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Itching and infiltration of immune cells are important hallmarks of atopic dermatitis (AD). Although
various studies have focused on peripheral mediator—mediated mechanisms, systemic mediator—
mediated mechanisms are also important in the pathogenesis and development of AD. Herein, we
found that intradermal injection of lysophosphatidic acid (LPA), a bioactive phospholipid, induces
scratching responses by Institute of Cancer Research mice through LPA; receptor— and opioid p
receptor—mediating mechanisms, indicating its potential as a pruritogen. The circulating level of LPA
in Naruto Research Institute Otsuka Atrichia mice, a systemic AD model, with severe scratching was
found to be higher than that of control BALB/c mice, probably because of the increased lysophos-
pholipase D activity of autotaxin (ATX) in the blood (mainly membrane associated) rather than in
plasma (soluble). Heparan sulfate proteoglycan was shown to be involved in the association of ATX
with blood cells. The sequestration of ATX protein on the blood cells by heparan sulfate proteoglycan
may accelerate the transport of LPA to the local apical surface of vascular endothelium with LPA re-
ceptors, promoting the hyperpermeability of venules and the pathological uptake of immune cells,
aggravating lesion progression and itching in Naruto Research Institute Otsuka Atrichia mice.
(Am J Pathol 2014, 184: 1593—1603; http://dx.doi.org/10.1016/].ajpath.2014.01.029)

Atopic dermatitis (AD) is a chronically relapsing skin dis-
order with pruritic and eczematous skin lesions. In animal
models of AD and a large population of patients with AD,
specific leukocytes, including eosinophils and lymphocytes,
become increasingly recruited from the blood into lesional
skin areas, leading to release of peripheral mediators
involved in pruritus.'” The pathogenesis and development of
AD are thought to be regulated by complex arrays of genes
and environmental factors. Among the animal models of AD,
NC/Nga mice commonly develop an eczematous AD-like
skin lesion around the face under conventional conditions
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because of mite allergens.” Unlike the NC/Nga mouse, the
Naruto Research Institute Otsuka Atrichia (NOA) mouse, a
hair-deficient mutant, develops ulcerative skin lesions in a
specific pathogen-free environment.* In NOA mice, atopic
lesions expand to cover a wide area of the animal’s skin and
are exacerbated by aging. These mouse models display AD-
like symptoms, including itching, elevated serum IgE level,
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increased numbers of mast cells, eosinophils, and lympho-
cytes in the dermis, and a type 2 helper T-cell—biased im-
mune response. These lines of evidence suggest that the
animals are a useful model for both examining mechanisms
of the pathogenesis and aggression and acquiring a funda-
mental basis for novel treatments of AD.

Lysophosphatidic acid (LPA) is a physiologically impor-
tant phospholipid mediator acting on a wide range of animal
cells, including several inflammatory cells through G protein—
coupled LPA receptors.”® LPA was shown to induce che-
mokinesis of Jurkat T cells’ and to promote invasion and
polarization of mouse lymphoma lines via binding to and
activation of LPA receptors.® In addition, LPA was shown to
enhance infiltration of guinea pig and mouse eosinophils into
bronchoalveolar lavage fluid in vivo,”'? and to induce
migration and oxygen radical production of human eosino-
phils in vitro."" Its circulating level is tightly controlled by a
balance of LPA-producing with LPA-degrading enzyme ac-
tivities in mammals.'>'> In mice, the production of LPA in the
blood is assumed to be largely due to the lysophospholipase D
(lysoPLD) activity of autotaxin (ATX) because the plasma
LPA level of heterozygous mice (ATX ™) is approximately
half that of wild-type (WT) mice.'* Recently, Lundequist and
Boyce'” demonstrated that LPAs is abundantly expressed by
human mast cells and partially involved in LPA-induced
calcium mobilization and macrophage inflammatory pro-
tein-1p release. In addition, LPA was shown to induce plasma
exudation and proliferation of human mast cells.'®'” The
evidence allowed us to hypothesize that an increased con-
centration of circulating LPA is involved in the pathological
accumulation of inflammatory cells to the skin lesion sites and
contributes to the development of systemic AD.

Materials and Methods

Reagents

Heparinase Il from Flavobacterium heparinum, EDTA-2K,
and fatty acid—free bovine serum albumin (BSA) were
from Sigma-Aldrich (St. Louis, MO). Heparin was from Wako
Pure Chemicals Industries (Osaka, Japan). Dioctanoylglycerol
pyrophosphate (8:0 DGPP), 1-pentadecanoyl-lysophosphati-
dylcholine  (15:0-LPC), 1-palmitoyl-LPC (16:0), 1-
heptadecanoyl-LPC (17:0), and sphingosine 1-phosphate
(S1P; d17:1) were from Avanti Polar Lipids (Alabaster, AL).
1-Linoleoyl-LPC (18:2) was prepared from 1,2-dilinoleoyl-PC
(Avanti Polar Lipids) with porcine pancreas phospholipase A,
(Sigma-Aldrich), as described previously.'® 1-Pentadecanoyl-
LPA, 1-heptadecanoyl-LPA, and 1-linoleoyl-LPA were pre-
pared from 1-pentadecanoyl-LPC, 1-heptadecanoyl-LPC, and
1-linoleoyl-LPC, respectively, with Streptomyces chromo-
fuscus phospholipase D (PLD; Sigma-Aldrich), as described
previously.'” 1-Oleoyl-18:1-lysophosphatidylmethanol (LPM)
was prepared from 1-oleoyl-LPC (Avanti Polar Lipids) by
transphosphatidylation with Actinomadura sp. PLD (Seikagaku
Biobusiness, Tokyo, Japan).z() In brief, 18:1-LPC (15 mg) was
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dissolved in 2 mL of diethyl ether, 0.5 mL of 10% methanol,
and 0.2 mL of 0.22 mol/L CaCl,. The reaction was started by
adding 20 U of PLD dissolved in 0.4 mL of 0.2 mol/L sodium
acetate. The reaction mixture was stirred vigorously for 3
hours at 65°C. The product, 18:1-LPM, was separated on a
silica gel thin-layer plate with a mixture of chloroform/meth-
anol/H,O (65:35:5, v/v/v), and extracted from the corre-
sponding zone. 1-Linolenoyl-LPA (18:3) was prepared from
1,2-dilinolenoyl-PC (Avanti Polar Lipids) with phospholipase
A, and PLD reactions, as previously described. S32826 was
from Calbiochem (San Diego, CA) and Cayman Chemical
(Ann Arbor, MI). HA130 was from Calbiochem. Ki16425 was
from Cayman Chemical. Histamine dihydrochloride and
naloxone hydrochloride were from Alexis-Enzo Life Sciences
(Farmingdale, NY).

