Specific primers for real time PCR quantification of Z/7 mRNA
were designed using Primer Express software {(Applied Biosystems,
Forster City CA, USA) and optimized for amplification and
minimal primer dimer formations. Primers and probes were
designed over a conserved region of the genome and synthesized
by Applied Biosystems. Accurate quantification of 7I7 mRNA was
accomplished using a plasmid pcDNA3 vector containing the
murine /I7 cDNA (a gift from ]. Bream, Johns Hopkins
University). DNA sequencing from both the 5 and 3’ ends
verified the identity. The real time PCR assays for /7 plasmid
DNA/cDNA were carried out in 10 pl reactions using 717 specific
primers with TagMan Universal master mix and run on the ABI
Prism 7900 (Applied Biosystems, Forster City CA, USA) (50°C for
2 min, 95°C for 10 min followed by 45 cycles at 95°C for 15 sec,
60°C for 30 sec). The murine glyceraldehyde-3-phoshate dehy-
drogenase (Gapdh) plasmid DNA used as a standard was purchased
from Serologicals (Gaithersburg, MD, USA). The real time PCR
assay for Gapdh plasmid DNA was carried out in 10 pl reactions
using the murine Gapdh control kit (Applied Biosystems) and run as
described above. A standard curve was generated by plotting the
log), target dilution, of murine Gapdh control template and murine
117 on the X-axis against the cycle threshold (C,) value from serial
dilutions (6 log dynamic range) of murine Gapdh and II7 target
DNA on the Y axis. Sensitivity and linear dynamic range were
checked on the serial dilutions (10~10° copies/reaction) of /17 and
Gapdh plasmid DNA (a standard curve equation Y= —Mx+b is
applied to identify the number of molecules of Gapdh and II7
present in unknown samples). The /I7 PCR efficiency was 0.968
with a slope of —3.2, while the Gapdh PCR efficiency was 0.975
and the slope was —3.3. The /7 mRINA expression was then
normalized to the Gapdh expression values of the same unknown
samples to quantify the absolute expression of all samples in the
experiment.

Construction of the IL7promECFP mice by BAC
recombineering

A bacterial artificial chromosome (BAC) containing the mouse
117 gene (RP23-3217, clone length 228391 bps) was obtained from
Invitrogen. BAC DNA was purified using the Nucleobond BAC
kit (Clontech) according to manufacturer’s instructions and
characterized by Spel fingerprinting.

The construction of the IL7-ECFP-BAC was done using galK
selection as described by Warming et al. [50]. Briefly, a galk
cassette with homology to the first translated exon of JI7 (exon 1)
was amplified using Expand High Fidelity (Roche), pgalK as
template, and the following primers (ATG starting site of /I7 is in
bold, sequences priming the pgalK plasmid are underlined):

IL7->galK F: 5'-CCT GCT GCA GTC CCA GTC ATC
ATG ACT ACA CCC ACC TCGC CGC AGA CCA TGC CTG
ITTG ACA ATT AAT CAT CGG CA-3" and IL7->galK R: 5'-
TCC CCG GCG CGC TAG GCG CAC CTA CTT GTG CGC
ACC AGA GAG CAG CGC TTT CAG CAC TGT CCT GCT
CCT T-3'. PCR conditions were 94°C 15 sec, 60°C 30 sec and
72°C 1 min for 25 cycles. The PCR reaction was treated with
Dpnl and gel purified. Purified PCR product was transformed into
heat-shocked and electrocompetent SW102 containing RP23-3217
and Gal” colonies were selected as described. Insertion of galk
resulted in a deletion of the remainder of exon 1 as well as deletion
of the splice donor of intron 1. Next, the ga/K cassette was replaced
with a PCR product containing homology arms identical to the
homology arms used in the first step, amplified from pECFP-1
(Clontech) using the following primers and PCR conditions as
described above: galK->ECFP F: 5'-CCT GCT GCA GTC CCA
GTC ATC ATG ACT ACA CCC ACC TCC CGC AGA CCA
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TGG TGA GCAAGG GCG AGG A-3' and galK->ECFP R: 5/-
TCC CCG GCG CGC TAG GCG CAC CTA CTT GTG CGC
ACC AGA GAG CAG CGC TTG CCT TAA GAT ACA TTG
ATG AGT TTG GA. This PCR reaction product was Dpnl-
treated, gel-purified, and transformed into SW102 Gal® cells and
DOG resistant colonies were selected as described [50]. One out
of 10 analyzed BAC clones was correctly targeted after galk
counter selection, and the modified area of the BAC was
confirmed by direct BAC sequencing of large-prep BAC DNA
using ABI PRISM BigDye Terminators (Applied Biosystems). The
IL-7-ECFP BAC construct was linearized with PiScel (New
England Biolabs) and microinjected into fertilized ova of C57BL/6
females at the pronuclear stage. Mice were screened for acquisition
of the transgene by Southern Blot Analysis of DNA obtained from
tail biopsies using standard procedures. Genomic DNA was
digested with Bglll and analyzed with a 299 bp probe amplified
from the RP23-3217 BAC. The wild type band is 2.6 kb and the
transgenic band is 3.6 kb.

Genotyping and selection of homozygous IL7promECFP
transgenic mice

Genomic DNA from mouse tail biopsies was extracted by
ethanol precipitation after digestion in digestion buffer (50 mM
Tris-HCL, pH 8, 100 mM EDTA, 100 mM NaCl, 1% SDS) with
500 ug Proteinase K (Roche Applied Science, Indianapolis, IN,
USA) overnight at 55°C and resuspended in 100 pl of 0.1X SSC
buffer. Approximately 10 ng of this DNA was analyzed in a 20 pl
SYBR green PCR reaction containing 1X Brilliant SYBR Green
QPCR Master Mix (Stratagene), 30 nM ROX passive reference
dye, and 300 nM each primer. The ECFP transgene was assayed
using specific primers, and differences in input DNA were
normalized using an endogenous reference gene, Folkl, in separate
wells. Primer sequences used were CFP-F 5-ATG CCA CCT
ACG GCAAGC TG-3', CFP-R 5'-TTC TGC TGG TAG TGG
TCG GCG-3', FolHI-F 5'-CCA AGC AGC CAC AAC AAG
TA-3" and FolHI-R 5'-TCC ATA GGG ATT TTG TGA TTC
TG-8’. Real time PCR was performed in triplicate on a MX3000P
Stratagene (Cedar Creek, TX, USA) instrument running an initial
enzyme activating step of 95°C for 10 min, followed by 45 cycles
of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec,
and extension at 72°C for 30 sec. Normalized data was then
analyzed using the —2**“ method to determine relative fold
change compared against a known hemizygous animal (calibrator).

Immunohistochemistry and immunohistology

All tissue samples were fixed in 4% PFA for approximately
16 hrs at 4°C, then transferred to 20% sucrose and incubated for
another 16 hrs at 4°C. Finally, tissues were blotted to remove
excess sucrose, frozen into OCT compound (Sakura, 4583), and
held at —80°C until sectioning. Seven pm sections were cut using
a cryostat and stored at —80°C until the day of staining.

For IL-7 immunohistochemistry, sections were warmed to room
temperature for approximately 60 min, then rinsed in 1X PBS for
3 changes, 3 min each. Antigen retrieval was performed using a
citrate based buffer pH 6 (Biogenex, HK086-9K) in Milestone
RHS-1 microwave processor for 10 min to reach 100°C, followed
by 10 min at 100°C. Peroxide block was applied at 0.6% in 0.1%
saponin (Sigma, S4521)/1X PBS (wash buffer) at room temper-
ature for 15 min followed by rinsing in wash buffer 3 times, 3 min
each. Anti-mouse IL-7 antibodies (rabbit polyclonal IgG from
Santa Cruz, goat polyclonal IgG from Santa Cruz and R&D,
monoclonal rat IgGy, from R&D, biotinylated rabbit polyclonal
IgG from PeproTech, monoclonal mouse IgG from Amgen) were
applied at different dilutions, in wash buffer, at room temperature
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for at least 60 min. Samples were then rinsed using wash buffer 3
times, 3 min each. Avidin-Biotin Complex reagent was applied
(ABC, Vector) following manufacturer’s instructions diluted in
wash buffer, and incubated at room temperature for $0 min,
followed by another rinse for 3 times, 3 min each with 1X PBS.
Slides were then developed in DAB (Sigma, D5905-100TAB),
counterstained, dehydrated, and cover slipped.

