4044 Journal of Medicinal Chemistry, 2002, Vol. 45, No. 18

mixture of CHCl; (40 mL) and pyridine (0.32 mL, 3.97 mmol}.
Three portions of PBr; (3 x 0.05 mL, 1.58 mmol) were added
dropwise every 30 min to the refluxing solution. After the last
portion of PBrs was added, the reaction was refluxed for 2 h.
The solution was cooled to room temperature, 2-propanol (20
mL) was added, and the reaction was stirred for an additional
10 min. The solution was washed with 1 N NaHCO; (3 x 50

mL) and dried (MgSQ,), and the solvent was removed in vacuo .

to give a white solid. The crude product was purified by flash
column chromatography eluting with hexane/ethyl acetate (8:
1) to give a slightly yellow solid (1.20 g, 53%). 'TH NMR (300
MHz, CDCly): 8 4.51 (s, 2H). °F NMR (282, MHz, CDCl3): ¢
—150.50 (m, 2F), —141.80 (m, 2F).

Synthesis of 16—21. General Synthetic Procedure. GB
(2) or GC (3) (0.07 mmol) was dissolved in THF (4 mL), and
KH (0.008 g, 0.24 mmol) was added at room temperature. The
reaction mixture was stirred for 10 min, and then, a solution
of 4-(bromomethyl}benzophenone, 12, or 15 (0.212 mmol) in
THF (1 mL) was added dropwise. The reaction was stirred at
room temperature for 4 h. The solution was then cooled to 0
°C, and concentrated HC! (0.3 mL) was added. The mixture
was diluted with H;O (10 mL), extracted with EtOAc (3 x 10
mL), and washed with saturated aqueous NH,ClI solution (30
mlL), brine (30 mL), and H,0 (30 mL). The organic phase was
dried {MgSOy4), and the solvent was removed in vacuo. The
crude material was purified by flash column chromatography
using either A: CHCly/MeOH (100:1 and 50:1), B: CHCly/
MeOH (30:1 and 20:1), or C: cyclohexane/acetone (3:1 and 2:1).
All ginkgolide derivatives were white solids that decomposed
above 250 °C.

10-O-Benzophenone Ginkgolide B (16). Purified by
method B; yield, 0.035 g {78%). 'H NMR (400 MHz, CD3;0D):
6 1.13 (s, tert-butyl), 1.24 (d, J= 7.1, CHg), 1.92 (dd, J = 14.3,
4.5, 8-H), 2.07 (id, J = 13.9, 4.4, Ta-H), 2.27 (dd, J = 13.5,
4.6,78-H), 3.06 (g, J= 7.1, 14-H), 4.31 (d, J= 7.2, 1-H), 4.55
(d, 7=17.2, 2-H), 4.85 (d, J = 11.5, benzylic-H, 1H), 5.28 (s,
10-H), 5.42 (d, J = 4.0, 6-1), 5.59 (d, J = 11.5, benzylic-H,
1H), 6.15 (s, 12-H), 7.53—7.60 (m, Ar—H, 4H), 7.65—-7.67 (m
Ar—H, 1H), 7.77-7.82 (m, Ar—H, 4H). *C NMR (100 MHz,
CD;0D): § 7.25, 28.46 (3C), 32.18, 37.26, 42.29, 49.61, 68.21,
72.59, 72,80, 74.45, 76.76, 79.48, 83.53, 93.15, 99.78, 110.83,
127.96 (2C), 128.58 (2C), 130.03 (2C), 130.52 (2C), 132.94,
137.76 (2C), 141.67, 171.52, 172.70, 177.33, 196.45. HPL.C—
UV: 98.5%. HRMS: C3Hz401; requires M + Na at m/z
641.1999; found, 641.2018.

10-O-Benzophenone Ginkgolide C (17). Purified by
method A; yield, 0.023 g (64%). 'I1 NMR (400, MHz, CD;0D):
0 1.20 (s, tert-butyl), 1.24 (d, J= 7.1, CH3,), 1.78 (d, J= 12.5,
8-H),3.04 (q, J=7.1, 14-H), 4.21 (dd, J= 12.5, 4.3, 7T-H), 4.28
d, J=70, 1-H), 4.54 (d, J = 7.0, 2-H), 4.87 (d, J = 11.6,
benzylic-H, 1H), 5.13 (d, J= 4.3, 6-H), 5.28 (s, 10-H), 5.60 (d,
J=11.6, benzylic-H, 1H), 6.17 (s, 12-H) 7.563--7.61 (m, Ar—H,
4H), 7.65—7.67 (m, Ar—H, 1H), 7.77-7.83 (m, Ar—H, 4H). 13C
NMR (100 MHz, CD30D): & 7.34, 28.50 (3C), 32.12, 42.26,
50.00, 64.48, 67.40, 72.77, 74.28, 75.14, 76.74, 79.49, 83.55,
93.28, 99.54, 110.63, 127.95 (2C), 128.59 (2C), 130.03 (2C),
130.53 (2C), 132.96, 137.68 (2C), 141.65, 171.41, 172.55,
177.27,197.03. HPLC—UV: 99.3%. HRMS: C3sH3401; requires
M + 1 at m/z 635.2129; found, 635.2098.

10-O-(Trifluoromethyl-3 H-diazirine)benzyl Ginkgolide
B (18). Purified by method B; yield, 0.024 g (59%). 'H NMR
(400 MHz, CD30D): § 1.11 (s, tert-butyl), 1.23{d, J="T7.1, CH3),
1.89 (dd, J = 14.3, 4.3, 8-H), 2.01 (td, J = 13.9, 4.3, 7o-H),
2.25(dd, J=13.4, 4.4, 78-H), 3.05 {q, J= 7.1, 14-H), 4.27 (d,
J=17.3,1-H),4.53 (d, J=17.3, 2-H), 4.77 (d, J= 11.2, benzylic-
H, 1H), 5.24 (s, 10-H}, 5.39 (d, J= 3.9, 6-H), 5.51 (d, J=11.2,
benzylic-H, 1H), 6.14 (s, 12-H), 7.29 and 7.53 (AA’BB’ system,
Ar—H, 4H). 3C NMR (75 MHz, CDCly): 8 7.67, 21.57 (q, 2Jcr
= 40.9, CCFs), 29.56 (3C), 32.65, 37.49, 49.31, 68.07, 72.88,
73.57, 74.57, 76.56, 77.65, 80.08, 83.90, 90.90, 99.05, 110.68,
122.33 (q, ' op = 274.3, CF3), 127.83 (2C), 129.53 (2C), 131.06,
136.44, 171.25, 171.50, 175.87. 1°F NMR (282 MHz, CDCls):
6 —66.23 (s, 3F) HPLC—-UV: 99.1%. HRMS: CzH20F3N2010
requires M + 1 at m/z 623.1853; found, 623.1834.

Stremgaard et al,

10-O-(Trifluoromethyl-3 H-diazirine)benzyl Ginkgolide
C (19). Purified by method A; yield, 0.023 g (51%). 'H NMR
(400 MHz, CD;0D): & 1.17 (s, tert-butyl), 1.24 d, J = 7.1,
CHs,), 1.76 (d, J=12.5, 8-H), 3.02 (q, /= 7.1, 14-H), 4.15 (dd,
J=125,43,7-H) 424 d, J= 7.0, I-H), 4.52 d, J= 7.0,
2-H), 479 (d, J= 11.3, benzylic-H, 1H), 5.10 (d, J=4.3, 6-H),
5.23 (s, 10-H), 5.52 (d, J = 11.3, benzylic-H, 1H), 6.15 (s, 12-
H), 7.29 and 7.54 (AA'BB’ system, aromatic-H, 4H). 13C NMR
(75 MHz, CDCly): 6 7.65, 23.77 (g, 2Jcr = 38.9, CCF3), 29.52
(3C), 32.65, 41.94, 50.92, 64.43, 67.48, 73.89, 74.30, 76.03,
76.34, 79.63, 83.90, 90.91, 98.94, 110.53, 122.32 (g, *Jcr =
275.0, CF3), 127.94 (2C), 129.68 (2C), 131.26, 136.07, 170.97,
171.07, 175.69. 1F NMR (282 MHz, CDCl3): & —66.25 (s, 3F).
HPLC-UV: 97.9%. HRMS: Ca9Ha2eF3N2014 requires M+ 1at
m/z 639.1802; found, 639.1790.

10-O-Tetrafluorobenzyl Azide Ginkgolide B (20). Puri-
fied by method B: yield, 0.023 g (50%). *H NMR (400 MHz,
CDCly): § 1.13 (s, tert-butyl), 1.32 (d, J = 7.0, CHz), 1.84~
1.97 (m, 8-H and 7o H), 2.27-2.33 (m, 78-H), 2.84 (d, J= 3.5,
1-OH), 2.99 (s, 3-OH), 3.06 (g, J = 7.0, 14-H), 4.29 (dd, J =
7.9,3.5,1-H), 4.61 (d, J=17.9, 2-H}, 4.81 (d, /= 10.7, benzylic-
H, 1H), 4.94 (s, 10-H), 5.39 (d, J = 3.4, 6-H), 5.64 (d, J= 10.7,
benzylic-H, 1H), 6.03 (s, 12-H). ¥C NMR (100 MHz, CDCl3):
é 7.70, 29.52 (3C), 32.62, 37.37, 42.03, 49.30, 61.21, 68.11,
72.79, 74.65, 80.07, 83.89, 91.00, 99.12, 108.95, 110.73, 139.71,
142.24, 144.45, 147.10, 170.69, 171.45, 175.83. '%F NMR (282
MHz, CDCI): 6 —143.31 (m, 2F), —150.85 (m, 2F). HPLC~—
UV: 88.8%. HRMS: CyzHpsFN3Oyp requires M + 1 at m/z
628.1554; found, 628.1565.

10-O-Tetrafluorobenzyl Azide Ginkgolide C (21). Puri-
fied by method C; yield, 0.080 g (54%). 'TH NMR (400 MHz,
CDCly): 6 1.22 (s, tert-butyl), 1.33 (d, J~ 7.0, CH3,), 1.71 (d,
J=124,8-H), 2.33 (d, J=10.6, 7-OH), 2 (dJ 3.4, 1-OH),
3.01 (s, 3-0OH), 3.08 (q, J=17.0, 14-H), 4 8 (m, 7-H) 4.27 (dd,
J=18, 3.4, 1-H), 4.62 (d, J= 7.8, 2-H), 4.83 (d, J = 10.7,
benzylic-H, 1H), 4.96 (s, 10-H), 5.09 (d, J = 4.4, 6-H), 5.58 (d,
J=10.7, benzylic-H, 1H), 6.04 (s, 12-H). *C NMR (75 MHz,
CDClg): 6 7.64, 29.42 (3C), 32.59, 42.08, 50.64, 51.16, 61.47,
64.35, 67.32, 74.27, 75.88, 79.64, 83.88, 91.26, 99.14, 110.71,
120—150 (m, 6C), 170.72, 171.17, 176.29. 1F NMR (282 MHz,
CDClsg): 6 —143.56 (m, 2F), —151.08 (m, 2F). HPLC-UV:
99.1%. HRMS: C27H25F4N3011 requires M+ 1 at m/iz644.1 503,
found, 644.1527.

