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RESULTS

Expression of CD3e and FcyRIIB in the developing cere-
bellum. We examined the distributions of CD3¢ and FcyRIIB
proteins in the mouse cerebellum at P21 by double immuno-
fluorescence using cellular and subcellular markers. CD3¢ and
FcyRIIB proteins were distributed widely in the cerebellar
cortex (Fig. 1). The most intense staining of CD3e and
FcyRIIB was found in perikarya and dendritic shafts of PCs,
because each immunostaining showed considerable overlap
with Car8 (Fig. 1A and B), a molecule known to be exclusive in
PCs and responsible for ataxic mutant Waddles mice (11, 12).
At a higher magnification, CD3e and FcyRIIB were also de-
tected in Car8-labeled dendritic spines of PCs (Fig. 1A, lower
panels). Outside Car8-labeled PC elements, CD3te and
FcyRIIB were also distributed at low to moderate levels. To
address these cellular elements, we used VGLUT1 and
GLAST as a marker for parallel fiber terminals and Bergmann
glia, respectively. Little, if any, CD3e and FcyRIIB were de-
tected in VGLUT1-labeled parallel fiber terminals (Fig. 1C),
whereas they were found in GLAST-positive cell bodies and
processes of Bergmann glia (Fig. 1D). A slight difference was
also found in that CD3e was detected in both Bergmann fibers
(i.e., rod-like staining) (Fig. 1D) and lamellate processes (re-
ticular staining in the neuropil), while FcyRIIB was preferen-
tially seen in lamellate processes. Therefore, CD3e and
FcyRIIB are coexpressed in PCs and Bergmann glia in the
cerebellar cortex.

Impaired cerebellar architecture in both CD3e-deficient
and FeyRIIB-deficient mice during development. In T cells, all
CD3 subunits are assembled in the TCR-CD3 complex. The
current model of TCR-CD3 signaling in T cells assumes coor-
dinated regulation by all CD3 subunits. Phosphorylation of the
ITAMs in CD3{ is a critical step for actin polymerization,
whereas the remaining CD3 subunits also participate in the
signaling (5, 13). Therefore, we examined if the CD3 signaling
machinery is established in the cerebellum. CD3y and CD3%
transcripts were also found in the cerebellum at developmental
stages. In contrast, CD3; mRNA was not detected at any
stages of development using two sets of CD3{-specific primers
(Fig. 2A), indicating that CD3 signaling components, such as
CD3¢g, CD3y, and CD33, exist in the cerebellum, whereas the
CD3 signaling seems to differ in the cerebellum from that in
the immune system. Furthermore, CD3¢ was preferentially
expressed in the developmental stages. The CD3e mRNA level
was highest at P21. Therefore, we asked whether CD3¢ and
FcyRIIB contribute to the formation of neuronal architecture
during development. We used two mutant mice, FcyRIIB-
deficient mice and CD3e-deficient mice, in which CD?33 is also
not detected and the CD3y protein level is reduced (16).

In the control mice, migrating NeuN-positive GCs with an
ellipsoidal shape were observed at P7, whereas in the two
mutant mice, these cells were round (Fig. 2B). Furthermore,
when we quantified the area filled by GCs in IGL, a reduction
was observed in the two knockout mice at both P3 and P7 (Fig.
2C). We then examined the development of PC dendrites. At
P7, the size of the dendritic arbor and degree of branching of
PCs were reduced in the two knockout mice compared to the
control mice, as verified by calbindin staining (Fig. 2D). GCs
extend PFs, and as the PFs extend, they make synaptic contact
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FIG. 2. Impaired neuronal architecture in FcyRIIB-deficient and
CD3e-deficient mice during cerebellar development. (A) RT-PCR
analysis of each CD3 subunit in the EL4 T-cell line and the cerebellum
from C57BL/6 mice at P1, P21, and the adult stage. B-Actin was used
as the internal control. (B) Triple immunofluorescence for GLAST
(red), calbindin (green), and NeuN (blue) at P7. Arrows and arrow-
heads indicate migrating GCs with an ellipsoidal shape and those with
a round shape, respectively. (C) Immunofluorescence for NeuN at P3
and P7. The relative area occupied by granule cells was quantitatively
compared. (D) Immunofluorescence for calbindin at P7. (E) The pixel
intensity of VGLUT1 immunofluorescence was quantitatively com-
pared. The left panel shows representative examples of immunofluo-
rescence staining with anti-vGluT1 antibody at P7. The images were
taken at the same exposure. Asterisks, Purkinje cell somata. Bars, 10 um.

with the forming PC dendritic arbors. Synaptic terminals of
PFs can be detected with anti-VGLUT1 antibody. In both
mutant mice, the intensity of VGLUT1 signal was reduced at
P7 (Fig. 2E).

CD3 and FcyRIIB have a common role in PF-PC synaptic
function. Given the impaired development of PCs in the two
mutant mice, we investigated whether these two molecules
have common roles in synaptic functions in the adult by using
electrophysiological approaches. We examined EPSCs in re-
sponse to the stimulation of PFs or CFs in 8- to 10-week slice
preparations by whole-cell patch clamping. There was no sta-
tistically significant difference in passive membrane properties
between wild-type and FcyRIIB-deficient PCs (data not
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TABLE 1. Basic properties of CF and PF EPSCs*
10-90% risc timc” (ms) Dccay time constant® (ms)
Synapsc typc
Wild typc FcyRIIB KO CD3e KO Wild typc FcyRIIB KO CD3e KO
CF EPSC 05x01(12) 0.5 £0.1(15) 0.5+ 0.1 (11) 14.1 £ 3.2 (12) 13.5 £ 3.6 (15) 127 =3.9(11)
PFEPSC 2.7 0.6 (15) 2.8 = 0.7 (15) 2.7+ 0.7(15) 22.1 £5.5(15) 225 * 6.2 (15) 23.4 = 5.7(15)

¢ Data rcpresent means * standard deviations; n is reported in parcntheses. KO, knockout.

® The time required for the synaptic current to increase from 10% to 90%.
¢ Current decay was fitted to single exponential curves.

shown). Basal transmission at PF-PC and CF-PC synapses was
not significantly altered; there was no significant difference in
either the rise or decay time constants of EPSCs between
wild-type and FcyRIIB-deficient mice (Table 1). To investigate
short-term synaptic plasticity, PPF at PF-PC synapses and
paired-pulse depression (PPD) at CF-PC synapses were inves-
tigated by administering pairs of PF or CF stimuli at different
interstimulus intervals. The PPF ratio was significantly in-
creased in FcyRIIB-null slices when the interpulse interval was
20 to 220 ms: the PPF ratio at an interpulse interval-of 20 ms

was 205 = 10% (mean * standard error of the mean [SEM])
in wild-type mice and 259 * 11% in FcyRIIB-deficient mice
(Fig. 3A). In contrast, the PPD ratio was not significantly
changed in FcyRIIB-deficient mice at interpulse intervals
ranging from 20 to 3,000 ms (Fig. 3B).

Immature PCs are innervated by multiple CFs that originate
from the inferior olive of the medulla (4). As animals grow,
redundant CFs are gradually eliminated. FcyRIIB-deficient
mice had almost the same percentage (more than 90%) of PCs
innervated with a single CF as the wild-type mice (Fig. 3C),
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FIG. 3. Enhancement of PPF at PF-PC synapses in FcyRIIB-deficient and CD3e-deficient mice. Short-term synaptic plasticity at PF- and
CF-PC synapses was examined by applying pairs of stimuli separated by 20 to 550 ms or 20 to 3,000 ms. The second response (expressed as a
percentage of the response to the first pulse: mean = SEM) is plotted as a function of the interpulse interval. (A and D) PPF ratios of PF-EPSCs
in FcyRIIB-deficient (A) and CD3¢e-deficient (D) PCs were calculated. PF-EPSCs were obtained by holding membrane potentials at —80 mV. (B
and E) PPD ratios of CF-EPSCs in FcyRIIB-deficient (B) and CD3e-deficient (E) mice. (C and F) Single innervation of PCs by CFs in §- to
10-week-old FcyRIIB-deficient (C) and CD3e-deficient (F) mice. With gradually increasing stimulus intensities applied to the CFs, more than 90%
of EPSCs of the wild-type and mutant mice were obtained in an all-or-none fashion. CF-EPSCs were elicited at —10 mV to inactivate
voltage-dependent channels. Numbers of tested PCs (u) are indicated in each graph. *, P < (.05.
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FIG. 4. Poor rotarod performance in FcyRIIB-deficient and CD3¢-
deficient mice at high speed. (A) Amount of time mice remained on an
accelerating rotarod over eight trials (7 = 8 in each). (B) Amount of
time mice remained on the rotarod at a constant 5 rpm or 8 rpm on the
first trial (# = 8 in each). (C and D) Amount of time mice remained
on the rotarod at a constant 10 rpm (n = 8 in each) (C) or 30 rpm (n =
7 in each) (D) over eight trials. (E) Ambulation count in the open field
during 3 min (1 = 6 to 7). Error bars represent the mean * SEM.

thus indicating that the developmental elimination of-surplus
CF synapses on PCs was not impaired in the mutant mice.