For ECFP-target cell identification and co-localization, tissue
sections were warmed (o room temperature for approximately
60 min, placed in acetone for 10 min at room temperature, and
then dried at room temperature for approximately 5 min. Sections
were re-hydrated in 1X PBS for 10 min followed by application of
2% normal goat serum/PBS (Vector, $-1000) for 20 min at room
temperature. Serwn in excess was removed (not rinsed) and
primary antibodies were applied for 60 min at 37°C. (unless
differently specified) as a cocktail diluted in 0.1% BSA/1X PBS.
For examining ECFP expression, anti-GFP (Abcam) was used at a
1:1000 dilution. Other antibodies were used at the following
dilutions: FITC-anti-Ly51 (BD Pharmingen) at 1:1000; anti-G8.8a
(gift from Gray D.) at 1:1000; anti-MTS-15 (gift from Gray D.)
1:20; biotinylated-CID45.2 (eBioscience) at 1:500; FITC-CD1lc at
1:1000; CD31 (Santa Cruz) at 1:200 O/N at 4°C. The sections
were then rinsed in IX PBS for 10 min and corresponding
secondary antibodies were applied as a cocktail, diluted 1:300 in
1% BSA/1X PBS, for 30 min at room temperature. The following
secondary antibodies have been used: donkey anti-rabbit 488
(Molecular Probes), goat anti-rabbit 546, and biotinylated goat
anti-rabbit (Vector) followed by streptavidin conjugated Alexa 546
(Molecular Probes) for anti-GFP; goat anti-rabbit 488 (Molecular
Probes) for GG8.8a; goat anti-rat 546 (Molecular Probes) for MTS-
15; streptavidin conjugated Alexa 546 (Molecular Probes) for
CD45.2; donkey anti-goat 546 (Molecular Probes) for CD31.
Slides were rinsed in 1X PBS for 10 min, wiped dry, and cover
stipped with Prolong Gold (Molecular Probes).

All samples were visualized with a Nikon Eclipse 80i microscope
wider consistent Humination and exposure conditions for cach
respective stain. Brightfield images were captured using Nikon
DXMI1200F digital camera and Nikon ACT-1 software. Fluores-
cent images were obtained using Exfo X-Cite 120 excitation,
Nikon UV-2E/C, B-2E/C and G-2E/C filter cubes, Qimaging
Retiga 2000R digital camera, and Media Cybernetics Image-Pro
plus v5.1 software.

For anti-keratin staining, intact thymic lobes were fixed by
immersion in 4% PFA, cryoprotected with phosphate buffered
saline containing 30% (w/v) sucrose. Samples were then
embedded in OCT (Sakura Finetek U.S.A., Inc., Torrance, CA,
USA), frozen, and then sectioned at 5-7 um with a cryostat.
Sections were collected on SuperfrostPlus slides (Fisher Scientific,
Pittsburg, PA, USA). After drying overnight, sections were
hydrated in PBS and then incubated in a mixture of primary
antibodies. To Tromal hybridoma supernatant (Developmental
Studies Hybridoma Bank, University of Iowa; dshb.biology.uiowa.
edu/), was added goat anti-green fluorescent protein (Rockland,
Gilbertsville, PA, USA), and different rabbit antibodies, either
anti-keratin 5, anti-keratin-8 or anti-keratin 14 (all from Covance,
Berkley, CA, USA). Controls consisted of mixtures of normal goat,
rabbit, and rat IgGs diluted to equivalent concentration. Primary
antibodies were applied for 1 hr at room temperature. After
repeated washes in PBS, slides were incubated with a mixture of
conjugated secondary antibodies diluted in PBS containing
10 mg/ml bovine serum albumin and 10% (v/v) normal donkey
serum. Secondary antibodies were donkey anti-goat IgG Alexa
488, donkey anti-rabbit IgG Alexa 555, and chicken anti rat IgG
Alexa 647 (all from Invitrogen-Molecular Probes, Eugene, OR,
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USA). Following incubation for 1 hr. protected from light, the
slides were repeatedly washed with PBS, then incubated in 10 mM
acetate buffer, pH 6, containing 1 mM CuSO, for 10 min before
a final wash in PBS. Coverslips were mounted with Fluoromount
G (SouthemnBiotech, Birmingham, AL, USA). Sections were
viewed with a Leica microscope equipped with a digital camera
{Orca-ER, Hamamatsu Photonic Systems, Bridgewater, NJ, USA)
to collect images. Resulting monochrome images were converted
to RGB images with Photoshop {Adobe, San Jose CA, USA).

Intravital multiphoton microscopy
Lymphocytes were isolated from OT-IxRAG™™ mice and
differentiated into central memory T-cells (TCMs) by stimulation
with OVA peptide (SHNFEKL, a generous gift T .Mitchell,
U.Louisville) followed by culture in the presence of 1L-15 for 5
to 7 days [38]. Differentiation of cells into TCMs was evaluated by
FACS analysis for CD8, CD44, CD62L, CD122 and CCR7
expression. Intravital microscopy of mouse bone marrow was
performed using a protocol modified from a previous report [38].
Twenty-four hrs after i.v. injection of CFSE-labeled TCMs, mice
were anesthetized with isoflurane (Baxter, 2.5% vaporized in an
80:20 mixture of Oy and air), and the hair in the neck and scalp
was removed with hair removal lotion (Nair, Carter Products,
NY). The frontoparietal skull was exposed and the mouse head
was immobilized in a custom stereotactic holder. The imaging
system was an LSM510 NLO Meta (Carl Zeiss, Jena, Germany)
driven by a Chameleon femtosecond pulsed laser (Coherent Inc.,
Santa Clara, CA) tuned to 880 nm, and an inverted microscope
(Axiovert 200; Carl Zeiss) equipped with a 40X water immersion
objective (Achroplan IR, NA 0.8; Carl Zeiss). The microscope was
enclosed in an environmental chamber in which anesthetized mice
were warmed by heated air. Fluorescent cells were detected using
a bandpass emission filter at 480/40 nm (for ECTP) or 525/50 nm
{for CFSE). Vessels were visualized after i.v. injection of 70 kDa
Texas Red conjugated-dextran (620/60 nm filter). Image stacks
were collected with a 3 pm vertical siep size at a depth of 100
150 pm below the skull bone surface. For 3D videos, 4 sequential
image stacks were acquired at 3 mm z spacing to cover a volume
of 154 umx154 pmx9.0 pm with a 1 min interval between
repetitive image stack collections. Imaging data were processed
with Imaris (Bitplane, Zurich, Switzerland).

Supporting Information

Figure 81 Map of BAC used to generate transgenic mice. This
BACG was selected because the 117 gene was flanked by large spans
that were likely to contain the regulatory elements.

Found at: doi:10.1371/journal.pone.0007637.5001 (0.10 MB
TIF)

Figure 82 No 11-7 expression in non-epithelial cells in thymus.
IL-7 is not expressed by myeloid-derived cells, dendritic cells,
fibroblasts or endothelial cells in thymus since no co-localization of
ECFP (red) with CD45.2, CD11c, MTS-15 or CD31, respectively
(green) was observed. DAPT (blue) identifies cell nuclei. Magnifi-
cation 100X.

Found at: doi:10.1371/journal.pone.0007637.5002 (6.02 MB
TIF)

Figure 83 OT-1-TCM migration to bone marrow: Lack of
effect of CXCR4 block or 117 deletion. Central memory cells were
generated by in vitro culture of OT-1 cells as described. Cells were
labeled with CFSE and injected into wild type mice that were
previously injected with HBSS (as a control) or with the CXCR4
antagonist AMD3100 and compared with IL-7—~/— recipients.
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Twenty-four hours later, bone marrow was harvested from the
long bones, stained with anti-CD8 and analyzed by flow
cytometry. A. Three individual recipients are shown for each
treatment. No inhibition of migration of OT-1-TCM cells resulted
from blocking CXCR4 or deleting 117. Note that the IL-7—/—
recipient lacked endogenous CD8 cells. B. The data is shown in
numerical form representing the total number of OT-1-TCM cells
recovered per individual mouse.