10-O-Benzoylbenzoic Ginkgaolide C (22). 4-Benzoylben-
zoic acid (0.018 g, 0.08 mmol) and 2 (0.028 g, 0.07 mmol) were
dissolved in THF (5 mL), and the mixture was cooled to 0 °C.
EDC (0.018 g, 0.092 mmol} and DMAP (0.002 g, 0.01 mmol}
were added, and the reaction mixture was stirred at 0 °C for
1 h and continued overnight at room temperature. The solvent
was removed in vacuo, and the crude product was dissolved
in EtOAc (20 ml.) and washed with a saturated 5% NalHCO;
solution (20 mL}) and brine (20 ml.). The organic fraction was
dried (MgS0Qy), and the solvent was evaporated in vacuo. The
crude product was purified by flash column chromatography
eluting with hexane/EtOAc (2:1) to give the product as white
crystals (0.026 g, 62%). 'H NMR (400 MHz, CD;0D): & 1.07
(s, tert-butyl), 1.26 (d, J= 7.1, CHg), 1.98—2.10 (m, 8-H and
7o-H), 2.30~2.36 (m, 78-H), 3.12 (g, J= 7.1, 14-H), 4.37 (d, J
= 6.5, 1-H), 4.55 (d, J=6.5, 2-H), 5.66 (d, J= 3.2, 6-H), 6.32
(s, 10-H), 6.45 (s, 12-H), 7.54—7.58 (m, Ar—H, 2H), 7.67—7.69
(m, Ar—H, 1H), 7.80~7.83 (m, Ar—H, 2H), 7.86—7.88 (m, Ar—
H, 2H), 8.42—-8.44 (m, Ar~H, 2H). 13C NMR (100 MHz, CDs
OD): §7.42, 28.22 (3C), 32.186, 37.27, 42.29, 49.42, 67.81, 70.64,
72.74,74.42, 79.29, 83.64, 95.13, 100.51, 111.12, 128.73 (20),
129.92 (2C), 130.17 (2C), 130.58 (2C), 131.61, 133.41, 137.06,
142.66, 164.56, 168.93, 171.41, 177.33, 196.48. HPLC-UV:
99.2%. HRMS: C34H3;0:; requires M + Na at m/z 655.1791;
found, 655.1790.

10-O-Benzophenone-7-O-dansyl Ginkgolide C (23). A
solution of dansyl chloride (0.010 g, 0.035 mmo]) in acetonitrile
(0.3 mL) was added to a solution of 17 (0.020 g, 0.032 mmnol)
and DMAP (0.008 g, 0.063 mmol) in acetonitrile (1.5 mL). The
reaction mixture was stirred for 16 h at rooin temperature,
then a saturated aqueous NH,Cl solution (2 mL) was added,
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and the mixture was extracted with EtOAc (3 x § mL). The
combined organic phase was washed with saturated aqueous
NaCl solution (3 x 15 mL), dried Mg30y), and the solvent
was removed in vacuo. The crude product was purified by flash
column chromatography eluting with cyclohexane/acetone (2:
1) to give the product as a slightly yellow solid (0.015 g, 56%).
1H NMR (400 MHz, DMSO-dg): 6 0.83 (s, tert-butyl), 1.09 (d,
J =72 CHs), 1.94 (d, J = 12.5, 8H), 2.81 [m, 14-H and
N(CHg)z], 4.26 (t, J= 5.3, 1-H), 4.53 (d, J= 5.4, 2-H), 4.79 (d,
J=13.2, benzylic-H, 1H), 4.89 (dd, J=12.5, 4.0, 7-H), 5.19
(d, J=4.0, 6-H), 5.23 (s, 10-H), 5.46 (d, J = 13.2, benzylic-H,
1H), 6.07 (d, J = 5.3, 1-OH), 6.21 (s, 12-H), 6.51 (s, 3-OH),
7.28-7.30 (m, Ar—H, 1H), 7.50—7.70 {(m, Ar—H, 7H), 7.79~
7.82 (m, Ar—H, 4H), 8.18-8.20 (m, Ar—H, 2H), 8.54—8.56 (m,
Ar—H, 1H). HPLC-UV: 98.9%. HRMS: C4H4sNOy4S requires
M + 1 at m/z 868.2639; found, 868.2642.

10-O-benzophenone-1-O-dansyl Ginkgolide C (24). Syn-
thesized as 23 but using 2 equiv of dansyl chloride (instead of
1.1 equiv) gave rise to a ca. 1:1 mixture of 23 and 24. The two
products were separated on analytical TLC giving 24 (0.008
g, 30%) as a slightly yellow solid. *H NMR (400 MHz, DMSO-
di): 8 0.91 (s, tert-butyl), 1.16 (d, J= 7.6, CHy), 1.78 (d, J =
12.5, 8-H), 2.80 [s, N(CHa)3}, 2.87 (g, J= 7.6, 14-H), 4.22 (d, J
= 3.8, 1-H), 4.26 (m, 7-H), 4.57 (d, /= 3.9, 6-H), 4.80 (d, J=
13.2, benzylic-H, 1H), 5.20 (d, J = 3.8, 2-H), 5.30 (s, 10-H),
5.31 (d, J = 4.9, 7-OH), 549 (d, J = 13.2, benzylic-H, 1H],
5.95 (s, 12-H), 5.98 (s, 3-OH), 7.25—7.27 (m, Ar—H, 1H), 7.54—
7.79 (m, Ar—H, 11H), 8.18—8.24 (m, Ar—H, 2H), 8.47-8.49
(m, Ar—H, 1H). HPLC-UV: 99.0%. HRMS: C4sH4sNO14S
requires M + 1 at m/z 868.2639; found, 868.2668.

Radioligand Binding Assay. Heart and skeletal muscles
from 13 to 27 months old PAFR transgenic (PAFR-Tg) mice,5?
which overexpress guinea pig PAFR, were homogenized in a
Polytron homogenizer in cold buffer A [256 mM Hepes/NaOH
(pH 7.4), 0.25 M sucrose, 10 mM MgCl,, 1 mM PMSF, and a
protease inhibitor cocktail Complete (Boehringer Mannheim)].
An 800g (for 10 min) supernatant of the homogenate was
centrifuged at 100 000gat 4 °C for 1 h, and the resulting pellet
was suspended in buffer A and stored at —80 °C until use.
The protein concentration of the suspended membrane fraction
was 1.37 mg/mL, as measured by the method of Bradford®
using the Bio-Rad protein assay solution and fatty acid-free
bovine serum albumin (BSA; Bayer, Kankakee, IL) as a
standard. The radioligand binding assays were performed
essentially as previously described.”® The membrane fractions
from hearts and skeletal muscles of PAFR-Tg mice (50 ul. of
suspension containing 121 fmol of PAFR) were mixed with 2
pmol of PH]WEB 2086 (NEN Life Science Products, Boston,
MA) in 50 uL. of buffer B [256 mM Hepes/NaOH (pH 7.4), 0.25
M sucrose, 10 mM MgClz, 0.1% BSA], and the compound was
to be tested in 100 uL of buffer B in a 96 well microplate in
triplicate for each concentration, These mixtures were incu-
bated at 25 °C for 90 min, upon which the receptor-bound PH]-
WEB 2086 was filtered on a UniFilter-GF/C (Packard Bio-
science, Meriden, CT) using a MicroMate 196 simultaneocus
96 well harvester (Packard Bioscience). The filter was then
washed 10 times with cold buffer B and dried at 50 °C for at
least 90 min, 25 ul. of MicroScint-0 scintillation cocktail
(Packard Bioscience)} was added, and filters were placed in a
TopCount microplate scintillation counter (Packard Bio-
science). Binding data were analyzed with the nonlinear curve-
fitting program Microplate Manager III (Bio-Rad, Hercules,
CA). Calculated ICsp values were then converted to K, values
using the Cheng—Prusoff correction,® with the following
equation: K = ICso/(1 + [L)/Kp), where [L] is the concentration
of the radioligand, and Kp is the previously determined
dissociation constant for PHJWEB 2086 (4.3 nM).% Nonspecific
binding was determined using methods as previously de-
scribed.5?

Intracellular Calcium Mobilization. CHO cells express-
ing hurmnan PAFRY were subjected to the calcium assay as
described previously® except that Fura-2/AM was loaded in
the presence of chromophore EL (0.01%, Sigma). Each com-
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pound (100 uM) was applied to the cell suspension, and then,
PAF (10 nM) was added after 3 min.
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Barbuti, Andrea, Satoshi Ishii, Takao Shimizu, Rich-
ard B. Robinson, and Steven J. Feinmark. Block of the
background K* channel TASK-1 contributes to arrhythmo-
genic effects of platelet-activating factor. Am J Physiol Heart
Circ Physiol 282: H2024-H2030, 2002. First published Jan-
uary 31, 2002; 10.1152/ajpheart.00956.2001.—Platelet-acti-
vating factor (PAF), an inflammatory phospholipid, induces
ventricular arrhythmia via an unknown ionic mechanism.
We can now link PAF-mediated cardiac electrophysiological
effects to inhibition of a two-pore domain K* channel [TWIK-
related acid-sensitive K* background channel (TASK-1)].
Superfusion of carbamyl-PAF (C-PAF), a stable analog of
PAF, over murine ventricular myocytes causes abnormal
automaticity, plateau phase arrest of the action potential,
and early afterdepolarizations in paced and quiescent cells
from wild-type but not PAF receptor knockout mice. C-PAF-
dependent currents are insensitive to Cs™ and are outwardly
rectifying with biophysical properties consistent with a K*-
selective channel. The current is blocked by TASK-1 inhibi-
tors, including protons, Ba?*, Zn®", and methanandamide, a
stable analog of the endogenous lipid ligand of cannabanoid
receptors. In addition, when TASK-1 is expressed in CHO
cells that express an endogenous PAF receptor, superfusion
of C-PAF decreases the expressed current. Like C-PAF,
methanandamide evoked spontaneous activity in quiescent
myocytes. C-PAF- and methanandamide-gensitive currents
are blocked by a specific protein kinase C (PKC) inhibitor,
implying overlapping signaling pathways. In conclusion, C-
PAF blocks TASK-1 or a closely related channel, the effect is
PKC dependent, and the inhibition alters the electrical ac-
tivity of myocytes in ways that would be arrhythmogenic in
the intact heart.

two-pore domain potassium channels; Kenk3 ventricular
myocytes; inflammatory lipids; mouse

LETHAL ARRHYTHMIAS commonly occur after myocardial is-
chemia, especially when the ischemic myocardium is
reperfused. These arrhythmias are usually initiated by
ectopic activity triggered by early (EADs) and delayed
afterdepolarizations (DADs) of the membrane poten-
tial. One consequence of ischemia and reperfusion is a

rapid migration of polymorphonuclear leukocytes (PMNL)
into the infarcted zone. Activated PMNL bind to acti-
vated myocytes and release several substances, includ-
ing oxygen radicals, proteolytic enzymes, and inflam-
matory lipids that increase the extent of myocardial
injury (15). Depletion of circulating neutrophils or
treatment with anti-inflammatory drugs effectively
limits the size of the infarct zone and the extent of the
damage in hearts from several species (15, 20, 22)

Hoffman et al. (4, 5) demonstrated that activation of
PMNL bound to isolated canine myocytes dramatically
changed the myocyte transmembrane action potential.
These changes included prolongation of the action po-
tential duration (APD), EADs, and in some cases arrest
during the plateau phase of the action potential. It was
also shown that direct superfusion of myocytes with
the inflammatory phospholipid platelet-activating fac-
tor (PAF) mimicked the action of activated PMNL and
that, under similar conditions, PMNL produce signifi-
cant levels of PAF. Furthermore, incubation of myo-
cytes with the PAF receptor (PAFR) antagonist CV-
6209 prevented both PAF- and PMNL-induced changes
in myocyte membrane potential. PAF also induces ar-
rhythmias in mice that overexpress the PAFR when
the lipid is administered at intravenous doses that
have little effect on wild-type (WT) animals (7). These
observations suggested that PMNL-derived PAF could
induce triggered activity and thus ventricular arrhyth-
mias.

