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ABSTRACT

Bisphosphonates are commonly used for the treatment of bone disorders such as osteoporosis; however, the mechanism by which
they affect the dynamics of living mature osteoclasts in vivo remains unknown. Here, we describe the short-term effects of different
bisphosphonates on controlling the bone resorptive activity of mature osteoclasts in living bone tissues of mice using intravital two-
photon microscopy with a pH-sensing chemical fluorescent probe. Three types of nitrogen-containing bisphosphonates,
risedronate, alendronate, and minodronate, inhibited osteoclastic acidification during osteoporotic conditions just 12 hours after i.v.
injection. Among the three types of drugs, risedronate was the most effective at increasing osteoclast motility and changing the
localization of proton pumps, which led to an inhibition of bone resorption. Together, these results demonstrate that the intravital
imaging system is a useful tool for evaluating the similarities and differences in currently used antibone resorptive drugs. © 2018
The Authors JBMR Plus published by Wiley Periodicals, Inc. on behalf of American Society for Bone and Mineral Research.

KEY WORDS:

Introduction

isphosphonates (BPs) inhibit the bone resorption of
Bosteoclasts and are widely used for the treatment of
bone-resorptive diseases, including osteoporosis, Paget disease,
and metastatic cancer.” More potent nitrogen-containing BPs
(N-BPs), such as risedronate, alendronate, and minodronate,
have recently been synthesized and have been shown to reduce
the incidence of fractures in clinical trials. N-BPs strongly bind to
the surface of the bone mineral, hydroxyapatite (HAP), and act
by inhibiting the enzyme, farnesyl pyrophosphate synthase
(FPPS).2? Bps with different binding affinities differ in their
diffusion within the bone and uptake by osteoclasts, resulting in
different therapeutic actions in vivo.”) These properties affect
the potency and side effects of the drug in clinical use; therefore,
they are of great interest to researchers and clinicians.

The exact localization of BPs within bones, as well as the ability
of osteoclasts to take up BPs, has been well-studied. Previous
studies using radioactive isotopes reported that radiolabeled
BPs localized to bone tissues and were taken up by osteoclasts
within 24 hours after treatment in animal models.®~” Another

study using a fluorescent BP analogue also reported the
localization of BPs on the bone surface and its cellular uptake
by osteoclasts.® However, it is still unknown when BPs actually
affect the dynamics of mature osteoclasts and inhibit bone
resorption in vivo.

We recently established a new system for visualizing
fluorescently labeled mature osteoclasts in intact bone tissues
using intravital two-photon microscopy and identified different
functional subsets of living mature osteoclasts from “static-bone
resorptive (R)” to “moving-nonresorptive (N)."'% Using this
system, we found that the application of risedronate for 5 days
reduced the total number of mature osteoclasts tightly attached
to the bone surface, with many of the remaining cells
representing an increase in the N population. We also developed
a pH-sensing chemical probe, pHocas-3, which emits green
fluorescence in acidic environments and enables the visualiza-
tion of the local site of bone resorption in real time.""

In this study, using an intravital two-photon imaging system
to visualize the in vivo behavior of mature osteoclasts, we
analyzed the time-dependent effects of N-BPs on osteoclast
dynamics in vivo and showed that they change osteoclast
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morphology and inhibit bone resorption in living bone tissues
within a short period after administration.

Materials and Methods

Mice

TRAP-tdTomato mice (C57BL/6 background) and V-type H™
ATPase a3 subunit-green fluorescent protein (GFP) fusion knock-
in mice (a3-GFP, C57BL/6 background) were previously de-
scribed."%'? Female mice (8 weeks of age) were used in all
experiments. Mice were housed at a maximum of three mice per
cage and were randomly chosen for each experiment. All of the
mice were fed a normal diet (Oriental Yeast Co., Ltd., Tokyo, Japan;
MF) and maintained at 23°C+ 1.5°C and 45% + 15% humidity
with a 12-hour light/dark cycle in the specific pathogen-free
animal facility of Osaka University (Osaka, Japan). All animal
experiments were performed according to institutional animal
experimental guidelines under approved protocols from the
Animal Experimental Committee of Osaka University.