Found at: doi:10.1371/journal.pone.0007637.5003 (1.14 MB
TIF)

Table 81  OT-1-TCM association with ECFP producers. Data
are corrected by removing OT-1 whose center overlies a stromal
cell (probable spill-over artifact).

Found at: doi:10.1371/journal.pone.0007637.5004 (0.03 MB
DOC)

Movie 81 Central memory cells (I'CMs) were obtained by in
vitro differentiation of T cells from OT-1xRAG—/~ mice. TCMs
were labeled with CFSE and injected intravenously twice (—24 hr
and —2hr) into IL7promECFP mice. Bone marrow was
visualized by intravital microscopy. CFSE labeled TCMs (green)
exit the blood stream (red) and some interactions with ECFP
producing cells (blue) were observed. The video spans a 40 minute
time.
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Movie 82 Central memory cells (I'CMs) were obtained by in vitro
differentiation of T cells from OT-1xRAG—/— mice. TCMs were
labeled with CFSE and injected intravenously twice (—24 hr and
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were observed. The video spans a 40 minute time.
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Chemorepulsion by blood S1P regulates
osteoclast precursor mobilization and bone
remodeling in vivo
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Sphingosine-1-phosphate (S1P}, a lipid mediator enriched in blood, controls the dynamic
migration of osteoclast (OC) precursors (OPs) between the blood and bone, in part via the
S1P receptor 1 (STPR1) which directs positive chemotaxis toward S1P. We show that OPs
also express STPR2, an S1P receptor which mediates negative chemotaxis {or chemorepulsion).
OP-positive chemotaxis is prominent in gradients with low maximal concentrations of

S1P, whereas such behavior is minimal in fields with high maximal STP concentrations.

This reverse-directional behavior is caused by S1PR2-mediated chemorepulsion acting to
override STPR1 upgradient motion. S1PR2-deficient mice exhibit moderate osteopetrosis as
a result of a decrease in osteoclastic bone resorption, suggesting that S1PR2 contributes to
OP localization on the bones mediated by chemorepulsion away from the blood where S1P
levels are high. Inhibition of S1PR2 function by the antagonist JTEO13 changed the
migratory behavior of monocytoid cells, including OPs, and relieved osteoporosis in a mouse
model by limiting OP localization and reducing the number of mature OCs attached to the
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bone surface. Thus, reciprocal regulation of S1P-dependent chemotaxis controls bone
remodeling by finely regulating OP localization. This regulatory axis may be promising as a
therapeutic target in diseases affecting OC-dependent bone remodeling.

Osteoclasts (OCs) are a specialized cell subset
with bone-resorbing capacity that plays a criti-
cal role in normal bone homeostasis (bone re-
modeling), degrading old bones and facilitating
new bone formation by osteoblasts (Teitelbaum,
2000). OCs are differentated from monocyte/
macrophage-lineage hematopoietic precursor
cells, termed OC precursors (OPs), and previ-
ous studies have revealed key molecular signals,
such as those mediated by M-CSFand RANKL,
that regulate OC differendation (Karsenty and
Wagner, 2002; Teitelbaum and Ross, 2003).
In contrast to the detailed information available
concerning molecular signals for differentiation
of OC, the factors controlling migration and
localization of OPs onto the bone surface, the
site of OC terminal differentiation, are less
well analyzed. We have recently used intravital
two-photon microscopy to visualize the bone
cavity in live mice, and found that sphingosine-
1-phosphate (S1P), a lipid mediator enriched in

blood, plays a critical role in controlling the res-
idence stability of OPs on the bone surface via
the cognate receptor S1P receptor 1 (S1PR1;
also designated S1P; or Edg-1; Ishii et al., 2009;
Klauschen et al., 2009). The mechanisms con-
trolling the initial localization of OPs into the
bone space or counteracting the tendency of
S1P to promote movement of OPs from bone
to blood, however, have not yet been clarified.
In this paper, we show that bone attraction is
also contributed to in part by S1P, through a
distinct but related receptor, STPR2 (also desig-
nated as S1P, or Edg-5).

Although both SIPR1 and SIPR2 belong
to the heptahelical heterotrimeric G protein—
coupled Edg receptor family, their signal
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transduction pathways are completely different (Takuwa,
2002; Rosen and Goetzl, 2005). S1PR1 (via its associated
Gjo subunit) activates the small G protein Rac and induces
positive chemotaxis. In contrast, SIPR2 (signaling through
Gia/1300) activates another small G protein, Rho. Active Rho
can inhibit activation of Rac, which can limit S1P-induced
chemotaxis (Fig. 1 A). It was previously reported that SIPR2-
expressing cells show reduced migration to S1P in vitro
(Okamoto et al., 2000).

RESULTS AND DISCUSSION

We found that OPs express STPR2 as well as SIPR 1, and the
positive migratory response to S1P was highly concentration
dependent, being more vigorous at low S1P concentrations

(<1077 M) and less marked at higher concentrations (Fig. 1 B).
In addition, blockade of STPR1 signaling with pertussis toxin
led to a reduction in migration below the basal level seen in the
absence of S1P, suggesting that SIP could have a negative
effect on cell migration under these conditions. We also found
that SIPR2 deficiency enhanced positive $1P chemotaxis,
To better analyze the effects of varying S1P concentrations on
migration, we examined the dynamics of S1P chemotaxis in an
in vitro image-based system (Fig. 1, C and D). In these experi-
ments, cells were applied in the one chamber and S1P was
added in the other chamber. In this device, a narrow plateau
between the chambers generates a linear gradient experienced
by the cells on the opposite side of the chemokine-filled cham-
ber, and the motility of the cells can be assessed throughout
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their exposure to this chemokine gradient in the imaging
chamber. RAW?264.7 cells, which are often used as a model of
OPs, readily migrated toward a low maximal concentration of
S1P (107 M; Fig. 1, C [lefi] and D [top]; and Video 1) but not
toward a high maximal S1P concentration (10~ M; Fig. 1, C
[right] and D [bottom]; and Video 3). Strikingly, at an inter-
mediate concentration, cells first moved up the S1P gradient
but then arrested this movement and began to migrate back in
the opposite direction in nearly all cases (Fig. 1, C [middle]
and D [middle]; and Video 2). These data reveal that at high
S1P concentrations, RAW?264.7 cells respond by chemorepul-
sion rather than chemoattraction.

RNA interference was used to examine the roles of
SIPR1 and STPR2 in these S1P concentration-dependent
behaviors (Fig. 1, B and G). Cells were treated with siRNAs
targeting SIPR 1 or S1IPR2 and put in a high S1P concentra-
tion field (107% M; Fig. 1, E and F). Although control cells
and S1PR 1 knockdown cells were hardly motile, as observed
in Fig. 1 C (Fig. 1, E [left two panels} and G; and Videos 4
and 5), some of the cells treated with siRINA targeting S1PR2
could migrate vigorously, irrespective of the high S1P con-
centration (Fig. 1, E [right] and G; and Video 6). We also
confirmed that SIPR2-deficient primary cultured OPs can
efficiently move toward a high S1P coucentration (Fig. $1),
establishing that SIPR2 expressed on OPs is indeed func-
tional and that this receptor is responsible for the chemore-
pulsive behavior of these cells (Fig. 1, B and C). These results
clearly demonstrate that OPs express two counteracting re-
ceptors for S1P: forward movement, promoting S1PR 1, and
backward movement, promoting S1PR2. The migratory be-
havior of OPs is thus finely regulated by the balance of the
reciprocal functions of these two receptors and their differen-
tial activity at distinct concentrations of S1P.

To mvestigate whether SIPR2 affects OP migration
in vivo as these in vitro studies would imply, we performed
intravital two-photon imaging of calvaria bones (Mazo et al.,
2005; Ishii et al., 2009) and examined the migratory behavior
of monocytoid cells resident in the marrow spaces, including
OPs. We used CX3;CR1-EGFP knockin (heterozygous) mice
(Jung et al., 2000; Niess et al., 2005), in which monocyte-
lineage cell types predominantly expressed EGFP. We have
previously confirmed that TRAP (tartrate-resistant acid
phosphate)-positive mature OCs expressed EGFP in these ani-
mals (Ishii et al., 2009) and, in addition, we confirmed that
EGFP?* cells (but not EGFP™) can efficiently differentiate
into OC-like cells in vitro upon stimulation with RANKL
(Fig. 52). Both of these results strongly suggest that EGFP*
cells contain OPs.