Similar to FcyRIIB-deficient mice, the PPF ratio was signif-
icantly increased in CD3e-deficient mice, while the PPD ratio
was unchanged except at an interpulse interval of 20 ms (Fig.
3D and E). The developmental elimination of surplus CF syn-
apses on PCs was not affected (Fig. 3F).

Poor rotarod performance in FeyRIIB-deficient and CD3¢-
deficient mice. Finally, we assessed motor learning and motor
coordination using the rotarod test in the two knockout mice.
We first evaluated animals under standard conditions using an
accelerating rotarod test (Fig. 4A). Rotarod speed increased
from 2 rpm to 30 rpm within 5 min. On the first trial, the
latenciés at which the two mutant mice fell did not differ from
those in the control mice. In all three strains, the latencies
increased gradually as they gained experience (analysis of vari-
ance, F, |4 = 53.2; P <0.0001). As a whole, a strain effect did
not reach a significant level (F, 4, = 2.3; P = 0.12). However,
the efficiency of improvements in the two mutant mice was
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lower in the latter four trials. During the first four trials, there
was not a significant strain effect (F, o5 = 0.61; P = 0.55).
However, during the later four trials, a strain effect became
evident (F, 45 = 7.0; P = 0.005). Therefore, we hypothesized
that the motor coordination evaluated in the first trial might
not be changed, whereas the rising curve of the latency might
be changed in the two mutant mice.

To confirm the hypothesis, we measured the latency in the
first trial with constant rotarod speed. There were not signifi-
cant differences at either 5 rpm or 8 rpm (F, ,; = 0.08 [P =
0.93] and F, ,; = 0.12 [P = 0.89), respectively) (Fig. 4B).

We next evaluated the rising curve of the latency at constant
rotarod speed. When FcyRIIB-deficient and CD3e-deficient
mice were tested at a constant 10 rpm, they performed simi-
larly to control mice (F o3 = 0.02 [P = 090) and F, ,,, =
0.02 {P = 0.89], respectively) (Fig. 4C). In contrast, the laten-
cies were significantly shorter in the FcyRIIB-deficient and
CD3e-deficient mice at 30 rpm (F, ,»; = 28.7 [P = 0.0001] and
F, 127 = 20.1 [P = 0.0005], respectively) (Fig. 4D). General

-motor activities in the two mutant mice, as evaluated by am-

bulation count in the open field, were not significantly changed
(Fa, 2, = 0.98, P = 0.39) (Fig. 4E). Thus, the rotarod perfor-
mance was impaired at high speed.

DISCUSSION

In the present investigation, both CD3e-deficient and
FcyRIIB-deficient mice showed an increased PPF ratio in
PF-PC synapses. PPF is an event characteristic of synapses with
low release probability of a neurotransmitter. As the PF ter-
minals mature, the release probability is increased, resulting in
a decrease in the PPF ratio. Thus, an increased PPF in CD3e-
deficient and FeyRIIB-deficient mice indicates a lowered re-
lease’ probability of PF terminals. In these mutant mice, ro-
tarod performances were worse only at high speed. The motor
learning ability of these two mutant mice did not seem to be
affected, because there were no differences at a low rotarod
speed. In the FcyRIIB-deficient mice, robust long-term de-
pression was induced following conjunctive stimulation of PFs
with PC depolarization in the cerebellum (data not shown),
which might reflect the selective impairment in rotarod tasks.
In the two mutant mice, the upper limit of learning capacity
might be lowered. However, we cannot exclude the possibility
that the mutant mice have difficulty in gripping the rotarod at
high speed. Interestingly, similar impairments, poor rotarod
performance and mild enhancement of the PPF ratio in PF-PC
synapses, were also seen in mutant mice deprived of Munc13-3,
a component of presynaptic active zones (2). Further studies
are needed to determine whether poor rotarod performance is
associated with modification of PF-PC synaptic functions in
these mutant mice.

We found impaired architectures of PCs and GCs during
development in the two mutant mice. The two molecules are
expressed on the somata, dendrites, and spines of PCs. Lack of
either of the two molecules on PCs might intrinsically contrib-
ute to the impaired development of PC dendrites. Presynaptic
terminals of PFs make synaptic contacts with PC dendrites,
and PFs exert instructive roles in the development of distal PC
dendrites and in the planar organization of dendritic arbors.
We found lesser VGLUT1 signals in the two mutant mice.
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Therefore, the immature GC might also contribute to the
impaired PC dendrites.

The two molecules were also found on the Bergmann glia.
An increasing body of evidence suggests the participation of
Bergmann glia in the development of cerebellar neurons as a
scaffold for the migration and positioning of cerebellar neu-
rons (31). It is also possible that the two molecules on the
Bergmann glia influenced the development of cerebellar neu-
rons. However, the size of cultured astrocytes from the two
mutant mice was not essentially altered compared to the con-
trol mice (data not shown).

We describe a role of immune molecules in the cerebellum
in vivo. In the immune system, the two molecules are expressed
in different immune cells. CD3e is exclusively expressed on T
cells, where the TCR-CD3 complex recognizes specific anti-
gens bound to MHC on APCs and forms immunological syn-
apses. Among CD?3 subunits, roles of CD3{ in the brain have
been studied in vivo. CD3( is expressed in neurons, such as the
LGN and hippocampus (3, 8). In CD3{ mutant mice, refine-
ment of connections between the retina and central targets
during development was incomplete. These results indicate a
crucial role for CD3¢ in functional weakening and structural
retraction of synaptic connections in the LGN and hippocam-
pus (3, 8). On the other hand, we showed unexpected roles of
CD3e,.-y, and/or -8 in the cerebellum because we used CD3ge-
deficient mice, in which CD38$ is also not detected, and the
CD3y protein level was reduced (16). Our results and those
with CD3{ mutant mice suggest that the ligand for CD3 sub-
units exists in the brain. It remains elusive whether a common
molecule acts as a ligand for both CD3{ and other CD3 sub-
units. Recently, paired immunoglobulin-like receptor B (PirB),
an MHC class I receptor, was found to be expressed in subsets
of neurons throughout the brain, and in mutant mice lacking
functional PirB, cortical ocular dominance plasticity is more
robust at all ages (27). Although antigen/MHC complex is the
ligand of the TCR-CD3 complex in T cells, it seems to be
unlikely that MHC antigen is a ligand for CD3g, -v, and/or -8
in the cerebellum, because mice lacking surface expression of
MHC class 1 and MHC class II knockout mice performed
normally in a rotarod test (data not shown), and the TCR«
transcript was not detected in the brain (21, 28). Unlike in the
LGN and hippocampus, CD3( is absent in the cerebellum. The
current model of TCR-CD3 signaling in T cells assumes phos-
phorylation of the ITAMs in CD3{ and subsequent involve-
ment of several molecules, such as ZAP-70, SLP76, Vav, Nck,
and WASP, for actin polymerization (13). Therefore, other
molecules might associate with CD3¢, -y, and/or -3 in the
cerebellum. FcR+y was a candidate because it has an ITAM and
is included in the CD3 complex in T cells in the intestine of
CD3¢ knockout mice (14, 17). However, the performances of
FcRvy knockout mice in the rotarod test were comparable with
those of control mice (data not shown). Rather, ITAM-inde-
pendent signaling would function in the cerebellum.