Animals

The NOA mouse, a hair-deficient mutant, was established as an
inbred strain in 1997 by Kondo." The NC/Nga mice were
established as an inbred strain by Kondo et al*' on the basis of
Japanese fancy mice. Male BALB/c and NOA mice obtained
from CleaJapan (Tokyo) were housed under specific pathogen-
free conditions. Male NC/Nga mice were obtained from Japan
SLC (Shizuoka) and housed under conventional conditions.
Female Institute of Cancer Research (ICR) mice were obtained
from Japan SLC and housed under specific pathogen-free
conditions. Mice were given free access to a standard chow
(DC-8; Clea Japan) and water. Mice were handled in accor-
dance with the Guidelines for Animal Experimentation of the
Tokushima University School of Medicine (Tokushima,
Japan), and all animal experiments were approved by the
Tokushima University Animal Experiment Committee.

Sampling and Hematological Analysis

Mouse blood was collected from the vena cava or eye socket
after 12 hours of fasting. Mouse blood anticoagulated with 1 mg/
mL EDTA-2K or 3 U/mL heparin was centrifuged at 1200 x g
for 25 minutes at 4°C to obtain the plasma and hemocyte
fraction. Mouse platelet-rich plasma (PRP) was prepared by
centrifugation of blood at 50 x g for 20 minutes at 20°C. He-
matological variables, such as the white blood cell (WBC)
count, red blood cell count, hemoglobin concentration (g/dL),
hematocrit percentage, mean cell volume (fL), mean cell he-
moglobin (pg), mean cell hemoglobin concentration (g/dL),
and platelet count, were recorded by an automated hemato-
logical analyzer (Celltac-oa MEK-6358; Nihon Kohden,
Tokyo). Subpopulation analysis of WBCs was performed
using the mouse-specified profile on a veterinary hematological
analyzer (Sysmex XT-2000iV; Sysmex Corp, Kobe, Japan).

LC-MS/MS of LPC, LPA, and S1P

LPC, LPA, and S1P were extracted from EDTA-treated mouse
plasma using a modified Bligh and Dyer method. In brief, 0.1
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mL of the plasma was vortex mixed with a mixture of
chloroform-methanol-water (1:2:0.6, v/v/v, 1.8 mL) for 1
minute. Specific amounts of internal standards (17:0-LPA,
17:0-LPC, and C17-S1P) were added to the mixture. The
mixtures were separated into two phases by addition of 0.5 mL
each of chloroform and water containing 20 mg KCI. After
adjusting the pH of the aqueous phase to 2 to 3 with 5 N HCI,
the chloroform-rich lower layer was separated and dried under
a stream of N, gas. Extracted lipids were reconstituted with a
small volume of solvent used as a mobile phase for reverse-
phase liquid chromatography (LC) and analyzed by an
LC-tandem mass spectrometry (MS/MS) system with 4000Q-
TRAP (AB SCIEX, Foster City, CA) equipped with an Agi-
lent 1100 high-performance LC pump (Agilent Technologies,
Waldbronn, Germany) and an HTS-PAL autosampler (CTC
Analytics, Zwingen, Switzerland). LPCs in the lipid extract
were separated on an Ascentis Express C18 column (2.7 pm,
2.1 x 150 mm; Supelco, Bellefonte, PA) developed with an
isocratic solvent system of methanol-water mixture (19:1, v/v)
containing 5 mmol/L ammonium formate at 0.2 mL/minute.
Acidic polar phospholipids, such as LPA and S1P, in the lipid
extract were separated on an ODS-100Z column (5 pum, 2.0
x 150 mm; Tosoh, Tokyo) developed with an isocratic solvent
system of methanol-water mixture (19:1, v/v) containing 5
mmol/L. ammonium formate at 0.2 mL/minute. For quantifi-
cation, LPC was analyzed by positive-ion electrospray ioni-
zation (ESI) with multiple reaction monitoring of parent
[M + H)*")/daughter [(phosphocholine)*] at m/z 184, where
M is the molecular weight of the parent species. LPAs were
quantified in EST™ with multiple reaction monitoring of parent
[(M—H) ]/daughter ions [(cyclic glycerophosphate) ] at m/z
153. S1P was analyzed in ESI” mode using a combination of
deprotonated molecular ions and a fragmented ion at m/z 79
(PO3). Quantification was accomplished by referencing peak
areas to those of the internal standards. Analytical conditions
for MS/MS were described previously.”

