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Abstract. Swelling of cells in hypotonic media activates major role is to provide a rapid efflux pathway for Cl
a volume-sensitive Cl channel with well-known charac-during regulatory volume decrease (RVD) (for recent
teristics, but its structure and its regulation are stillreviews,seeStrange, Emma & Jackson, 1996; Nilius et
largely undetermined. It also has many inhibitors andal., 1996; Okada, 1997). Single channel studies have
most of them are also blocking other types of Cl chan-shown that both a Cl aha K channel are activated by
nels. The numerous inhibitors of Cl channels have apeell swelling in hypotonic media (Banderali & Roy,
parently no structural relationship among them. The pur1992a). It was also found that the Cl channel is not very
pose of this study was to try to determine the most simpleselective among anions; it is permeable to organic anions
molecules that could block these channels and identifyas large as glutamate and also to most neutral amino
some common properties among inhibitors. From the 37&cids (Roy & Malo, 1992, Banderali & Roy, 198Roy,
new molecules that were studied, it was found thatl995) and to polyols like inositol (for a recent review,
simple halide phenols like trichloro and triiodophenols seeKirk, 1997).
could block these channels in the micromolar range.  This anion channel is blocked by a large variety of
Also alkyl phenols, like butylphenols, are very sensitive molecules; the best known are, NPPB (5-Nitro-2-(3-
blockers, comparable to other well-known blockers. Butphenylpropylamino)benzoic acid), niflumic acid, DIDS
acidic halide phenols or nitrophenols are poor blockers(4,4 -diisothiocyanostilbene-2,alisulfonic acid), DPC
Also neutral polyphenols are more sensitive than acidiqDiphenylamine carboxylic acid (also known as N-
polyphenols. All these results indicate that the commorphenylanthranilic acid) and 9-AC (9-anthracene carbox-
basis for blocking these Cl channels is a phenol withylic acid). Some years ago, Wangemann et al. (1986)
hydrophobic groups, like short alkyl chains or an addi-studied a large variety of molecules (over 200), many of
tional phenyl ring, attached to some of its sites, preferthem having a composition similar to DPC or 9-AC, to
ably sites 3-4-5. These results identify a new family of determine those that could block CI channels. That ex-
Cl channel blockers and hopefully improve our under-haustive study led to the discovery of NPPB, a very
standing of the blocking mechanism. powerful blocker. The common property of the mol-
ecules studied by these authors was that they were all
Key words: Chloride channels — Volume regulation — carboxylic anions. But later on Simchowitz et al. (1993)
Patch clamp — lon channel blockers — Phenol derivafound that molecules made from aminomethylphenols

tives were also efficient Cl channel blockers. Some lipoxy-
genase inhibitors like ketoconazole, gossypol and nordi-
Introduction hydroguaiaretic acid (NDGA) were also found to be very

. i i sensitive inhibitors (Gschwentner et al., 1996, Jackson &
Volume-sensitive chloride channels are present in mos§yange  1993). Another unexpected very sensitive in-
cell types and in a large variety of organisms. Theirihiior of this channel was tamoxifen, a well-known an-

tiestrogen $eeOkada, 1997, for references). Quinine, a
I well-known K channel inhibitor was also observed to
Correspondence tdG. Roy block the volume-sensitive Cl channel (Banderali & Roy,
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19923, Voets et al., 1996). All these molecules do not SOLUTIONS AND REAGENTS
have carboxylic groups. Recently, Bausch and Roy
(1996) found three new blockers of these channels: RjThe standard bathing solution was an Earle’s medium containing (in

_ Fo A A (e _ : mwm): 121 NaCl, 5.4 KCI, 1.8 CaGJ 0.8 MgSQ, 6.0 NaHCQ, 1.0
luzole {2-Amino-6-(rifluoromethoxy)-henzothiazole, NaH,PQ,, 5.5 glucose, 25.0 HEPES, 10.0 NaOH (pH: 7.3, osmolarity:

