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Effects of different intensities of jumping exercise on structures of femoral cortical bone and periosteum in rats
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Abstract
　Structural changes of a periosteum at the central and distal portions of femur caused 

by jumping exercises under various conditions were investigated by relating to a change 

of the bone matrix in this study.

　Seven-week-old male rats （wistar strain） were used as materials, and were divided into 

two groups （experimental group: EX, and control group: CO）.  Furthermore, EX divided 

into three subgroups that jumped at 30, 45 or 90% of maximal jumping height of each rat.  

Each EX accomplished jumping exercises in each heights, 100 times/day, 5 days/week, 

for 4, 7 or 14 days, and CO was fed ordinarily for same days as each EX.  After each 

experimental period, samples from distal 2/5 （central） and 1/4 （distal） portions of femur 

were excised, and were observed histologically and measured bone morphometrically.

　Compaction of the cortical bone was advanced accompanied with increase in exercise 

intensity at the central portion.  Oppositely, active osteoid formation was recognized at 

the distal portion.  Osteoid formation was activated at the periosteum side of central and 

distal portions.  Compaction of the cortical bone was found only at the central portion, and 

expansion of Howship’s groove was observed only at the distal portion.  The periosteum 

showed acute increase in the thickness of the osteogenic layer and then returned to its 

original thickness.
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　From these results, it was understood that the jumping exercise at the various 

intensities caused characteristic changes to the bone matrix but little effects were given 

to the thickness of the periosteum.
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Introduction
　It is commonly known that mechanical loading promotes a bone formation.  In previous 

studies, it was reported that a bone mineral density was correlated with extent of 

exercise and weight1, 2）, and a thickness of a cortical bone and a trabecular bone density 

of a cancellous bone increased by growth3, 4）.  It has been also recognized that a simple 

exercise like a muscle training is effective on an improving the bone mineral density in 

experiment using human subject5）.  However, it has been discussed how a mechanical 

stress causes bone modeling, remodeling and what type of exercise makes a promotion 

of bone formation6-8）.   It is showed that the mechanical loading to the bone affects to a 

bone mass and a bone strength affect9）.  It has been cleared that osteocytes existing in 

a bone matrix plays roles as a sensor of the mechanical loading and a control tower of a 

bone forming10-17）.  In the study of bone resorption suppression system by exercise, there 

was a report on the induction of osteoclast apoptosis through increased expression of 

transforming growth factor-β （TGF-β） , osteoprotegerin （OPG） by tension stimulation18）.  

It was reported that an apoptosis of a osteoclast induced by developments of TGF-β and 

OPG accompanied with tensile stimulation.   It is thought that a microdamage appears 

in a fragile bone selectively, causes the bone remodeling by the osteoclast and results in 

a replacement to a new bone unit19, 20）.  As described above, osteocytes, osteoblasts and 

osteoclasts are respond flexibly to the mechanical loading and a mechanism of them has 

been gradually cleared21）.

　High impact exercises such as gymnastics and/or ball games （basketball, volleyball 

and squash, etc.） improve the bone mineral density22-24） and it was showed actually that 

distinct effects on the bone mineral density were found in calcaneus and tibia, not in 

radius25）.  To the contrary, little effects of the exercise on the bone mineral density were 

found by low impact exercises such as walking, running and swimming （diving）22-24）.  As 

an example of a high impact exercise, it was reported, in a clinical study about young 

women, that a maximum jumping motion of 10-times a day, 3 days a week increased the 

bone mineral density of the lumbar vertebra and femoral neck26）.  There were reports 
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that 5-times-jumping was enough to increase the bone mass and the bone strength in 

young rats27）.  Therefore, it was speculated that the high impact exercise was effective to 

increase in the bone mass and the bone strength but more repetitions wasn’t necessary.

　The periosteum is an important tissue playing a central role in bone development and 

formation28-30）.   It has thought that the periosteum is divided into the outer and inner 

layer, the outer layer covered the bone surface and contributed to maintenance of bone 

strength31）, and pluripotential mesenchymal cells existing in the inner layer differentiate 

to osteoblasts32）.  Structural changes in the periosteum and the cortical bone by the 

jumping exercise hasn’t been investigated in detail.  In this study, the structural changes 

of the periosteum at the central and distal portions of femur caused by the jumping 

exercise under various conditions were investigated by relating to a change of the bone 

matrix.

