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Unloading Causes Rapid Bone LossUnloading Causes Rapid Bone Loss

Bed-Ridden Patients 
Astronauts

M h i ?
Osteoporosis

Mechanism?
Osteoporosis



骨形成と骨吸収

Continuous PTH
Hyperthyroidism

Physiological (black) and pharmacological (pink) stimulators and inhibitors of 

Determinants of skeletal homeostasis and bone mass
(Harada & Rodan, Nature 2003)

bone formation and resorption



骨芽細胞と破骨細胞の
共同作業の場

骨芽細胞骨芽細胞

破骨細胞



骨芽細胞骨芽細胞



破骨細胞



破骨細胞破骨細胞



破骨細胞の骨吸収破骨細胞の骨吸収
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破骨細胞は細胞骨格により閉鎖腔破骨細胞は細胞骨格により閉鎖腔
を構成する
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破骨細胞により形成された
骨吸収窩骨吸収窩
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骨芽細胞・破骨細胞による骨の骨芽細胞・破骨細胞による骨の
リモデリングの進行リモデリングの進行
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Remodeling / Mechanical Stress



After Unloading Condition

H d D B d R tHead-Down Bed Rest  
Space Flightp g

Muscle Sympathetic 
Nerve Activity

Mano et,al. 2003. A physiol scand.



β-Adrenargic Antagonist
NE

Guanethidine

NENE=Norepinephrine Propranorol
β-Adrenergic 

ReceptorsReceptors

Bone MassBone Mass
Takeda et,al. 2002, Cell.



β-Adrenargic Agonist
NE

NE NE=NorepinephrineIsoprotelenol p pIsoprotelenol
β-Adrenergic 

ReceptorsReceptors

Bone MassBone Mass
Takeda et,al. 2002, Cell.



Osteoblasts ExpressOsteoblasts Express 
β-Adrenergic Receptors

β-AR Nerve ending

OsteoblastsOsteoblasts

Togari et,al.1997, Neuroscience Letters.
Takeda et,al. 2002, Cell.



Hind Limb UnloadingHind Limb Unloading

Formation byResorption by Formation by 
Osteoblasts

Resorption by 
Osteoclasts

Bone Mass



Hind Limb UnloadingHind Limb Unloading

?Sympathetic Nervous System ?

Formation byResorption by Formation by 
Osteoblasts

Resorption by 
Osteoclasts

Bone Mass



To address whether the sympathetic nervous 
t i i l d i l di i d d bsystem is involved in unloading-induced bone 

loss by using pharmacological modulators.



A i l 129 C57BL/6 10 15 W k Old M l MiAnimals: 129 , C57BL/6 10-15 Week-Old Male Mice
Unloading:Hind Limb (tail) Unloading Model
Bone Volume: 2 Dimensional μCT

(2DCT)( )
Bone Density: Dual Energy X-ray Absorptiometry   

(DEXA)(DEXA) 
Bone Resorption: Deoxypyridinoline in Urine
B F ti E Vi N d l F tiBone Formation: Ex Vivo Nodule Formation 

Assay in Bone Marrow Cells



Tail suspension modelp
Adult mice
2 weeks



Sympathetic 
Nerve

GuanethidineNE

NEβ-Adrenergic 
ReceptorsReceptors

Bone Mass



β-Antagonist Guanethidine Treatment

Animals: 15 week-old male 

β Antagonist Guanethidine Treatment

129 mice

day0 12h                            day13 day14
Hindlimb Unloading

Vehicle         Load Loading            
Unload                    Unloading

Guanethidine Load             Loading
(20μg/g b.w/day) Unload Unloading(20μg/g b.w/day) Unload                  Unloading



GuanethidineGuanethidine SuppressedSuppressedGuanethidineGuanethidine Suppressed Suppressed 
UnloadingUnloading--Induced Bone LossInduced Bone Loss
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Sympathetic 
Nerve

NE

PropranololNEβ-Adrenergic 
ReceptorsReceptors

Bone Mass



β-Antagonist Propranolol Treatment

Animals: 10 week-old male 

β Antagonist Propranolol Treatment

129 mice

0                                                10(day)
Hindlimb Unloading

Vehicle             Load Loading            
Unload               Unloading

Propranolol I.p Load             Loading
(20μg/g b w /day) Unload Unloading(20μg/g b.w /day) Unload Unloading
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PropranorolPropranorol SuppressedSuppressedpp pppp
UnloadingUnloading--Induced Bone LossInduced Bone Loss
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PropranorolPropranorol Suppressed Suppressed 
UnloadingUnloading--Induced Bone LossInduced Bone Loss
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S h iSympathetic 
Nerve

NE

Isoprotelenol NE β-Adrenergic 
ReceptorsReceptors

Bone Mass



β-Antagonist Isoprotelonol Treatment

Animals: 12 week-old male 

β Antagonist Isoprotelonol Treatment

C57BL/6 mice

0                                             10 (day)
Hindlimb Unloading

Vehicle               Load Loading            
Unload              Unloading

Isoprotelonol I.p Load             Loading
(6μg/g b w /day) Unload Unloading(6μg/g b.w /day) Unload Unloading