Two-photon intravital bone tissue imaging

Mice were anesthetized using isoflurane (Wako Pure Chemical
Industries, Ltd., Tokyo, Japan). The frontoparietal region of the
skull bone was exposed, and the internal surfaces of bones were
observed using two-photon microscopy.'® The imaging system
was composed of a Nikon upright two-photon microscope (A1R-
MP) equipped with a 25x water-immersion objective (APO, N.A.
1.1; Nikon, Tokyo, Japan) and a Carl Zeiss upright two-photon
microscope (LSM 780 NLO) equipped with a 20x water
immersion objective (W Plan-Apochromat, N.A. 1.0; Carl Zeiss,
Oberkochen, Germany). Both systems were driven by a laser
(Chameleon Vision Il Ti:Sapphire; Coherent, Santa Clara, CA,
USA). Intravital bone imaging experiments for TRAP-tdTomato
mice were performed using a Zeiss two-photon microscope;
spectral images were acquired by specialized internal multi-
photomultiplier detectors. Acquired raw images were subjected
to spectral unmixing with ZEN software (Carl Zeiss) to create
unmixed images that excluded autofluorescence. The excitation
wavelength of 940 nm was used. Experiments for a3-GFP mice
were performed using a Nikon two-photon microscope, and
fluorescent images were acquired by external non-de-scanned
detectors equipped with a bandpass emission filter at 500/
50 nm (for GFP). The excitation wavelength was 930 nm.

Drug treatments

Risedronate (50 pg/kg; EA Pharma Co. Ltd., Tokyo, Japan),
alendronate (100 g/kg; Wako Pure Chemical Industries), or
minodronate (20 pg/kg; Chengdu-D-Innovation Pharmaceutical,
Chengdu, China) dissolved in PBS was administered by i.v. injection
to TRAP-tdTomato or a3-GFP mice, and images were acquired
consecutively. In the experiments for TRAP-tdTomato mice, mice
were ovariectomized 1 month prior to imaging. In the experiments
for a3-GFP mice, GST-RANKL (Oriental Yeast Co., Ltd.; 1 mg/kg in
PBS) was injected intraperitoneally into mice every day beginning 2
days prior to imaging. No adverse events were observed.

Image analysis to track morphological changes in mature
osteoclasts

Cell shapes were recognized by the image analysis software, NIS-
elements (Nikon), and three distinct areas were defined: the initial
time frame (t=0) (A), the final time frame (t=5) (C), and the

overlap between the two time frames (B). The cell deformation
index, which represents the ratio of areas changed during 5 min
divided by that of the previous time frame, was calculated as
(A+ Q)/(A+ B), and was described in detail previously.'?

Image analysis of the bone-resorbing activity of mature
osteoclasts

A pH-sensing chemical probe (pHocas-3) dissolved in PBS was
injected subcutaneously at 7mg/kg body weight daily into
TRAP-tdTomato mice, commencing 3 days prior to imaging.“”
The bone-resorbing ability of osteoclasts was assessed after
image acquisition. Osteoclast areas were binarized and
automatically extracted from the original images. The mean
pHocas-3 fluorescence intensities in osteoclast areas (pHocas-3
signals) and outside these areas (pHocas-3 noise) were
measured. The bone-resorbing index was calculated as the
ratio of the pHocas-3 signal to pHocas-3 noise.

Statistical analysis

All of the data were analyzed using GraphPad Prism software
(GraphPad, San Diego, CA, USA) and are presented as the
mean £ SD. Two-tailed t tests were used to calculate p values. A
p value <0.05 was considered statistically significant.