CX;3CRI1-EGFP—positive cells present in BM stromal lo-
cations or at the bone surface were generally stationary under
control conditions (Fig. 2 A, top; and Video 7). In contrast, a
subset of the labeled cells became motile 2 h after the intrave-
nous application of 3 mg/kg JTE013 (Osada et al., 2002), a
potent antagonist for the STPR2 receptor (Fig. 2 A, bottom;
and Video 8), with some of the mobilized cells entering the
blood circulation. The cell-mobilizing effect of JTE013 was
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Figure 2. In vivo S1PR2-mediated migration control of OP mono-
cytes visualized using intravital two-photon imaging. (A) Intravital
two-photon imaging of mouse skull bone tissues of heterozygous
CX4CR1-EGFP knockin mice, in the absence {vehicle; Video 7) or presence
{Video 8) of 3 mg/kg of the STPR2 antagonist JTEO13. CX,CR1-EGFP-
positive cells appear green. The microvasculature was visualized by intra-
venous injection of 70 kD dextran-conjugated Texas red (red; left). The
movements of CX,CR1-EGFP-positive cells were tracked for 10 min
(right). Colored lines show the associated trajectories of cells. Bars, 50 pm.
(B} Summary of mean velocity of CX;CR1-EGFP-positive cells treated with
JTE (red circle) or vehicle (blue square). Data points (n = 252 for vehicle
and n = 237 for JTEO13) represent individual cells compiled from six inde-
pendent experiments, and error bars represent SD. (C) Effect of the STPR?2
antagonist JTEO13 on the composition of peripheral mononuclear cells.
Peripheral mononuclear cells collected from wild-type and STPR2-/~ mice
administered vehicle (C) or JTEO13 (J) were stained with anti-CD3 or anti-
CD11b. Absolute numbers of CD3* T cells or CD11b* monocytoid cells are
described in the figure. Each bar represents the mean value derived from
three independent experiments and error bars represent SD.

less pronounced and took longer than was the case with the
STPR1 agonist SEW2871 (Ishii et al., 2009), although the ef-
fect was statistically significant (Fig. 2 B). Data collected using
larger imaging fields revealed that there was a significant het-
erogeneity in cellular dynamics that correlated with location
of the cells within the BM cavity (Fig. $2 and Video 9).
CX;CRI-EGFP* cells positioned at the bone surface hardly
move, suggesting that these cells have already committed to OC
differentiation. In contrast, cells in the parenchyma move after
application of JTE013 and, more importantly, the migratory
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activities of cells around sinusoids are significandly higher than
those of cells in the parenchyma around large collecting
venules. Together, these findings suggest thar sinusoids are the
plausible locations for mobilization of these cells.

Consistent with these findings, we also observed an ele~
vated percentage and absolute number of monocytoid cells in
peripheral blood from JTE013-treated mice (Fig. 2 C). This
phenomenon was largely absent in S1PR2-deficient mice,
suggesting that the effect of [TE013 is exclusively mediated
by SIPR2. These results are consistent with the idea that an
STPR2 antagonist can block OP chemorepulsion mediated
by the high S1P concentration in blood vessels, facilitating
the recirculation of OPs.

To evaluate the in vivo impact of such S1PR2-mediated
chemorepulsion of OPs on bone remodeling, we examined
mice deficient in SIPR2 (Kono et al., 2004). Morphohisto-
metric analyses using pCT showed that femora of mice geno-
typed as SIPR2 were moderately osteopetrotic, compared
with those of control littermates (Fig. 3 A). Bone tissue den-
sity (Fig. 3B, B.V./T.V.) of SIPR2™/~ mice was significanty
higher than that of controls, and concordantly trabecular den-
sity (Fig. 3 B, Tb.N.) was increased in S1PR27/~ bones.
Conventional bone morphohistometrical analyses demon-
strated a significant decrease in osteoclastic bone resorption
(Fig. 3 C, ES./B.S.) in SIPR27/~ bones, whereas osteoblast
formation was not significantly affected. These results clearly
suggest that OC attachment to and function on the bone sur-
face was impaired in SIPR27/~ animals, leading to reduced
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bone resorption and moderate osteopetrosis. Because the ex-
pression of STPR2 is high in monocytoid OPs and is hardly
detected in osteoblast-lineage cells (unpublished data), and
because SIPR2 deficiency did not alter the capacity of OP
to differentiate into OCs (Fig. S1), this result indicates that
S1PR2-mediated chemorepulsion of OPs in response to the
high blood S1P concentration contributes to their localiza-
tion at the bone surface and promotes osteoclastogenesis
in vivo.

This newly revealed role of S1PR2-mediated control of
OP migration prompted us to examine their therapeutic im-
plications. i.p. administration of RANKL induces substantial
osteoporosis within 2 d (Tomimori et al., 2009). We added
daily administration of 3 mg/kg of the S1TPR2 antagonist
JTEO13 to this regimen and examined the effect on bone
mineral density (Fig. 3 C). Addition of JTE013 significandy
reversed the bone density loss induced by RANKL adminis-
tration (Fig. 3 C, left) by limiting osteoclastic bone resorption
(Fig. 3 C, right, E.S./B.S.). This therapeutic effect of JTE013
was absent in S1PR2-deficient mice, suggesting that the
function of JTEO13 is dependent on this receptor. We also
tested the effect of JTEO13 by using ovariectomized mice, a
conventional model for postmenopausal osteoporosis, and
confirmed the significant therapeutic potentials (Fig. $3).

We have previously shown that the S1P-S1PR1 axis
contributes to recirculation of OPs into the blood stream
(thus acting as a circulation-attractive factor), whereas bone-
attractive factors have not been fully elucidated. In this study,

Figure 3. In vivo impact of STPR2 on bone re~
modeling. {A] Morphohistometric analyses of control
and S1PR2-deficient (STPR2-/-) littermates. Femoral
bone samples were analyzed by cone-beam LCT (top)
and conventional histological examination (bottom).
Bars: {top) 1 mm; (bottom) 200 um. (B) Summary of
the data of bone matrix density (bone volume/tissue
volume = BV.[TV)), trabecular thickness (Tb.Th.), tra-
becular density (Tb.N.; calculated from pCT images),
osteoblast surface per bone surface (0b.5./BS.), and
osteoclastic erosion surface per bone surface (ES./
B.S.; calculated by conventional morphohistometrical
analyses). Error bars represent SD. n = 3 for each
{from three littermates). (C) Therapeutic effect of
S1PR2 antagonist JTEO13 on osteoclastic bone re-
sorptive changes. Femurs were collected from each
mouse {wild-type and S1PR2~/~} after three different
treatments: PBS + vehicle, RANKL + vehicle, and
RANKL + JTE013. RANKL was dissolved in PBS, and
JTEO13 was dissolved in a vehicle (PBS containing 5%

0 1 2 8 ESBS. (%) acidified DMSO and 3% fatty acid-free BSA). Mice
C vehicle were i.p. injected with PBS or RANKL, and with JTE or
WT RANKL vehicle, every day for 2 d. Bone samples were ana-
RANKL + JTE ]D =0.016 ] p=0.028 lyzed by cone-beam pCT and conventional morpho-
histological examination. Data of bone matrix density
vehicle - (B\V./TV.) calculated from pCT images (left) and os-
S1PR2* RAN&?P:I?:{E ]53 =0.74 } p=0.68 teoclastic erosion surface per bone surface (£.S./B.S)
. ) ) calculzted by conventional morphohistometrical
0 5 0 0 5 1@ analyses (right) were shown. Error bars represent SD.
BTV, (%) E.S/B.S. (%} n = 3 for each (from three littermates).
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we demonstrate a complex regulatory system in which S1P
also acts as a bone attractant in certain conditions (actually
functioning as a circulation repellant) through a different cog-
nate receptor, SIPR2. In contrast to several chemokines that
have already been reported to be important for OP localiza-
tion, such as CCL2 (Binder et.al., 2009), CCL9 (Yang et al.,
2006), CXCL1 (Onan et al., 2009), and CXCL12 (Gronthos
and Zannettino, 2007), we assume that the SIP-S1PR1/
STPR2 reciprocal axes contribute to regulating the initial entry/
exit of OPs across the border of BM vasculature, rather than
attachment at the bone surface by itself.