Assay of LPL Activity toward LPA

Plasma from 0.1 mL heparin-anticoagulated blood samples
was added to a tube in which 15:0-LPA from an aliquot of
stock solution had been dried. The final concentration of
15:0-LPA was 0.002 mmol/L. The plasma sample was
gently vortex mixed and incubated for 12 or 24 hours at
37°C. After incubation, 200 pmol 17:0-LPA was added to
the incubation mixture as an internal standard, and lipids,
including unmetabolized 15:0-LPA, were extracted by the
method of Bligh and Dyer after acidification of the aqueous
phase to pH 2 to 3. 15:0-LPA in the lipid extract was
quantified in reference to the internal standard (17:0-LPA)
by LC-MS/MS, as previously described.

Assay of LPP Activity toward LPA

Heparin-anticoagulated blood samples (0.1 mL) were added
to the tube with 15:0- or 18:3-LPA at a final concentration
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of 0.06 mmol/L. The samples were gently vortex mixed and
incubated for 1 or 10 minutes at 37°C. After incubation,
6000 pmol 17:0-LPA was added to each sample as an in-
ternal standard. Unmetabolized 15:0- or 18:3-LPA was
extracted from the incubated mixture by the method of
Bligh and Dyer after acidification of the aqueous phase (pH
2 to 3), and followed by LC-MS/MS of unmetabolized LPA,
as previously described.

Assay of LysoPLD Activity

LysoPLD activity was assayed essentially as described
previously.” First, 0.04 mL heparin-anticoagulated venous
blood or plasma sample was diluted with 0.098 mL saline.
Second, 0.06 mL of 16:0- or 18:2-LPC solution (0.167 or
0.5 mmol/L), dispersed in saline buffer containing 0.25%
fatty acid—free BSA, was added to the diluted blood or
plasma sample. The final concentrations of LPC were 0.05
or 0.15 mmol/L. Third, 0.002 mL of dimethyl sulfoxide
(DMSO) solution of an ATX inhibitor (S32826 or HA130)
or vehicle alone was added to the mixture. The final con-
centration of DMSO was 1%. The mixture was incubated
for various times at 37°C. After incubation, it was centri-
fuged at 8250 x g for 1 minute at 4°C, and 0.2 mL of 7.5
mmol/L. 3-(4-hydroxyphenyl)propionic acid, 2.6 mL 0.1
mol/L Tris-HCI (pH 8.5), and 0.1 mL 2 U/mL horseradish
peroxidase were added to 0.1-mL aliquots of the reaction
mixture. After the addition of 0.01 mL of 300 U/mL choline
oxidase solution, A., fluorescence was determined at 320
nm and A.,, at 404 nm.

Western Blot Analysis

For determination of ATX antigen levels, 0.03 mL of 10-
fold diluted plasma, blood, or hemocyte fraction samples
was mixed with 0.01 mL of sample-loading buffer (250
mmol/L Tris-HCl, pH 6.8, 8% SDS, 5% 2-mercaptoethanol,
40% glycerol, and a trace amount of bromophenol blue),
heated at 90°C for 5 minutes, and separated by 10% SDS-
PAGE. Separated proteins in the gels were electrophoreti-
cally transferred onto polyvinylidene difluoride membranes
(ATTO, Tokyo) at 108 mA for 90 minutes. After blocking
the membranes with 5% skim milk in Tris-buffered saline
containing 0.05% Tween 20, membranes were incubated
with an antibody raised against human ATX (3D1, 150-fold
diluted) overnight at room temperature, as described previ-
ously.”* After washing with Tris-buffered saline containing
0.05% Tween 20, the membrane was incubated with
horseradish peroxidase—conjugated goat anti-rat IgG
(American Qualex, San Clemente, CA; diluted 2000-fold)
for 2 hours. After washing, the immunoreactive bands were
detected by enhanced chemiluminescence Prime Western
blot detection reagent (GE Healthcare Life Sciences, Pis-
cataway, NJ) with an LAS-4000 mini image analyzer
(Fujifilm, Tokyo). The intensity of the band was quantified
with use of the software Multi Gauge, version 3.2 (Fujifilm).
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Measurement of Itch

The scratching behavior with 5- to 6-week-old female
ICR mice was observed according to the method
described.” ' The hair was clipped over the rostral part
of the back 1 day before intradermal injection of the pru-
ritogen. On the test day, mice were individually placed in a
12 x 20 x 16-cm observation cage to acclimate them for
approximately 60 minutes. After acclimation, 50, 100, or
150 nmol per site histamine, 150 nmol per site 18:2-LPA,
or 150 nmol per site 18:1-LPM was injected intradermally,
without anesthesia, in a volume of 0.05 mL of saline
containing 0.25% fatty acid—free BSA. Mice were held in
a mouse holder (KN-330; Natsume Seisakusho Co, Ltd,
Tokyo) during injection to prevent struggling. Immediately
after injection, the mice were put back into the observation
cage and videotaped with no one present. Usually, mice
scratch with their paws several times a second; therefore, a
series of these scratches was counted as one scratch event.
Naloxone hydrochloride (1 mg/kg) was s.c. administered
near the injection site 10 to 12 minutes before pruritogen
addition, in a volume of 0.05 mL.”® DGPP (1 mg/kg) and
Kil6425 (1 mg/kg) were co-administered with the pruri-
togen. DGPP and naloxone hydrochloride were dissolved
in saline containing 0.25% fatty acid—free BSA. Kil6425
was dissolved in ethanol and diluted with saline containing
0.25% fatty acid—free BSA.