Results

BPs inhibited osteoclastic acidification within 12 hours
after treatment

First, we examined the short-term effects of a single injection of
N-BPs on the acidification by bone-resorbing osteoclasts in
living bone tissues using intravital two-photon microscopy with
a pH-sensing chemical fluorescent probe, pHocas-3, to detect
local low pH in bone resorption areas on the bone surface in
vivo."V This pH probe was injected subcutaneously into the
osteoporotic mice in which mature osteoclasts were labeled
with a red fluorescent protein (tdTomato). During osteoporosis,
green fluorescent signals from the pH probes overlapped with
most of the mature osteoclasts, suggesting that these cells were
actively secreting protons and resorbing bone tissues in vivo
(Fig. 1A and Supplementary Video 1). Next, risedronate,
alendronate, or minodronate was i.v. injected into the pH
probe-treated mice, and bone tissues were observed 12 and
24 hours later. Compared to untreated mice, at 12 hours after
treatment with risedronate, alendronate, or minodronate, most
of the mature osteoclasts did not overlap with green dots, which
represents a low pH, and the bone-resorbing index levels were
significantly decreased (Figs. 1B, C, D, H and Supplementary
Video 1).In addition, this effect was maintained for 24 hours after
i.v. injection (Figs. 1E, F, G, H). These results indicate that N-BPs
inhibited proton secretion by mature osteoclasts on the surface
of living bone tissues within a short period after treatment.

BPs changed osteoclast motility within 12 hours after
treatment

During the process of bone resorption, mature osteoclasts tightly
adhere to bone surfaces, proton pumps accumulate along the
ruffled border membrane, and then extraordinarily high numbers
of protons are secreted. We previously revealed that changes in
osteoclast motility play an essential role in osteoclastic acidifica-
tion."%"" To examine the effects of N-BPs on osteoclast motility
and the localization of proton pumps, we utilized fluorescent
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Figure 1. Effects of a single injection of bisphosphonates on osteoclastic acidification. (A) Representative images of bone resorption activity in
osteoporotic TRAP-tdTomato mice treated with the pH-sensing chemical probe (pHocas-3). Green fluorescent signals from a high H* concentration (left),
mature osteoclasts (mOCs) expressing TRAP-tdTomato signals (middle), and merged images (right). Scale bar: 50 um. (B-D) Representative images of
bone resorption activity in osteoporotic TRAP-tdTomato mice treated with pHocas-3 at 12 hours after single i.v. administration of risedronate (B),
alendronate (C), or minodronate (D). Green, fluorescent signals from pHocas-3; red, mOCs expressing TRAP-tdTomato. Scale bar: 50 um. (E-G)
Representative images of bone resorption activity in osteoporotic TRAP-tdTomato mice treated with pHocas-3 at 24 hours after single i.v. injection of
risedronate (E), alendronate (F), or minodronate (G). Green, fluorescent signals from pHocas-3; red, mOCs expressing TRAP-tdTomato. Scale bar: 50 um.
(H) Bone resorption index of mature osteoclasts during osteoporotic conditions at 12 and 24 hours after the administration of risedronate, alendronate,
or minodronate. Images were obtained from three independent experiments per group. Data are presented as the mean 4 SD. UNT = untreated;
RIS =risedronate; ALN = alendronate; MINO = minodronate.
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Figure 2. Effects of bisphosphonates on osteoclast motility at 12 hours after treatment. (A-D) Representative images of intravital two-photon imaging of
bone tissues from a3-GFP mice during osteoporotic conditions without treatment (A) and at 12 hours after treatment with risedronate (B), alendronate
(C), or minodronate (D). Green, mature osteoclasts expressing the GFP-fused V-ATPase a3 subunit; blue, bone tissues (second harmonic generation; SHG).
Scale bar: 50 um. (E) Cell shapes were automatically recognized by the image analysis software, and three distinct areas were defined: the initial time
frame (t=0) (A); the final time frame (t = 5) (C); and the overlap between the two time frames (B). The cell deformation index was calculated as (A + C)/
(A + B), which represents the ratio of the area changed during 5 min divided by that of the previous time frame. (F) Cell deformation index of mature
osteoclasts during osteoporotic conditions at 12 hours after the administration of risedronate, alendronate, or minodronate. Images were obtained from
three independent experiments per group. Data are presented as the mean =+ SD. UNT=untreated; RIS =risedronate; ALN =alendronate;