There is considerable confusion regarding the molec-
ular mechanisms by which PAF could alter the electri-
cal activity of the heart. Although PAF binds to a cell
surface, G protein-linked receptor and ultimately in-
creases cytosolic Ca®* levels (17, 19), little is known
about the effects of PAF on membrane channels.
Wahler et al. (26) showed that subnanomolar concen-
trations of PAF markedly decreased the inwardly rec-
tifying K* channel (Ik;) in guinea pig ventricular myo-
cytes, whereas Hoffman et al. (5) suggested that
depolarizing Na* current may play a role in the ar-
rhythmogenic action of PAF.
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PAF INDUCES ARRHYTHMIA BY BLOCKING TASK-1

Taking advantage of genetically modified mice in
which PAFR have been knocked out [knockout (KO)
mice] (6), we tested the ability of carbamyl-PAF
(C-PAT), a nonmetabolizable PAF analog, to alter the
membrane potential of isclated murine ventricular
myocytes with the intent of clarifying the mechanisms
determining the arrhythmogenic effects of this lipid.

METHODS

Cell preparation. Adult mice, 2-3 mo old, were anesthe-
tized with ketamine-xylazine, and their hearts were removed
according to protocols approved by the Columbia University
Institutional Animal Care and Use Committee. Experiments
were performed on single, rod-shaped, quiescent ventricular
myocytes dissociated using a standard retrograde collage-
nase perfusion (11) from hearts of mice that were either WT
or PAFR KO. Both WT and KO mice were bred on a C57/B16
background. The derivation of the KO mice has been de-
scribed previously (5).

Heterologous expression. The TWIK-related acid-sensitive
K* background channel (TASK-1) clone (provided by Profes-
sor Y. Kurachi, Osaka University, Osaka, Japan) was co-
transfected in CHO cells with CD8 plasmid using Lipo-
fectamine Plus (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours later, cells were transferred
to the electrophysiology chamber, and anti-CD8-coated beads
(Dynal Biotech) were added to identify CD8-expressing cells,
The CD8-expressing cells were voltage clamped using a ramp
clamp (see Electrophysiological recordings). CHO cells were
used in these experiments in part because they express
endogenous PAFR.

Buffers and drugs. Before electrophysiological measure-
ments, cells were placed into the perfusion chamber and
superfused at room temperature with Tyrode buffer [contain-
ing (in mM) 140 NaCl, 5.4 KCl, 1 CaCls, 1 MgClg, 5 HEPES,
and 10 glucose; pH 7.4]. The whole cell patch-clamp tech-
nique was used with pipettes having resistances of 1.5--3 M
[the intracellular solution contained (in mM) 130 aspartic
acid, 146 KOH, 10 NaCl, 2 CaCla, 5§ EGTA, 10 HEPES, and 2
MgATP; pH 7.21. Solutions of C-PAF, the PAFR antagonist
CV-6209 (BIOMOL), and the protein kinase C (PKC) inhibi-
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tor bisindolylmaleimide I (BIM I, Calbiochem) were prepared
in water and diluted in Tyrode buffer before use. An inactive
analog of BIM 1 (BIM V; Calbiochem), anandamide, its non-
hydrolyzable analog, methanandamide, and an inhibitor of
anandamide hydrolysis, arachidonyltrifluoromethyl ketone
(ATFK) (BIOMOL), were dissolved in DMSO and then di-
luted in Tyrode buffer. The final DMSO concentration did not
exceed 0.1%. A custom-made fast perfusion device was used
to exchange the solution around the cell within 1 s (2).
Electrophysiological recordings. Current and voltage pro-
tocols were generated using Clampex 7.0 software applied by
means of an Axopatch 2008 amplifier and a Digidata 1200
interface (Axon Instruments). During voltage clamp, steady-
state current traces were acquired at 500 Hz and final fil-
tered at 10 Hz. During current clamp, membrane voltage was
acquired at 5 kHz and filtered at 1 kHz. Ramp clamps were
conducted by imposing a voltage ramp (14 mV/s) at an acqui-
sition rate of 500 Hz with 1-kHz filtering. Data were ana-
lyzed using pCLAMP 8.0 (Axon) and Origin 6.0 (Microcal)
and are presented as means * SE. Steady-state current was
determined by computer calculation of average current over
a time period of at least 5 s. In all experiments, the n value
indicates the number of myocytes studied and represents
pooled data from at least two (voltage clamp) or three (cur-
rent clamp) animals. Student’s t-test, one-way ANOVA, and
x2-tests were used; a value of P < 0.05 was considered
gtatistically significant. Records have been corrected for the
junction potential, which was measured to be 9.8 mV.

RESULTS

C-PAF alters the rhythm of paced, WT ventricular
myocytes. Myocytes from WT mice were paced (cycle
length, 1,000 ms) and monitored in current-clamp
mode to record action potentials. When the APD was
stable for 2 min, cells were superfused with 185 nM
C-PAF (Fig. 1), a concentration that elicited electro-
physiological effects in 9 of 11 cells. C-PAF-evoked
responses occurred after a delay (94 * 21 s; range,
23-184 g) and typically included abnormal automatic-
ity (Fig. 1; 110 s) leading to a maintained depolariza-

140 s

Fig. 1. Carbamyl-platelet-activating factor (C-PAF) al-
ters normal action potentials in mouse ventricular myo-
cytes. Paced action potentials (cycle length, 1,000 ms)
were recorded in current-clamp mode under control
conditions (0 8) and after perfusion of C-PATF (185 nM).
After a delay, C-PAF caused abnormal automaticity
(110 s) and sustained depolarization (111 s). The action
potential progressively shortened and normal rhythm
was reestablished, indicating desensitization of the re-
ceptor in continuous presence of drug (113 and 140 s).
Inset: traces during control perfusion and after recovery
completely overlap, The data are derived from a single
cell and are typical of 8 cells. The traces were recorded
immediately before the application of C-PAF (0 s) and
110, 111, 113, and 140 s after C-PAF application.
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tion (Fig. 1; 111 8). In eight of nine cells, alteration of
the membrane potential slowly returned to normal,
presumably due to receptor desensitization, and after 3
min of agonist perfusion was indistinguishable from
that of controls (Fig. 1, inset).

C-PAF decreases an outward current that is K* se-
lective and carried by TASK-1. Cells were held at —10
mV, and total steady-state membrane currents were
measured. The mean holding current was 133 + 12 pA
(n = 24). WT myocytes responded to C-PAF with de-
creased net outward current that often began to re-
verse during the perfusion and recovered completely
after washout (Fig. 24). Because a depolarizing shift in
steady-state current can be caused by increased in-
ward currents or decreased outward currents, we de-
termined how C-PAF affected conductance. When a
+10-mV step was applied during control and agonist
superfusion, we found that C-PAF decreased conduc-
tance 17.5 = 3.9% (n = 5, P < 0.05), indicating that the
lipid inhibits outward currents. The main conductance
maintaining resting potential in the ventricle is Iky;
therefore, we tested whether this inwardly rectifying
K* current was involved in the action of C-PAF. Cs™ (5
mM), which largely blocks Ix; under these conditions
(data not shown), did not reduce the C-PAF-sensitive
current in cells held at —70 mV. The average C-PAF-
sensitive current density was 0.047 * 0.01 pA/pF in
control cells compared with 0.047 = 0.03 pA/pF in cells
in the presence of Cs™ (n = 6). By extending the
voltage-clamp study to other potentials, we obtained a
nearly linear current-voltage relation for the C-PAF
difference current (Fig. 2B, B). In KO myocytes, the
C-PAF-sensitive current was absent at all potentials
tested (Fig. 2B, @).

We did not observe a clear reversal potential in
physiological K over the voltage range tested. There-
fore, we conducted additional experiments in elevated
extracellular K* [60 mM K*, with Na™ reduced to 100
mM, plus 5 mM Cs* and 1 mM tetraethylammonium
ion (TEA™)] designed to measure the reversal potential
of the C-PAF-sensitive current. In elevated extracellu-
lar K*, our results show a weakly outward rectifying
current with a current-voltage relation that is consis-
tent with that of a predominantly K*-selective channel
(Fig. 2C). The calculated K* equilibrium potential for
these recording conditions is —27.6 mV, and the ob-
served reversal for the C-PAF-sensitive current oc-
curred at —204 + 3 mV (n = 5).

The C-PAF-gensitive current was blocked by the
PAFR antagonist CV-6209 (100 nM; Fig. 3). The lack of
a C-PAF-dependent response in the presence of CV-
6209 was identical to the results obtained in myocytes
derived from KO mice (Fig. 3). Taken together, these
results confirm that the C-PAF effect is mediated by
the PAFR and involves inhibition of an outward K*
current distinct from Iks.

These characteristics of the C-PAF-sensitive current
suggested that it may be mediated by a member of the
“two-pore domain” K* channel family (13). TASK-1isa
member of this family that is expressed in the mam-
malian heart (9, 10, 18, 14). In heterologous expression
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Fig. 2. Application of C-PAF causes a depolarizing shift in net
membrane current in wild-type (WT) but not in knockout (KO)
myocytes. Superfusion of C-PAF (185 nM) caused a transient de-
crease in the net outward current in a WT myocyte held at ~10 mV
(A). In this trace, the baseline outward holding current was adjusted
to zero to illustrate the C-PAF-sensitive current. The spontaneous
reversal of the C-PAF effect probably indicates desensitization of the
PAF receptor (PAFR). The current (I)-voltage (V) relation of the

C-PAF difference current (control minus C-PAF) is plotted as a net

outward current over a range of potentials in WT myocytes (B, &). In
KO myocytes (e), no C-PAF-gensitive current was detected at all
potentials tested. Each data point is the mean + SE of data from at
least 4 cells at each potential, The I-V relation was also measured
using a ramp protocol in high extracellular K+ (50 mM) plus Cs* (5
mM) and tetraethylammonium ion (1 mM) to permit determination
of the reversal potential (C). Each data point is the mean = SE of
data from at least 5 cells from 2 animals.

systems, this channel is outwardly rectifying and is
blocked by H*, Ba®*, Zn?*, and anandamide, an en-
dogenous cannabinoid receptor ligand (9, 10, 13, 14, 16,
18, 24). Consistent with this, in isolated myocytes,
when the external pH was lowered to 6.4 or when Ba®*
(83 mM) or Zn?** (3 mM) was present, the C-PAF-
sensitive current was significantly reduced (Fig. 4).
Methanandamide (10 pM), a stable analog of anand-
amide, also inhibited the C-PAF-sensitive current (Fig.
4). In contrast, anandamide inhibition was only signif-
icant in the presence of ATFK (10 wM), an inhibitor of
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Fig. 3. The C-PAF-sensitive current is receptor mediated. The C-PAF-
sensitive current was measured in WT myocytes held at —70 mV
under various conditions. The current under control conditions in
WT myocytes disappeared in the presence of the PAFR antagonist
CV-6209 (100 nM, n = 5). There was no C-PAF-sensitive current
detected in myocytes from KO mice (n = 3). *P < 0.01.

anandamide hydrolysis (Fig. 4), suggesting rapid me-
tabolism of anandamide by ventricular myocytes.
ATFK alone had no effect (data not shown).