N|;ofenone (2—9h|oro-2—(2-d|ethylam|nomethyl—1- 290 mosm/Kg). All the other experimental media were hypotonic at
imidazolyl)-5-nitrobenzophenone fumarate) and2p0 mosm. The normal NMDG-CI solution contained (inyn00
BW1003C87 (5-(2,3,5-trichlorophenyl)-2,4-diamino-py- NMDG-CI, 10 HEPES, 1 Mg-SQ the pH was adjusted at 7.3 with 4
rimidine). These three molecules do not have carboxylidNMDG base. All the drugs were added to the hypotonic NMDG-CI
groups and two of them have amino groups. When commmedium from stock solutions (O or 0.5 M) in dimethyl suh_‘oxide_
paring the chemical composition of all these blockers, itPMSO), except those used at 10 mM which were added directly into
. . . hat such a wide variety of molecules with the medium. Adding the highest concentration of DMSO alone _(1%)
IS surprising t . ; y ad no effect on the currents. All the drugs were obtained from Sigma-
apparently no structural relationship among them couldygrich canada (Oakville, Ontario).
block these channels. Is it possible that a common prop-
erty among these molecules could be responsible for
their blocking power? The objective of this study was to PATCH-CLAMP TECHNIQUE
try a large variety of simple molecules and determinewh . .
-Whole cell patch-clamp experiments were performed as previously
those that could block these Cl cha}nnels. One b?’\s'Qlescribed (Roy, 1995) with pipettes containing the hypotonic (200
component of all the known blockers is a benzene ringmosm) NMDG-CI pH 7.3 solution. Immediately after reaching the
A starting molecule would be a phenol or a benzoic acidwhole-cell configuration, the external isotonic Earle's solution was
Since this anionic channel has much affinity for halides,changed to hypotonic NMDG-CI, which triggers cell swelling. During
is it possible that the presence of halides on the benzoithat time, the pipette solution dialized the cell and both internal and

ring would provide the appropriate atom configuration to external media became identical, Wi_th the cell swollen to a new stable
9 P pprop 9 olume. The cell could not regulate its volume (RVD) because NMDG

block the channel? Wh_en e>_<am|r_1|ng t_he ComPOSItlon_o(\l/\/as not permeable. That method was more appropriate than using an
some of the blockers, like niflumic acid and riluzole, it isotonic solution in the pipette and a hypotonic external solution, which
can be observed that these two molecules have @ Chproduced continuous swelling. It should be mentioned that the pipette
group. Also BW1003C87 has three CI on its benzenesolution did not contain ATP. It was found that ATP was not necessary
ring_ Therefore it was thought that a starting point wouldwhen swelling was triggered immediately after reaching the whole-cell
be to test the blocking power of phenol, benzoic acid and;ortfiguration. The currents were evoked similarly as previously (_ie—
their halide derivatives. It was found that many ha”descnbed (Roy, 1995) and remained large for long periods (10-30 min).

h | Id block th | it Cl ch IThe patch-clamp amplifier was a PC-501, Warner Instrument (Ham-
phenols cou oc e volume sensitive channe 'den, CT). The pipettes were made from Pyrex glass capillaries and

some with high affinity, while the benzoic acid halides pyjied using a David Kopf programmable puller (model 750). The
could block only at very high concentrations. AlSO pipette resistance ranged from 9 to 12 Megohm and the seal resistance
acidic nitrophenols were poor blockers, while nonpolarwas usually between 4-6 Gigaohm. The whole-cell current was re-
alkylphenols were high affinity blockers. A large variety corded on a strip chart. The applied potentials were alternating + and

of neutral polyphenols were also high affinity blockers. ~ 30 mV step-pulses of 3-sec duration. There was no holding potential
and the reversal potential was zero because symmetrical ionic solutions

were used. A positive voltage produced a flow of anions into the cells
. and corresponded to the positive current. The effect of the drugs was
Materials and Methods measured by the change in the total amplitude of the current. The
perfusion chamber had a small volume and the solutions could be

changed in 15 sec. All experiments were performed at room tempera-

CELL CULTURES ture (22—24°C).

The U-138MG cell line was obtained from the American type Culture
Collection starting at the 180th serial passage. Cells were used fo":uaSUItS

patch-clamp experiments up to the 200th serial passage. Cells were

seeded at medium density and grown until confluence in plastic bottle

(Falcon 3023) with DMEM (Gibco). The medium contained 10% fetal ErreCTs OFHALIDE PHENOLS ON CI CURRENTS IN
bovine serum (Gibco) with Gentamycin as an antibiotic and the me_HYPOTONlC MEDIA
dium was changed every two days. Cultures were maintained at 37°C

in a humid air atmosphere in closed Falcon bottles. Subculture wadJsing pipettes filled with the hypotonic NMDG-CI so-
performed by detaching the cells from the bottles using a trypsin-lution (200 mosm), a cell-attached patch was performed
EDTA solution containing 0.05% trypsin and 0.5inEDTA-Na. For and the whole-cell Configuration was reached after
patch-clamp experimgnts, cells were d(_etached mechanically ftom ?Jreaking the membrane. Immediately after, the external
culture bottle by blowing the Earle medium on the cell layer with a @edium was changed from isotonic Earle’s medium to

pipette. The cells were maintained in suspension and a sample w . .
introduced into the perfusion chamber. After a few minutes the cellsa]']ypOtonlc NMDG-CI (see Materials and MethOdS)' A

settled on the bottom of the chamber and were ready for patch-clam@/OW increase of the whole-cell current was observed and
experiments. reached a stable value, as shown in Fig. 1. This current
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Fig. 1. Inhibition of Cl currents activated by osmotic swelling. Whole-cell currents produced by an alternating + and — 30 mV voltage pulse &
measured on glial cells using a hypotonic NMDG-CI solution (200 mosm) in both the pipette and the external rseédMatdrials and Methods

for details). Inhibition was produced by perfusing with the same NMDG-CI solution containing trichlorophenol (TCP) at the indicated concent
tions.