MINO = minodronate.

reporter mice in which GFP is expressed as a fusion protein with the
proton pump, vacuolar type H-ATPase a3 subunit (a3-GFP mice).
Because the a3 subunit is preferentially and abundantly expressed
in mature osteoclasts,"">'¥ a3-GFP mice are suitable for visualizing
mature osteoclast motility and the subcellular distribution of
proton pumps in osteoclasts in vivo. Risedronate, alendronate, or
minodronate was i.v. injected into osteoporotic a3-GFP mice. After
12 and 24 hours, the bone tissues of mice were visualized to assess
the dynamics of GFP* mature osteoclasts and proton pumps
(Figs. 2 and S1). Compared to untreated mice (Fig. 2A and
Supplementary Video 2), risedronate increased the morphological
changes in mature osteoclasts and changed the localization of
proton pumps, representing an inhibition of bone resorption,

which was the most dramatic at 12 hours after treatment (Figs. 2B,
E, F,S1B, E,and Supplementary Video 3). Alendronate also increased
osteoclast motility and changed proton pump localization most
dramatically at 12 hours after treatment, although its effects were
less obvious than those of risedronate (Figs. 2C, F, S1C, E, and
Supplementary Video 4). In contrast, minodronate increased the
motility of mature osteoclasts at 24 hours after injection (Figs. 2D, F,
S1D, E, and Supplementary Video 5).

Discussion

BPs are well-established drugs for the treatment of bone
destructive disorders. Recent studies have reported that
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radiolabeled BPs, including risedronate, alendronate, and min-
odronate, attach to the bone surface within 24 hours after i.v.
injection.®~” Osteoclasts secrete protons on the mineral surface
toresorb bone tissues, resulting in the dissociation of BPs from the
bone surface. This is followed by the uptake of BPs by endocytosis
in mature osteoclasts. Although numerous studies have reported
the pharmacological effects of BPs, it remains unclear when
bisphosphonates are actually effective in vivo. In this study, using
an intravital bone imaging system with a pH-sensing chemical
fluorescent probe, we analyzed the time-dependent effects of
BPs, and showed that risedronate, alendronate, and minodronate
inhibited proton secretion by mature osteoclasts in living bone
tissues just 12 hours after a single administration. In addition to
inhibiting osteoclastic acidification, risedronate was also the most
effective at increasing osteoclast motility and changing the
localization of proton pumps, leading to an inhibition of bone
resorption within a short period after administration.

BPs have similarities and differences in their mechanisms of
action involving their binding affinities with HAP and in their FPPS
inhibitory activities.">'® BPs with different binding affinities have
different relative distributions in bone and cells. These properties
affect the potency and side effects of the drug. For example,
risedronate exhibits a distinctive profile of higher enzyme binding
and is the strongest inhibitor of FPPS compared to other BPs. In
contrast, risedronate has a significantly lower mineral binding
affinity than other BPs.'”) Risedronate is effective on all fracture
types, particularly nonvertebral fractures. This effect may be
explained by its lower mineral affinity, which may enable a wider
distribution within bones. The strong inhibitory action of
risedronate at cellular sites may also contribute to its rapid action
in fractures."® Although imaging techniques can be applied only
to animal models because of technical limitations, our intravital
imaging studies may also explain the reasons why different drugs
have different efficacies and side effects.

Previous studies using conventional bone histological
analyses reported giant mature osteoclasts both in mice and
in patients treated with BPs."2? In accordance with previous
results, we observed large and nonmotile multinucleated
osteoclasts in bone tissues 24 hours after treatment with BPs,
and found that these osteoclasts were not associated with bone
resorption activities (Fig. S1). In response to the inhibitory effects
of BPs, osteoclasts fuse with each other to increase their
activities, suggesting that giant osteoclasts should not be
interpreted as a result of increased bone resorption.

In conclusion, our intravital bone imaging techniques could
be used to study the in vivo action of antibone resorptive drugs
on bone metabolism and provide insights into their effective
therapeutic use for a wide range of bone diseases.
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