Given these data, we suggest the following model for S1P-
mediated localization control of OPs in bone tissues in vivo
(Fig. $3). As with other tissues and organs, the S1P concentra-
tion in bone tissues is relatively low (Maeda et al., 2010),
forming a substantial SIP gradient between BM tissues
(parenchyma), the sinusoids, and blood vessels, which is a pre-
requisite for S1P chemotaxis in situ. Because SIPR1 is readily
down-regulated by endocytosis in a high S1P environment, OPs
in blood vessels could enter into bones by S1PR2-mediated
repulsion, although S1PR2-mediated OP entry into BM has
not been fully demonstrated in the present experiments.
In addition, we do not assume this is the only mechanism reg-
ulating OP entry but rather consider several bone-enriched
chemokines, CXCL12 chief among them (Gronthos and
Zannettino, 2007), to also be involved in bone recruitment,
with S1PR2-mediated chemorepulsion facilitating this pro-
cess. Once they entered into the parenchyma, SIPR1 would
be reexpressed on the cell surface, prompting potential reentry
into the circulation if other factors (chemokines and adhesion
molecules) at the bone surface do not override this chemoat-
tractive effect. Although it cannot be measured precisely, S1P
concentration in BM sinusoids, because of leakage across en-
dothelial barriers, might be expected to be intermediate be-
tween parenchymal tissues and blood vessels. If this is the case,
it is plausible that OPs can exit from bone tissue via the sinu-
soids, whose S1P concentration can only activate SIPR 1 but
not STPR2. The concept that sinusoids are the place of OP
mobilization agrees with our observation that sinusoidal cells
have high motility in JTE-treated BM (Fig. S2).

This study clearly demonstrates that reciprocal actions of
two S1P receptors regulate the steady-state migration propensi-
ties of OPs, constituting a versatile cycle that may play a crucial
role in control of osteoclastogenesis and bone remodeling.
Although therapeutics in bone-resorptive disorders have so far
been targeted mature OCs (such as bisphosphonates) or late
OPs fairly committed to OC differentiation (such as deno-
sumab, i.e., anti-R ANKL neutralizing antibody), treatment tar-
geting monocytoid early OPs, such as S1P modulators, might
be promising as a novel line of treatment in these disorders.

MATERIALS AND METHODS

Cell culture. RAW?264.7, a mouse macrophage/monocyte lineage cell
line, and mouse BM-derived M-CSF-dependent monocytes (BM-MDM),
containing OP cells, were cultured as previously described (Ishii et al., 2006).
To stimulate osteoclastogenesis, 50 ng/ml RANKL (PeproTech) was added
to the medium and the cells were incubated for 3~4 d. In some experiments,
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cell were pretreated with siRINAs targeting SIPR1 or SIPR2 (ON-TARGET
plus siRNA library; Thermo Fisher Scientific) using 1 conventional transfec-
tion reagent (Lipofectamine 2000; Invitrogen).

In vitro chemotaxis chamber assay. Chemotactic migration of cells was
measured in a modified Boyden chamber as described previously (Okamoto
et al., 2000).

EZ-Taxiscan chemotaxis assay. Chemotaxis experiments were also con-
ducted in an EZ-Taxiscan chamber according to the manufacturer’s protocol
(Effector Cell Institute). The EZ-Taxiscan is a visually accessible chemotac-
tic chamber, in which one compartment, containing ligand (S1P), and
another compartment, containing cells, are connected by a microchannel.
A stable concentration gradient of chemoattractant can be reproducibly
formed and mainained through the channel without medium flow. Phase-
contrast images of migrating cells were acquired at 1-min intervals. Sequen-
tial image data were processed with Image] (National Institutes of Health
[NIH}), equipped with an add-on program, MT Track .

Mice. C57BL/6 mice and CX;CR 1-EGFP knockin mice (Jung et al., 2000)
were obtained from The Jackson Laboratory. S1PR2-defiicient mice (Kono
et al., 2004) were obtained from R.L. Proia (National Institute of Diabetes
and Digestive and Kidney Diseases, NIH, Bethesda, MD). All mice were bred
and maintained under specific pathogen-free conditions at animal facilities of
NIH and Osaka University, and all the animal experiments were performed
according to NIH institutional guidelines and Osaka University animal
experimental guidelines under approved protocols. Mutant mice were geno-
typed by PCR.. All mice were housed and handled according to the institu-
tional guidelines under approved protocols.

Two-photon intravital bone tissue imaging. Intravital microscopy of
mouse calvaria bone tissues was performed using a protocol modified from a
previous study (Ishii ct al., 2009). Mice werce ancsthetized with isofluranc
(Escain; 2.5% vaporized in an 80:20 mixture of O, and air), and the hair in the
neck and scalp was removed with hair removal lotion (Epilat). The fronto-
parietal skull was exposed and the mouse head was immobilized in a custom-
made stereotactic holder. A catheter was placed into the tail vein with a
30-gauge needle attached to PE-10 tubing (BD). The imaging system was
composed of a multiphoton microscope (SP5; Leica) driven by a laser (MaiTai
HP Ti:Sapphire; Spectraphysics) tuned to 880 nm and an upright microscope
(DM6000B; Leica) equipped with a 20X water immersion objective (HCX
APO, N.A. 1.0; Leica). The microscope was enclosed in an environmental
chamber in which anesthetized mice were warmed by heated air. Fluorescent
cells were detected through a bandpass emission filter at 525/50 nm (for
EGFP). Vessels were visualized by injecting 70 kD of Texas red—conjugated
dextran (detected using a 650/50 nm filter) i.v. immediately before imaging.
In some experiments, 3 mg/kg JTE013 (Tocris Bioscience) dissolved in a ve-
hicle (PBS containing 5% acidified DMSO and 3% fatty acid—fiee BSA) or
vehicle only was injected during the imaging. Image stacks were collected at a
3-pm vertical step size at a depth of 100-150 pm below the skull bone surface.
For 3D videos, four sequential image stacks were acquired at 3-um z spacing
to cover a volume of 154 pm X 154 um X 9.0 pm. The time resolution was
1 min. Raw imaging data were processed with Imaris (Bitplane) with a Gaussian
filter for noise reduction. Automatic 3D object tracking with Imaris Spots was
aided with manual corrections to retrieve cell spatial coordinates over time.

Mouse treatment experiment. Nine 8-wk-old female, wild-type, or
STPR27/" mice were injected i.p. with PBS, 2 mg/kg GST-RANKL dis-
solved in PBS (Tomimori et al., 2009), and 2 mg/kg GST-RANKL and
3 mg/kg JTEO13 (dissolved in-PBS containing 5% acidified DMSO and 3%
fatty acid-free BSA) for 2 d. The mice were then sacrificed and femurs were
excised and subjected to histomorphometrical analyses.

Histomorphometry of bone tissues. Trabecular bone morphometry
within the metaphyseal region of distal femur was quantfied using micro-CT
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(ScanXmate-RX; Comscantechno Inc.). 31D microstructural image data were
reconstructed, and structural indices, such as B.V./T.V., Tb.Th., and Th.N.,
were calculated using TRI/3D-BON software (RATOC Systems). Bone mor-
phometric analysis was performed as previously described (Parfitt et al., 1987).

Flow cytometry. All reagents were purchased from BD. To examine the
composition of peripheral blood mononuclear cells, blood was collected
from the retroorbital plexus with 2 heparinized glass pipette from mice
treated i.p. 2 h previously with 3 mg/kg JTEO13 or vehicle. After removing
the red blood cells by ACK lysis buffer (Invitrogen), cells were stained with
FITC-conjugated anti-CD11b and PE-Cy7-conjugated anti-CD3, using
conventional methods. Flow cytometric data were collected on a FACS-
Canto II (BD) and analyzed with Flow]Jo software (Trec Star, Inc.).

Statistics. The Mann-Whitney rank sum test was used to calculate p-values
for highly skewed distributions. For Gaussian-like distributions, two-tailed
Student’s ¢ tests were used.

