Load cell plates to Hamamatsu FDSS 6000 kinetic imaging plate reader 

8. Measure fluorescence for 5 seconds at 1 Hz to establish baseline 

9. Add 4 µl of 7.5x compound stock into the cell plates 

10. Incubate plates for 110 seconds 

11. Add 6 µl maximally activating concentration of Acetylcholine (Acetylcholine ECmax) and 
read for another 110 seconds 

12. Calculate ratio readout as F(max-min)/F0 and integrated ratio readout 

13. Calculate the average and standard deviation for negative and positive controls in each 
plate, as well as Z and Z' factors 

14. Outcome assignment: If the compound caused a decrease of the membrane potential 
signal greater than 3*SD of the positive control and retained a positive fluorescent 
signal, it is termed active. If the compound is active in both duplicates and in the primary 
screen (pubchem AID: 2247), the compound is considered a non-specific modulator of 
membrane potential in HEK293 cells expressing TRPC6 channels (Value=2). Otherwise, 
it is designated as inactive (Value=1). 
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15. Score assignment: An inactive test compound is assigned the score of 0. An active test 
compound is assigned a score between 5 and 100 by calculating 
Integer(24.3*log(AvPercentage - 0.27)) 

 
Counter Screen for TRPC4 inhibitors with TRPC4-5HT1AR cells using Fluo-4 calcium flux assay 

Protocol 

1. Cell culture: TRPC4β+ 5HT1A receptor expressing cells are routinely cultured in 
DMEM/high glucose medium, supplemented with 10% Heat Inactivated Fetal Bovine 
Serum (HiFBS), 50 IU/ml penicillin, 50 µg/ml streptomycin, 500 µg/ml G418 and 40 
µg/ml hygromycin 

2. Cell plating: Add 50 µl/well of 300,000 cells/ml re-suspended in DMEM/high glucose 
medium with 10% HiFBS 

3. Incubate overnight at 37°C and 5% CO2 

4. Remove medium and add 20 µl/well of 1x Fluo-4 solution to cells  

5. Incubate 45 minutes at room temperature (RT) in the dark 

6. Prepare 7.5x compound plates and control plates on Cybi-Well system: test compounds 
are prepared using assay buffer; controls are assay buffer (EC0), and ECmax of 
serotonin 

7. Remove Fluo-4 dye solution and add 40 µl/well of assay buffer to cells 

8. Remove 40 µl solution and add 20 µl/well of assay buffer to cells 

9. Load cell plates to Hamamatsu FDSS 6000 kinetic imaging plate reader 

10. Measure fluorescence for 5 seconds at 1 Hz to establish baseline 

11. Add 4 µl of 7.5x compound stock into the cell plates. 

12. Incubate plates for 110 seconds 

13. Add submaximal concentration of serotonin and incubate for 110 seconds 

14. Add maximally activating concentration of serotonin (serotonin ECmax) and read for 
another 110 seconds. 

15. Calculate ratio readout as F(max-min)/F0 and integrated ratio readout 
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16. Calculate the average and standard deviation for negative and positive controls in each 
plate, as well as Z and Z' factors 

17. Outcome assignment: If the compound causes a decrease of the normalized ratio 
greater than the mean normalized ratio of the ECMax control plus 3*SD, the compound 
is considered active. If the compound is active in both duplicates and in the primary 
screen, the compound is considered an inhibitor of TRPC4 channels. Otherwise, it is 
designated as inactive.  

18. Score assignment: An active compound is assigned to a score between 5 and 100 by 
calculating Integer(25.0 * log(AvPercentage + 7.50)); while an inactive compound is 
assigned to a score of 0. 

 

Orthogonal assay for Screening TRPC4 inhibitors using alternative activation method 

Protocol 

1. Cell culture: TRPC4Opioid Receptor-expressing HEK293 Cells are routinely 
cultured in DMEM/high glucose medium, supplemented with 10% Heat Inactivated Fetal 
Bovine Serum (HiFBS), 50 IU/ml penicillin, 50 µg/ml streptomycin, 500 µg/ml G418 and 
40 µg/ml hygromycin 

2. Cell plating: Add 50 µl/well of 300,000 cells/ml re-suspended in DMEM/high glucose 
medium with 10% HiFBS. 

3. Incubate overnight at 37°C and 5% CO2 

4. Remove medium and add 20 µl/well of 1x Fluo-4 solution to cells  

5. Incubate 45 minutes at room temperature (RT) in the dark 

6. Prepare 7.5x compound plates and control plates on Cybi-Well system: test compounds 
are prepared using assay buffer; controls are assay buffer (EC0), and ECmax of AChCl 

7. Remove Fluo-4 dye solution and add 40 µl/well of assay buffer to cells 

8. Remove 40 µl solution and add 20 µl/well of assay buffer to cells 

9. Load cell plates to Hamamatsu FDSS 6000 kinetic imaging plate reader 

10. Measure fluorescence for 5 seconds at 1 Hz to establish baseline 

11. Add 4 µl of 7.5x compound stock into the cell plates. 

12. Incubate plates for 110 seconds 
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13. Add maximally activating concentration of AChCl (AChCl ECmax) and read for another 
110 seconds. 

14. Calculate ratio readout as F(max-min)/F0 and integrated ratio readout 

15. Calculate the average and standard deviation for negative and positive controls in each 
plate, as well as Z' factors 

16. IC50 and Hill Constant calculation from replicates was generated using Microcol Origin 
6.0 

17. Outcome assignment: If the test compound causes a maximum inhibition of TRPC4 
greater than 30% in any concentration tested and a dose response curve is generated 
the compound is considered to be active (outcome=2). If the test compound does not 
cause inhibition of TRPC4 at any concentration tested or a dose response is not 
generated, the compound is designated as inactive (outcome=1).  