CHO cells expressing TASK-1 exhibited a large out-
wardly rectifying current that was pH sensitive. The
mean current-voltage relation at alkaline and acidic
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Fig. 4. Block of the TWIK-related acid-sensitive K* background
channel (TASK-1) decreases the C-PAF-gensitive steady-state cur-
rent. WT myocytes were held at —10 mV, and the C-PAF-sensitive
current was measured at pH 7.4 (n = 25). The change in net current
elicited by C-PAF (185 nM) was significantly decreased in the pres-
ence of Tyrode buffer at pH 6.4 (n = 6), Ba?* (3 mM, n = 6), or Zn**
(83 mM, n = 8). The stable anandamide analog methanandamide (10
uM, n = 12) also significantly reduced the C-PAF-sensitive current,
as did anandamide in the presence of arachidonyltrifiuoromethyl
ketone (ATFK), a drug that inhibits anandamide metabolism (10
pM, n = 8). Anandamide alone did not significantly inhibit the
current (10 pM, n = 5) due to its rapid metabolic inactivation. *P <
0.05 compared with control at pH 7.4,

H2027

pH is shown in Fig. 5, left, and demonstrates that the
reduction of the external pH to 6 completely eliminated
the outwardly rectifying current. Mean current density
at +30 mV in cells expressing TASK-1 was 26 pA/pF
compared with 0.6 pA/pF for nontransfected cells.
When TASK:1-transfected CHO cells were superfused
with C-PAF (185 nM), the expressed current was re-
duced (Fig. 5, right), demonstrating the inhibitory ef-
fect of C-PAF on TASK-1-dependent current.

If both C-PAF and methanandamide block TASK-1,
then methanandamide itself should cause a decreased
net outward current. Thus the methanandamide-sen-
sitive current was measured (Fig. 6). Because this
current is comparable to the C-PAF-sensitive current,
we also asked whether the methanandamide-sensitive
current was mediated by the PAFR and found that the
lipid was fully effective in the presence of the PAFR
antagonist CV-6209 or when applied to myocytes from
KO mice (Fig. 6). Thus the effect of methanandamide is
not mediated by the PAFR.

C-PAF action involves PKC-dependent block of TASK-1.
In many cell types, PAF initiates an intracellular path-
way that results in activation of PKC (1, 17, 19, 23). To
determine whether C-PAF initiates this cascade in
ventricular myocytes, we incubated cells with BIM 1, a
selective PKC inhibitor (25) [inhibitory constant, 14
nM], before applying C-PAF. The C-PAF-sensitive cur-
rent was blocked in a dose-dependent manner (Fig. 7, A
and B) by BIM I but was not altered by the addition of
an inactive analog, BIM V. The inhibition occurred in a
voltage-independent manner (Fig. 7C).

We then asked whether the methanandamide-sensi-
tive current also required PKC activity. BIM I (100
nM) significantly reduced the methanandamide-sensi-
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Fig. 7. The C-PAF-gensitive current is blocked by inhibition of pro-

tein kinase C (PKC). The C-PAF-sensitive current was completely -

blocked in myocytes (held at —~10 mV) exposed to bisindolylmaleim-
ide I (BIM D), a specific PKC inhibitor (100 nM; A). In this trace, the
baseline holding current was adjusted to zero to illustrate the ab-
sence of a C-PAF-sensitive current. BIM I-mediated inhibition of the
C-PAF-sensitive current is dose dependent (B; 40 nM, n = 7, and 100
nM, n = 11). An inactive BIM I analog, BIM V, does not block the
C-PATF-sensitive current (B; n = 10). The inhibition of the C-PAF-
sensitive current by BIM Iis independent of voltage (C; 100 nM BIM,
n = at least 4 for each data point). *P < 0.05 and **P < 0.001 vs,
control.

PAF INDUCES ARRHYTHMIA BY BLOCKING TASK-1

tive current in WT myocytes (P < 0.05, n = 5; data not
shown).

C-PAF and methanandamide induce spontaneous ac-
tivity in quiescent myocytes. Because C-PAF and meth-
anandamide affect net steady-state current at voltages
near the resting potential, we asked whether electro-
physiological effects occurred independent of pacing.
Membrane potential was recorded from myocytes that
remained quiescent for at least 2 min. Every WT qui-
escent myocyte tested was sensitive to C-PAF superfu-
sion (11 of 11 cells; Fig. 84), typically responding with
an action potential that arrested in the plateau phase
(Fig. 84, inset), and exhibited many small fluctuations
of the membrane potential and EAD. Eventually, the
membrane repolarized. The duration of the effect was
variable, but its appearance always followed an initial
delay (96 = 11 g). In contrast, when C-PAF was applied
to ventricular myocytes isolated from PAFR KO mice,
there was no response in most of the cells (7 of 9 cells;
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Fig. 8. C-PAF and methanadamide elicit spontaneous activity in
quiescent WT myocytes. Quiescent myocytes from WT and KO mice
were studied in current-clamp mode. C-PAF (185 nM) application
elicited spontaneous activity in WT (A) but not KO myocytes (B).
Superfusion of methanandamide (10 uM) over WT myocytes caused
the same effect as C-PAF (C). There was no measurable change in
the resting potential before impulse initiation. These recordings are
typical of 11 cells for A, 7 cells for B, and 7 cells for C.
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Fig. 8B). The responsiveness of WT and KO myocytes
to C-PAF differed significantly (P < 0.01, ¥ = 9.96),
although their resting potentials did not (=706 = 1.1
vs. —71.3 = 1.5 mV). Finally, six of eight quiescent WT
cells failed to respond to C-PAF (185 nM) after BIM I
treatment (100 nM). A comparison of BiM-treated
to control myocytes indicated a significant reduction
in susceptibility to spontaneous activity (P < 0.01,
x> = 8.84).

If the decrease in outward. current caused by block-
ing the TASK-1 channel is related to the arrhythmo-
genic effects of C-PAF, application of a TASK-1 inhib-
itor in current-clamp mode should mimic the effects of
C-PAF and evoke spontaneous activity. Accordingly,
when methanandamide was applied to quiescent WT
myocytes, spontaneous action potentials were observed
(7 of 12 cells; Fig. 8C). Statistical analysis showed no
difference in the occurrence of spontaneous activity
during methanandamide compared with C-PAF super-
fusion.

DISCUSSION

Inflammatory products released by PMNL can have
negative effects on cardiac function and the survival of
areas at risk after periods of ischemia and reperfusion
(15). Our earlier studies in isolated canine ventricular
myocytes (4) demonstrated that PAF, a PMNL-derived
inflammatory lipid, could alter action potentials by
prolongation of the APD, EADs, and arrest at the
plateau. The present study demonstrates that in mu-
rine ventricular myocytes, C-PAF also triggers a series
of alterations in action potentials, including spontane-
ous beats, EADs, and prolonged depolarization similar
to those observed in canine myocytes (4, 5). This sup-
ports the validity of the mouse as a model in which to
study the molecular basis of the arrhythmogenic effect
of PAF,

We measured changes in the membrane potential,
spontaneous activity, and in specific ion currents in
myocytes as they were exposed to C-PAF. This lipid
causes a small change in net current that develops over
the first minute after application. Changes in the ac-
tion potential (or appearance of spontaneous action
potentials in quiescent cells) lag behind the peak cur-
rent by ~20 s (at =70 mV, the C-PAF-sensitive current
peaked by 74 * 13 g). The generation of spontaneous
activity in quiescent myocytes implies that changes in
membrane potential are not strictly dependent on the
stimulus or alterations in active currents but rather
that it is likely that the agonist perturbs the balance

among those currents active at the resting membrane -

potential. Voltage-clamp experiments measuring changes
in conductance indicate that C-PAF effects are depen-
dent on a decrease in outward currents. In addition,
the C-PAF-sensitive current, measured in elevated K™,
showed weak outward rectification and had a reversal
potential close to the calculated K* equilibrium poten-
tial. These data indicate that the C-PAF-sensitive cur-
rent is largely carried by K*.

H2029

Because experiments utilizing Cs* argue against the
involvement of Ik in the ionic mechanism underlying
the PAF-sensitive current, our attention shifted to
other K* channels that are active at rest. The two-pore
domain K* channels (13) are voltage- and time-inde-
pendent background channels having characteristics
similar to the channel responsible for the C-PAF-sen-
gitive current. Within this family, TASK-1 [also re-
ferred to as ¢TBAK-1 (9) and Kenk3 (14)] is expressed
in the heart (10). TASK-1 is sensitive to small varia-
tions in external pH and is almost completely inhibited
at pH 6.4. It is also blocked by Ba?* or Zn?* and by the
putative endogenous lipid ligand of the cannabinoid
receptors anandamide (16). The C-PAF-gensitive cur-
rent in murine ventricular myocytes was sensitive to
all these interventions, suggesting that C-PAF-medi-
ated effects are associated with inhibition of TASK-1 or
a closely related channel. Confirmation that the
TASK-1 channel is sensitive to C-PAF was obtained by
expressing TASK-1 in CHO cells. When TASK-1-ex-
pressing CHO cells were superfused with C-PAF, the
expressed current was reduced.

Because our data suggested that the C-PAF-sensi-
tive current is due to TASK-1 blockade, we reasoned
that anandamide treatment might prevent myocytes
from responding to C-PAF. In fact, both anandamide in
the presence of ATFK, an inhibitor of anandamide
hydrolysis, and its nonhydrolyzable analog, methanan-
damide, significantly reduced the C-PAF effect, con-
firming our hypothesis. It follows that if C-PAF and
methanandamide both inhibit TASK-1 and if this is the
ionic basis for the C-PAF-gensitive effects, methanan-
damide should induce similar changes in myocyte
physioclogy. As predicted, methanandamide caused
both a decrease in net outward current and an increase
in spontaneous activity in quiescent myocytes. There-
fore, we conclude that both C-PAF and methanandam-
ide exert their biological effects at least in part by
inhibiting TASK-1 or a closely related channel.

In a heterologous expression system, Maingret et al.
(16) found that anandamide inhibition of TASK-1 was
not mediated by the known cannabinoid receptors,
and, because the drug was effective on excised macro-
patches, they concluded that the lipid interacted di-
rectly with the channel. PAF, in contrast, is known to
activate cells through a G protein-linked receptor that
initiates a signaling cascade involving activation of
phospholipase C, generating inositol phosphates and
elevating intracellular calcium and diacylglycerol, ul-
timately activating PKC (1, 8, 17, 19). In our studies,
the effect of C-PAF is clearly mediated by the PAFR
because its activity can be blocked by the antagonist
CV-6209 and is absent in myocytes derived from mice
in which the PAFR has been genetically deleted. In
addition, we found that inhibition of PKC blocked the
C-PAF-gsensitive current. Although several reports
suggest that TASK-1 is insensitive to PKC activators
(3, 12), Lopes et al. (14) found that phorbol 12-myris-
tate 13-acetate causes a slowly developing block of
TASK-1 current in an oocyte expression system. This
further supports our hypothesis that C-PAF activity is
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mediated by activation of PKC-dependent phosphory-
lation, and, although it does not resolve the mechanism
behind the somewhat unexpected time course of the
effect, it is entirely consistent with our findings.

Interestingly, PKC inhibition also reduced the meth-
anandamide-sensitive current, suggesting that the two
lipids share overlapping intracellular signaling path-
ways. Therefore, we tested whether methanandamide
required the PAFR for its activity and found that it was
fully functional in the presence of CV-6209 and in
myocytes derived from KO mice. These data suggest
that the methanandamide effect is dependent, at least
in part, on PKC activation. Alternatively, the block of
the TASK-1 channel by methanandamide may require
a basal phosphorylation of the channel itself or an
accessory protein and thus ultimately depends on, but
is not mediated by, PKC. Such a scenario was recently
described for a similar effect of anandamide on the VR;
vanilloid receptor, a nonselective cation channel. In
this case, activation of the receptor by anandamide was
significantly enhanced when the channel had been
phosphorylated by PKC, and anandamide itself stimu-
lated PKC (21).