FcyRIIB shows a different pattern of expression than CD3
in the immune system. FcyRIIB is broadly distributed on he-
matopoietic cells (29) but not on mature T cells. In immune
cells, it inhibits various cellular functions, such as B-cell acti-
vation, antigen presentation, cell proliferation, and antibody
production (29). FcyRIIB might also reduce the development
of autoimmune disease. The lack of FcyRIIB enhanced sus-
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ceptibility to myelin oligodendrocyte glycoprotein-induced auto-
immune experimental allergic encephalitis and increased the
extent of demyelination (1). Thus, the functions of FcyRIIB
are different from those of CD3 in the immune system. In
contrast, we demonstrated a common physiological role of the
two molecules in the development of the cerebellum. FcRy,
another immunoglobulin G Fc receptor subunit, is pivotal to
the differentiation of oligodendrocyte precursor cells into my-
elinating oligodendrocytes (19). Therefore, the roles of immu-
nogiobulin G Fc receptors in the development of the brain are
diverse. Further studies will elucidate the neuron-specific sig-
naling of FcyRIIB and CD3.
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Abstract

We have developed a method for the simultaneous estimation of the levels of the prostanoids 6-keto prostaglandin (PG) F,,
PGB,, PGD», PGE,, PGF»,, PGJ,, and thromboxane (TX) B; in blood- or serum-containing medium using liquid chromatography-
tandem mass spectrometry. These prostanoids and their deuterium derivatives, which were used as internal standards, were
subjected to solid-phase extraction using Empore C18 HD disk cartridges and analyzed in the selected reaction-monitoring mode. A
linear response curve starting at 10 pg of prostanoid/tube was observed for each prostanoid. The accuracy of the method was
demonstrated with samples containing. known amounts of the prostanotds. Furthermore, we used this method to analyze the
prostanoids produced in mouse bone marrow-derived mast cells stimulated with arachidonic acid, which resulted in the production
of PGD,, PGE,, PGF,,, and TXB,. The results suggest that this simultaneous quantification method is useful for the analysis of the

production of biomedically important prostanoids.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Prostanoids are bioactive lipid mediators that are
synthesized from arachidonic acid (AA) via the arachi-
donate cascade. These molecules, which play vital roles
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in a variety of physiological and pathophysiological
conditions, are produced in various tissues and cells in
vivo. Despite their similar molecular structures, prosta-
noids have different biological effects [1-7]. For
example, prostaglandin (PG) E; contributes to inflam-
mation and carcinogenesis [6]. On the other hand, PGD,
induces bronchocontriction, acts as an allergic mediator
[7], and functions as a neurotransmodulator of several
centrally controlled functions, such as the sleep-wake
cycle [8]. Cyclopentenone prostaglandins are dehydra-
tion products of either PGD, or PGE,; dehydration of
PGD, results in the formation of PGJ,, whereas
dehydration of PGE; produces PGB,. There has been
significant recent interest in the roles that cyclopente-
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none prostaglandins play in cellular proliferation and
differentiation [9,10]. Thromboxane (TX) A,, and PGIL,,
which have short half-lives, are automatically converted
to TXB, [11,15] and 6-keto PGF,, [I1], respectively.
TXA, has aggregatory and vasoconstrictor effects
[6,15]. In contrast, PGI, has antiaggregatory and
vasodilator effects [11]. PGF,, contributes to parturi-
tion and bronchocontriction [1,6,7). In addition, these
prostanoids have pathological effects; the abnormalities
they produce have been implicated in 2 wide range of
. diseases, including diabetic vascular complications [11-
15], atherosclerosis [15], allergic asthma [7,16], rheuma-
‘toid arthritis [17], and renal diseases [18]. Despite these
observations, the mechanisms that contribute to the
production of prostanoids have yet to be clarified.
Therefore, a reliable microdetermination method would
be very useful for investigations of the functions of PGs
in these diseases.

The quantification of prostanoids is generally per-
formed using high-performance liquid chromatography
(HPLC) together with a radioimmunoassay or enzyme
linked immunosorbent assay. These techniques, how-
ever, are associated with a variety of problems, including
the use of a radioactive compound, complicated
procedures, low sensitivities, poor specificities, cross-
reactivity, and complicated clean-up procedures to
eliminate interfering substances from biological samples.
Additionally, these methods are limited to the detection
of a single product at a time. Gas chromatography/
selected ion monitoring (GC/SIM) is more sensitive and
specific than an immunoassay. Moreover, these methods
can be used for the simultaneous quantification of
prostanoids [19,20]. The GC/SIM technique, however,
requires a complicated derivation procedure.

Mass spectrometry (MS) coupled with liquid chro-
matography (LC) is sufficiently dependable for reliable
sample analysis. In particular, liquid chromatography/
tandem mass spectrometry (LC/MS/MS) performed
using an electrospray ionization (ESI) interface is a
powerful technique that allows for highly specific and
quantitative measurement of various compounds in a
variety of biological samples [21]. Recently, methods for
the quantification of AA metabolites using LC/MS/MS
have been reported [22-38]. Some of these methods,
however, are not suitable for clinical serum samples and
medium containing fetal bovine serum (FBS); many of
them require that the serum-containing medium be
replaced with serum-free medium. In culture-free
medium, however, cells may not perform their native
functions.

Membrane lipid metabolites, such as prostaglandins,
have been characterized as early mediators that influ-
ence the activation of bone marrow-derived mast cells
(mBMMCs) [39-41] and the onset of allergic inflamma-
tion in murine models [42,43]. The application of LC/
MS/MS to PG production in mBMMCs may be useful

for the pathologic analysis of allergies and inflammatory
affections.

In this study, we established a simple and effective
simultaneous quantification method for seven prosta-
noids using simple solid-phase extraction and LC/MS/
MS performed in the selected reaction-monitoring
(SRM) mode. Moreover, we detailed the extraction
steps required to obtain a level of sensitivity that allows
the detection of prostanoid production in serum-
containing medium. We then measured the effects of
AA on prostanoid production in mBMMCs in the
presence of FBS.

2. Materials and methods
2.1. Materials

6-Keto PGF,,, 6-keto PGF,,-d;, PGB,, PGB,-d,,
PGD,, PGD,-d;, PGE,, PGE,-d,, PGF,,, PGF,,-d,,
PGJ,, TXB,, and TXB,-d, were purchased from Cay-.
man Co. (USA). Other solvents and reagents were of the
highest quality available. Empore C18 HD disk car-
tridges (7mm/3 mL) were purchased from the Industrial
and Consumer sector of 3M (USA). HPLC-grade
solvents were obtained from Wako Pure Chemical
Industries (Osaka, Japan).

2.2. LC/MS/MS analysis

The LC/MS/MS system was a Quattro II triple—
quadrupole tandem mass spectrometer (Micromass,
Manchester, UK) equipped with an ESI interface
operated in the negative-ion mode. A nanospace SI-1
HPLC system (Shiseido, Tokyo, Japan) was used.
Chromatography was performed on a CI18 Capcell
Pak  UGI20 column (Shiseido, Tokyo, Japan;
1.5x 150mm, 3pum) using isocratic elution with
acetonitrile-water-acetic acid (40:60:0.02, v/v/v) at a
flow rate of 100 pL/min. The column was maintained at
40°C. Column effluent was introduced into the mass
spectrometer between 2 and 14 min after injection using
a fused silica capillary.

SRM was performed by monitoring the transitions
summarized in Table 1. The thickness of the collision
gas (argon) was 1.0 x 10 *mbar. The capillary voltage
was —3500V. Cone voltage and collision energy were
optimized for each compound to obtain optimum
sensitivity. The source temperature was 160°C. Peak
areas and calibration curves were obtained using the
MassLynx program (Micromass, Manchester, UK).