18. Score assignment: Compounds with an IC50 less than 1 µM are given a score of 100, 1 
µM-5 µM a score of 75, 5 µM-10 µM a score of 50, 10 µM- 20µM a score of 25 and any 
compound with an IC50 greater than 20 µM or those that are designated inactive in the 
outcome are given a score of 0 

 

Manual Patch Clamp test for TRPC4 inhibitors 

Protocol 

1. Cell culture: Cells are routinely cultured as described above 

2. Electrophysiological recording: For whole cell patch clamp recordings, the internal 
solution has ~400 nM free Ca and is composed of (in mM): 110 CsCl, 10 HEPES, 10 
BAPTA 1 MgCl2, 6.46 CaCl2, pH adjusted to 7.2 with HCl. The osmolarity is 274.  The 
external solution contains (in mM): 140 NaCl, 5 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10 
HEPES, pH7.4 adjusted with NaOH. The pipette resistance is 2-4 Mohms and recording 
is performed at the room temperature (22°C). Cells were held at 0 mV and repeated 
voltage commands stepping to -100 mV for 20 ms followed by a voltage ramp to 100 mV 
in 100 ms were given at a 0.5 sec interval. 

3. Test compound application: Cells were pretreated with or without 1 µM of drug for > 2 
min before the addition of stimulus compound. This condition was used to maximally 
activate TRPC4 whole-cell currents 
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4. Current amplitudes were measured at -100 mV and +100 mV for each cell and 
normalized to cell capacitance. Current densities were compared between treated and 
untreated cells. 

5. Outcome assignment: If the average current density for treated cells was decreased by 
>40 % at either voltage, the compound was considered active (Outcome=2).  Otherwise, 
it is designated as inactive (Outcome=1).  

6. Score assignment: an inactive test compound is assigned the score of 0. An active test 
compound is assigned a score between 1 and 100 according to the maximal percent 
block at either voltage.  

 

TRPC4 validation assay using Automated Electrophysiology 

Protocol 

1. Cell culture: Cells were routinely cultured as previously described 

2. Cells were grown in to 80-90% confluency and dissociated with trypsin immediately prior 
to use. Cells were washed, resuspended in external buffer solution at 5-7 million cells 
per ml and loaded in the QPatch16 instrument. Cells were pipetted to QPlate wells and 
whole cell recordings established using the instrument’s integrated fluidics and pressure 
controls and following the manufacturer’s recommended protocols. Currents were 
sampled at 5 KHz and filtered at 1 KHz. 80% series resistance compensation was 
employed. 

3. The TRPC4-μOR expressing HEK293 cells were voltage clamped at 0 mV and brief 
voltage ramps were applied every 5 s. During the voltage ramp segments, cells were 
held at 0 mV for 200 ms, then at -100 mV for 50 ms, followed by a ramp from -100 mV to 
+120 mV in 110 ms, held at +120 mV for 8 ms, and then back to 0 mV for 180 ms. 
TRPC4 currents were measured at +120 mV at the end of depolarizing ramp voltage 
commands. Cells with stable current amplitudes in baseline conditions and following 
addition of 50 nM DAMGO were used to evaluate effects of test compounds.  

4. In order to evaluate effects of test compounds as inhibitors of TRPC4 channels, the 
channels were first activated by addition of a µ-opioid agonist (50 nM DAMGO) to the 
extracellular bath solution.  Two compound addition protocols were used.  

a. Cumulative addition of three doses on individual cells.  

i. Cells were stabilized in saline for 5 min with two saline additions. After 
two additions of 50 nM DAMGO, cells were recorded for 3 min. Then 1.11 
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µM of compound with the presence of 50 nM DAMGO was added and 
recorded for 50 sec; second addition of 1.11 µM of compound with the 
presence of 50 nM DAMGO was recorded for another 100 sec. Similar 
additions and recordings were done with 3.33 and 10 µM of test 
compounds (with the presence of 50 nM DAMGO) sequentially. Cells are 
then washed with 2 saline additions for 2.5 min followed by addition of 50 
nM DAMGO. 

b. Titration experiments using a single dose on individual cells: 

i. Cells were stabilized in saline for 5 min with two saline additions. After 
two addition of 50 nM DAMGO, cells were recorded for 3 min, followed by 
another addition of DAMGO for 3 min. One concentration of a compound 
with 50 nM DAMGO was added twice and recorded for 3 min, followed by 
another addition for 3 min. Test compound and DAMGO were washed off 
for 5 min with 3 saline additions. Cells were tested again for their 
response to 50 nM DAMGO with 2 additions and two 100 sec recording 
periods. DAMGO was then washed off by two saline additions in 2.5 min. 

5. Percent inhibition of TRPC4 currents was calculated at the end of each test period as 
100x(1-(Itest-Ibaseline/IDAMGO-Ibaseline)).  

6. Percent inhibition values calculated at each test compound concentration for a number 
of cells were combined and fitted with a Hill equation to provide IC50 values and Hill 
slope values. 

7. Outcome assignment:  IC50 values were calculated for each compound using a number 
of cells in each test plate. If the calculated IC50 values was less that 100 µM, the 
compound was considered active (Outcome=2).  Otherwise, it is designated as inactive 
(Outcome=1).  

8. Score assignment: an inactive test compound is assigned the score of 0. An active test 
compound is assigned a score between 1 and 100 according to the following criteria: 25 
for compounds with 10 µM<IC50<100 µM; 50 for compounds with 3 µM<IC50<10 µM: 75 
for compounds with 1 µM<IC50<3 µM; 100 for compounds with IC50<1 µM. 