Materials and methods
Animals and tissue collection site

　Seven-week-old male rats （wistar strain） were used as materials, and were divided 

into two groups （experimental group: EX, and control group: CO）.  Furthermore, EX 

divided into three subgroups that jumped at 30, 45 or 90% of maximal jumping height 

after jumping heights of each rats were measured at their maximal effort.  Each EX 

accomplished jumping exercises in each heights, 100 times/day, 5 days/week, for 4, 7 or 

14 days, and CO was fed ordinarily for same days as each EX.  After each experimental 

period, samples from distal 2/5 （central） and 1/4 （distal） portions of femur were 

excised, and were cut in horizontal, frontal or sagittal directions.  Those specimens were 

embedded in paraffin wax or resin by ordinary methods, were cut and stained by various 

methods and were observed histologically and measured bone morphometrically （Fig. 1）.

Mechanical loading experiments

　Each EX jumped in according to methods of Umemura et al.27）  The maximal jumping 

height in each rats were measured at the start of the experiments, were re-measured at 1 

and 2 weeks after that, and mechanical loads in each rats were corrected weekly.

Collection of the specimen and fixation

　Rats were anesthetized deeply by aspiration of carbon dioxide gas, and euthanized 

before sampling.  Soft tissues containing skin and muscles were removed from hind 
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limbs, without damage to a periosteum, after concerning cardiac arrests.  Samples that 

thicknesses were 2-3mm were excised from distal and central portions of right femurs 

after their morphologies were measured by caliper exactly.  They were immersed in 

Karnovsky’s solution containing 5% glutaraldehyde and 4% paraformaldehyde at 4 ℃ in 

overnight, and immersed and kept in 0.1M cacodylate buffer containing 0.2M saccharide 

until proceeding next step of sample preparation.  Using left hindlimbs, specimens that 

length were about 7mm were excised, cut in direction of frontal and sagittal, and were 

rapidly fixed by 4% paraformaldehyde at 4℃ .  

Preparation of undecalcificated resin-embedded specimens

　The samples excised were dehydrated by alcohol series consisting of 70, 95, and 100% 

ethanol, and were similarly immersed to acetone, at the vacuum condition （20 minutes 

× 2 times）.  Thereafter, they were immersed to mixed solution of acetone and Rigolac 

resin （1:1, 1:3, 1:7）, were embedded in Rigolac resin （one day, twice）, were polymerized 

at 37, 45, 55 and 60℃ for one day per step.  Polymerized specimens were trimmed by a 

Bandsaw and they were carefully ground until 100μm thickness by the abrasive film.  

Those specimens were etched by 1N hydrochloric acid, were stained by toluidine blue 

and were observed with a light microscope.

Preparation of decalcified semi-ultrathin sections

　Fixed samples were decalcified by 8% EDTA solution for 21-35 days （pH 7.4, 4 ℃）.  

Samples pre-fixed by Karnovsky’s fluid were, after decalcification, post-fixed by 1% 

osmium tetroxide in 0.1M cacodylate buffer （pH 7.4） for 4 hours at 4℃ .  Those samples 

were dehydrated by method described above, were cleared by the acetone and were 

Fig. 1　Description of the diameter and face
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embedded in epoxy resin.  Semi-thin sections were cut using those resin blocks, were 

stained by toluidine blue, and were observed with the light microscope.

Preparation of decalcified paraffin-wax embedded specimens

　Samples fixed by 4% paraformaldehyde solution were decalcified and embedded in 

paraffin-wax, in accordance with ordinal methods. 

Statistical analysis

　Data were analyzed by two-way layout ANOVA for exercise intensity and exercise 

period, and their interaction.  Post multiple comparisons were performed using the 

Bonferroni test.  SPSS Statistics software （Version 24, SPSS Inc., Chicago, IL, USA） was 

used for the analyses and P < 0.05 was considered to be statistically significant.