2.3. Cell culture and extraction procedure

mBMMCs were prepared from suspension cell
cultures of bone marrow obtained from young C57BL/
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6J male mice (Charles River Japan, Yokohama, Japan).
mBMMCs were cultured in RPMI1640 medium con-
taining 10% FBS, 100 U/mL penicillin G, 100 pg/mL
streptomycin, 1 mM sodium pyruvate, 1x nonessential
amino acids (Sigma, St. Louis, MO), 5ng/mL murine

Table 1

Selected reaction monitoring (SRM) transitions for the liquid
chromatography/tandem mass spectrometry (LC/MS/MS) determina-

tion of prostanoids

Compound SRM (m/z) Cone Collission
voltage (V) energy (eV)
6-keto PGF), 369163 =30 25
6-keto PGF,-dy 373167 =30 25
PGB, 333175 ~50 20
PGB,-dy 337179 -50 20
PGD, 351189 =35 20
PGD,-d, 3555193 =35 20
PGE; 351-271 =35 15
PGE-d, 355275 -35 15
PGF, 353193 -50 25
PGF,,-d, 357-197 -50 25
PGJ, 333189 -30 20
TXB, 369 - 195 —40 15
TXB,-ds 373195 —40 15
[M'H]' 100—
100 6-keto-PGF 3 PGB
e 369 1 —2
ES S
O I'_l LI , LI ' LI I TTET I LA ' L I OJ
100 200 300 400 100 200
miz
M-H]-
100 (M-H) 100. PGFyq
=
100 200 300 400 100 200
miz
00 [M-H]-
! _TIXB, 369
=
0
100 200 300 400
miz

IL-3 (R&D Systems, Minneapolis, MN), and 50 uM 2-
mercaptoethanol at 37°C under a 95%/5% air/CO,
atmosphere. For the experiments, we used mBMMC
populations in which more than 95% of the cells were
positive for IgE binding and ¢-KIT as measured using

~ flow cytometry.

mBMMGCs (1 x 10°cells/200uL) were cultured with
AA (25pg/mL). After 24h of incubation, 200pL
of cultured medium was harvested and assayed. To
each 200-pL sample of cultured medium, 6-keto
PGF]a-d‘;, PGBz-d4, PGDz-d4, PGEz-d4, PGFh-d(;, and
TXB,-d, (1 ng each) were added as internal standards.
The sample was adjusted to pH 4.0 with 1M HCI
and was passed through an Empore C18 HD disk
cartridge, which was preconditioned with methanol
(2mL) followed by distilled water (2mL). The cartridge
was washed with distilled water (4mL) and hexane
(4mL), to remove peptides and salts as well as polar
and nonpolar interfering substances. 6-Keto PGF,,,
PGB,, PGD,, PGE,, PGF,,, PGJ,, and TXB, were
eluted with hexane/ethyl acetate (1:2, v/v, 1mL) in a
siliconized glass tube to avoid absorption by the
tube. After evaporating the solvent, the residue
was reconstituted in the mobile phase (40 uL), sonicated
for 30s, and filtrated. The sample was then transferred
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333 ] -PGD; 351
2 _'
1 3
] 233 3
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Fig. 1. Mass spectra of the prostanoids.
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to an autosampler vial, and 10puL was injected for
- LC/MS/MS.

3. Results
~3.1. Mass and product ion mass spectra

The mass spectra of 6-keto PGF,,, 6-keto PGF,-d,,
PGB;, PGB,-d,, PGD,, PGD,-d;, PGE,, PGE;-d,,

PGde, PGan-d4, PGJz, TXBz, and TXBz-d4 were
obtained (Fig. 1). Each base peak corresponded to the

respective deprotonated molecule ((M—-H]™). Because -

prostanoids contain free carboxylic acid groups, ESI
results in abundant carboxylate ions. The product ion
mass spectra of both the analyte and its internal
standard were obtained by choosing the deprotonated
molecules as the precursor ions (Fig. 2). Table 1 shows
the optimal cone voltage, collision energy, and ion pairs
selected for LC/MS/MS determination of each of the
compounds.

3.2. Selected reaction-monitoring

In addition to affecting separation on LC, changes in
the mobile phase composition can alter the sensitivity of
MS by influencing the ionization efficiency of 6-keto

163 6-keto-PGF 145 175

100 100

%
%

0 0
100 200
100 100
R S
165
0 4 0
100 200 300 400 100 200
m/z
- 195
100 169 TXB,
3
0
100 200 300 400
m/z

193

PGF,,, PGB,, PGD,, PGE,, PGF,,, PGJ,, or TXB,.
Therefore, we first needed to optimize the mobile phase
to obtain a high degree of sensitivity, good separation,
and a short analysis time. A high degree of sensitivity on
MS was concurrently observed with good separation on
LC when an acetonitrile/water/acetic acid (40:60:0.02,
v/v/v) mobile phase was used. Moreover, this composi-
tion also resulted in a short analysis time (Fig. 3).
After optimization of the mobile phase, we tried to
detect 6-keto PGF,,, PGB,, PGD,, PGE,, PGF,,,
PGJ;, and TXB, using LC/MS in the selected-ion
monitoring (SIM) mode. In the SIM mode, however,
attempts to monitor the respective deprotonated mole-
cules for 6-keto PGF,,, PGB,, PGD,, PGE,, PGF,,,
PGlJ,, and TXBj; failed to produce peaks due to the high
background noise level. Therefore, we used LC/MS/MS
in the SRM mode. With this method, the background
noise level was remarkably reduced and sharp peaks
corresponding to 6-keto PGF,,, PGB,, PGD,, PGE,,
PGF,,, PGJ,, and TXB, were observed. Moreover,
because we used a semi-micro HPLC system, which
included a switching-valve unit to introduce the column
effluent for a very brief period of time, only a small
sample was required. This meant that the mass spectro-
meter remained relatively clean and, consequently, the
background noise level on the chromatograms was low.
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0
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Fig. 2. Product ion mass spectra of the prostanoids.
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3.3. Calibration curve

A calibration curve for PGE, was generated in the -

SRM using increasing known amounts of PGE, and a
constant level of PGE,-d, as the internal standard (1).
Calibration standards were prepared in triplicate. A
linear calibration curve was constructed using least-
squares regression quantities vs. the ratio of the peak
area to that of the peak corresponding to PGE,-d,. 6-
keto PGF,,, PGB,, PGD,, PGF,,, and TXB5 were
analyzed using the same method. PGB,-d, was used as
an internal standard for the quantitation of both PGB,
and PGJ,, because these molecules display similar
chromatographic behaviors. The curves for these PGs
were relatively linear in the range from 10 pg/tube to
10 ng/tube (r = 0.999).

3.4. Accuracy

After the addition of an internal standard to the cell
culture medium, three samples were subjected to the
sample preparation procedure to demonstrate the
experimental reproducibility (Table 2). Statistical ana-
lysis was carried out using one-way analysis of variance
{[44] to separate the analytical errors arising from two
sources: sample preparation and LC/MS/MS in the
SRM mode. As shown in Table 3A, there was no
significant contribution to the total variance from the
sample preparation, whereas the coefficient of variation
for LC/MS/MS in the SRM mode was 0.66%.

To examine the accuracy and the precision of the
present method, cell culture medium spiked with 100,
200, 300, 500, or 1000 pg/tube was prepared. These
samples were analyzed in triplicate. The results for
PGE, are shown in Table 2. The accuracy of the
measurements of the added prostanoids ranged between
98.7% and 104%. The coefficients of variation of the
analyses of the prostanoids at 100, 200, 300, 500, or
1000 pg/tube ranged from 0.14% to 3.3%, whereas the
absolute recovery level of the prostanoids ranged from
80.3% to 95.7%. Statistical analysis was carried out
using two-way analysis of variance [44] to separate the
analytical errors between sources: sample preparation
and LC/MS/MS in the SRM mode. The findings

Table 2
Accuracy of PGE; spiked cell culture media
Mean level Accuracy (%) CV. (%)
(pg/2mL, n =3)
Non-spiked Not detected
+100 pg 100+1.7 101 +1.7 1.69
+200 pg 2014:0.94 100+ 0.47 0.470
+300pg 3004-1.7 99.940.57 0.567
+500 pg 50142.5 100+ 0.50 0.498
+1000 pg 1001+2.1 10040.21 0.205

Table 3
Analysis of variance

Source S I 4 Fy

(A) Analysis of variance from the
reproducibility test

Sample preparation 20.0 3 6.68 2.20
LC/MS/MS 243 3.03 -
Total 443 11 - _

F(3,8,0.05) = 4.07

(B) Analysis of variance from the
accuracy lest

Spiking error (a) 3.98 4 0.955 0.955
Sample preparation (b) 3.87 2 1.94 1.94
axb 232 8 2.90 2.90
LC/MS/MS 30.0 30 1.00 -
Total 61.0 44 - -

F(4,30,0.05) = 2.690
F(2,30,0.05) = 3.316

S = residual sum of squares; F = number of degrees of freedom; f; = f
sample preparation; fo=f error; F =unbiased variance;
F,y = observed value following F distribution variance ratio (v sample
preparation/V error); F(f;.F1,2) = density function of F distribution
with f; and £, degrees of freedom.

indicate that there was no significant contribution to
the total variance from spiking errors or sample
preparation (Table 3B). Almost all of the variance in
these experiments was attributed to LC/MS/MS in the
SRM mode, because the errors from sample preparation
and the concentrations of the prostanoids were negli-
gible. These findings suggested that this simultaneous
quantification method is highly reliable with good
accuracy and precision.