IsoproterenolIsoproterenol DecreasedDecreased
B l L l f B MB l L l f B MBasal Level of Bone MassBasal Level of Bone Mass
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Bone Formation MarkerBone Formation Marker



Osteoblast parameter

Parameter; Bone Formation Rate (BFR); 骨形成速度
Mineral Apposition Rate (MAR); 骨石灰化速度Mineral Apposition Rate (MAR); 骨石灰化速度

MAR (μm/day)

Bone surface

Calcein
labelingMAR X days

(Parfitt et al., J. Bone Miner. Res. 1987)



Osteoblast parameter

BFR=MAR X (sLS/2+dLS) /BS (mm3/mm2/day)

BS; Bone surface

sLS; Single 
labeled surface
dLS; Double 
labeled surface

(Parfitt et al., J. Bone Miner. Res. 1987)



Osteoblast parameter

BFR=MAR X (sLS/2+dLS) /BS (mm3/mm2/day)

BS; Bone surface

sLS; Single 
labeled surface
dLS; Double 
labeled surface

(Parfitt et al., J. Bone Miner. Res. 1987)



(a)

(b)

y) 6
7
8 * 

M
A

R
 (μ

m
/d

ay

1
2
3
4
5
6

Propranolol

(c) ) 0 7 *

Load  Unload Load  Unload
Vehicle        Propranoｌol

0
1

(c)

M
S 

(r
el

at
iv

e 
ra

tio
)

0 2
0.3
0.4
0.5
0.6
0.7 * 

Load  Unload Load  Unload
Vehicle        Propranoｌol

M

0
0.1
0.2

(d)
*  

2
3
4
5

(μ
m

3/
μm

2/
da

y）

p

Load  Unload Load  Unload
Vehicle        Propranolol

0
1
2

B
FR

 



(a)

(b)
* 

6
7
8

M
A

R
 (μ

m
/d

ay
)

1
2
3
4
5
6

Guanethidine

Load  Unload Load  Unload
Vehicle       Guanethidine

0
1

(c)

S 
(r

el
at

iv
e 

sc
al

e)

0 3
0.4
0.5
0.6
0.7 *  

Load  Unload Load  Unload
V hi l G thidi

M
S

0
0.1
0.2
0.3

(d)

m
3/
μm

2/
da

y） *
3
4
5

Vehicle       Guanethidine

B
FR

 (μ
m

Load  Unload Load  Unload
Vehicle Guanethidine

0
1
2



I t lμm
/d

ay
)

4
5
6
7
8

*

Isoproterenol

M
A

R
 (μ

Load Unload Load Unload
0
1
2
3
4

at
io

)

0 6
0.7

*

Load  Unload Load  Unload
Vehicle       Isoproterenol 

M
S 

(r
el

at
iv

e 
ra

0 1
0.2
0.3
0.4
0.5
0.6

Load   Unload Load  Unload
Vehicle         Isoproterenol

0
0.1

(μ
m

3/
μm

2/
da

y）

*

1
2
3
4
5

Load  Unload Load  Unload
Vehicle       Isoproterenol 

B
FR

 

0
1



Nodule FormationNodule Formation



Bone Formation AnalysisBone Formation Analysis
Ex Vivo Nodule Formation (Bone Marrow Cells)Ex Vivo Nodule Formation (Bone Marrow Cells)
• Plating Density  7.5x105 cells / cm2

day 21day0

Ascorbic acid:50g/ml
β-Glycelophosphate:10mMy
FBS:10%
Anti bio mix:1%Anti bio mix:1%



PropranorolPropranorol Prevented UnloadingPrevented Unloading--pp gg
Induced Repression of Bone FormationInduced Repression of Bone Formation
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GuanethidineGuanethidine Prevented UnloadingPrevented Unloading--
Induced Repression of Bone FormationInduced Repression of Bone FormationInduced Repression of Bone FormationInduced Repression of Bone Formation
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IsoproterenolIsoproterenol
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Bone Resorption MarkerBone Resorption Marker



ββ--antagonists antagonists PropPropanololanolol and and GuanethidineGuanethidine SuppressedSuppressed
UnloadingUnloading--Induced Enhancement ofInduced Enhancement ofUnloadingUnloading--Induced Enhancement of Induced Enhancement of 

Osteoclast Number and SurfaceOsteoclast Number and Surface
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ββ--agonist agonist Isoproterenol Isoproterenol Increased OsteocIncreased Osteocｌｌast ast 
Number and Surface as Unloading ConditionsNumber and Surface as Unloading Conditions
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Urinary PyridinolineUrinary Pyridinoline
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S th tiSympathetic 
Nerve Dopamine

NE
Beta
Hydroxylase +/-

NE

β-Adrenergic 
Receptors



薬剤によらない
Geneticsからの 検討Geneticsからの 検討
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薬剤によらない
Geneticsからの 検討

Dopamine
Beta

Geneticsからの 検討

培養骨芽細胞の石灰化
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Hind Limb UnloadingHind Limb Unloading

Sympathetic Nervous SystemSympathetic Nervous System

Formation byResorption by Formation by 
Osteoblasts

Resorption by 
Osteoclasts

Bone Mass



Unloading/Sympathetic Toneg y p
Systemic
C t lControl

IntegrinsIntegrins
Growth
FactorsFactors

Osteoblasts

Osteoclasts