was shown previously by Roy (1995) to be produced by
chloride ions and to have all the known characteristics of
the volume-sensitive chloride current: the current-
voltage curve had an outward rectification and the cur-
rent inactivated at positive potentials larger than 50 mV.
The well-known inhibitors of CI channels, NPPB and _,
niflumic acid, were found to block these currentsg
(Bausch & Roy, 1996). The first molecules introducedg
into the hypotonic medium were phenol or benzoic acid.g
Neither of them had any inhibitory effect at concentra-~
tions up to 10 m1. The next molecule to be studied was
trichlorophenol. When it was introduced into the exter-
nal hypotonic medium, the current rapidly decreased, a
shown on Fig. 1, to reach a new stable value dependin
on the concentration of the inhibitor used. As shown on
Fig. 1, trichlorophenol could block 30% of the current at
0.4 mv and 50% at 0.6 m. An almost complete block 0 0.2 0.4 0.6 0.8 1
(90%) was obtained with 1.0 m The effect was rapid DRUG CONCENTRATION (mM)
and reversible, and could be reproduced similarly on o )
many different cells. Also inhibition did not seem to be "9 2 Dose-Inhibition curves. Data points represent the average and
. the standard deviation obtained from= 3 values. Each value is
voltage dependent because the current reduction was tleculated from the ratio of the stable current during inhibition to that
same for +30 and —-30 mV. But we cannot rule out, pefore inhibition, using data as shown on Fig. 1. Curves were obtained
however, that some voltage-dependent blocking couldby least-square fitting of the data points, using the Hill equation.
appear at higher voltages. The percentage of inhibition
was calculated for different inhibitor concentrations from
the amplitude of the current with and without inhibitor. The results were similar to those obtained with trichlo-
Dose-inhibition data values were obtained, as shown omophenol, but a slightly larger concentration was required
Fig. 2; the continuous curve was obtained by curve-to reduce the current; the Igfor dichlorophenol, as
fitting of the data values with the Hill equation, which given in Table 1, was 0.77. It was also possible to block
yielded a half-inhibition concentration of 0.57mrfor  the CI current with chlorophenol. Even though the re-
trichlorophenol. On the basis of these results, it was insults were similar to those shown on Fig. 1 for trichlo-
teresting to determine if phenol molecules with only onerophenol, much larger concentrations of chlorophenol
or two ClI could also block the channel. Dichlorophenol were required. About 5 m was necessary to produce
was studied and was also found to block the channelonly a half inhibition of the current, as shown on Table

0.8 | 7
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trichlorophenol
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Table 1. Drug structure, name and jgvalue Table 1, but with trifluorophenol, it was about twice that
Structure Name ic () of trichlorophenol..But the" most surprising result was
the low concentration of triiodophenol that could block

OH the current, only 0.14 m was sufficient for half inhibi-
Cl tion (Fig. 2). This result makes triiodophenol one of the
2-CHLOROPHENOL 49 most sensitive blockers of this channel in our glial cells,
with a IC;, comparable to that of NPPB (Bausch & Roy,

Q
T

1996). Two other fluorophenols were also studied, tri-
fluoromethylphenol (CE) and trifluoromethoxyphenol
2-4-DICHLOROPHENOL 077" (OCF,). These molecules, as shown on Table 1, have
their three fluoride on the same phenol site (4). The half
inhibition value was the same for trifluoromethylphenol
(CF;) and 2-4-6-trifluorophenol (Ig, = 1 mm), but it