3.5. Application to cell culture medium

We investigated the production of prostanoids in the
mBMMCs in the presence of 25 pg/mL AA (Fig. 4). The
mBMMCs without added AA produced PGF,, and
TXB,. The levels of these prostanoids, however,
significantly increased following the addition of AA
(p<0.05). After the mBMMCs were incubated for 24 h
in the presence of AA, the levels of the detected
prostanoids were as follows: TXB,>PGD,>PGE,~
PGF,,. 6-Keto PGF,, PGB,, and PGJ, were not
detected.

4. Discussion

MS is a powerful technique that can provide highly
specific and quantitative measurements of low levels of
endogenous biological substances. Recently, LC
coupled with MS has been successfully used for
pharmaceutical analyses and quantification, because
LC/MS combines the separation of the analytes on a
LC column and the detection of ions using a mass
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Fig. 4. Effect of AA on prostanoid production in mBMMCs. The mBMMCs (1 x 10° cells/mL) were cultured with AA (25ug/mL). After 24 h of
incubation, 200 pL of medium was harvested and assayed. 6-Keto PGF,,-dy, PGB,-dy, PGD;-dy, PGE;-dy, PGFy,-d,, and TXB,-d, (1 ng each) were
added to each 200-uL sample of cultured medium as internal standards. Prostanoids were extracted using Empore C18 HD disk cartridges and
analyzed using LC/MS/MS as described in the Materials and Methods section.

spectrometer. For the determination of a wide variety of
nonvolatile or thermally labile molecules, such as
prostanoids, LC/MS and LC/MS/MS are especially
useful. In addition, because of its sensitivity and
specificity, LC/MS/MS is well suited for the analysis
of prostanoids. With the SRM mode, it is possible to
choose and monitor specific fragment ions for each
prostanoid to identify and quantify the substrate more
sensitively and specifically.

Microdetermination methods for eicosanoids using
LC/MS/MS have been reported previously [23-38]. In
the present study, we have developed a method for the
‘simultaneous analysis of 6-keto PGF,,, PGB,, PGD,,
PGE,, PGF,,, PGJ,, and TXB; using LC/MS/MS after
a simple solid-phase extraction step to clean up the
samples. An Empore C18 disk cartridge was used for the
extraction of 6-keto PGF,,, PGB,, PGD,, PGE,,
PGF,,, PGJ, and TXB, from 200 uL of serum-contain-
ing medium. Before loading, the sample was acidified to
increase the recovery rate by increasing the adsorptive
activity. After the sample was loaded, the cartridge was
washed with H,O and hexane. This procedure, together
with the use of minimal volumes of washing solvents,
produced excellent clean-up resuits. This cartridge,
which yielded good recovery even when a high flow
rate was used during the sample loading and washing
periods, required as little as 1 mL of elution solvent.
Therefore, the time-consuming solvent evaporation step

may be unnecessary. This feature is even more
important for thermally labile compounds. Moreover,
these methods can be used to clean up not only cell
culture media, but also biological fluids. We have
analyzed prostanoids in human sera and aqueous humor
using these methods (data not shown). When tetra-
deuterium analogues were used as internal standards for
each analyte, the present simultaneous quantification
method was found to be highly accurate and precise. In
the SRM chromatogram, the analyte peaks were well
separated, indicating different retention times on the LC
column, and no serious interfering peaks were detected.
The analyte peaks were detected with retention times
that were similar to those of their corresponding internal
standards. Additionally, this good separation only
required a simple LC system that employed an isocratic
elution step. Therefore, our simuitaneous quantification
method, which has a fixed ionization efficiency, is more
simple and reliable and than other previously published
methods.

Calibration curves ranging from 10 pg/tube to 10 ng/
tube exhibited good linearity. This range covered the
levels of prostanoids produced by mBMMCs (2 x 10°
cells). We found that mBMMCs without added AA
produced PGF,, and TXB,. After a 24-h incubation in
the presence of AA, however, the mBMMCs produced a
variety of prostanoids (TXB, >PGD,>PGE,~PGF,,).
In contrast, 6-keto PGF,,, PGB,, and PGJ, were not
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detected. Across the board, the levels we observed in
these experiments were lower than those reported in
other studies. This observation may be associated with
the ages of the mBMMCs from the various studies.
Activated mast cells produce a variety of chemical
mediators. Among them, PGD, has been reported to be
the major cyclooxygenase metabolite of AA, which is
produced in response to a diverse range of stimuli
[45,46]. A previous study reported that activated rat
mast cells generate 6-keto PGF,,, PGD,, PGE,, PGF,,,
and TXB, [47]. The finding that nonstimulated
mBMMCs produce PGF,,, but not PGD, and PGE,,
however, is novel. The physiological roles of the
production of prostanoids by mBMMCs should be
elucidated in future studies. Our results suggest that this
method will be useful for the investigation of prostanoid
production by mBMMC:s.

In conclusion, we have developed a rapid, highly
specific, and highly sensitive LC/MS/MS-based method
for the analysis of prostanoids in cell culture medium.
This simultaneous quantification method is effective for
the analysis of seven biologically important prostanoids
and may be helpful for investigations of the mechanisms
of prostanoid production. Because prostanoids have
been implicated in numerous pathophysiological condi-
tions, this method may also be of use in a variety of
clinical settings.
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Introduction

Abstract

Aging readily affects immune system under the influence of environmental
and/or intrinsic factors while accelerating the development of various immune
disorders including autoimmune diseases. Little is known about molecular and
cellular mechanisms connecting between immune senescence and development
of autoimmune diseases. Here, we first show strain-specific and aging-sensitive
onset of B-cell abnormality in a lupus-prone MRL/Mp.Fas?" (MRL/1pr) strain
of mice. This abnormality was characterized by the regression of B lymphopoi-
esis in the bone marrow of this strain. We next examined the association
between the B-cell regression and onset of autoimmune diseases in aged
(MRL/lpr x C3H/He.Fas?) F, mice, in which pathologic phenotypes, such as
glomerulonephritis, vasculitis, sialoadenitis and arthritis, variously developed.
We also searched whole genome to identify genetic loci linked to the B-cell
regression by using the same F, mice. The B-cell regression manifested in the
spleen of F, mice was retrospectively evaluated by reverse transcriptase-based
PCR quantification. The results demonstrated that the onset of autoimmune
diseases in the F, mice was not associated with the aging-sensitive B-cell
regression. The genetic study identified a significant locus responsible for the
B-cell regression in the vicinity of D5M::233 (29 cM). This is first evidence
for the presence of a genetic locus that affects B lymphopoiesis in an aging-
sensitive manner.

An animal experiment usually has the advantage of
invariant genetic and environmental condition and pro-

Homeostasis of immune system is essential for the integ-
rity of our life. However, a state of immune homeostasis
is thought to be changeable in response to intrinsic and
environmental conditions. For example, aging as an
intrinsic condition results in the regression of immune
functions; a hygiene condition that influences an immune
condition, i.e. a case of type 2 helper T-cell (Th2)-devia-
tion presumably established under a modern hygiene con-
dition and associated with human allergic disorders. It is
a general understanding that a change in immune
homeostasis has an impact on pathogenic mechanisms
underlying various immune and infectious diseases.
Aging is thought to be an important intrinsic factor for
changing immune homeostasis, but little is known about
an aging-sensitive homeostatic and pathogenic immune
condition.