Online supplemental material. Fig. S1 shows chemotaxis and in vitro
osteoclastogenesis of SIPR2 knockout OPs. Fig. S2 shows in vivo STPR2-
mediated migration control of CX;CR1* OP monocytes visualized using
intravital two-photon imaging. Fig. S3 shows the therapeutic effect of
SIPR2 antagonist JTEO13 on ovariectomy-induced osteoporosis and sche-
matic model for $1P-mediated localization control of OPs in bone tissues.
Videos 1-6 show in vitro chemotaxis of RAW264.7 cells toward an S1P
gradient detected using the EZ-Taxiscan device. Videos 7 and 8 show intra-
vital two-photon imaging of mouse skull bone tissues of CX,CR1-EGFP
hetero knockin mice. Video 9 shows intravital two-photon imaging (broad
visual field) of mouse skull bone tissues of CX;CR1-EGFP heterozygous
knockin mice. Online supplemental material is available at http:/ /www. jem
.org/cgi/content/full/jem.20101474/DC1.
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The first model of G-protein—Kacn channel interaction was developed 14 years ago
and then expanded to include both the receptor—G-protein cycle and G-protein-Kqy,
channel interaction. The G-protein—Kcy channel interaction used the Monod-Wyman—
Changeux allosteric model with the idea that one Kacn channel is composed of four
subunits, each of which binds one active G-protein subunit (Ggy ). The receptor-G-protein
cycle used a previous model to account for the steady-state relationship between Kacy,
current and intracellular guanosine-5-triphosphate at various extracellular concentrations
of acetylcholine (ACh). However, simulations of the activation and deactivation of
Kacn current upon ACh application or removal were much slower than experimental
results. This clearly indicates some essential elements were absent from the model. We
recently found that regulators of G-protein signalling are involved in the control of Kacy
channel activity. They are responsible for the voltage-dependent relaxation behaviour of
Kacn channels. Based on this finding, we have improved the receptor-G-protein cycle
model to reproduce the relaxation behaviour. With this modification, the activation
and deactivation of Kacy current in the model are much faster and now fall within
physiological ranges.
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1. Introduction

G-protein-coupled receptors (GPCR) make up a large part of the human genome,
and they and the G-protein intracellular signalling pathways are involved in
the regulation of the cardiovascular system. Defects in the expression and
regulation of GPCRs and/or G-proteins underlie various cardiovascular defects
and diseases (Smith & Luttrell 2006; Alemany et al. 2007), contributing to
heart failure (Meij 1996; Feldman et al. 2008) and cardiac hypertrophy (Akhter
et al. 1998; Sakata ef al 1998; Barry et al 2008). The G-protein signalling
pathways are therefore regarded as therapy targets for cardiovascular diseases
and their characteristics need to be understood quantitatively (Alemany et al

2007). Mathematical models of G-protein signalling can play an important role
in developing quantitative understanding of these signalling pathways (Thomsen
et al. 1988; Mackay 1990; Felber et al 1996; Mosser et al 2002: Hao et al
2003; Saucerman et al. 2003; Yi ef al. 2003; Zhong et al. 2003: Suh et al. 2004;
Katanaev & Chornomorets 2007; Linderman 2009). In the heart, models of
sympathetic control of voltage-dependent inactivation in the L-type Ca’* channel
(Faber & Rudy 2007; Findlay et al. 2008) and a biochemical pathway model for
B-adrenergic receptor stimulation (Saucerman et al. 2003) have been developed.
Models of B-adrenergic signalling in the rat ventricular myocyte (Saucerman
et al. 2003) and modulation of the M-current based upon KCNQ2/KCNQ3
channel subunits expressed in a cell line (Suh et al. 2004) were formulated from
biochemical assays. To date there have been few models of parasympathetic
control (Hosoya et al. 1996; Demir et al. 1999; Hosova & Kurachi 1999). In this
article, we present the most recent developments of our model of acetylcholine
(ACh) activation of cardiac muscarinic K+ (Kacn) channels. The activation of the
Kacn channel is mediated by the By subunit ( Gpy ) of PTX-sensitive G-proteing
(Gg) coupled to ms or Ay purinergic receptors in the cardiac cell membrane
(Kurachi et al. 1986, 1989; Logothetis et al. 1987, 1988). Thus, the model is a
composite involving the receptor-G-protein cycle and the interaction between
the G-protein and K¢y, channel.

Kacn channels are activated by intracellular guanosine-5'-triphosphate (GTP;)
in a highly positive cooperative manner at any given concentration of extracellular
ACL ([ACh]p) and as the concentration of ACh is increased, both the apparent
potency and efficacy of GTP; are also increased (figure 1a,b; Kurachi et al. 1990;
Ito et al. 1991). This may reflect properties of the Gg protein—-K oy, channel
interaction which can be accounted for by the Monod Wyman Changeux (MWC)
allosteric model with the idea that one K¢y, channel is composed of at least four
functionally identical subunits, each of which binds one Grgy (figure 1e: Hosoya
et al. 1996). For the receptor—G-protein cycle we adopted the model of a receptor-
mediated trimeric G-protein reaction cycle developed by Thomsen et al. (1988)
(figure 1d(i)). We combined the two models to construct an mtegrated model of
ACh activation of Kacy, channels (Hosoya, & Kurachi 1999) which reproduced
the steady-state relationship between K 4cy, channel activity and GTP; at various
[ACh]y (figure 10).

In isolated atrial myocytes, ACh (0.1 ulM) evokes the K¢y, current with a half
time for activation of 500 ms (Ishii et al 2001). Upon removal of ACh (1.1 pM)
from the bath, the current deactivates with a half time of 3.7 s (figure le; Kurachi
el al. 1987). The integrated model (Hosoya & Kurachi 1999) could not accurately
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reproduce this temporal behaviour of the Kacy, current, rather the half time for
activation was approximately 1 min and that for deactivation was approximately
2.5 min (figure 1£(3, ii); Kurachi & Ishii 2004). Clearly, the model was incomplete.

The Ky current exhibits strong inward rectification which is caused by Mg?*
and polyamines blocking outwardly flowing current. Upon hyperpolarization
from a holding potential of —40mV, the current increases in two distinct
phases: instantaneous and slow time-dependent phases. The initial instantaneous
increase is due to unblocking of Mg?* and polyamines. The following gradual
current increase, which is called ‘relaxation’, reflects a slow recovery from the
reduction of the product of Kacy, channel number and K Acn channel open
probability (NP,) that occurs at depolarized potentials. Recently, we have found
that regulators of G-protein signalling (RGSs) are involved in this phenomenon
(Ishii et al 2001, 2002). RGS proteins stimulate the GTPase activity of the
o. subunit of Gg proteins (Gg,) and decrease Gg protein activation (Hepler
1999; Ross & Wilkie 2000). In the resting state this action of an RGS protein
is inhibited by the binding of PtdIns(3,4,5)Py. A Ca®" /calmodulin (CaM)
complex, which is formed following depolarization-induced Ca’t-influx across
the cardiac cell membrane, displaces PtdIns(3,4,5)P; and relieves the inhibition.
The activated RGS proteins decrease the activated Gy proteins and thus
Kacy channel activity at depolarized potentials. This series of experimental
results strongly suggest that relaxation directly reflects Gy protein activity
coupling to the Kacp channel. Thus, by analysing the relaxation behaviour
of the Kacy current, the physiological kinetics of the receptor-mediated Gg
reaction cycle can be obtained. Here we incorporate these ideas into the
model of ACh activation of the Kacy, channel and we present the model in
this paper.

2. Material and methods

(a) Modelling

The model consists of two parts: an allosteric model representing the interaction

between Ggp, and Kacy, channels, and a G-protein cycle model representin the
Kpy ACh ; Y ,

interaction between muscarinic receptors and Gg proteins (hgure 1¢,d(i1)). The

parameters were searched and verified by comparing the model and experimental

results (see §3 and appendix A for details).

(b) Electrophysiological measurements

Experiments were performed in accordance with the guidelines for the use
of laboratory animals of Osaka University. The experimental protocol used
here is explained in Ishii et al (2002). In brief, single atrial myocytes were
enzymatically isolated from hearts removed from adult male W ister-Kyoto rats.
The Kacy currents evoked by various concentrations of ACh were recorded in
the whole-cell configuration of the patch-clamp technique. Other experimental
data, such as single channel current recording, were taken from published papers
(Kurachi et al. 1986; Tto et al. 1991).
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Figure 1. (Caption opposite.)