Results
Body weight

　No significant differences were found in body weight of each group at 7 days, but a 

significant difference was recognized at 4 and 14 days.  The body weight of CO was lesser 

significantly than EX30 and EX45 at for 4-day-groups and higher significantly than the 

other EX at 14 days. （Fig. 2）

Bone morphometric analyses
Comparison of the Long and a short axis

　When comparing there were compared for the length of long and short axes of 

transversal sections at the central and distal portions of the femur in each group, 

Fig. 2　The Body weight in each group（＊:p<0.05,　＊＊:p<0.01）
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no significant differences were observed in the length of the long axis at the central 

portion between any groups in 14-day-groups.  However, those of EX30 and EX90 were 

significantly longer than CO in the distal portion （Fig. 3）.  As for the length of short 

axes of that, significant differences were observed at the central and distal portions, and 

all of EX showed higher values than CO in only 14-day-groups.

Comparison of the thickness of the periosteum

　Significant differences in thickness of periosteum were found at the anterior face of 

femur only at 7-day-group and weren’t in other groups.  No significant differences in the 

periosteum were recognized fundamentally at the posterior face of that, except for 14-day-

groups （Fig.4）.  Concerned to medial and lateral faces of that, significant differences in 

thickness of the periosteum were found at the lateral face in 4 and 14-day-groups but 

other groups showed non-significant difference at both medial and lateral faces （Fig. 5）.  

Fig. 3　The Bone morphometric analysis（＊:p<0.05,　＊＊:p<0.01）
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Histological observations

　We observed all sections of central and distal portions of femurs in every groups.  As 

a result, obvious differences in histological structures were recognized at posterior and 

medial face in 14-day-groups, compared to 4 and 7-day-groups.  Therefore, data of them 

were used for morphological analyses in this study.  Thick osteoid were formed below the 

periosteum in both the posterior and medial site at the central portion, accompanied with 

the increase in the exercise intensity.  Blood vessel lumens were narrowed in the cortical 

bone, and the bone matrix was indicated compaction （Fig. 6）.  At the distal portion, 

unlike the central portion, along with the exercise intensity increases, significant bone 

resorption from periosteal side was confirmed （Fig. 7, yellow arrowhead）, and vascular 

cavities had many occurrences in the periosteum side of the compact bone.  Many bone 

resorption images were observed at below the periosteum and the blood vessel cavities 

were formed and expanded at the distal portion accompanied with that （Fig. 7）.  To 

Fig. 4	 Thickness of the periosteum morphometric analysis, anterior and posterior face

	 （＊:p<0.05,　＊＊:p<0.01）
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confirm the change in the details of the periosteal tissue, with respect to the tissue of 

the central portion of the femur, by creating a decalcified semi-ultrathin sections were 

observed under a light microscope （Fig. 8）.  Thickness of the periosteum of the medial 

face increased at the central portion in EX30 of 4-day-groups and decreased until a same 

level of CO in 14-day-groups.  Furthermore, at that face, a bone forming layer of the 

periosteum thickened especially and an extent of cell aggregation was same as CO.

Discussion

　Structural changes of a periosteum at the central and distal portions of femur caused 

by jumping exercises under various conditions were investigated by relating to a change 

of the bone matrix in this study.

　Body weight of CO increased gradually with growth and was higher level than any 

Fig. 5	 Thickness of the periosteum morphometric analysis, medial and lateral face

	 （＊:p<0.05,　＊＊:p<0.01）
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groups of EX in 14-day-groups （Fig. 2）.  This result agreed with observations of Rabey 

et al.33） that made mice running or climbing.  It was thought that there were little effects 

of the body weight on the bone formation, because the body weight of EX didn’t increase 

necessarily.

　Significant differences in diameters of the femurs were found between CO and EX only 

in 14-day-groups （Fig. 3）.  No significant differences were recognized in data concerned 

to morphology of muscle-attaching potion at the experiment of a treadmill running or 

climbing using mice33）.  

　The periosteum of the femur was thin at the center portion, to the contrary, was 

thick at the distal portion, and these results were agreed with results of Fan et al.33, 34）.  …

Furthermore, it was reported that the thickness of the periosteum of rat’s femur 

decreased with growth33）.  Same results were also obtained in this study, it was supposed 

that increase in thickness of the periosteum with growth was physiological change simply 

（Fig. 4 and 5）.  