These results suggest, for the first time, a role for the
TASK-1 channel in PAF-mediated arrhythmias. How-
ever, additional questions remain. While block of
TASK-1 channels could contribute to a longer APD and
subsequent EADs, this does not preclude additional
effects on other currents active during the action po-
tential plateau, including Ca2*, Na*, and the delayed
rectifier currents. In addition, the mechanism by which
TASK-1 blockade might lead to initiation of spontane-
ous activity in a quiescent myocyte is not clear, because
no measurable change in membrane potential was ob-
served immediately preceding initiation of activity in-
duced by either C-PAF or methanandamide. Addi-
tional mechanisms, either secondary to the block of
TASK-1 or independent of this action, may occur after
exposure to PAF, The murine model, and its amenabil-
ity to genetic manipulations, should prove useful in the
ultimate resolution of these remaining questions.
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Cysteinyl leukotrienes (LTs) are important proinflam-
matory mediators. Their precise roles in mice need to be
elucidated to interpret mouse models of inflammatory
diseases, For this purpose, we cloned and characterized
mouse receptors for cysteinyl LTs, mCysLT, and
mCysLT,. mCysLT; and mCysLT, were composed of 339
amino acids with 87.8% identity and 309 amino acids
with 78.4% identity to human orthologues, respectively.
A pharmacological difference was noted between mouse
and human CysLT,. Pranlukast, a specific inhibitor for
human CysLT,, antagonized mCysLT, responses as
determined by Ca®' elevation and receptor-induced
promoter activation. The mRNA expressions of both
mCysLTs were higher in C57BL/6 mice than in 129 mice.
mCysLT; mRNA was expressed mainly in skin, lung, and
small intestine. mCysLT, was seen more ubiquitously
with high expressions in spleen, lung, and small intes-
tine. By in situ hybridization we demonstrated for the
first time that mCysLT, and mCysLT, were expressed in
subcutaneous fibroblasts. The different pharmacologi-
cal characteristics of CysLT,; between human and mouse
and the different distributions of CysLTs between
mouse strains suggest that careful choice and interpre-
tation are necessary for a study of CysLTs using animal
models.

Cysteinyl leukotrienes (LTs)* including LTC,, LTD,, and
LTE, are inflammatory mediators previously known as SRS-A
(slow reacting substances of anaphylaxis) (1—4). They are pro-
duced by LTC, synthase from the biologically inactive precur-
sor LTA,, a product of 5-lipoxygenation of arachidonic acid
(5-7). LTC, synthase is expressed in inflammatory cells includ-
ing mast cells, eosinophils, basophils, and monocytes/macro-
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phages (7). The cysteinyl LTs are potent bronchoconstrictors
and macrophage activators, and have been identified in urine
and tissues in asthmatic patients (8—10). At least two cysteinyl
LT receptors (CysLT; and CysLT,) have been defined pharma-
cologically as G protein-coupled receptors. Most of the biologi-
cal reactions of cysteinyl LTs including bronchospasm, plasma
exudation, vasoconstriction, mucus secretion, and eosinophil
recruitment are mediated through interaction with CysLT;
(11). CysLT,; antagonists, montelukast (Singulair™) (12, 18),
zafirlukast (Accolate™) (14), and praniukast (Onon™) (15) are
currently used clinically for the treatment of bronchial asthma
and allergic rhinitis. Human CysLT,;, human CysLT,, and
mouse CysLT; were recently cloned and characterized (16-21).
Human CysLT,; mRNA was detected in airway smooth muscle
cells, tissue macrophages, monocytes, and eosinophils (16, 17).
Human CysLT, mRNA was prominently expressed in lung
macrophages, airway smooth muscle, cardiac Purkinje cells,
adrenal medulla cells, peripheral blood leukocytes, placenta,
spleen, and brain (18-20).

Ovalbumin sensitization and aerosol challenge in mice elicits
release of LTB, and LTC, into bronchoalveolar lavage fluid,
eosinophilia in the mucosa and the bronchoalveolar lavage
fluid, and increased airway reactivity to methacholine (22).
Although cysteinyl LTs are not established as bronchoconstric-
tors in mice, MK-571, a CysLT,-selective antagonist, inhibits
eosinophilia, bronchial hyperreactivity, and microvascular
leakage of mice (23), suggesting a contribution of cysteinyl L'Ts
in these processes. We cloned and characterized the mouse
CysLT, (mCysLT,) and CysLT, (nCysLT,) to better study the
roles of cysteinyl LTs in animal models of diseases.

MATERIALS AND METHODS

Antagonists—Pranlukast was a generous gift from Ono Pharmaceu-
tical Co. (Osaka, Japan). MK-571 and BAY u9773 were purchased from
BIOMOL Research Laboratories (Plymouth Meeting, PA). Pranlukast
and MK-571 were dissolved in 100% ethanol to make 10 mM stock
solutions.

Cloning and Expression of mCysLT, and mCysLT,—A mouse ge-
nome library (129 inbred strain) in AFix I vector (Stratagene, La Jolla,
CA) was screened with [a-*?PldCTP-labeled partial open reading frame
(ORF) of human CysLT, (581 nucleotides), and a clone was isolated. The
CysLT, ORF from CB57BL/6 was obtained by PCR with a genome
template using sense (5'-ATTCCTGGAGAACATGAATGG-8") and an-
tisense (5'-CATTGTTCTGCACTGTAGATGAG-3’) primers. A mouse
expressed sequence tag clone with 88.4% identity in cDNA sequence fo
the human CysL.T, was found during a routine BLAST search of the
NCBI data base (GenBank™ accession number AI506060), and it was
purchased from Genome Systems (St. Louis, MO). These three clones
were sequenced using an automated DNA sequencer 373A (Applied
Biosystems, Foster City, CA) and found to be completely identical. The
ORF of the expressed sequence tag clone was amplified by PCR with
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Fic. 1. Amino acid sequence of mCysLT, and mCysLT,. A, structures of mCysLT; and mCysLT, are shown. The putative transmembrane
segments I-VII of mCysLT,; and mCysLT, are underlined. The asterisks indicate identical amino acids, and dots indicate similar amino acids. B,
amino acid identities between mCysLT,, mCysLT,, human CysLT,, and human CysLT, are shown. AA, amino acids.

sense (5'-CGGGATCCCGAATGGAACTGAAAATCTGAC-3") and
antisense (5'-GCTCTAGAGCTTATTCGTTACATATTTCTT-3') prim-
ers, subcloned into a pGEM-T Easy Vector (Promega, Madison, WI),
digested with restriction enzymes (BamHI and Xbal), and subcloned
again into an expression vector, pcDNA4HisMax (Invitrogen, Carlsbad,
CA) to obtain pcdHM-mCysLT,. For the cloning of a mouse CysLT,
orthologue, the mouse genomic library in AFixII vector was screened by
plaque hybridization using [a-9?P]dCTP-labeled full-length ORF of hu-
man CysLT, ¢cDNA (19) as a probe. The fragments that hybridized to
human CysLT, probe were sequenced as described above. The putative
ORF was attached with an hemagglutinin tag at its N terminus and
subcloned into an expression vector pcDNAS3.1 (Invitrogen) between the
Kpnl site and the Xbal site to obtain pe3.1-mCysLT,. The CysLT, ORF
from C57BL/6 was obtained by PCR with a genome template using
primers designed from the 129 genome sequence.

Cell Culture and Transfection—HEK-293 cells and B103 cells were
cultured in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% fetal calf serum (FCS; Sigma), 100 IU/ml penicillin, and 100
pg/ml streptomycin; PC12 cells in Dulbecco’s modified Eagle’s medium
supplemented with 10% horse serum, 10% FCS, 100 TU/ml penicillin,
and 100 pg/ml streptomycin; and CHO cells in Nutrient Mixture F-12°
HAM (Sigma) supplemented with 10% FCS, 100 TU/ml penicillin, and
100 pg/ml streptomycin. Superfect (Qiagen, Valencia, CA) was used for
the transfection of HEK-293 cells, B103 cells, and PC12 cells, and
FuGENE 6 (Roche Molecular Biochemicals) was used for the transfec-
tion of CHO cells, according to the manufacturers’ protocols. To obtain
HEK-293 cells stably expressing mCysLT,, the cells were transfected
with pe4HM-mCysL.T, and selected with 500 pg/ml Zeocin (Invitrogen).
Two lines of the cells (named HEK 7-1 and HEK 7-3) were chosen by the
increase of intracellular Ca?* concentration ([Ca®*],) in response to
LTD, (see below) and maintained in Dulbecco’s modified Eagle’s me-
dium with 10% FCS, 100 IU/ml penicillin, 100 pg/ml streptomycin, and
200 pg/ml Zeocin, The expression of mCysLT, was confirmed by North-
ern hybridization. HEK-293 cells transfected with the vector alone were
also kept in a medium with Zeocin and used as a vector control. To
obtain CHO cells stably expressing mCysLT,, the cells were transfected
with ped.1-mCysLT, and selected with 1 mg/ml G418 (Invitrogen). Two

lines of the cells (named CHO-7A1 and CHO-8B3) were chosen by
Northern hybridization and maintained in F-12 with 10% FCS, 100
IU/ml penicillin, 100 pg/ml streptomycin, and 300 pg/ml G418, CHO
cells transfected with the vector alone were also kept in a medium with
(G418 and used as a vector control.

Ca®* Response Assay—The cells stably expressing mouse CysLTs
were loaded with 8 uM Fura2-AM (Dajinde, Kumamote, Japan) in a
modified HEPES-Tyrode’s bovine serum albumin buffer (25 mM Hepes-
NaOH, pH 7.4, 140 mm NaCl, 2.7 mm KCl, 1.0 mm CaCl,, 12 mMm
NaHCO,, 5.6 mM p-glucose, 0.37 mm NaH,PO,, 0.49 mm MgCl,, and
0.1% (w/v) bovine serum albumin (Wako, Osaka, Japan)) containing
0.01% Cremophor EL (Sigma) at 37 °C for 1 h. The cells were detached
from dishes with PBS containing 2 mM EDTA, collected, centrifuged at
240 X g for 5 min in a 15-ml tube, and resuspended in the modified
HEPES-Tyrode’s bovine serum albumin buffer (2 X 10° cells/ml). The
change in the fluorescence ratio (340 nm/380 nm) in response to LTs
was monitored using a Ca®* analyzer, CAF-100 (Jasco, Tokyo, Japan).
[Ca®*], was estimated as described previously (24). A receptor antago-
nist was applied 5 min before stimulation with LTC, or LTD,.