3. Results
(a) The MWC allosteric model applied to G protein—K 4oy,
channel interaction

Cardiac Kcp channels are activated directly by Gg, proteins (Logothetis et al.
1987, 1988; Kurachi ef al. 1989). Here, we used the MWC allosteric model (Monod
et al. 1965) to simulate the interaction between Gpy and Kjue, channels
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Figure 1. (Opposite.) Previous experimental and simulation studies on Kacy, channels. (a)
Examples of inside-out patch experiments obtained from guinea pig atrial myocytes. The
concentration of acetylcholine ([ACh|) in the pipette was 0 or 1uM as indicated. The bars
above each trace indicate the periods of application of the various concentrations of GTP and
10 pM GTPvyS to the internal side of the patch membrane. The holding potential was —80
mV. Note that a 3- to 10-fold increase in GTP concentration resulted in a dramatic increase
in channel open probability (NP,) of Kacyp channels, indicating the existence of a highly positive
cooperative process. (b) The experimental relationship between the concentration of GTP and
the NP, of Kacp channels normalized to the maximum NP, induced by 10 uM GTPvS in each
patch (symbols and bars are mean +s.d.), shown with simulated results obtained with the previous
integrated model (Hosoya & Kurachi 1999) of the Monod-Wyman-Changeux (MWC) allosteric
model and the Thomsen-Jaquez-Neubig model (lines). [ACh] =105 M (filled circles), 10~7 M
(open circles), 1078 M (squares), 0 M (triangles). (¢) Schematic of the MWC allosteric model.
In this scheme, each Kacp channel is assumed to be an oligomer composed of four identical
subunits (i.e. n = 4). Each subunit is in either the available (A) or the unavailable (U) state,
represented by circles and squares, respectively. Each subunit in the A or U state binds with one
dissociated G-protein By subunit (filled circles) independently of other subunits, with microscopic
dissociation constants K or Ky, respectively. In this model, all subunits in the same oligomer
must change their conformations simultaneously. Therefore, the channel can be either Ay or
Ug. Ay and Uy are in equilibrium through an allosteric constant L. (d) Models for receptor—
G-protein interaction. (i) Thomsen-Jaquez—Neubig model for receptor-G-protein interaction in
the previous model (Hosoya & Kurachi 1999). A, acetylcholine; R, muscarinic mg-receptor; G,
G-protein. (ii) The modified model for receptor-G-protein interaction used in the present study.
AR-G is removed and ks parameter has been modified. (e) The experimental time courses of
activation and deactivation phases of 1.1 pM ACh-induced K channel currents. (f) The simulated
time courses of (i) activation and (ii) deactivation phases of 1M ACh-induced K¢ channel
currents in the presence of various concentrations of RGS. The RGS protein action was assumed to
be voltage-independent in this prior simulation study (Kurachi & Ishii 2004). RGS accelerated
the time course of deactivation but did not affect the activation time course. RGS at high
concentrations suppressed maximal channel activity {a.b). Reproduced and modified from (a)
Ito el al (1991), (b) Hosoya & Kurachi (1999), (e) Kurachi el al (1987) and (f) Kurachi &
Ishii (2004).

in similar ways to Hosoya et al. (1996) and Hosoya & Kurachi (1999). In
the present study we re-fitted the three parameters of the MWC model to
improve the accuracy of the allosteric model. Corey & Clapham (2001) assayed
biochemically the profile of G, subunit binding to Kacy, channels (GIRK4). They
showed that from one to four Gg, subunits actually bind to one Ks¢y, channel
(figure 2a, exp.). By comparing the Gg,-binding profile in the actual assay and
that estimated by the MWC model, we examined the validity of the parameters
that had been used in the previous studies (Hosoya et al. 1996; Hosoya & Kurachi
1999; figure 2a). The concentration-dependent activation of the K ¢y, channel by
Ggy and GTP in inside-out patches can be reproduced only with allosteric models
(Hosoya et al. 1996) and since we now know that a Kacy, channel is a tetramer
of Kird.x protein subunits (Corey & Clapham 2001) an allosteric mechanism
most probably underlies the activation process. In the MWC model a Kacp
channel consists of four protein units (Kir3.x; figure 1¢). All of the Kir units
in a given channel are defined as being in the same state, either tense (T) or
relaxed (R), and change their state together (concerted transition). One Gg,
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Figure 2. Gg, protein binding to GIRK channels. (a) The densitometry profile of membranes
containing GIRK4 with Gp, . Experimental data (exp.) was obtained by densitometry from fig. 3d
of Corey & Clapham (2001; n, the estimated number of Ggy proteins per channel). Lines represent
the densitometry profiles calculated with the parameter sets from the present study (fitting),
Hosoya el al (1996) and Hosoya & Kurachi (1999). (b) The concentration-response relationship
between Gg, proteins and K¢y, channel opening. The fractions of K¢y, channels in the open
state were calculated with the parameter sets from the present study (solid line), Hosoya et al
(1996) (dotted line), and Hosoya & Kurachi (1999) (dot-dash line). Experimental data (circles)
from Hosoya el al. (1996) were normalized for Gpy concentration.

protein equilibrates with one Kir protein in either tense or relaxed states with
separate equilibrium constants defined as Kt for tense and Ky for relaxed. A
tetramer without any Gg, equilibrates between tense and relaxed states according
to the equilibrium constant L. Channels in the relaxed state are considered as
available to open with fast gating kinetics (equation (A1) in appendix A, NP,),
and channels in the tense state are considered to be unavailable (see Hosoya et al.
1996 for details).

In the previous studies simulation with the MWC model for Gr~Kacy channel
mteraction assumed that the majority of the Kacn channels would bind with four
Grpy subunits, and the numbers of channels binding one, two, or three Grpy
subunits were practically negligible (figure 2q; Hosoya et al. 1996; Hosoya &
Kurachi 1999). However, the biochemical assay showed that Ky, channels
binding one, two, three and four Gy represent, respectively, approximately 10, 10,
40 and 40 per cent of the total channel population (figure 2a, exp.). Therefore, the
parameters used for the MWC model in the previous studies were clearly invalid.
In the present study, therefore, the parameters Kr, Ky and L (table 1) were
re-calculated with the simplex method to reproduce the densitometry profiles of
membranes containing GIRK4 preincubated with Gpy. With the new parameters,
the MWC model for the Grpy-Kacy channel interaction well reproduced the
biochemical experimental results (figure 2a, fitting).

Figure 20 shows the relationships between the Kacy, channel NP, and Grpyl
aleulated by using the MWC model with the parameter sets used in the previous
studies and the present study. The [Ggp,] values were normalized at the half
maximuin of the Kacy, channel activity, Although L values in the three sets were
quite different, all of the relationships exhibited the positive cooperative effect of
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Table 1. Parameters of the allosteric and G-protein cycle models.

parameter value unit
L 1405 dimensionless
Kr 5.00 x 1078 M
Kt 9.09 x 1077 M
KR /Kt 0.0550 dimensionless
K 1.67 x 106 s~ M-t
k_q 0.167 s
k|G-GDP) 1.80 x 1072 [G-GDP] 57!
k_o 0.1 571
k3 4 2.86 x 10° s7t Mt
k4 —3[GDP] 6.8 x 1074 s
ks 10 s~
1.30 »
& 113 (1 T ep(—0.042(V + 25))) i
[Rltotal 1.87 x 1073 M
[Gliotal/ [R]total= 30 dimensionless

[Gkpy] on the Kacy channel NP,, and the relationship obtained by using the new
parameters agrees well with the experimental data. We therefore used the new
set of parameters for the MWC model in the following studies.