Statistics

Statistical evaluation of the data was performed by one-way
analyses of variance for independent or correlated samples,
followed by Tukey’s test or Student’s #-test for paired and
correlated samples. P < 0.05 was considered statistically
significant.
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Figure 1 Plasma levels of LPAs, S1P, and
dihydro-S1P in mice. A: Total plasma levels of LPA
in 5-week-old WT (n = 9) and NOA (n = 9) mice.
* B: Total plasma levels of LPA in aged (>14-week-

old) WT (n = 3), NOA (n = 6), and NC/Nga
NC/Nga (n = 8) mice. C: Plasma levels of individual LPAs
in aged (>14-week-old) WT (n = 3), NOA
(n = 6), and NC/Nga (n = 8) mice. D: Plasma
owr

levels of S1P and dihydro-S1P in aged (>14-week-
old) WT (n = 3), NOA (n = 6), and NC/Nga
(n = 8) mice. Data are means £ SE. *P < 0.05
versus age-matched WT mice.

Il NOA

Dihydro - S1P

Results
Quantification of LPA and S1P in Plasma

To examine the involvement of circulating LPA in the
pathogenesis of AD-like skin lesions, we measured the
plasma level of LPA in young mice (aged 5 weeks, no
lesions) and old mice (aged>14 weeks, 3 to 5 months, se-
vere lesions). Although no significant difference in the
plasma levels of LPA was observed in 5-week-old WT
controls (BALB/c) and NOA mice (Figure 1A), NOA mice
developed an age-dependent increase in the plasma level of
LPA versus WT mice (1394 £ 195 versus 656 + 19.6 pmol/
mL; P < 0.05), and >14-week-old NC/Nga mice have a
lower plasma level of LPA than age-matched WT mice
(Figure 1B). Molecular species analysis by LC-MS/MS
showed that the plasma levels of 16:1-, 18:2-, 20:5-, and
22:6-LPAs were significantly higher in NOA mice
(aged>14 weeks) than in WT mice (aged>14 weeks).
However, there were no significant differences in the levels
of other LPA species (Figure 1C). We also analyzed the
plasma levels of S1P, another important member of the
lysophospholipid mediator family, and its dihydro-form,
sphinganine 1-phosphate. The plasma level of dihydro-
S1P in NOA mice (aged>14 weeks) was lower than that
of WT mice (aged>14 weeks). However, there were no
differences in the plasma level of SIP (Figure 1D). Inter-
estingly, plasma levels of S1P and dihydro-S1P in NC/Nga
mice were lower than those in NOA and WT mice
(Figure 1D).

Activity of LPA-Degrading Enzyme

Because the plasma level of LPA was significantly higher in
NOA mice than in WT mice, we speculated that activities of
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Figure 2  LPA-degrading enzyme activities in
mouse blood and plasma. A: LPL activity was
determined by measuring unmetabolized 15:0-LPA
after incubation. Mouse plasma was incubated
with 2 pmol/L 15:0-LPA at 37°C for 12 or 24 hours.
B: LPP activity was determined by measuring un-
metabolized 15:0- or 18:3-LPA after incubation.
Mouse blood was incubated with 15:0- or 18:3-LPA
(final, 0.06 mmol/L) at 37°C for 1 or 10 minutes.

Data are means =+ SE of triplicate determinations.
*P < 0.05.
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LPA-degrading enzymes [soluble lysophospholipase A
(LPL) and membrane-bound lipid phosphate phosphatase
(LPP)] in the blood circulation of NOA mice were lower
than those of WT mice. We estimated blood cell—associated
and soluble LPA-degrading activities by measuring the
degradation rate of exogenous 15:0-LPA (or 18:3-LPA)
after its incubation with diluted whole blood or plasma. As
shown in Figure 2A, there was no difference between the
soluble LPL activities toward 15:0-LPA in NOA and WT
mice. Unexpectedly, LPP activity in the whole blood of
NOA mice was significantly higher than that of WT mice
(Figure 2B). Interestingly, LPP activity toward 18:3-LPA
was significantly lower than that toward 15:0-LPA at
some time points, as shown in Figure 2B, indicating the
substrate preference of the LPP in mouse blood for saturated
LPAs over unsaturated LPAs.

LysoPLD Activity of Soluble ATX

Because our results indicated that the higher plasma LPA
level in aged NOA mice compared with that of aged WT
mice was not due to increased LPA-degrading activity, we
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next measured the LPA-producing activity. LPA in the
circulating blood of mice is produced from lysophospholi-
pids, such as LPC, by lysoPLD activity of ATX.” First, we
measured the plasma level of LPC, a physiological precur-
sor of LPA, by LC-MS/MS. Although no significant dif-
ference in the plasma levels of LPC was observed in WT
and NOA mice at 5 weeks of age (Figure 3A), NOA mice
developed an age-dependent decrease in the plasma level
of LPC versus WT mice (273 + 22.8 versus 449 + 234
nmol/mL; P<0.05) (Figure 3B). Second, molecular species
analysis showed that the plasma levels of 16:0-, 18:1-, 18:2-,
20:3-, 20:4-, and 22:6-LPCs in NOA mice (aged>14
weeks) were significantly lower than those of WT mice
(aged>14 weeks) (Figure 3C). Similar results were ob-
tained for NC/Nga mice (Figure 3, B and C). Consistent
with these results, activities of lysoPLD toward endoge-
nous LPCs in the diluted plasma in NOA and NC/Nga
mice were significantly lower than those of WT mice
(Figure 3D). However, no significant differences were
found in the lysoPLD activities toward exogenous 0.15
mmol/L 16:0-LPC between NOA and WT mice and 18:2-
LPC among NOA, NC/Nga, and WT mice (Figure 3D).