654

vides an opportunity for longitudinal observation. An
inbred strain of mice MRL/Mp.Fas?” (MRL/lpr) repre-
sents a model for human autoimmune diseases, which
spontaneously develops lupus-like glomerulonephritis,
systemic vasculitis, arthritis and sialadenitis [1-4]. An
MRL/lpr strain carries a loss-of-function mutation of Fas
gene (Jpr) which encodes an apoptosis receptor on lym-
phocytes [5]. The /pr mutation is necessary for the onset
of autoimmune diseases in MRL/Ipr; however, the other
Ipr-congenic strains, including C3H/He.Fas?" (C3H/lpr),
C57BL/6.Fas” and AKR Fas?, barely develop autoim-
mune diseases [6-9]. The strain difference in the Ipr con-
straint also influences the longevity of mice. An average
age of death was estimated to be 17 weeks for female
MRL/lpr, 22 weeks for male MRL/lpr and between 42
and 52 weeks for females on the C57BL/6] or C3H/He]
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background (Mouse Genome Informatics, hetp://www.
informatics.jax.org/menus/strain_menu.shtml). These facts
indicate that the /pr mutation is not sufficient for the
onset of autoimmune diseases, and that MRL/Mp-specific
genetic conditions are prerequisite to the disease onset.

A number of studies have shown that Fas is essential

for the prevention of autoreactive B-cell expansion [10—

12]. In these studies, transgenic mouse models expressing
autoantibody-encoding genes on B cells were studied
when compared between Fas-deficient and Fas-sufficient
strains. There is limited information on genetic back-
ground-specific autoimmune phenotype of B cells. To
address this issue, we have used a non-autoimmune-prone
C3H/lpr strain as well as a Fas-sufficient ‘MRL/Mp
(MRL/+) strain as reference strains for MRI/lpr. The
combined use of these three strains enables us to evaluate
effects of MRL/Mp-specific genetic factor and /pr on the
onset of various autoimmune traits. Thereby, we have
been attempting to identify strain-specific immune phe-
notypes and genetic polymorphisms associated with auto-
immune diseases in MRL/1pr.

An autcimmune-prone strain of mice — BXSB -
‘exhibits regression of B lymphopoiesis with aging [13].
This study proposed an aetiological link between this
B-cell abnormality and autoimmune phenotypes in this
strain. B cells expressing a single-antigen specificity to
hen egg lysozyme (HEL) show spontaneous hyperactivity
in the absence of self-antigen in MRL/lpr background
[14]. Notably, this stain of mice was not only shown to
have low total B-cell numbers but also an expansion of
the marginal zone B-cell population. The proposed link
remains to be shown in autoimmune strains of mice
including MRL/lpr.

In the initial phase of the present study, we demon-
strated a aging-dependent, significant decrease in the
expression of FcyRIIbl and CD22 in the spleen of
MRL/lpr. FcyRIIbl and CD22 are inhibitory receptors
which physiologically regulate B-cell functions. A defect
in either function of these receptors is known to entail
autoimmune diseases in mice; therefore, their inhibitory
functions are essential for the prevention of autoimmunity
in B cells [15, 16). Moreover, the genetic polymorphisms
of these receptor genes have been suggested to be associated
with autoimmune diseases in humans and mice [17-19].
The phenotype regarding FcyRIIbl or CD22 is considered
as a critical, causal impact on autoimmune diseases.

Genetic studies using autoimmune-prone strains of
mice have revealed that the onset of most autoimmune
traits is controlled by complex loci. Our previous studies
using (MRL/Ipr X C3H/1pr) MC) F, mice identified dif-
ferential sets of susceptibility loci controlling organ/tis-
sue specificity of autoimmune disease [8], suggesting that
background genes other than /pr determine tissue speci-
ficity of autoimmune disease. Here, we took advantage of
accumulated data on the MCF, mice to evaluate an asso-

© 2007 The Authors
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ciation between the B-cell regression and tissue-specific
onset of autoimmune disease. Furthermore, we attempted
to identify a responsible locus for the B-cell regression in
the spleen by using the genome-wide microsatellite data
of these mice. This study provides first evidence for the
presence of genetic predisposition controlling B lympho-
poiesis in an aging-sensitive manner.

Materials and methods

Mice. MRL/lpr and MRL/+ were purchased from Charles
River Japan (Tokyo, Japan). C3H/lpr was purchased from
The Jackson Laboratory (Bar Harbor, ME, USA). These
mice were bred under specific pathogen-free conditions in
the Integrated Center of Science, Ehime University, or
the Animal Research Institute of Tohoku University
Graduate School of Medicine. MCF; and MCF, mice
were generated from female MRL/Ipr and male C3H/lpr.
In all animal experiments in this study, we observed the
Tohoku University guideline or the Ehime University
guideline for animal experimentation.

Flow cytometry. Spleen cells (10%) were stained with the
recommended dilution of fluorescence- or biotin-conju-
gated antibody in PBS containing 1% BSA on ice. All
antibodies used in this study were purchased (BD PharM-
ingen, San Diego, CA, USA). Streptavidin-conjugated
allophycocyanin was used with a biotinylated antibody.
We analysed small lymphocytic cells on the CellQuest
software (Becton Dickinson, San Jose, CA, USA).

. Reverse transcriptase-based PCR. Total RNA was isolated

from spleen with ISOGEN (Nippon Gene, Tokyo, Japan).
A first-strand ¢DNA was synthesized using random pri-
mer (Invitrogen, Carlsbad, CA, USA). Serially diluted
¢DNA products were subjected to reverse transcriptase-
based PCR (RT-PCR) analyses. The transcripts were
amplified by the following primers and conditions:
FcyRIIb1/b2, AAGTCTAGGAAGGACACTGC and
ATCCTGGCCTTTCTGGCTTGC, 28 cycles of 94 °C for
30, 55°C for 30s and 72 °C for 30s; FcyRIIbl,
AAGTCTAGGAAGGACACTGC and CCTCTGGAA-
GGGTTTCTCCCA, 20 cycles of 94 °C for 30's, 55 °C
for 30 s and 72 °C for 30 s; CD22, AAACTCCACTAC-
CCAAGG and AGGTGATCTTAGAATCTTCC, 18
cycles of 94 °C for 30's, 54 °C for 30 s and 72 °C for
30s; CD19, AATCAGAGTCTAATCAACCAAG and
GCCACCAGAGAAACCATACAGAAG by 18 cycles of
94 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s; FcRy,
ATGATCTCAGCCGTGATCTTG and CTACTGGGG-
TGGTTTCTCATGCT, 22 cycles of 94 °C for 30s,
55 °C for 30 s and 72 °C for 30 s; HPRT, GCTGGT-
GAAAAGGACCTCT and CACAGGACTAGAACACCT-
GC by 25 cycles of 94 °C for 30s, 55 °C for 30 s and
72 °C for 30 s. PCR products were fractionated by elec-
trophoresis in 2% agarose gel and were visualized after
ethidium bromide staining.
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A quantitative analysis was performed by real-time
PCR system using the ABI Prism 7700 Sequence Detec-
tion System (Perkin-Elmer Applied Biosystems, Foster
City, CA, USA). The FcyRIIbl TaqMan™™ probe (Perkin-
Elmer Applied Biosystems) was CTATCTCAAGAAAAA-
GCAGGTTCCAGCTCTCCC. The forward and reverse
primers for FcyRIIb1 amplification were GCAGCCATT-
GTTATTATCCTAGTATCC and CCICTGGAAGGG-
TTTCTCCCA respectively. The CD22 TagMan™ probe
was TCCTCGGAGGCTGCGTGTGTCC. The forward
and reverse primers for CD22 amplificacion were ATC-
GGAGAGACCTTGTCACAGG and ACTGTGAGA-
TGGGCGGATTG  respectively. The 185 rRNA
TagMan™ probe set was obtained from TagMan™
Rodent 185 rRNA Control Reagents (Perkin-Elmer
Applied Biosystems). The expression of FcyRIIb1, CD22
and 185 rRNA were quantified in separate tubes. We

confirmed no amplification with the sample prepared in .

the absence of reverse transcriptase, indicating that a false
signal originated from genomic DNA was negligible.

Histopathological - examinations. All mice were killed
under ether anesthesia at. 1620 weeks of age. We used
histopathological grades determined previously for glo-
merulonephritis [20], arthritis [21-23], vasculitis [24, 25]
and sialadenitis [26].