Q

@Q

2-4-6-TRICHLOROPHENOL 057 was lower for trifluoromethoxyphenol (i = 0.56).
Because many of the well-known CI channel block-
cl ers are carboxylic acid, it was important to study acidic
OH molecules. The best candidate to be compared with tri-
Br Br chlorophenol was trichlorobenzoic acid. To our surprise,
O 2-4-6-TRIBROMOPHENOL 046 trichlorobenzoic acid did not produce any inhibition until

a 5 nmmv concentration was used and 1@mwas necessary
to inhibit half of the current (Table 2). This was in con-
trast with trichlorophenol, which could completely block
2-4-6-TRIIODOPHENOL 0.14 the current at 1 m, indicating that the presence of a
carboxylic group on the benzene ring was not favorable
for inhibition of this channel. To verify if an acidic con-
figuration on the whole phenol molecule had similar ef-
fects, trinitrophenol was studied. This molecule, as
2-4-6-TRIFLUOROPHENOL 1.0 shown on Table 2, has the same configuration as trichlo-
rophenol, but it is a well-known strong acid (picric acid);
it was used in a buffered solution at pH 7. No inhibition
OH of the current could be measured at concentrations up to
10 mm. Dinitrophenol was also studied for comparison
and it was found that it could inhibit half of the Cl current
&F, with a concentration of 5 m. Dinitrophenol is less
acidic than picric acid. To verify if the anionic character
of these phenols had a role in reducing their inhibitory
power, trichlorophenol (1 m) was introduced into the
hypotonic medium at a pH of 9.1. Since the pK of tri-
chlorophenol is 9.1, half of the molecules are in their
anionic configuration in these pH conditions. Perfusing
1; these inhibitions were as rapid, reversible and reprothe cells with that high pH solution, it was found that the
ducible as with tri or dichlorophenols. Therefore, thesecurrent was inhibited by only 30%, while in the same
results indicate that tri or dichlorophenols are moderatelycell, the current was inhibited by 90%, with a solution
sensitive blockers of the volume-sensitive anion chan<ontaining the same trichlorophenol concentration at pH
nels, while chlorophenol is much less effective. To ex-7. This result clearly established that the anionic char-
plore the possibility that other halide phenols could alsoacter of the halide phenols was not favorable for inhibi-
be interesting inhibitors of this channel, triboromophenol,tion of the ClI channels.
trifluorophenol and triiodophenol were studied. It It was also interesting to determine the effect of
should be noted, as shown on Table 1, that all thes@olar groups like NQor NH, on the inhibitory power of
halides were in the same positions on the phenol moldichlorophenol. As shown on Table 2, the presence of
ecule (2-4-6). The inhibitory effects that were obtainedeither NO, or NH, on dichlorophenol increased thed{:
with these three halide phenols were similar to thosendicating that both these polar groups reduced the bind-
obtained above (Fig. 1), although the required concening on the Cl channel. Another molecule having some
trations were different. With tribromophenol, thegC similarity with trichlorophenol was introduced into the
was about the same as with trichlorophenol, as seen ohypotonic medium, trichloropyrimidine. As seen on
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Table 2. Drug structure, name and igvalue Table 3. Drug structure, name and igvalue
Structure Name 16 (mm) Structure Name 16 (mm)
OC-OH OH
cl cl HC CHs
2-4-6-TRICHLOROBENZOIC ACID 10.0 9.4.6 TRIMETHY LPHENOL "
a CH,
OH OH
NOz ;4 DINITROPHENOL 50
4-PROPYLPHENOL 1.5
HoC
N02 ’CHZ
OH HsC
O:N NO> 4.6 TRINITROPHENOL 5100
4-PHENYL-1-BUTANOL 5.0
NO, CH,
OH H.C
*CH,
Cl Cl He
4-AMINO-2-6-DICHLOROPHENOL 25 ZoH
OH
NH,
OH 4-TERT-BUTYLPHENOL 0.42
O,N cl
2-4-DICHLORO-6-NITROPHENOL 15 HyC-C-CHj
CHs
OH
Cl
3-5-DITERTBUTYL 010
HsC. PHENOL
N NGe! 5. CHs
l HaC CHy T,C CHa
>5.0 3 s
_N 2-4--6-TRICHLOROPYRIMIDINE
cl CHy OH  cH,
HC-¢ C-CH 2-6-DITERTBUTYL
’ / 3 >0.5
HsC CH; 4-METHYLPHENOL
N\(OH (BHT)
| N 4-TRIFLUROMETHYL-2-PYRIMIDINOL >3.0 CHa
Z cHy e,
CF3 H,C-C G-CHs
HC CHs 2-4-6-TRITERTBUTYL >0.5
PHENOL
Table 2, this molecule has two nitrogen replacing two HeC‘C;ICHa
3

carbon atoms into the benzene ring and it does not have
a hydroxyl. There was no inhibition of the CI current
produced by trichloropyrimidine, with concentrations up

to 5 mv. Another pyrimidine was also tested because ofecules are more appropriate for blocking than polar mol-

its similarity with trifluoromethylphenol; it was trifluoro-

ecules. To test that possibility, nonpolar phenol deriva-

methylpyrimidinol. It had no effect on the current at a tives were studied. Trimethylphenol was the first one.
concentration of 3 m. These two results indicate that |t could block the ClI current rapidly and reversibly, hav-
the presence of nitrogen atoms in the benzene ring arag a IC,, of about 1 nm, as shown on Table 3. This
not favorable for binding with the Cl channel. A highly value is twice that of trichlorophenol. Two other non-
polar molecule, inositol, having a structure similar to apolar phenol derivatives were also tested: propylphenol

phenol, but with six hydroxyl instead of one, was tested;and butylphenol. Both could inhibit the current, with
it had no inhibitory effect at 10 m.