Figure 3 LC-MS/MS of LPC and lysoPLD activity
measurement of mouse plasma. A: Total plasma
levels of LPC in 5-week-old WT (n = 9) and NOA
(n = 9) mice. B: Total plasma levels of LPC in aged
(>14-week-old) WT (n = 3), NOA (n = 6), and
NC/Nga (n = 8) mice. C: Plasma levels of molec-
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NC/Nga
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ular species of LPC in aged (>14-week-old) WT

(n = 3), NOA (n = 6), and NC/Nga (n = 8) mice,

as measured by LC-MS/MS. D: LysoPLD activity in
gwr plasma of aged (>14-week-old) WT (n = 6), NOA
HLROA (n = 5), and NC/Nga (n = 8) mice was measured
as choline-releasing activity of soluble ATX on in-
cubation of diluted plasma, with or without
exogenous LPC. Data are means £+ SE. *P < 0.05
versus age-matched WT mice.
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associated lysoPLD activity due to ATX. A: Time
courses of choline release due to the lysoPLD ac-
tivities of blood and plasma from WT mice were
measured at the indicated times during incubation
with 0.05 mmol/L 18:2-LPC (triangles) or 0.15
mmol/L 18:2-LPC (circles and closed diamonds).
B: Effect of co-addition of an equimolar amount of
divalent cation with EDTA (final, 0.75 mmol/L) on

+EDTA

102 107 10°
ATX inhibitor (uM)

1]

QO Blood
@ Plasma

¥

LysoPLD activity (nmol/mli/6h}

50

10

20

30 40

Heparinase IIl (mIU/mL)

LysoPLD Activity of Membrane-Bound ATX

Although the plasma LPA level was greatly increased in
aged NOA mice with severe lesions compared with aged
WT mice, reduced and unaltered soluble lysoPLD activity
of ATX was observed toward endogenous and exogenous
LPCs, respectively, in NOA mice compared with WT mice.
Recently, ATX was shown to bind to cells via cell-surface

molecules, including integrins’’

and heparan sulfate

proteoglycans (HSPGs).”” To determine whether ATX also
acts as a membrane-bound form in the mouse blood circu-
lation, we first measured the time dependency of lysoPLD
activity with the whole blood of a WT mouse. The lysoPLD
activity toward exogenous 0.15 mmol/L 18:2-LPC in the
blood was higher than those in plasma and blood incubated

with 0.15 and 0.05 mmol/L 18:2-LPC,

respectively

(Figure 4A). Consistent with human plasma and fetal calf

serum lysoPLD activity,””*

addition of a divalent cation

chelator, such as EDTA, to the diluted blood almost
completely inhibited the blood lysoPLD activity (Figure 4B).
Co-addition of Ca2+, Mn?*, C02+, Zn>", Ni*T, or Cu** with
EDTA to diluted plasma or blood at equimolar concentra-
tions masked the inhibitory effect of EDTA, whereas Ba®t
and Mg*" failed to do so (Figure 4B). The blood lysoPLD
activity in NOA mice toward 16:0- or 18:2-LPC for 6 hours
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= Blood [532826] Values are relative to those without EDTA and

- Blood [HA130] divalent cation, set as 100%. C: LysoPLD activities

£ Plasma [S32826] of blood from WT and NOA mice were measured after
-+ Plasma [HA130]

incubating diluted blood with 0.15 mmol/L 16:0- or
18:2-LPC for 6 hours at 37°C. D: LysoPLD activities
of plasma (white symbols) or blood (black sym-
bols) samples from WT mice were measured after
incubation with 0.15 mmol/L 18:2-LPC in the
presence of various concentrations of S$32826
(squares) or HA130 (diamonds) for 6 hours at
37°C. Values are relative to those with vehicle
(DMSO0) alone, set as 100%. E: LysoPLD activities of
plasma or blood samples from WT mice were
measured after incubation with 0.15 mmol/L 18:2-
LPC in the presence of indicated concentrations of
heparinase III (final concentration of the assay
mixture) for 6 hours at 37°C. Plasma or blood
samples were predigested with various concentra-
tions of heparinase III in saline for 15 minutes at
37°C before assay for lysoPLD activity. Data are
means =+ SD of triplicate determinations. *P < 0.05
versus WT; P < 0.05 versus 16:0-LPC; P < 0.05
versus 0 mIU/mL heparinase III.
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was significantly higher than that in WT mice (Figure 4C). In
addition, the blood lysoPLD activity toward 18:2-LPC was
significantly higher than that toward 16:0-LPC in both NOA
and WT mice (Figure 4C). LysoPLD activity in the plasma
from WT was inhibited in a dose-dependent manner by the
addition of the ATX-selective inhibitor HA130 or S32826
(Figure 4D). Although the lysoPLD activities in the blood
plasma were inhibited in a dose-dependent manner by the
ATX inhibitor, S32826, a much higher concentration of this
ATX inhibitor was required for inhibition of lysoPLD ac-
tivity in the blood (Figure 4D). To test the possibility that
S32826 was degraded by the blood cells, we compared the
amounts of S32826 remaining in the plasma and blood after
incubation. After 0.03 mmol/L S32826 was incubated with
plasma or 0.3 mmol/L S32826 was incubated with blood of
WT mice for 6 hours, unmetabolized S32826 was revealed by
LC-MS/MS to be 92.6% + 12.9% and 39.2% £ 6.2%,
respectively, of that added. To test the involvement of HSPGs
in mediating the binding of blood cells to ATX, we first
treated the blood of WT mice with heparinase III to remove
surface HSPGs, and then tested the lysoPLD activity of these
blood samples. As shown in Figure 4E, the heparinase
treatment resulted in a significant decrease in the lysoPLD
activity of the blood, but had no effect on the plasma from
WT mice.