　Compaction of the cortical bone were found accompanied with increase in exercise 

Fig. 6	� Structural changes in the cortical bone of the central portion for 14 days 

（Undecalcificated resin-embedded specimens, toluidine blue stain, Red 

arrowhead: blood vessel lumens, Yellow arrowhead: osteoid）
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Fig. 8	� Differences in the periosteum of the medial face （Decalcificated semi-ultrathin 

sections, Toluidine blue stain, White arrowhead: undifferentiated cell, Black 

arrowhead: osteoblast cell, White arrowed line: fibrobrast cell）

Fig. 7	� Structural changes in the cortical bone of the distal portion for 14 days 

（Undecalcificated resin-embedded specimens, toluidine blue stain, Red 

arrowhead: blood vessel lumens, Yellow arrowhead: bone resorption）
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intensity at the central portion （Fig. 6）.  Oppositely, active osteoid formation were 

recognized at the distal portion （Fig. 7）.  Osteoid formation was activated at the 

periosteum side of central and distal portions.  Compaction of the cortical bone was 

found only at the central portion and expansion of Howship’s groove was observed only 

at the distal portion.  The cortical bone showed porous structures but was going to be a 

compact bone3）.  It was thought that this change was due to mechanical reaction of the 

bone accompanied with increase in body weight and activity36, 37）.  Obvious compaction 

of the cortical bone was recognized at the central portion by increase in the exercise 

intensity in this study.  This result suggested that mechanical loading affected the cortical 

bone formation.  It was suggested that process of healing was different between diaphysis 

and metaphysis, from the report investigating the healing process by drug after bone 

injury38-40）.  This was assumed to be resulted from difference in cell reaction to mechanical 

loading between central and distal portions.

　It was supposed that little changes in the thickness of the periosteum were observed 

because it didn’t resist to mechanical loading directly.  It might be that changes in blood 

circulation and releasing of growth factor from muscle tissue by exercise stimulation gave 

an acute influence on the periosteum （Fig. 8） because rich vessels and many sensory 

nerves existed in the periosteum28-30）.

　From these results, it was understood that the jumping exercise at various intensities 

caused characteristic changes in the bone matrix structures but little effects gave to 

the thickness of the periosteum.  Furthermore, these findings could be contribute to 

understanding of mechanism of pathological condition, that is, shin splints, tibial stress 

fracture and medial tibial stress syndrome（MTSS）.

Conclusion

　It was understood that the jumping exercise at the various intensities caused 

characteristic changes to the bone matrix but little effects was given to the thickness of 

the periosteum.
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要　旨
　本研究では、異なる条件の跳躍運動によってもたらされる大腿骨中央および遠位部の骨膜

の構造変化に骨基質の変化を関連づけて検討することを目的とした。

　材料として 7 週齢のウィスター系雄性ラット 48 匹を用い、それらを跳躍運動群（EX）

および対照群（CO）に分類した。EXは、さらに最大跳躍高の 30、45 または 90％の高さで

跳躍運動する 3 群に分けた。各EXは、それぞれの高さの跳躍運動を、100 回/日、5 日/週、

最大 14 日間行わせた。またCOも同様の期間を通常飼育した。実験期間終了後、大腿骨の

遠位 2/5 部（中央部）ならびに 1/4 部（遠位部）の各種標本を作製し、組織学および形態

学的に観察した。

　運動強度の増加に伴って中央部では緻密化が確認され、遠位部では活性化した類骨が形成

されていた。類骨形成は中央および遠位部ともに骨膜側で活性化していた。皮質骨の緻密化

は中央部のみに見られ、ハウシップ窩は遠位部のみに観察された。骨膜は一過性に骨形成層

の厚さを増し、その後は元の厚さに戻った。

　これらの結果から、異なる強度の跳躍運動は、骨基質に特徴的な構造変化をもたらすのに

対し、骨膜の厚さにはあまり影響をもたらさないことが理解された。

キーワード：　跳躍運動、加重負荷、皮質骨、骨膜