Reporter Gene Assay—We have recently established a zif268-driven
promoter assay induced by receptor activation (25), and the original
method was modified. Briefly, 1 X 10% B103 cells were seeded in colla-
gen-coated 96-well microplates (Asahi Techno Glass, Tokyo, Japan) and
transfected with 25 ng of pcdHM-mCysLT, or vector alone in combina-
tion with 150 ng of zif268-firefly luciferase/pGL2, which was a generous
gift of Dr. T. Naito at Japan Tobacco Inc. (Tokyo, Japan). They were
incubated for 48 h and treated with LTs in a serum-free medium.
Receptor antagonists were applied 15 min before the stimulation. The
cells were lysed after 4 h of incubation at 37 °C. Luciferase activity was
determined by measuring luminescent signals using a luciferase re-
porter gene assay system, PICAGENE Dual Seapansy (Toyo Ink,
Tokyo, Japan) and a Top Count luminescence counter (Packard, Meri-
den, CT). For the assay of CysLT,, 2 X 105 PC12 cells were transfected
with 250 ng of pe3.1-mCysLT, or vector alone, 300 ng of zif268-firefly
luciferase/pGL2, and 250 ng of thymidine kinase-Renilla luciferase/pRL
(Promega) and seeded in collagen-coated 24-well plates. After serum
starvation for 1.5 h, they were stimulated with ligands for 6 h. Firefly
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Fic. 2. Ca** response and reporter gene expression using mCysLT,. A and B, Ca®* mobilization in HEK-293 cells stably expressing
mCysLT,. A, the mCysLT,-expressing cells (HEK 7-1) loaded with Fura2-AM were challenged with 100 aM LTD, (open arrow) or 10 uM ATP (closed
arrow), and the change in [Ca®*], was measured. The right panel shows the response of the cells treated with 10 um pranlukast 5 min before the
challenge. The results are representatives of three independent experiments. B, HEK 7-1 cells were loaded with Fura2-AM and stimulated with
various concentrations of LTC, (#) or LTD, (4). Vector-transfected HEK-293 cells stimulated with LTC, ((J) or LTD, (A) were used as negative
controls. The differences of [Ca®*]; before and after the challenges are shown (n = 3, means * S.E.). Statistically significant differences between
the vector control and HEK 7-1 are indicated. * p < 0.01, unpaired ¢ test. C and D, reporter gene assays of B103 cells transiently transfected with
mCysLT, or vector alone. C, Cells transfected with mCysLT, (L) or vector alone (O) were stimulated with various concentrations of LTD,. The data
are expressed as fold activation over control (without LTD,) and expressed as the means = S.E. (n = 3). Statistically significant differences between
the control and the L'T-stimulated cells are indicated. ¥, p < 0.05, unpaired ¢ test. D, the effects of two CysLT, antagonists are shown. The data
are expressed as fold activation over the control (without LTD,) and expressed as the means * S.E. {n = 4). Statistically significant differences

between the control and the drug-treated cells are indicated. *, p < 0.05, Bonferroni's multiple ¢ test.

and Renilla luciferase activities were measured using PICAGENE Dual
Seapansy and a Mini Lumat LB9506 luminometer (Berthold, Bad Wild-
bad, Germany). Firefly luciferase values were standardized to Renilla
values.

Northern Blotting—Total RNA was extracted from 129+Ter/Sv Jel

- (Clea Japan, Tokyo, Japan) and C57B1/6J Jcl (Clea Japan) mouse
tissues including brain, heart, lung, liver, spleen, kidney, small intes-
tine, skeletal muscle, and skin, using Isogen (Wako, Osaka, Japan).
Poly(A)* RNA was isolated from 200 pg of the total RNA using a
wMACS mRNA isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany). The RNA samples were denatured, electrophoresed on 0.7%
formaldehyde-agarose gels, and transferred onto nylon membranes Hy-
bond-N+ (Amersham Biosciences) as described (26). The membranes
were hybridized with [a-**P]dCTP-labeled ORF of mCysLT,, mCysLT,,
or human glyceraldehyde-3-phosphate dehydrogenase (G3PDH) at
65 °C for 2 h in a Rapid Hyb hybridization solution (Amersham Bio-
sciences). The membranes were washed at 65 °Cin 0.2X SSC, 0.1% SDS
for 1 h and subjected to autoradiography for 5 days (mCysLT, and
mCysLT,) or overnight (G3PDH).

Quantitative Real Time Reverse Transcriptase-PCR—Total RNA was
prepared as described above from 129 and C57BL/6 mouse adrenal
gland, peritoneal macrophages, and spleen. For elicitation of peritoneal
macrophages, the animals were injected with 2 m] of 4% thioglycollate
broth 4 days prior to sacrifice and peritoneal lavage using ice-cold PBS
with 2 mM EDTA. ¢cDNA was synthesized from 1 pg of total RNA using
Superscript I (Invitrogen) and 50 ng of random hexamers according to
the manufacturer’s protocal, and 2 pl of the cDNA was diluted in 38 ul
of 10 mm Tris-HC}, 1 mm EDTA (pH 8.0) for PCR. PCR was carried out
using a LightCycler System (Roche Molecular Biochemicals), and the

products were detected by measuring the binding of the fluorescence
dye SYBR Green I to double-stranded DNA. The PCR reactions were set
up in microcapillary tubes in a volume of 20 pl. The reaction compo-
nents were 1 pl of diluted ¢DNA, 1 X FastStart DNA Master SYBR
Green I (Roche Molecular Biochemicals), a final concentration of 3 mM
MgCl,, and 1 uM upstream and downstream primers. pedHM-mCysLT,,
pe3.1-mCysLT,, and an expressed sequence tag clone containing
mG3PDH cDNA (GenBank™ accession number BF537941) purchased
from IncyteGenomics (Palo Alto, CA) were used as standards. Primers
were chosen so that they would yield PCR products identical in DNA
sequence from 129 and C57BL/6 inbred strains. The following primers
were used: mCysl1-760+, 5'-CAACGAACTATCCACCTTCACC-3';
mCys1-923—, 5'-AGCCTTCTCCTAAAGTTTCCAC-3'; mCys2-662+, 5'-
GTCCACGTGCTGCTCATAGG-8'; mCys2-843—, 5'-ATTGGCTGCAG-
CCATGGTC-3'; mG3PDH-879+, 5'-AGGTTGTCTCCTGCGACTTC-3";
and mG3PDH-1089~-, 5'-CTTGCTCAGTGTCCTTGCTG-3'. These
primer pairs result in PCR products of 164 (mCysLT,), 182 (mCysLT,),
and 211 bp (G3PDH). The standards and the samples were simulfa-
neously amplified using the same reaction master mixture. The reac-
tions were incubated at 95 °C for 10 min to activate the polymerase,
followed by 50 cycles of amplification. Each cycle of PCR included 3 s of
denaturation at 95 °C, 3 s of primer annealing at 67 °C for GBPDH,
65 °C for mCysLT,, and 68 °C for mCysLT,, and 10 s of extension at
72 °C. The temperature ramp was 20 °C/s. At the end of the extension
steps, the fluorescence of each sample was measured to allow quantifi-
cation of the cDNAs. After cycling, melting curves of the PCR products
were acquired by stepwise increase of the temperature from 5 °C above
the annealing temperature to 95 °C. Using LightCycler analysis soft-
ware, the SYBR Green I signal of each sample was plotted versus the
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Fia. 8. Ca®* response and reporter gene expression using mCysLT,. A and B, Ca®* mobilization in CHO cells stably expressing mCysLT,.
The cells were loaded with Fura2-AM and challenged with LTC, or LTD,. The increase in [Ca®*); was calculated from the fluorescence ratio (340
nm/380 nm). 4, [Ca®*}; increases of mCysLT,-expressing cells (CHO-TAL) challenged with LTC, () or LTD, (@) and vector control cells challenged
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* p < 0.01, unpaired ¢ test. B, effects of CysLT antagonists were examined. The increase in [Ca®*]; after. 100 nv LTC, stimulation is shown as a
percentage to that of the cells without an antagonist (n = 2, each replicate shown). BAY u9773 (#) and pranliukast (@) inhibited the response to
LTC,, whereas MK-571 (4) did not affect the response to the LTC, stimulation. Neither MK-571, pranlukast, nor BAY u9778 affected Ca®*
response to 10 uM ATP (n = 2, data not shown). C and D, reporter gene assay of PC12 cells transiently transfected with mCysLT, or vector alone.
The ratios of firefly luciferase activity to Renille luciferase activity are shown. C, the responses of mCysLT,-transfected cells challenged with
various concentrations of LTC, () or LTD, () and vector-transfected cells challenged with LTC, ((J) or LTD, (O) are shown (n = 2, each replicate
shown). The experiments using LTC, were performed in the presence of 5 mu serine and 10 mm borate. D, the responses to 10 nv LTD, in the

presence of various concentrations of MK-571 (&), pranlukast (@), or BAY u9773 (#) are shown (n = 2, each replicate shown).

number of cycles, and the crossing points were obtained. These crossing
points correlate inversely with the log of the initial template concen-
tration. The levels of mRNA were estimated-by subtracting the initial
levels of target DNA in PCR reactions without reverse transcription,
which represents genomic contamination. Then the mRNA levels were
normalized to the level of G3PDH mRNA.

In Situ Hybridization—Paraffin sections of the skin samples from
129 and C57BL/6 mice fixed in 10% formalin were investigated.as
described previously (27, 28) by using a slightly modified nonradioac-
tive in situ hybridization technique with digoxigenin-labeled RNA
probes. Briefly, paraffin-embedded tissues were cut to 4-pm-thin sec-
tions, mounted onto silane-coated slides, deparaffinized, and treated
with proteinase K (6 pg/ml in PBS) for 10 min at 24 °C and glycine (2

mg/mi in PBS) for 15 min at 24 °C. Then the sections were acetylated -

with acetic anhydride (1 ml in 400 m] of 0.1 ™ triethanolamine, pH 8.0}
for 16 min at 24 °C. After washing with PBS, the samples were soaked
in 2X SSC with 50% formamide, subjected to hybridization. Fragments
of eDNAs for mCysLTs (mCysLT; ORF at 687-887 and mCysL. T, ORF
at 18-222) were amplified by PCR using upstream primers with a
recognition sequence for HindIIl and downstream primers with a rec-
ognition sequence for EcoRI, and subcloned into pSPT18 by directional
cloning. The plasmids were linearized using HindIIl to prepare the
antisense probes and EcoRI for the sense probes, The probes were
labeled with digoxigenin-11-UTP using a DIG RNA labeling kit (Roche
Molecular Biochemicals). The labeled RNA probes (1 pg/ml) in a mix-
ture containing 50% formamide, 10% dextran sulfate, 2X SSC, 1 mg/ml
tRNA, 1 mg/ml salmon sperm DNA, and 0.1% bovine serum albumin

were placed on the slides and coverslipped. Hybridization was per-
formed in a humidified chamber for 16 h at 42 °C for the mCysLT, probe
and 50 °C for the mCysLT, probe. The slides were washed in 2X SSC
with 50% formamide for 20 min three times at 42 °C. Nonhybridized
probes were digested in 20 pg/ml RNase A, 500 my NaCl, I mM EDTA,
and 10 mwm Tris-HCI (pH 8.0) for 80 min at 37 °C. They were then rinsed
for 20 min in 0.1X SSC three times at 42 °C. The digoxigenin-labeled
probes were visualized using a DIG nucleic acid detection kit (Roche
Molecular Biochemicals) according to the manufacturer’s protocol. The
slides were counterstained in methyl green for 10 min, washed in
running tap water, and mounted. =

RESULTS AND DISCUSSION

The Structure of mCysLT,; and mCysLTy—mCysLT, and
mCysLT, were predicted to be polypeptides of 339 and 809
amino acid residues, respectively (Fig. 14). The identities of the
amino acid sequences between 129 mouse and human (16-18)
CysLTs are shown in Fig. 1B. mCysLT, was longer than hu-
man CysLT; by two amino acid residues. mCysl.T, was shorter
than human CysLT, by 37 amino acid residues, being trun-
cated at both the N and C termini. The sequence of mCysLT,
was identical among 129, C57BL/6, and BALB/c mice, and
there was a mismatch in mCysLT, sequences at the 213th
amino acid residue between 129 (Val) and C57BL/6 (Ile). The
preserved amino acids in the rhodopsin-like G protein-coupled
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FiG. 4. Expression of mCysLT, and mCysLT, mRNA in vavious
tissues of CE7BL/8 and 129 inbred strains. A, Northern blot analysis.
Poly(A)" RNAs (3 pg) were electrophoretically separated, transferred to
nylon membranes, and hybridized with [a-°2P}dCTP-labeled ORFs of
mCysLT;, mCysLT,, and human G3PDH. The shown data are represent-
ative of three experiments that gave similar results. B, quantitative real
time reverse transcriptagse-PCR. mRNA levels of C57BL/6 mice (closed
bar) and 129 mice (open bar) were obtained as described under “Materials
and Methods” and given as fold expression compared with the levels of
129 spleen (n = 8, means + S.E.). The differences in expression levels
between strains were seen in CysLT, of the spleen (p < 0.05).

receptor family, including two Cys residues in the first and
second extracellular loops, Asp in transmembrane domain 2
(TM2), Trp in TM4, Tyr in TMS5, and Pro in TM6, were all
present in mCysLT,; and mCysLT,. mCysLT, had the Asn-Pro-
Xaay-Tyr motif at the end of the TM7, whereas mCysLT; had
an Asp residue instead of Asn in the motif. There was no
Asp-Arg-Tyr motif at the TM3/intracellular loop 2 transition in
mCysLT, nor mCysLT,, although it is a highly conserved motif
in the G protein-coupled receptor family. Both mCysLT; and
mCysLT, had possible phosphorylation sites in intracellular
loop 3 and the C terminus, and CysLT; had several possible
N-glycosylation sites in the N terminus and extracellular loops.