ajp.amjpathol.org m The American Journal of Pathology


http://ajp.amjpathol.org

LPA and AD

Table 1  Blood Cell Composition and LysoPLD Activity of Mouse PRP
WT mice NOA mice

Variable Aged 5 weeks Aged >14 weeks Aged 5 weeks Aged >14 weeks

Blood .
WBCs (><102/uL) 84.6 £ 10.7 40.2 £ 7.2* 103.0 + 11.7° 158.3 + 39.5*"
RBCs (x10%/uL) 1032.6 + 40.1 1093.8 + 59.9 985.8 + 44.1 1072.7 & 41.5*
Hb (g/dL) 16.5 + 0.68 16.6 + 0.64 15.42 £ 0.57 14.6 + 0.76'
Hct (%) 55.3 £ 2.3 55.6 & 2.7 52.34 £ 2.0 51.0 £+ 1.57
MCV (fL) 53.6 + 0.94 50.8 + 0.76* 53.12 + 0.77 47.6 + 1'4”,
MCH (pg) 15.2 + 0.53 15.2 + 0.23 15.64 + 0.38 13.7 + 0.55*F
MCHC (g/dL) 28.3 £ 1.3 29.9 + 0.40* 29.46 £ 0.62 28.7 + 0.68
Plat (x10%/uL) 80.8 + 5.9 104.2 £ 9.4* 114.2 £ 7.6 186.7 + 3.2*1

PRP
WBCs (x102/pL) ND 0.3 + 0.14 ND 0.13 + 0.12
RBCs (x10%/uL) ND 3.0 + 1.4 ND 2.0 £ 0.0
Plat (x10%/uL) ND 7.9 £ 1.6 ND 16.9 + 10.4
LysoPLD activity (nmol/mL per 6 hours) ND 437.6 £+ 64.0 ND 433.9 + 88.0

Cells in blood and PRP were counted using Celltac-o. MEK-6358 (Nihon Kohden) and Sysmex XT-2000iV (Sysmex Corp) cell counters, respectively. LysoPLD
activity in the PRP sample was assessed after incubation with 0.15 mmol/L 18:2-LPC dispersed in BSA-saline buffer for 6 hours at 37°C. Data are means + SE of

at least three separate experiments.
*P < 0.05 versus strain-matched 5w mice.
TP < 0.05 versus age-matched WT mice.

Hb, hemoglobin; Hct, hematocrit; MCH, mean cell hemoglobin; MCHC, MCH concentration; MCV, mean cell volume; ND, not determined; Plat, platelet; RBC,

red blood cell.

Next, we compared the blood cell compositions of NOA
and WT mice to investigate which blood cell type is
responsible for the binding with ATX. The number of
circulating WBCs was 22% higher in NOA mice than in
WT mice at 5 weeks of age (Table 1). Because AD-like skin
lesions developed in NOA mice with aging, the number of
circulating WBCs of NOA mice (aged >14 weeks)
increased to fourfold that of the age-matched WT mice
(Table 1). In addition, the numbers of circulating platelets
were 41% and 79% higher, respectively, in NOA (aged 5
and >14 weeks) mice than those in the WT mice (Table 1).
Next, we attempted to compare the lysoPLD activities in
PRP from WT and NOA mice at the age of >14 weeks.
Although the number of platelets in PRP was 114% higher
in NOA than in WT mice, no differences were observed in
the lysoPLD activity of PRP between NOA and WT mice
(Table 1). Thus, we speculated that WBCs are a more likely
target for ATX binding in the blood circulation of the
mouse, and compared the subpopulations of WBCs between
WT and NOA mice at the age of >14 weeks. Consistent
with the results of Table 1, the number of circulating WBCs
was higher in NOA than in WT mice (Figure 5A). The
proportion of lymphocytes was significantly higher in NOA
than in WT mice (Figure 5A). To determine whether the
protein level of ATX is increased in NOA mice, we sepa-
rated proteins from the plasma, blood, and hemocyte frac-
tions by SDS-PAGE and analyzed them by immunoblot
with the ATX antibody (Figure 5B). Densities of ATX
bands were much higher in the blood and hemocyte fraction
of NOA mice than those of WT mice (Figure 5B), consistent
with the higher blood lysoPLD activity of NOA mice.

The American Journal of Pathology m ajp.amjpathol.org

LPA-Mediated Pruritus

Figure 6 illustrates the magnitude of scratching responses
induced by several pruritic agents in female ICR mice. His-
tamine injected intradermally induced a pruritic response in a
dose-dependent manner (Figure 6A). The intradermal injec-
tion of LPA produced significant scratching behavior at a
dose of 150 nmol per site; however, the number of LPA-
induced scratches was lower than that induced by hista-
mine. Combined application of 150 nmol LPA and 50 nmol
histamine increased scratching behavior additively (Figure 6).
The LPM at a dose of 150 nmol per site also induced a
pruritic response (Figure 6B). This observation is consistent
with previous research showing that LPM is a pan-LPA re-
ceptor agonist.”* Although LPM is stable to dephosphoryla-
tion by LPP,** LPM-induced scratching almost completely
subsided within 20 minutes, and this temporal pattern was the
same as that for LPA and histamine. To evaluate the char-
acteristics of LPA-induced scratching, we examined antago-
nists that target specific LPA receptors. Significant inhibition
(70%; P < 0.05) was demonstrated by the LPA; and LPA;
receptor antagonist, Kil6425, but not DGPP (8:0), an LPA-
selective antagonist. LPA-induced scratching was also
significantly reduced by s.c. pretreatment with the opioid p
receptor antagonist, naloxone (Figure 6B).