EFFecTs oFALKYL PHENOLS ON Cl CURRENTS IN

HypoTONIC MEDIA

butylphenol having a I, = 0.42 mm, a value compa-
rable with that of trichlorophenol, as shown on Table 3.
Another molecule similar to propyl and butylphenol was
tested, phenylbutanol. As seen on Table 3, the hydroxyl
on this molecule is at the end of the alkyl chain rather

The inhibitory effects of halide phenols on the volume-than on the benzene ring. In this case, there was no
sensitive chloride current indicate that nonpolar mol-inhibition, indicating that the presence of a hydroxyl on
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the benzene ring was necessary for inhibition. There ar&able 4. Drug structure, name and dgvalue
also naturally occurring phenol derivatives similar to

propylphenol, such as tyrosine and dopamine. Theif e Name 160 (M)
main difference is the addition of a carboxyl and an OC-OH

amino group at the end of the alkyl chain for tyrosine and

only an amino group for dopamine. Neither of these two @H@ 2%’2&5&?{12%1) L1
molecules at 5 m had any inhibitory effect, indicating

that the presence of a carboxyl or an amino group on th OH

short alkyl chain is not favorable for inhibitory interac- N 3-HYDROXY 0.55
tion with the Cl channel. Animportant natural derivative H DIPHENYLAMINE

of tyrosine, diiodotyrosine was also studied because tri
iodophenol was found to be a very powerful blocker
(Table 1). But diiodotyrosinetaa 1 mv concentration QOQOH PHENOXYPHENOL 020
had no effect on the CI current, indicating again that the
presence of carboxyl and amino groups reduced the in

) CH
hibitory power. HO P OH BISPHENOL 023

To determine if additional butyl groups on the phe- CHg
nol ring could increase its inhibitory power, 3-5- G CH
dibutylphenol was tested. As shown on Table 3, this ° CH, : 4-4-1SOPROPYLDENE 020
molecule had an 1§, = 0.10 mm, a value much lower HOQC OH  BISQ-6-DIMETHYL '

. | PHENOL)

than that of butylphenol. In fact, it was one of the most hQ CHs CHs

sensitive blockers that we have found. Its blocking ac- °

tion was rapid and reversible, and a complete block of y OH
the current was reached with 250uv. Another very @c-é@ HYDROBENZOIN 5.0
similar molecule was also tested, 2-6-dibutyl-4-methyl- o H (DIPHENYL ETHANEDIOL)
phenol, usually known as dibutylhydroxytoluene (BHT).

The main difference with the preceding molecule is the

position of the dibutyl groups. As shown on Table 3, HOQOQCFa PHENOXYPHENOL o1
BHT did not block the current, as 3-5-dibutylphenol did,

using a concentration of 0.5nmits maximum solubility.

Similarly 2-4-6-tributylphenol was tested and could not

block the current at 0.5 m its maximum solubility. @H@ca 3&%&3‘3‘;&?‘&5““ 0.24

The main difference between these last two compound CARBOXYLIC ACID

and 3-5-dibutylphenol is the position of the butyl groups O%H (FLUFENAMICACID

on the phenol ring. In the former, the butyl groups are

very close to the hydroxyl, while in the latter they are N=— 2 TRIFLUROMETHYL

farther away. It seems that if the two butyl groups are ﬁ@cﬁ PHENYLAMINE 0.1

too close to OH, they could occlude it and reduce its e (NIFLUMIC ACID)

binding to the channel. These results indicate that the _OH

interaction of a hydroxyl with the channel is necessary

and the hydroxyl must be on the benzene ring. To de-

termine if a longer alkyl chain attached on site 4 on theessary to determine if the presence of a carboxylic group

phenol ring could reduce the igfurther, 4-octylphenol  on well-known CI channel blockers had a similar effect.