Pharmacological Properties of mCysLT, and mCysLT—
Mouse orthologues of CysLT; and CysLT, were identified as
functional cysteinyl LT receptors by several methods. CysLT;
and CysLT, are known to increase [Ca®*];, (20, 29). LTD,
evoked a dose-dependent increase in [Ca®*}; in HEK-293 cell
lines stably expressing mCysLT; (HEK 7-1 (Fig. 2, A and B)
and HEK 7-3 (data not shown)). LTC, also evoked a slight
increase in [Ca?*], (Fig. 2B), whereas LTB, or LTE, did not
(data not shown). These cells pretreated with a CysLT, antag-
onist, prantukast (Fig. 24) or MK-571 (data not shown), did not
respond to LTD,, whereas they remained responsive to ATP. In
a reporter gene assay, B1l03 cells transiently expressing
mCysLT, increased luciferase activity in response to LTD,in a
dose-dependent manner (Flig. 2C). The cells did not respond to

g -

16 5. In situ hybridization of CysLT; and CysLT, mRNA in
129 mouse skin. ¢ and b, in situ hybridization of CysLT,. ¢, antisense
probe, .showing expression in subcutaneous fibroblasts (arrows). b,
sense control probe. ¢ and d, in situ hybridization of CysLT,. ¢, anti-
sense probe, showing expression in subeutaneous fibroblasts (arrows).
d, sense control probe. Scale bars are 50 pm.,

either LTB, or LTE, at a concentration of 10 or 100 num (data
not shown). The LTD,-induced response was inhibited by pran-
lukast or MK-571 (Fig. 2D).

In CHO cells stably expressing mCysLT, (CHO-7A1), LTC,
and LTD, exhibited dose-dependent increases in [Ca®*]; (Fig.
3A). The response was inhibited by BAY 19773, a nonselective
antagonist of cysteinyl LT receptors (30), in a dose-dependent
manner but was not inhibited by a CysLT;-specific antagonist,
MK-571 (Fig. 3B). The response of CHO-8B3 cells, another
mCysLTy-expressing .clone, was similar to that of CHO-7Al
(n = 8; data not shown). ATP (10 um) elicited the same level of
increase in [Ca2?*]; in CHO-7A1, CHO-8B3, and the vector
control (n = 3; data not shown). PC12 cells transiently express-
ing mCysLT, increased luciferase activities in response to
LTC, and LTD, to the same extent in dose-dependent manners
(Fig. 3C), and the responses were inhibited by BAY u9773 and
not by MK-571 (Fig. 3D). Surprisingly, pranlukast, found to be
a CysLT,-specific antagonist from human studies (16, 17), in-
hibited the LTC-induced increase in [Ca2*]; (Fig. 3B) and the
LTD,-induced luciferase activity (Fig. 8D) in the cells express-
ing mCysLT,. Several reports showing that pranlukast does
not antagonize human CysLT, (18, 20) imply a pharmacologi-
cal difference of CysLT, between human and mouse likely
because of significant difference in primary structure (Fig. 1B).
BAY 19773 was partially agonistic on mCysLT, as is reported
in human CysLT, (19) (data not shown).

Different Tissue Distribution of CysLT; and CysLT, mRNA
in Two Mouse Inbred Strains—Hybridization of poly(A)* RNA
from various mouse tissues detected transcripts of 3.0 and 5.5
kb for CysLT,; and CysLT,, respectively (Fig. 44). As a whole,
the expression levels of CysLTs were higher in C57BL/6 inbred
strain than in 129 inbred strain, even though a slight difference
in control hybridization (G3PDH) in Northern blotting was
observed in some tissues. In C57BL/6 strain, the highest
mRNA expression for CysLT, was observed in skin, lung, small
intestine, and macrophages, and moderate expressions were
found in other tissues; the expression of CysLT, was ubiquitous
with higher expressions in spleen, lung, and small intestine
(Fig. 4). Differential tissue expression between two strains
suggests that regulatory polymorphism is present.

Given the importance of cysteinyl LTs in skin diseases in-
cluding atopic dermatitis (31), we investigated the distribution
of CysLTs in mouse skin by in situ hybridization. We chose 129
inbred strain because Goulet et al. (32) had reported the potent
inflammatory response of the skin in 129 mice. No signals of
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CysLTs were detected in epidermis (data not shown). In the
subcutaneous connective tissues, however, high expressions of
CysLT, (Fig. 5a) and CysLT, mRNA (Fig. 5¢) were seen mostly
in fibroblasts. No signal was obtained using the sense control
(Fig. 5, b and d). It has been reported that cysteinyl LTs
increase collagén synthesis in fibroblasts (33, 34), and our
report is the first to demonstrate the expression of CysLTs in
fibroblasts. Further study is needed to uncover yet unknown
roles of cysteinyl LTs in wound healing and pathological colla-
gen synthesis.

In conclusion, we have cloned mCysLT,; and mCysLT, and
found differences in the pharmacological characteristics be-
tween mouse and human CysLT,. There are differences in
mRNA expression of CysLT; and CysLT, between mouse
strains, suggesting the importance of choosing a proper mouse
strain for a disease model. We also discovered expression of
both CysLTs in subcutaneous fibroblasts. These data are useful
in interpreting and understanding the physiological and path-
ological roles of CysLTs in animal models of human diseases.
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Platelet-activating factor drives eotaxin production in an allergic
pleurisy in mice

'André Klein, 'Vanessa Pinho, *Ana Leticia Alessandrini, *Takao Shimizu, 2Satoshi Ishii &
*IMauro M. Teixeira
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1 The activation of eosinophils via G-protein-coupled seven transmembran receptors play a
necessary role in the recruitment of these cells into tissue. The present study investigates a role for
PAF in driving eotaxin production and eosinophil recruitment in an allergic pleurisy model in mice.
2 The intrapleural injection of increasing doses of PAF (10! to 10~° moles per cavity) induced a
dose- and PAF receptor-dependent recruitment of eosinophils 48 h after stimulation.

3 Intrapleural injection of PAF induced the rapid (within 1 h) release of eotaxin into the pleural
cavity of mice and an anti-eotaxin antibody effectively inhibited PAF-induced recruitment of
eosinophils.

4 Eosinophil recruitment in the allergic pleurisy was markedly inhibited by the PAF receptor
antagonist UK-74,505 (modipafant, 1 mg kg~"). Moreover, recruitment of eosinophils in sensitized
and challenged PAF receptor-deficient animals was lower than that observed in wild-type animals.
5 Blockade of PAF receptors with UK-74,505 suppressed by 85% the release of eotaxin in the

allergic pleurisy.

6 Finally, the injection of a sub-threshold dose of PAF and eotaxin cooperated to induce

eosinophil recruitment in vivo.

7 In conclusion, the production of PAF in an allergic reaction could function in multiple ways to
facilitate the recruitment of eosinophils — by facilitating eotaxin release and by cooperating with
eotaxin to induce greater recruitment of eosinophils.

British Journal of Pharmacology (2002) 135, 12131218

Keywords: Eosinophils; eotaxin; platelet-activating factor; recruitment; chemokines
Abbreviations: LTB4, Leukotriene By; OVA, ovalbumin; PAF, platelet-activating factor; PAFR™/~, PAF receptor-deficient;
PBS, phosphate-buffered saline; SCF, stem cell factor
Introduction

Eosinophils are typically tissue-dwelling cells and appear to
play an important role in the pathogenesis of allergic
diseases, such as asthma and atopic dermatitis (Cara et al.,
1999). There has been much interest in the understanding of
the mechanisms underlying eosinophil recruitment in vivo as
this knowledge may aid in the development of novel
strategies for the treatment of allergic disorders (Teixeira et
al., 1995; Giembycz & Lindsay, 1999). The activation of
eosinophils via G-protein-coupled seven transmembrane
receptors play a necessary role in the recruitment of these
cells into tissue and may, thus, be good targets for drug
development (Teixeira er al., 1995; 1997a,b).

We have recently shown that the cytokine stem cell factor
(SCF) played an important role for the migration of
eosinophils in an allergic pleurisy model in mice (Klein ef
al., 2000). Of interest, SCF appeared to drive the local
production of LTB4 which cooperated with eotaxin to induce

*Author for correspondence at: Departamento de Bioquimica e
Imunologia, Instituto de Ciéncias Biologicas, Universidade Federal
de Minas Gerais, Av. Antonio Carlos, 6627-Pampuiha, 31270-501
Belo Horizonte MG Brazil; E-mail: mmtex@mono.icb.ufmg.br

eosinophil recruitment (Klein e al, 2001). Whereas SCF
induced significant eotaxin production, the blockade of SCF
did not inhibit the release of eotaxin following allergen
challenge of sensitized animals (Klein ef al., 2001). Thus, it
was not clear from our studies the mediator(s) underlying
local eotaxin production and release,

Several studies have demonstrated the ability of the lipid
mediator platelet-activating factor (PAF) to induce eosinophil
recruitment and activation in vivo and in vitro (e.g. Silva et al.,
1991; Teixeira et al., 1994; 1997a; Alves et al., 1996). Indeed,
PAF induces chemoattraction, activation of several other
functions and priming of eosinophils and other cell types (e.g.
van der bruggen et al., 1994; Schweizer et al., 1996; Ishii &
Shimizu, 2000). Moreover, endogenous production of PAF
may be involved in the effector function of eosinophils (e.g.:
Tool et al., 1992; Bartemes et al., 1999) and in the modulation
of the production of chemokines (e.g.: Maruoka er al., 2000;
Au et al., 2001) in response to several stimuli. Here, using a
PAF receptor antagonist (UK-74,505) and PAF receptor-
deficient animals (PAFR~/~), we investigated whether PAF
participated in the cascade of events leading to mediator release
and eosinophil recruitment in our allergic pleurisy model.
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PAF and eotaxin production in vivo

Methods

Animals

Male BALB/C mice (18-22 g) were used throughout these
experiments. Animals were housed in a temperature-con-
trolled room with free access to water and food. All
experimental procedures have been subjected to evaluation
and were approved by the local Animal Ethics Committee.
PAF receptor deficient animals were generated as previously
described (Ishii er al, 1998) and intercrossed for at least
seven generations to establish the BALB/c strain.

Drugs and reagents

Recombinant murine eotaxin was purchased from Peprotech
(London, U.K.)." Eotaxin was dissolved in water, diluted
further in phosphate buffered saline (PBS, pH 7.4) containing
0.01% bovine serum albumin and stored at —20°C until use.
Bovine serum albumin, ovalbumin (OVA) and control rabbit
serum were purchased from Sigma. PAF was purchased from
Calbiochem. The specific and long-acting PAF receptor
antagonist UK-74,505 (Modipafant, 4-(chloropheny!)-1,4-
dihydro-3-ethoxycarbonyl- 6-methyl-2- [4-(2-methylimidazol[4,
5-c|phenyl-5-[N-(2-pyridyl)carbomoylpyridine) (Alabaster et
al., 1991; Jezequel et al., 1996) was a gift from Pfizer Global
Research and Development, Kent, U.K. UK-74,505 was
dissolved in HCI 0.01 N and further diluted in PBS. Control
animals received drug vehicle.