Discussion
In the present study, we injected ICR mice intradermally

with LPA or a related analogue, and confirmed the impor-
tant finding that an intradermal injection of LPA increased
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scratching behaviors due to itching, consistent with previous
reports.””*> Our current work provides the novel finding
that the LPA-induced itch-scratch response is due, at least in
part, to an LPA receptor- and opioid-mediating mechanism.
Intraplantar administration of LPA into the hind limb was
reported to cause a pronociceptive effect through a release
of substance P from peripheral nerve endings in mice.*
Although the mechanism of the peripheral opioid-
mediated itch is unclear, Bigliardi-Qi et al’” showed that
1 opioid receptors are expressed in keratinocytes and unmy-
elinated peripheral nerve fibers in human dermis and
epidermis. Furthermore, previous studies have shown that
opioid | antagonists inhibit the substance P—induced itch in
mice” and alleviate the itch in patients with AD and chole-
static pruritus.’® On the basis of these results, it is possible that
LPA acts as a nerve-modulating substance on pruritus-specific
nerves in the skin via opioidergic systems. Interestingly, pre-
treatment with naltorexon, a p opioid receptor antagonist, was
shown to suppress sphlngosylphosphorylchohne induced
scratching in mice.”” Hashimoto et al’’ showed that pretreat-
ment with ketotifen, a histamine H; receptor antagonist, and
capsaicin inhibited LPA-induced itching in mice. Although we
have no direct evidence for the involvement of endogenous
histamine release in the LPA-induced scratching of ICR mice

A

under our conditions, the nonadditive effects of intradermal
injections of LPA and histamine for the scratching response
suggest that involvement of the release of endogenous hista-
mine is only partial, if present. Although the precise mecha-
nism of LPA-induced scratching under chronic pruritic
conditions in NOA mice is unclear, cross talks between LPA
and neuromediators (histamine, substance P, and nerve growth
factor) may participate in augmentations of pruriception,
sprouting of epidermal nerve fibers, and hypersensitivity, and
may further augment the vicious cycle (Figure 7).

Our results support the hypothesis that an increased
plasma concentration of LPA is one of the causative factors
of pruritic dermatitis in NOA mice, which spontaneously
develop systemic dermatitis. Consistent with this hypothe-
sis, Kremer et al* found that both the serum LPA level and
LPA-producing activity were elevated in cholestatic pruritus
patients with intense pruritus, especially in pregnant pa-
tients. Notably, our results showed that the pathological
increase of plasma LPA in NOA mice is attributable to
increased lysoPLD activity in the blood, rather than that of
plasma, because of ATX. The same divalent cation is
required for blood lysoPLD activity as for that of plasma,
which suggests that the predominant portion of lysoPLD
activity is attributable to blood cell—associated ATX. The
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Figure 5

Lymphocytes are a potential target for binding with ATX in the density of NOA mouse circulation. A: Left panel: Representative WBC differential

scattergrams of age-matched WT and NOA mice (>14 weeks old). Right panel: subpopulations of WBCs from blood of age-matched WT and NOA mice (>14
weeks old). Sysmex XT-2000iV (Sysmex Corp) was used for experiments. Data are means =+ SE of four mice per group. B: Western blot analysis of ATX protein in
0.003 mL each of plasma, blood, and hemocyte fraction of indicated strains was performed with anti-ATX antibody. Bar chart shows the mean of band intensity
ratios between WT and NOA (or NC/Nga) mice. Values are relative to those of WT, set as 1. The signal intensity of each band was quantified using the software
Multi Gauge, version 3.2 (Fujifilm). Human recombinant ATX (rATX) was used as a positive control. *P < 0.01 versus WT. BASO, basophil; EO, eosinophil;

LYMPH, lymphocyte; MONO, monocyte; NEUT, neutrophil.
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efficient inhibition of blood lysoPLD activity by an ATX
inhibitor also supports this suggestion. To our knowledge,
this is the first measurement of the blood cell—associated
lysoPLD activity of ATX. Interestingly, we observed a
significant decrease in lysoPLD activity of blood when we
treated the blood with heparinase III. This suggests that
HSPGs mediate the binding of blood cells to ATX, and that
blood cell—associated ATX has higher lysoPLD activity
than soluble ATX. This may explain why lysoPLD activity
of the blood is higher than that of the plasma in mice. Two
recent reports on the crystal structure of ATX revealed a
hydrophobic channel for the passage of LPA from the active
site of ATX to the exit, allowing its subsequent transfer to
LPA receptors embedded in the plasma membranes.*""’
Sequestration of ATX protein by HSPGs may accelerate
the transport of LPA to the cell surface, including LPA re-
ceptors, thus promoting the rate of LPC decomposition by
ATX in vivo.