was tested on the Cl current. It had no inhibitory effectThe first example is DPC, which is a diphenyl molecule

at 1 mm, its maximum solubility. This indicates that a with a carboxylic group. It was found to block the ClI

long alkyl chain on the phenol is not appropriate for current rapidly and reversibly with a kgof 1.1 mm, as

inhibitory interaction with the channel. Two short alkyl shown on Table 4. A molecule having the same compo-

groups attached on site 3 and 5 are much better. sition as DPC, except that the carboxylic group is re-
placed by a hydroxyl, hydroxydiphenylamine, was

tested. It was found to block the current similarly, but
EFFeCTS OFNEUTRAL PoLYPHENOLS ONCI CURRENTS IN  with a IC5o = 0.55 mm. This result shows that a hy-

HypoToNnIC MEDIA droxyl is more appropriate than a carboxyl for inhibitory
interaction of polyphenols with the CI channel, although
It was demonstrated in the above experiments that théhe effect is not as important as above with single phenol
presence of anionic groups dramatically reduced the serderivatives. To determine if the group of atoms between
sitivity of phenol derivatives. It seemed therefore nec-the two phenyl rings has some importance for inhibition,
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a few other molecules with different groups were testedTable 5. Drug structure, name and dgvalue

One was phenoxyphenol, where NH was replaced by OS ructure Name C ()

as a link between the phenols (Table 4). This molecule
9-ANTHRACENE
OO CARBOXYLIC ACID 50

could block the channel with a I = 0.2 mv, which is
5 times less than DPC (Table 4). Another interesting
molecule was bisphenol, where NH between the pheny

rings was replaced by a isopropyl group and with eact OC-oH

phenyl ring having a OH, as shown on Table 4. It also OH

had a low IG, = 0.23 v, making it a more sensitive OH

blocker than DPC. Another one with much similarity to ANTHRAROBIN 05
bisphenol had methyl groups added on the phenols, isc 3H

propyldene-bis(dimethylphenol); its {gwas similar to OH

that of bisphenol (Table 4), indicating that the added OH

methyl groups did not have any influence. To determine ﬁ—;ﬁ}ﬂggggw )5
if hydroxyl groups on the phenyl rings were important, a

molecule with hydroxyl groups only between the phenyls
was tested, diphenyl ethanediol, known as hydrobenzoir
As shown on Table 4, it had a highdg= 5 mw, a value HOOH BIPHENOL 20
20 times higher than the three above molecules. Thit
indicates that hydroxyls are more effective for blocking OH
when they are situated on the phenyl rings rather thai S

N

between them.
Two well-known and very similar blockers are nif-

4-HYDROXY

QUINOLINE >3.0

lumic and flufenamic acids. As shown in Table 4, these N\ OH

two molecules are similar to DPC, but they have in ad- 2-3-DIHYDROXY >3.0
dition a CFK; group, which reduces their Lg by about JOH QUINOXALINE

five times, compared with that of DPC. Another mol- NOH

ecule similar to these two, but without the carboxyl AN

group, was tested, trifluoromethylphenoxyphenol. As Qij i:g&l&ggsgimmu >3.0
shown on Table 4, this compound had &G 0.1 mw, FsC N

half that of niflumic acid and among the lowest values

Obtained. ° 2-AMINO-6-TRIFLUORO
The next class of polyphenols that was studied in- /> NM2  METHOXY-BENZOTHIAZOLE  0.14
cluded molecules made of two or three adjoining phenyl F,C N (RILUZOLE)
rings. A well-known member of this class is 9-AC, with S
three adjoining phenyl rings. This molecule was found ZI />NH2 é—é\l\l;/gg%icz%h%m 1o
to block the CI current rapidly and reversibly, but re- ¢
quired very large concentrations, having gJG 5 mwv,
as shown on Table 5. A few molecules having a similar S