Moicrosattelite analysis and statistics. Genome-wide geno-
typing data of the MCF, mice determined in our previ-
ous study were used again in this study [26]). A hundred
and six microsatellite markers cover whole autosomes
with 12 ¢M apart with a maximum distance between any
two markers of 37 cM. The positions of microsatellite
loci were based on information from the Mouse Genome
Database (MGD), The Jackson Laboratory (http://www.
informatics.jax.org/menus/strain_menu.shemi).
tion between genotype and expression index of FcyRIIbl
or CD22 was evaluated by an ANOVA. Significant and
suggestive association was estimated based on a value of
P < 0.000052 and P < 0.0016, respectively, as recom-
mended by Lander and Kruglyak {27]. Quantitative trait
locus (QTL) on chromosome 5 was determined with the
data from 198 MCF, mice and the 11 microsatellite
markers as indicated in Fig. 4. The mRNA expression
levels of FcyRIIbl and CD22 were log;o transformed.
Logarithmic odds (LOD) scores were calculated by the
interval mapping and the composite interval mapping
methods in the Windows QTL Cartographer (Ver 2.5)
software [28]. We adopted Model 6 with forward and
backward regression methods for composite interval map-
ping. The number of control markers, the window size
and the walk speed were set at 5, 10 cM and 2 cM
respectively. A significant level was determined with the
permutation test (1000 times) developed by Churchill
and Doerge [29]. Difference of mean values of two groups
was evaluated by the two-tailed multiple s-test with Bon-
ferroni correction following an ANOVA.

Associa-
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Results

Aging-sensitive decrease in B-cell in the spleen of MRL/1pr
mice

Comparing immune phenotypes between MRL/lpr and
C3H/lpr, we eventually identified a marked change in
the expression pattern of FcyRIIbl and FcyRIIb2 in the
spleen of 20-week-old MRL/lpr mice (Fig. 1A). The
decrease was not observed in 8-week-old MRL/lpr mice.
FoyRIIB gene is known to generate two alternative splic-
ing products, FcyRIIbl and FcyRIIb2. In spleen,
FcyRIIbl is expressed in B cells, while FcyRIIb2 is
expressed in monocyte/macrophage and myeloid lineaged
cells [30, 31]. Fig. 1A indicated a drastic conversion of
FcyRIIb1/b2 ratio in the spleen of aged MRL/Ipr mice,
suggestive of a decrease in FcyRIIb1 expression, an
increase in FcyRIIb2 expression or both. To address this
concern, we examined relative protein amounts of
FcyRIIb1 and FeyRIIb2 in the spleen by means of immu-
noprecipitation followed by Western blotting with
FcyRIIb1/b2-specific  antiserum. No  evidence was
obtained for relative inctease in FcyRIIb2 protein expres-
sion (Fig. 1B), indicating that a decrease in FcyRIIbl
expression iS a major event in the spleen of aged
MRL/lpr mice.

A MRUlpr
B8weeks

C3HApr MRLApr  C3H/lpr
8weeks 20weeks 20weeks

1 2 3 4 S 8 7 8
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Figure 1 Expression of FcyRIIB isoforms (FeyRIIA! and FoyRIIA2) in
autoimmune-prone  MRL/lpr and non-autoimmune-prone C3H/lprc
mice. (A) RT-PCR assay showing aging-sensitive relative decrease in
FcyRIIbl expression in the spleen of aged (20-week-old) MRL/lpr mice.
RT-PCR products obtained from two individual spleens were shown by
ethidium bromide staining on an agarose gel. The comparable signal
intensities of HPRT indicate equal loads of ¢cDNA for all lanes.
(B) Western blot analysis showing protein expression of FcyRIIB iso-
forms in the spleen and thioglycolate-induced peritoneal cells (PEC) in
aged mice. MRL, aged MRL/lpr; C3H, aged C3H/Ipr; IP, immunopre-
cipitation; WB, Western blot. Molecular weights (kDa) are indicared.
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Figure 2 B-cell-related phenotypes in spleen. (A) RT-PCR quantifica-
tion using the TagMan™ probe showing significant decrease in
FcyRIIbl and CD22 expression in the spleen of an indicated strain of
mice. Each bar represents the mean = SD in each group. The difference
of mean values of two groups was evaluared by the two-tailed multiple
following one-way ANOVA.
**P < 0.01. (B) Flow cytometric analysis for B cells in the spleen of

t-test  with Bonferroni correction

aged mice. B cells were gated as CD19-positive cells. The histogram
showing a cell-surface expression level of FcyRIIbl and CD22 protein.
Three assays reproduced the same results. (C) Flow cytometric analysis
using antibodies to CD45R (B220) and CD19 for the spleen cells of
aged mice. Double-positive fraction includes B cells. CD4SR (B220)
single-positive cells are known to be /pr-T cells which uniquely appear
in the Fas-deficient condition. This is a representative result summarized
in Table 1 (7 = 4).

Aging-sensitive and strain-dependent decrease in
FcyRIIbl expression in the spleen was confirmed for a
large number of spleen samples by RT-PCR with
FcyRIlbl-speciic  PCR  primers (Fig. 2A). Another
B-cell-specific molecule, CD22, represented an expression
pattern similar to FcyRIIb1 (Fig. 2A). A flow cytometric
analysis revealed comparable expression of FcyRIIbl and
CD22 protein on a single B cell (Fig. 2B). Importantly,
spleen cell counts and a flow cytometric analysis with
B-cell-specific markers, CD45R (denoted as B220 in the
present figures) and CD19, confirmed a relative and abso-
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lute decrease in B-cell numbers in the spleen of aged
MRL/lpr mice (Table 1, Fig. 2C). This tendency was
observed in aged Fas-sufficient MRL/+ mice (Table 1).

Aging-sensitive decrease in B lymphopoiesis in MRL/Ipr mice

A flow cytometric analysis using lineage markers for
B-cell development revealed a remarkable decrease in
B-cell precursors (B220" IgM ™), immature B cells (B220*
IgM*) and mature B cells (B220"8"* IgM™) in the bone
marrow of aged MRL/lpr (Table 1, Fig. 3A). This ten-
dency was observed in aged MRL/+ mice (Table 1).
RT-PCR assays consistently revealed a lower expression of
B-cell-related cranscripts, such as FcyRIIbi, CD22 and
CD19, in the bone marrow of aged MRL/Ipr mice, sup-
porting the decrease in B lineage cells. On the other hand,
Fc receptor gamma chain (FcRY) was comparably detected
for both strains (Fig. 3B). Overall findings indicate that
the regression of B lymphopoiesis occurs in an aging-
sensitive and MRL background-dependent fashion.

Association between the B-cell regression and onset of
autoimmune diseases

We examined the association between the expression of
B-cell-related rtranscripts; FcyRIIb1 and CD22, in the
spleen and onset of autoimmune diseases in the MCF,
mice. Statistically significant association was not observed
with glomerulonephritis, renal vasculitis, sialadenitis or
arthritis (Table 2).

A responsible locus for the B-cell regression

Using the genotype data of the MCF, mice determined
previously [20, 26], we searched whole genome for
genetic loci responsible for the B-cell regression in the
MCF; mice. An MRL/Ipr allele at D5Mir233 (29 cM)
was shown to be associated with a decrease in FcyRIIb1
expression in a recessive inheritance mode (Table 3).
There was a clear tendency for an association between
this locus genotype and CD22 expression in the same
fashion; however, it was not statistically supported
(Table 3). The interval and composite interval mapping -
of a QTL analysis demonstrated a single LOD peak at
26 cM and 24 cM for FcyRIIbl and CD22 traits respec-
tively (Fig. 4). Threshold levels of LOD with statistical
significance were estimated to be 3.24 (¢ = 0.01) and
2.26 (a = 0.05) for FcyRIIb1 loci and 3.01 («# = 0.01)
and 2.25 (2 = 0.05) for CD22 loci by the permutation
test.

Discussion

The present study provided first evidence for aging-
dependent regression of B lymphopoiesis in an
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Table 1 The number or fraction of B lineage
cells in the spleen and bone marrow of aged
MRL and C3H mice.