Sensitization

Animals were immunized with OVA adsorbed to aluminium
hydroxide gel as previously described (Das et al., 1997).
Briefly, mice were injected s.c. on days 1 and 8 with 0.2 ml of
a solution containing 100 ug of OVA and 70 ug of
aluminium hydroxide (Reheiss, Dublin, Ireland).

Leukocyte migration into the pleural cavity induced by
PAF or antigen

PAF (10-" to 10~° mol per cavity) was injected intrapleu-
rally (i.pl.) in naive mice, and animals killed at 48 h after the
1.pl. injection. In some experiments, low doses of eotaxin and
PAF were mixed prior to their i.pl. injection. Sensitized mice
were challenged with antigen (OVA) or PBS. The cells
present in the pleural cavity were harvested by injecting 2 ml
of PBS and total cell counts performed in a modified
Neubauer chamber using Turk’s stain. Differential cell counts
were performed on cytospin preparations (Shandon III)
stained with May-Grumwald-Giemsa using standard mor-
phologic criteria to identify cell types. The results are
presented as the number of cells per cavity.

PAF receptor antagonist or anti-eotaxin pretreatment

In order to investigate the role of endogenous PAF on the
eosinophil recruitment induced by PAF or ovalbumin in
immunized animals, the PAF receptor antagonist UK-
74,505 (0.1 to 1.0 mgkg™") was administered i.p. 60 min
prior to the stimulus, and the number of infiltrating
eosinophils was assessed 48 hours after. This dose range

has been shown to be effective at blocking PAF receptors
in rodents (Miotla et al., 1998; Borges et al., 2000). A
rabbit polyclonal anti-eotaxin antibody was prepared and
purified over protein A column as previously described
(Ruth et al., 1998). This antibody is specific for eotaxin and
not shown to cross-react to other known murine chemo-
kines (Ruth er al., 1998). Anti-eotaxin was administered i.p.
at the dose of 100 ug per mouse 60 min prior to the ipl.
administration of PAF. In some experiments, the eosinophil
recruitment 48 h after antigen challenge in PAFR~/~ mice
was compared to that of age- and sex-matched wild-type
animals.

Measurement of eotaxin

Frozen supernatants obtained from pleural cavity washes at
different times (1—-24 h) after challenge with PAF (10~° mo-
les per cavity) were used for eotaxin detection. The effects of
the PAF receptor antagonist was assessed by injecting UK-
74,505 (1 mg kg™, i.p.) 60 min prior to antigen challenge. Six
hours later, the pleural cavity was washed and the levels of
eotaxin assessed on the supernatant.

The concentration of eotaxin protein in pleural effluents
was measured by specific ELISA wusing commercially
available antibody pairs and as specified by the supplier
(R&D Systems, Minneapolis, MN, USA).

Statistical analysis

All results are presented as the mean+s.e.mean. Normalized
data were analysed by one-way ANOVA, and differences
between groups were assessed using the Student-Newman-
Keuls post-test. A P value <0.05 was considered significant.

Results

PAF induces eosinophil recruitment and eotaxin
production in the pleural cavity of mice

The intrapleural injection of increasing doses of PAF (10~
to 107° moles per cavity) indueed a dose-dependent recruit-
ment of eosinophils 48 h after stimulation (Figure 1). At this
time point, a significant recruitment of mononuclear cells, but
not neutrophils, was also observed (data not shown). These
effects of PAF were PAF receptor-dependent as demon-
strated by the ability of the PAF receptor antagonist UK-
74,505 to abrogate PAF-induced eosinophil recruitment
(PBS, 0.24-0.1 eosinophils x 10° per cavity; PAF 10~° moles,
14+0.3; PAF+UK-74,505 0.1mgkg™'; 0.4+0.1; PA-
F+UK-74,505 1.0 mg kg~!, 0.2+0.1; »=35 in each group,
P<0.01).

Next, we examined whether PAF could induce the release
of eotaxin into the pleural cavity of mice. As seen in Figure
2A, significant levels of eotaxin were detected as early as 1 h
after the injection of PAF in the pleural cavity of naive mice.
Elevated concentrations of eotaxin were also detected at 3 h
and levels had dropped to background 6 h after PAF
injection (Figure 2A). Not only was eotaxin induced after
injection of PAF, but, more importantly, an anti-eotaxin
antibody effectively inhibited the recruitment of eosinophils
observed after injection of PAF (Figure 2B).

British Journal of Pharmacology vol 135 (5)
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Figure 1 Dose-dependent effects of PAF on the recruitment of
eosinophils to the pleural cavity of mice. In dose-response
experiments, phosphate-buffered saline (PBS, 100 ul) or PAF (10~
to 10° moles per cavity) were administered into the pleural cavity of
naive mice and the number of infiltrating eosinophils assessed 48 h
after injection. The results are expressed as mean-+s.e.mean of six
mice in each group. *P<0.01 when compared to PRBS-injected
animals.

Blockade of PAF receptors regulate the release of eotaxin
and eosinophil recruitment in the allergic pleurisy

The possibility that endogenous production of PAF modu-
lated eosinophil recruitment in the allergic pleurisy was
investigated by using the PAF receptor antagonist UK-
74,505. Pretreatment with UK-74,505 (1 mg kg™') signifi-
cantly suppressed by 87% the recruitment of eosinophils
observed 48 h after administration of antigen to sensitized
mice (Figure 3A). As PAF induced significant local release of
eotaxin, we examined whether blockade of PAF receptors
would modulate eotaxin production in the allergic pleurisy.
Our previous studies have demonstrated that eotaxin release
peaks after 6 h in sensitized animals challenged with antigen
(Klein er al., 2001). Here, we demonstrate that pretreatment
with UK-74,505 inhibited antigen-induced eotaxin production
by 85% (Figure 4).

To confirm an important role of PAF receptors for the
migration of eosinophils in vivo, PAFR~/~ and wild-type
mice were sensitized and challenged with antigen. As
demonstrated in Figure 3B, eosinophil recruitment in
PAFR~/~ mice was inhibited by 50% as compared to wild-
type mice. In PAFR~/~ mice, the injection of PAF failed to
induce a significant recruitment of eosinophils as compared
to PBS-injected animals (wild-type: PBS, 0.2+0.1x10°
eosinophils per cavity; PAF 10~° moles per cavity, 2.740.8;
PAFR-/~, PAF 10-° moles per cavity, 0.440.1, P<0.05,
n=4).

Cooperation between PAF and eotaxin .

Next, we investigated whether sub-threshold doses of PAF
and eotaxin could cooperate to induce eosinophil recruitment
in vivo. As seen in Figure 5, a sub-threshold dose of eotaxin
(10 ng per cavity) and PAF (10~ moles per cavity) failed to
induce eosinophil recruitment in the pleural cavity of naive
mice when injected alone. Nevertheless, concomitant injection
of PAF and eotaxin induced significant eosinophil recruit-
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Figure 2 Time-course of the release of eotaxin into the pleural
cavity after administration of PAF and effects of an anti-eotaxin
polyclonal antibody on PAF-induced eosinophil recruitment. (A)
Najve mice were given an ipl. injection of PAF (10~° moles per
cavity) and at different times after challenge (1-24 h), the pleural
cavity of animals were washed, the cells centrifuged, and the
supernatants used for the determination of eotaxin using a specific
ELISA. (B) Naive mice were pretreated with non-immune IgG
(100 pg, i.p.) or purified anti-eotaxin polyclonal antibody (100 pg,
i.p.) 30 min before the i.pl. injection of PAF (107 moles per cavity)
and the number of infiltrating eosinophils assessed after 48 h. Results
are expressed as mean +s.e.mean of six mice in each group. *P<0.01
when compared to PBS-injected mice and #P<0.01 when compared
to animals treated with non-immune IgG.

ment that was greater than the somation of either mediator
when injected alone (Figure 5). The injection of the mediators
alone or in combination failed to affect significantly the levels
of circulating eosinophils at 1, 4, 24 and 48 h after challenge,
as compared to PBS-injected mice (data not shown).

Discussion

There are many experimental and clinical studies supporting
a role for eosinophil recruitment and function in the
pathophysiology of allergic diseases (Cara et al., 1999). Thus,
strategies which limit eosinophil migration and/or function in
vivo may be relevant as novel therapy for the treatment of

British Journal of Pharmacology vol 135 (5)
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Figure 3 Effects of the PAF receptor antagonist, UK-74,505, and of
PAF receptor deficiency on the eosinophil recruitment induced by
allergen challenge in sensitized mice. (A) Mice were pretreated with
UK-74,505 (1 mg kg™!, i.p.) 60 min before the i.pl. injection of
antigen (OVA, 1 ug per cavity) in sensitized mice and the number of
infiltrating eosinophils assessed after 48 h. (B) Immunized wild-type
or PAFR ™/~ received an i.pl. injection of antigen (OVA, 1 ug per
cavity) and the number of infiltrating eosinophils assessed after 48 h.
Results are expressed as means+s.e.mean of six mice in each group.
*P<0.01 when compared to PBS-injected mice and #P <0.01 when
compared to animals treated with drug vehicle.

allergic diseases (Teixeira et al., 1995; Giembycz & Lindsay,
1999). Chemokines are among the mediators which are
thought to play an important role for the migration of
eosinophils (and other leukocytes) in vivo (Murphy et al,
2000). We have been particularly interested in understanding
the mediators of the inflammatory process which regulate
chemokine production and how chemokines interact with
other mediators to induce the recruitment of eosinophils in
vivo. We have previously demonstrated a role for the
cooperation between SCF-driven LTB, release and eotaxin
in mediating eosinophil recruitment in vivo (Klein et al., 2000;
2001). Here, we investigated a role for PAF in driving eotaxin
production and eosinophil recruitment in the allergic pleurisy
model.

PAF and eotaxin production in vivo
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Figure 4 Effects of the PAF receptor antagonist, UK-74,505, on the
release of eotaxin induced by allergen challenge in sensitized mice.
Mice were pretreated with UK-74,505 (1 mgkg™!, ip) 60 min
before the ipl injection of antigen (OVA, 1 pug per cavity) in
sensitized mice and the levels of eotaxin on the pleural wash assessed
after 6 h. Results are expressed as means+s.e.mean of six mice in
each group. *P<0.01 when compared to PBS-injected mice and
#P<0.01 when compared to animals treated with drug vehicle.
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Figure 5 Cooperative effects of the injection of sub-threshold doses
of eotaxin and PAF on eosinopliil recruitment into the pleural cavity
of mice. Mice were injected with phosphate-buffered saline (PBS,
100 ul), eotaxin (10 ng), PAF (107?! moles) or with PAF and eotaxin
and the number of infiltrating eosinophils assessed after 48 h. The
results are expressed as means+s.e.mean of six mice in each group.
*P<0.01 when compared to mice injected with PBS or the mediators
alone.

In agreement with in vivo studies in experimental animals
and in humans (Henocq & Vargaftig, 1986; Silva et al., 1991;
Teixeira ef al., 1994; 1997a), injection of PAF induced a
significant recruitment of eosinophils into the pleural cavity
of mice. Interestingly, PAF-induced eosinophil recruitment
was preceded by a rapid increase in the release of eotaxin into
the pleural cavity. The kinetics of eotaxin release following
PAF is slightly faster than that observed after antigen
challenge in the allergic pleurisy and other models (Gonzalo
et al., 1996; Humbles et al, 1997; Klein el al, 2001).
Moreover, PAF-induced eosinophil recruitment was sup-

pressed by pretreatment with an anti-eotaxin antibody.
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