. ) 2-AMINO
structure but without the carboxylic group were tested. @i />NH2 BENZOTHIAZOLE 5.0
The one most closely related to 9-AC was anthrarobin N
As shown on Table 5, it had three hydroxyls instead of
one carboxyl, and that gave aJC= 0.5 mv, ten times
less than that of 9-AC. Another molecular similar to ecules had one or two nitrogen atoms in place of carbon
anthrarobin was tested; it had only two phenyl rings in-atoms on the phenyl rings. That eliminated the inhibi-
stead of three, dihydroxynaphthalene. As shown ortory power, at least for concentrations up to 8.nirhis
Table 5, the IG, = 2.5 mv, a much larger value. A result is similar to the one observed for trichloropyrim-
molecule similar to dihydroxynaphthalene, biphenol,idine and confirms that the presence of N atoms in the
was tested; its I¢, was about the same. These resultsphenyl rings reduces the inhibitory power.
indicate that molecules made of adjoining phenyl rings A very sensitive blocker, riluzole, was found re-
with hydroxyl groups on them are not the most sensitivecently by Bausch and Roy (1996); itsdgwvas 0.14 .
inhibitors of the Cl channel. Three other molecules withThat molecule has a rather simple composition; it is an
a structure similar to dihydroxynaphthalene were alscamino-benzothiazole with a OGRttached to the phenyl
tested, hydroxyquinoline, dihydroxyquinoxaline and tri- ring, as shown on Table 5. It has some similarity with
fluoromethylquinolinol. As seen on Table 5, these mol-one of the above molecules, trifluoromethylquinolinol,
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Table 6. Drug structure, name and Jgvalue tested on the ClI current of our glial cells and was found
Structure Name G () to block i_t W_ith a very low concentration; its igwas 50
wM. Again it seems that the replacement of a carboxyl
by a hydroxyl on the phenyl rings reduced the;J@or
blocking the volume sensitive Cl current. In this case the
effect is rather small, probably because NPPB has a long
5-NITRO-2-(3-PHENYL hydrophobic portion.
" CN:H i‘é%’YLAMINO)BENZOIC 0.09 As mentioned in the introduction, tamoxifen was
2CH2 found to be a very sensitive blocker in a few cell types,
HoC (NPPB) requiring only 1pm for 90% inhibition (Okada, 1997).
Tamoxifen was tested on the Cl current of our glial cells;
using concentrations of 10 and 1@#, no inhibition was
ON C-OH observed (A.R. Bausch and G. Raypublished data
Also quinine was found to be a blocker of the CI current
in some cell types (Voets et al., 1996). It has no inhibi-
tory effect on the ClI current of our glial cells, at a con-
OH centration of 1 m.
OH
© Discussion
CHp
H C"l%;_?”e* NORDIHYDRO w05  There are numerous chloride channel blockers with ap-
= GUAIARETIC ACID ' parently no structural relationship. They differ in their
2 (NDGA) sensitivity for blocking the channel in a particular cell
type and their sensitivity varies from one cell type to
oH another. Besides, many of them have additional effects,
o such as lipoxygenase inhibition (Nilius et al., 1996). It

would be interesting if some basic characteristics of
chloride channel blockers could be established. It could
help in designing more specific blockers and possibly
but the IG, of riluzole for blocking the CI current is indicate how inhibition takes place on the channel. The
much lower. The main difference between these twopurpose of this study was to try to determine such basic
molecules is the presence of a sulfur atom in place of a&haracteristics. One of the main results was to demon-
carbon and the addition of a NHAs shown above for strate that simple hydrophobic phenol molecules, like
halide phenols, a NKHgroup does not usually improve triiodophenol and dibutylphenol, were quite sensitive
inhibition, it rather decreases it. Therefore the S atomblockers and that anionic phenol compounds were much
might play an important role. To determine if the pres-less effective. As shown with the chlorophenols, in-
ence of the OCE group was important on riluzole, a creasing the number of Cl on the phenol ring increased
molecule without it was tested, aminobenzothiazole. Aghe blocking sensitivity and adding a carboxylic group
shown on Table 5, there was no measurable inhibitiongdecreased it dramatically. In addition, when trichloro-
indicating that the OCJ-group was absolutely required. phenol was made anionic by increasing the pH, blocking
But the benzothiazole structure had an important moduwas largely reduced. Also other anionic phenol mol-
lating effect; it provided a more sensitive inhibition than ecules, like trinitrophenol, had a poor blocking power,
phenol alone, since trifluoromethoxyphenol (Table 1)while the hydrophobic ones, like 3-5-dibutylphenol,
had a IG, four times larger. Also a molecule with a Cl were among the best blockers. This conclusion is in con-
instead of a OCE was tested; no inhibition could be trast with previous studies, for example that of Wange-
measured with 1 m, its maximum solubility. mann et al. (1986), who concluded that the blockers
A molecule that had some similarity to NPPB was should be anionic. Other simple neutral phenol deriva-
also studied, nordihydroguaiaretic acid (NDGA). As tives, aminomethylphenols, were also found to be sensi-
seen on Table 6, the main difference between these motive Cl channel blockers by Simchowitz et al. (1993).
ecules is the presence of two hydroxyls on each phenyDne of their molecules, MK447, is similar to 4-tert-
ring for NDGA, instead of a carboxyl and a nitrate on butylphenol and another one, MK447A, is similar to bi-
one of the phenyl rings for NPPB. NDGA is widely used sphenol. These authors found angd@®f 90 pum for
as a lipoxygenase inhibitor and was found recently to beMK447 and 16um for MK447A. These two blockers
a very sensitive Cl channel blocker (Gschwentner et al.were also tested on our glial cells and theirgQvere
1996) with a IG, of 4 wm in NIH3T3 cells. NDGA was  equal to 300um and 180uMm respectively (A.R. Bausch
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and G. Royunpublished dafta These values are much chains attached preferably at sites 3-4-5. A hydroxyl
larger than those of Simchowitz et al. (1993), but similargroup at site 1 on the benzene ring is necessary and is
to those of 4-tert-butylphenol and bisphenol (Tables 3more appropriate than a carboxyl. The blocker could
and 4). also be made of two phenols linked with a short alkyl
Comparing molecules that were similar to well- chain, like propyl or butyl. Again hydroxyl groups on
known blockers, like DPC, 9-AC, niflumic acid and the benzene rings are more appropriate than carboxyl
NPPB, it was found that replacing the carboxylic groupgroups. Although these two types of molecules are ap-
by a hydroxyl improved the sensitivity of the blocker. parently different, they might have a similar interaction
Also, comparing the IG, of bisphenol and hydroben- With the blocking site. We cannot state yet what is the
zoin, it can be concluded that the hydroxyl group has toPPtimum size and configuration for such molecules to
be on the phenol rings of the polyphenols, rather tharProvide the lowest I, It should be pointed out here
between them. A similar result was obtained with thethat the sensitivity of a blocker is relative and not the
single phenol derivatives, where the hydroxyl had to beSame in all cell types, and even very sensitive blockers in
on the phenol ring. The presence of polar or nonpolaS®me cells, like tamoxifen, have no effect on other cells.
groups between the phenol rings were more favorable folVith our glial cells,lno inhibitor could block the ClI ch_an-
inhibition than without them. For example, bisphenol nel at a concentration of lm. The lowest concentration
was ten times more sensitive than biphenol or other molfound to_block half of the current was 5@m, with
ecules with adjoining phenol rings, like dihydroxynaph- NDGA. That_ inhibitor could block the CI channel in
thalene. When comparing the molecules of these tw ibroblasts with only 1um (Gschwentner et al., 1996).
groups (Tables 4 and 5), it can be observed that those o herefore, when an inhibitor is considered very sensitive
Table 4 are more flexible than those of Table 5. The! 0ur cells, it might not appear really sensitive when