Linkage analysis has demonstrated that the major genes
responsible for dermatitis in the NOA and NC/Nga mice are
located on murine chromosomes 14 and 9, respectively.***
NOA mouse also possesses two additional modifier genes
on chromosomes 7 and 13.** Although numerous studies are
performed with animal models and human subjects, the
atopy gene has not yet been identified.”” Herein, we
observed increased circulating LPA level only in NOA, but
not in NC/Nga, mouse. It is unclear, at present, how this
difference between these mice is generated. However, with
age, atopic lesions develop progressively and expand to
cover a wide area of the animal’s skin in NOA mice. Unlike
the NOA mouse, NC/Nga mice commonly develop an
atopic lesion around the face. Hence, the difference in
circulating LPA level between NOA and NC/Nga mouse
can be partly accounted for by considering the pathophys-
iological role of LPA as a systemic mediator. Furthermore,
in contrast to NOA, NC/Nga mice only develop AD-like
skin lesions when they are kept under conventional condi-
tions."® Thus, various environmental allergens undoubtedly
affect the development of dermatitis in NC/Nga mice.

Constitutive expression of ATX in high endothelial ve-
nules (HEVs) is involved in homing of lymphocytes to
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Figure 6 Itch-scratch responses after intrader-
mal injection of histamine, LPA, and LPM. A pruritic
agent was administered intradermally into the
rostral region of the back. The number of itch-
scratch responses was observed and recorded for
20 minutes. A: Dose dependence of the scratching
induced by 50, 100, and 150 nmol per site hista-
mine. B: Itch-scratch response induced by 150 nmol
per site 18:2-LPA, 150 nmol per site 18:2-LPA plus
50 nmol per site histamine, or 150 nmol per site
18:1-LPM in the combination of 1 mg/kg DGPP, 1
mg/kg Ki16425, or 1 mg/kg naloxone. Data are
means + SE of three to six mice per group.
*P < 0.05 versus 0 nmol per site histamine;
TP < 0.05 versus 150 nmol per site 18:2-LPA.

secondary lymphoid organs from the blood vasculature
through elevation of local concentrations of LPA.”"*” The
secreted ATX from HEVs was supposed to bind with acti-
vated o4B1 integrins on human T lymphocytes.”' The
transmigration of naive T lymphocytes through the HEVs
was found to be stimulated by local LPA production of
ATX attached to the venules because HA130, an ATX in-
hibitor, slowed the integrin-arrested T-lymphocyte migra-
tion.”® It remains to be determined what cell types are

Scratching
Epidermis
= <= C-fiber
Dermis ¢r,. <>
-
Pruriception
Endothelium Gy —
+. %
Y A

Circulation
[] arx |
N4
¢Histamine Y IgE vA-@ LPA m]w LPA receptor \AAZA LPC

~t ATX binding molecule

Lymphocyte Mast cell <> Substance P
Figure 7 A hypothetical scheme of the role of local LPA-ATX coupling
during pruriception in NOA mice. Blood cell—associated ATX elevates the
local level of LPA in the blood vessel lumen, which may cause endothelial
hyperpermeability and facilitate the migration of WBCs into dermal in-
flammatory areas. Subsequently, the resultant sinking of bloodborne LPA
into the dermal tissues serves as a peripheral itch mediator. We speculate
that residential and infiltrating immune cells release itch mediators (LPA,
histamine, and substance P) toward receptors on c-fibers in dermal allergic
inflammation of NOA mice.
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involved in the elevated ATX secretion in NOA mice.
Chronically inflamed vessels can develop ATX" HEV-like
vessels,””*° which are potential sources of ATX in the
NOA blood. We speculate that the production of LPA in the
vicinity of the endothelium increased by activated leuko-
cytes (leading to enhanced binding of ATX to leukocytes)
and by differentiated vessels that are phenotypically and
functionally similar to HEVs. In the spleens of NOA mice,
mRNA expressions of platelet factor 4 (CXCL4), eotaxin
[chemokine ligand (CCL) 11], and regulated on activation
normal T-cell expressed and secreted (CCLS5) are elevated
compared with those in the control BALB/c mice, indicating
a mechanism of localization of eosinophils to ulcerative skin
lesions.”” Although the cell population associated with ATX
remains uncharacterized in NOA mice, ATX/LPA may play
a role in increased eosinophil trafficking into inflamed skin
tissues.

Several lines of evidence suggest that residential cells,
such as keratinocytes, mast cells, and infiltrating immune
cells, including lymphocytes and eosinophils, play a role in
the release of itch mediators toward receptors on c-fibers in
dermal allergic inflammation.”’ Although we do not know
what signaling molecules are involved in the up-regulation of
ATX expression in the circulation of NOA mice, elevated
local LPA production in the blood lumen may cause the
hyperpermeability of venules and facilitate the pathological
uptake of immune cells to the lesional skin sites, aggravating
the lesion progression. Indeed, LPA was shown to induce
plasma exudation and up-regulated intercellular adhesion
molecule-1 in human umbilical cord vein endothelial
cells.' 2 Moreover, we speculate that immune cells, such as
eosinophils and lymphocytes, in inflammatory skin areas
release a variety of proinflammatory molecules, including
lysophospholipids, as pathophysiological substrates of
lysoPLD/ATX (originating from increased numbers of mast
cells) to form LPA as an initiator of itching.

Elevated secretion of ATX in the blood circulation and/or
an increased proportion of cell-associated ATX compared
with soluble ATX may lead to more intensive local induc-
tion of allergic reaction because i.p. administration of
schistosomal-derived LPC, a major physiological substrate
of lysoPLD activity of ATX, was shown to participate in
production of cytokines, including eotaxin/CCL11, and
eosinophil recruitment into the peritoneal cavity in a
mechanism of toll-like receptor 2—dependent mechanism in
mice.” Further extensive studies are needed to understand
the pathophysiological role of increased LPA production by
cell-associated and secreted ATX in the local site of mouse
skin.
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