(b) The G-protein cycle model

The other part of the ACh activation of cardiac Kac, channel model is
the Gx protein cycle which produces Ggg, subunits. At first, we tested two
G-protein cycle models: the Thomsen—Jaquez—Neubig model (Thomsen et al.
1988; figure 1d(i)) and the Mackay model (Mackay 1990) to see if they could
reproduce various characteristics of ACh activation of the Kaey, channel.
However, after considerable trial and error, we found that neither model
was satistactory when we tried to reproduce at various [ACh], not only
the steady-state relationship between GTP; and Kuc, channel activity, but
also the relationship between the membrane potential and the steady state
NP, of Kacn channels and the voltage-dependent relaxation behaviour. In
the present study, we modified the Thomsen-Jaquez—Neubig model. This
modified Gg-protein cycle model (figure 1d(ii)) is a model of chemical reaction
kinetics consisting of concentrations and reaction rate constants (k). AR-G
was removed and the ks parameter was modified from the original Thomsen-
Jaquez Neubig model. Six values of concentration ([R], [AR], [ARG GDP],
[ARG-GTP], [G-GTP] and [G-GDP] for ACh (A), my-receptor (R), Gk protein
(G)) in the G-protein cycle model are updated at each calculation step
with six ordinary differential equations (equations (A 2)-(A7) in appendix A).
In the previous studies all of the values of rate constants were fixed
(hgure 14d(i)). A novel aspect of the modified model (figure 1d(ii)) in the present
study is that we have incorporated the concept of regulation of G-protein
signalling (RGS). RGS proteins regulate G-protein signalling by accelerating GTP
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hydrolysis, and they may be involved in the development of certain cardiovascular
pathologies (Wieland & Mittmann 2003; Semplicini et al 2006: Wieland ef al.
2007; Hendriks-Balk et al. 2008). Modulation of GTP hydrolysis by RGS proteins
also underlies a voltage- and time-dependent character of the K ACH current in
atrial myocytes known as ‘relaxation’ (figure 3b: Inanobe et al. 2001: Ishii ef al.
2001, 2002). Relaxation of the Kacn current reflects an increasing suppression
of chanuel open probability during depolarization and a gradual recovery during
hyperpolarization. The time course of these phenomena depends upon voltage-
dependent Ca" influx and Ca®*/CaM modulation of RGS protein activity (Ishii
et al. 2001). Therefore, GTPase activity of Gry in atrial myocytes can be
modulated by RGS proteins in a voltage-dependent manner (Ishii et al 2001). In
the modified Gg-cycle model used in the present study, the action of RGS proteins
is expressed by the new parameter ks. The value of each rate constant was fixed,
except for ks (table 1). Parameter & is defined as a function of membrane voltage
so that depolarization of the membrane potential can accelerate GTPase activity
(equation (A 8) in appendix A). The rate constants, the total concentration of
the receptor ([R]) and a conversion multiplier between inside-out and whole
cell recording (7; see §3a) were obtained by the simplex method searching for the
best fit of the following three properties at various [AChlg: (i) the steady-state
relationships between Ky, channel open probability (NFP,) and GTP;, (ii) the
voltage dependence of K¢y, channel NP, and ( iil) the relaxation time constants
at various membrane potentials. We set the value of GTP; to 100 pM in the whole
cell current simulation because this concentration was used in the internal pipette
solution in whole cell recording. The |Gxpy] generated by the Gy protein cyvcle
model was taken into the allosteric model and then the Kacy channel NP, was
calculated by using equation (A 1).

(¢) Analysis of simulations with the integrated model

The improved MWC allosteric model for Grpy—Iacn channel interaction and
the modified Gg protein cycle model were combined into a new integrated model
for ACh activation of K¢y, channels. The properties of the Kacy, current in the
imtegrated model were examined as follows.

(i) The steady-state relationship between K 4 on channel activity and GTP;

Since intracellular GTP was not changed in whole cell recording, experimental
inside-out patch data for the effect of [GTP] in the presence of different [ACh],
were taken from Ito et al. (1991), converted to that representing whole cell
recording and shown as symbols in figure 3a. Both GTP and ACh increased
Kaen channel activity in a concentration-dependent manner. GTP; activated
the Kucp channel in excised membrane patches much more potently than in
whole cell recording. This is probably because in the inside-out patch experiments
the internal solution contained high chloride which interferes with the GTPase
activity of G, and increases the sensitivity to GTP by shifting the GTP-
relative NP, curve by 100-fold (Nakajima et al 1992, fig. 4). Therefore, we
multiplied the concentration of GTP in excised membrane patch data by 100 to
reproduce the GTPi-dependence of whole cell Kacn currents. Also in the inside-
out patch experiments with the high chloride internal solution, GTP; induced
significant. Kacy channel activity in the absence of external ACh (figure 3a,
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Figure 3. Voltage-dependent relaxation of Kacy, current. (a) The relationship between Kacy,
channel open probability (NP,) and GTP concentration in the presence of different, concentrations
of ACh. Symbols represent data from Ito et al (1991) and lines represent data obtained from the
new model. See text for further details. (b) Voltage-clamp single cell current recordings of voltage-
dependent relaxation. Single rat atrial cells were subjected to the voltage-clamp protocol inset.
Experiments were conducted in the presence of two different concentrations of AChy and 3 uM
intracellular GTPYS. (¢) (i) Normalized Ky, current relaxation traces for 0.1 and 0.3 uM ACh.
(ii) Equivalent currents simulated by the model. (iii) Time constants of Kacy current relaxation.
Symbols represent experimental data and lines represent the results from model simulation. (d)
The relationship between the relative Kacp channel availability (NP,) and prepulse voltage.
Experimental data (dots) and simulated results (lines) are shown for ACh concentrations of
0.1 and 0.3 uM.

open diamonds; Nakajima et al 1992, fig. 7). In whole cell recordings there
was no detectable Ky, current in the absence of ACh, since in the absence
of ACh the G-protein cycle should not be activated at all. Since the basal
Kacy current, presumably due to the high chloride, is difficult to separate from
the inside-out experimental data, only in this calculation we instead increased
the [ACh] in experimental data by an equivalent of 0.01 uM to reproduce
the experimental response to GTP in the absence of ACh (figure 3a, open
diamonds) and then multiplied [ACh] by a fitted parameter of a multiplier r
(1.44) to represent a lower sensitivity to ACh in whole cell recording. With
these conversions, the model quantitatively reproduced the experimental data
for the relationships between K ey, channel activity and GTP; at various [ACh],
(hgure 3a, lines).
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Figure 4. Time-dependent development of K4y, current relaxation. (a) Voltage-clamp single cell
current recordings from rat atrial cells obtained during a voltage step to —100 mV following a
prepulse voltage step to +-40 mV of variable duration (22-1306 ms) in cells exposed to either three
different concentrations of AChg or 3 pM intracellular GTPyS ((i) 0.1pM, (i) 0.3 uM, (iil) 3uM,
(iv) GTPyS). (b) (i,ii) Superimposed traces of relaxation currents recorded in the presence of
two concentrations of ACh following prepulses of different durations. These currents have been
normalized to data recorded in the presence of intracellular GTPvS. (iii,iv) Equivalent currents
- generated by the model.

(ii) Voltage and time dependence of the K4cy, current

Voltage- and time-dependent characteristics of the Ky, current are revealed
by the phenomenon of relaxation. The experimental relaxation behaviour of K yap,
current at various [AChly is shown in figure 3b. The preconditioning voltage
steps from —100 mV to +40 mV (in 10 mV increments) were applied for 1s and
followed by a test voltage step (2s in duration) to —100 mV. During the test
voltage step relaxation is the slow increase in Kaey, current which is observed
following a prior instantaneous depolarization (figure 3b). This represents the
recovery from a time- and voltage-dependent reduction of Ky, current which
results from Ca?™ entry and Ca?*-CaM stimulation of RGS proteins which
accelerate the GTPase activity of the GPCR (Ishii et al 2001, 2002). One
characteristic of relaxation is voltage dependence: more of the Kyo, current
shows relaxation as the prepulse is depolarized. Another characteristic is that
relaxation is reduced as [ACh]y is increased. GTPvS, a non-hydrolysable GTP
analogue, also abolished the relaxation behaviour. The time-dependent current
change in GTPyS-loaded atrial cells represented the intrinsic gating of Kacy
channels.

To extract the character of relaxation, the experimental currents showing
relaxation with 0.1 and 0.3 pM ACh were normalized to that evoked by GTPvyS
(figure 3¢(i)). The equivalent simulated Kaey currents using the improved
integrated model are shown in figure 3¢(ii). The relaxation is generated by
the voltage-dependent facilitation of GTPase activity of Gk, due to RGSs.
Therefore, we incorporated this process in ks of the Gy protein cycle model by
formulating ks as a function of the membrane potential (table 1, k: see 62 for
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