Genotype Unit MRL C3H Statistics”
Spleen
Total cell counts Ipr/lpr x10% 278 (63.1) 260 (26.9)
/4 x10°  37.5(8.70)  45.3(8.54)
B cells (B220° CD19") Ipr/ Ipr X10°  20.9(15.9)  87.7(184)  #+
/4 x10° 8.43(1.54) 14.9(1.96)  **
Bone marrow
B precursors (IgM B2207) Ipr/lpr % 10.9 (2.82) 26.6 (3.54) **
+/+ % 6.25 (1.17) 14.4 (2.16) **
Immarure B (IgM*B220") Ipr/ bpr % 3.48 (1.23) 5.75 (0.57) *
. +/+ % 2.60 (0.67) 4.43 (0.53) **
Mature B (IgM*B220" ") pr/ lpr % 1.55 (0.87) 6.65 (1.30) **
+/+ % 4.98 (1.58) 8.08 (1.30) *
*Two-tailed t-test: **P < 0.01; *P < 0.05.
Each value represents the mean (SD) of four mice.
A MRL/ipr C3H/lpr was found, it would be accounted as a cellular rarget

B MRUlpr  C3Hilpr
1 2 3 4 5 6
: 1 cp22
N . rilb1
' cD19
"B FoRy

Figure 3 B-cell-related phenotypes in bone marrow. (A) Flow cytomet-
ric analysis using antibodies to CD45R (B220) and IgM showing the
development of B cells in the bone marrow cells of aged mice. Indicated
boxes in the dot-gram include pro- and pre-B cells (R1), immature B
cells (R2) and mature B cells (R3). This is a representative result sum-
marized in Table 1 (# = 4). (B) RT-PCR assay showing relative decrease
in B-cell-related transcripts (CD22, FeyRIIA! and CD19) in the bone
marrow of aged (20-week-old) MRL/Ipr mice. RT-PCR products
obtained from three individual spleens were shown by ethidium bro-
mide staining on agarose gels. The comparable signal intensities of
HPRT indicate equal loads of cDNA for all lanes.

MRL/1lpr lupus strain and genetic regulation of this
phenotype. It is of particular note that this phenotype
depends on strain-specific genetic background but not
on the /pr mutation. The significance of genetic back-
ground has been emphasized in the Ipr-dependent auto-
immunity. It has been explored how the genetic
background alters immune phenotypes toward autoim-

mune diseases in an MRL/lpr strain. If such phenotype

for autoimmune therapy. In the initial phase of this
study, we found a remarkable, strain-specific, /pr-inde-
pendent decrease in peripheral B-cell number in
MRL/Ipr mice. These findings facilitated us to investi-
gate the correlation berween the B-cell regression and
autoimmune onset. The MCF, mice, which were previ-
ously generated to identify QTL of autoimmune dis-
eases, provided us with an opportunity for the
evaluation of the correlation. The results rather indicate
that the B-cell regression in MRL/lpr mice is not a
cause of autoimmune disease. This conclusion is also
supported by the genetic findings that the present locus
located near D5Mit233 does not overlap with any of
autoimmune loci previously identified in associations
with glomerulonephritis [20], arthritis [21-23], vasculi-
tis [24, 25] and sialadenitis [26]. We failed to show
the significant association of this phenotype with the
onset of glomerulonephritis, ranal arthricis, vasculitis
and sialadenitis. Other autoimmune phenotypes such as
pancreatitis and a series of autoantibody production
should be investigated. It is also an interesting question
whether the B-cell regression of interest influences sus-
ceptibility to vaccinated antigen or infection.
Hypergamma globulinemia is generally characteristic
of autoimmune disease. MRL/lpr mice readily exhibit
this crait with aging and disease onset. The decline of
B-cell numbers in the spleen and bone marrow with
aging in MRL/Ipr seems to conflicc with prominent
hypergamma globulinemia in this strain. Similar to the
MRL/lpr case, a remarkable decrease in B lymphopoiesis
with aging was demonstrated in another autoimmune-
prone BXSB strain of mice [13]. Another study has

shown that B cells expressing single-antigen specificity to

HEL represent spontaneous hyperactivity in the absence
of self-antigen in MRL/Ipr background. Notably, this
stain of mice was not only shown to have low total B-cell
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Table 2 Association of FcyRIIbl or CD22 expression with the autoimmune trait manifested in MCF, mice.

FcyRlIIbl

CD22

Onset of disease®

Onset of disease®

+ - p® + - pb
Glomerulonephritis 0.96 (0.42) 0.97 (0.39) 0.883 249 (0.92) 2.71 (1.22) 0.213
Renal vasculitis 0.98 (0.39) 0.97 (0.40) 0.905 2.68 (1.14) 2.66 (1.16) 0.935
Arthritis 1.00 (0.40) 0.97 (0.40) 0.696 2.66 (1.17) 2.66 (1.16) 0.990
Sialadenitis 0.98 (0.37) 0.96 (0.41) 0.825 2,63 (1.12) 2.67 (1.22) 0.769

*Onset of each disease was defined in the previous reports (see Materials and methods). +, diseased; —, not affected.

bTwo-tailed ftest.

Each value represents the mean (SD) of FcyRIIbl or CD22 expression index.

Table 3 Association of FcyRIIbl and CD22 expression with microsatellite genotypes on chromosome 5.

Genotype
Marker M mm* mc o« pP°
FcyRIIbl expression
D5Mit145 0 0.86 (0.34) 0.98 (0.41) 1.07 (0.40) 0.025
D5Mit74 11 0.84 (0.34) 1.00 (0.42) 1.05 (0.38) 0.0037
D5Mit149 19 0.80 (0.34) 1.02 (0.42) 1.03 (0.37) . 0.00085°
D5Mi£233 29 0.80 (0.28) 1.04 (0.46) 1.02 (0.33) 0.00015°
D5Mit134 41 0.83 (0.28) 1.01 (0.46) 1.05 (0.33) 0.0025
D5Mitl15 56 0.86 (0.30) 1.01 (0.47) 1.01 (0.31) 0.0270
CD22 expression
D5Mit145 0 2.31 (0.90) 2.68 (1.13) 2.95 (1.35) 0.017
D5Mit74 11 2.30 (0.97) 2.73(1.12) 2.92 (1.32) 0.0076
D5Mit149 19 2.23 (0.97) 2.77(1.12) 2.84 (1.27) 0.0046
D5Mie233 29 2.25 (1.04) 2.81 (1.10) 2.80 (1.28) 0.0053
D5Mit134 41 240 (1.12) 2.64 (1.10) 2.93 (1.25) 0.054
D5Mit115 56 2.41 (1.10) 2.69 (1.13) 2.86 (1.24) 0.092

*MM, MC and CC represent the genotypes at indicated marker positions: MRL/MRL homozygote, MRL/C3H heterozygote and C3H/C3H homozy-

gote respectively.

bOne—way layout ANOVA.

“Suggestive linkage.

Each valtue represents the mean (SD) in each genotype group.

numbers but also an expansion of the marginal zone
B-cell population. These findings may lead to a new
insight revealing general correlation between B-cell
regression and autoimmune onset.

Here, we demonstrated the regression of B lympho-
poiesis in not only autoimmune MRL/lpr mice but also
non-autoimmune MRL/+ mice. This finding suggests
that cthe B-cell regression is not an effect of autoimmuni-
ty. Functional B cells are established after undergoing
multiple differentiation stages in bone marrow and
peripheral lymphoid cissues. Aging has been shown to
spontaneously, readily impair B lymphopoiesis [32-34].
A molecular mechanism of the impact of aging on B
lymphopoiesis remains unclear. The genetic information
obtained from this study provides a clue to clarify this
issue.
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The locus identified in this study includes candidace
genes that function with immunological importance. This
locus is syntenic of human chromosome interval between
4pl4 and 4pl16.3. Considering gene functions for B-cell
activation and differentiation, we presently evaluate Bstl
(bone marrow stromal cell antigen 1, 25 cM) and C438
(CD38, 28 cM) as the positional candidates. The two
genes encode a similar type of cell surface receptors
belonging to the super family of ADP-ribosyl cyclase. Bst1
product is present on bone marrow stromal cells which
regulate B lymphopoiesis [35). C438 product is present on
B lineage cells and serve as a receptor which mediates the
signal for the suppression of B lymphopoiesis [36, 37] and
the modulation of B-cell functions [38, 39]. Polymorphic
nature of these molecules is of primary interest as concern-
ing the B-cell regression manifested in MRL/lpr mice.
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