latter remain flat. while the former can bend at an anglecompared to other very sensitive inhibitors in other cells.

of about 45° through the center group. This is easilylt is p055|bl_e that all the inhibitors ;how_n in Tables 1 to
. . 6 are effective at lower concentrations in other types of
seen with a space-filling (CPK) model of these mol-

. . . cells. We considered in this study that inhibiton at con-
ec.ules, comparing for example bisphenol an(_j b|ph_enol entrations up to 10 mwere valid. The most important
It is also mterestlng_ t.o compare the three dlr‘nens'on"’lﬁesirable aspect of volume-sensitive anion channel
shape of a space-filling mpdel of NDGA and NP'.DB‘ blockers is their specificity rather than their sensitivity.
Because of the longer chain between the phenol rings,

h lecul b isted h dth St should be recalled that TEA (tetraethylammonium) is
these molecules can be twisted much more and the tWg ,\q||_known selective K channel blocker requiring be-

phenols can take many different positions. Could thayyeen 0.4 and 8 mfor half inhibition depending on cell

flexibility give them a shape and a size more favorabletypes (Hille, 1992).

for binding to the Cl channel? This is a likely possibility. Among the numerous new molecules that were

The phenol derivatives shown on Tables 1 and 3 appeggsted (37), some could be potentially interesting block-

smaller than these polyphenals, but in some cases theys Until now the role of most of them as Cl channel

are equally sensitive. It is possible that the hydrophobigyjockers was not known. It remains to be determined if

character of all these molecules, as well as their size, argjs effect is specific at the concentrations used. Further

playing a major role in blocking these channels. experiments should determine if they block other chan-
Itis usually assumed that anion channel blockade isiels and if they have other effects on cell functions.

due to the binding of a large anion in the channel poreTheir effects on other types of cells should also be stud-

But our results suggest that the blocking site for inhibi-jed. These results could provide new guidelines for the

tion might not be a binding site for anion permeation in synthesis of more specific anion channel blockers.

the channel, since hydrophobic molecules are more sen-

sitive bIOCkerS_ tha_n h_ydrOphI“C or anionic mOIECU|eS_' Financial support for this project was provided by the Natural Sciences

For example, inositol is a large permeable molecule inyng engineering Council of Canada and by the “Fonds pour la For-

C6 glioma cells (Jackson & Strange, 1993) and it iS Notmation de Chercheur et I'Activitde la Recherche” of the province of

a blocker in our glial cells, while smaller molecules like Quebec.

trimethyl or butylphenol are efficient blockers. It is pos-

sible that some amphiphilic domain in the channel pro-
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