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round: Loss of bone and skeletal muscle atrophy resulting from 

1ght-bearing are major concerns associated with microgravity 
.,,ent and spaceflight deconditioning. The objective of th is re­
"as to address the 'undamental issue of whether bone loss and 
atrophy could be attenuated using weight-bearing aerobic exer­

on a treadmill as a countermeasure in rats subjected to simulated 
lessness by hindlimb suspension. Method: Bone and muscle from 
I and hindlimb-suspended groups with and without exercise were 
ted by bone mineral density (BMD), mechanical tests, bone his­
hometry and muscle mass. Results: Femoral BMD of hindlimb­
ed (HS) rats subjected to treadmill exercise was significantly 
than femoral BMD of HS rats without exercise and also was 

lent to that of weight-bearing controls. Muscle mass from HS rats 
sed on a treadmill was significantly greater than muscle mass from 

ats that did not exercse. Exercise did not result in muscle mass 
I to that of controls, however. In addition, histomorphometric 

rs of the metaphysis of the proximal tibia revealed that HS rats that 
sed did not maintain bone formation equivalent to controls. No 
bone parameters were found to vary significantly between groups. 

ions: It was concluded that moderate aerobic exercise on a 
•:I did attenuate bone loss and muscle atrophy due to simulated 
lessness by hindlimb suspension, however its effectiveness dif-

b) tissue, anatomical site and parameter investigated. 
rds: microgravity, bone, muscle, exercise countermeasure, hind­

Su~pension, aerobic, weightlessness, spaceflight. 

T HAS BEEN previously established in numerous 
radiodensitometric and biochemical studies of hu­

bone and bone from other animals that disuse 
alysis, immobilization and weightlessness) and sex 
one deficiency result in loss of bone mass, or dis-

osteoporosis (2,23,27,28,32,39,42). Bone loss in hu­
leads to increased fracture risk and fragility (10). · 
of bone due to microgravity has raised consider­
concern about the increased fracture risk of astro­

ls, especially post-menopausal females. Despite the 
ous implications of bone loss and fracture fragility 
the human skeleton, no countermeasure has been 

lished that would maintain bone mass during pe­
of weightlessness. 

. letal muscle atrophy resulting from non-weight­
~ is one of the major changes associated with 

flight deconditioning (8). Spaceflight decondition-
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ing may produce a loss of skeletal muscle protein con­
tent, strength and overall physical capability during 
long-term missions and difficulty in adaptation to the 
gravitational environment of earth after completion of 
the spaceflight (8). Several countermeasures have been 
tested for their ability to ameliorate or prevent skeletal 
muscle atrophy during microgravity. The countermea­
sure most often investigated is exercise (9,14,16,29,35). 
No exercise countermeasure to date has completely 
prevented muscle atrophy during periods of weight­
lessness (17). 

Exercise has also been found to have a positive effect 
on bone mass. Animal studies that have used treadmill 
exercise protocols have reported increased bone mass 
(5,7,24,26,31,37,44). Treadmill exercise has been shown 
to attenuate bone loss in estrogen-deficient rats 
(7,12,24,36). Calcium content, bone mineral content 
(BMC), and bone mineral density have also been shown 
to increase with exercise in normal and estrogen defi­
cient rats (7,45,46). 

The objective of this research was to address the 
fundamental issue of whether bone loss and muscle 
atrophy could be attenuated using weight-bearing aer­
obic exercise as a countermeasure in rats subjected to 
simulated weightlessness by hindlimb suspension. The 
response of bone and muscle of HS and control rats to 
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continuous treadmill exercise was examined using 
BMD, mechanical tests, bone histology and muscle 
mass. 

METHODS 

Following approval by the Animal Care and Use 
Committee, mature, sexually naive female Sprague 
Dawley rats (age 26 wk) were obtained (Hilltop Lab 
Animals, Scottdale, PA). The rats were randomly as­
signed to four groups (N =8) tested in two series ( =4 
each series): 1) ground-bearing controls, no exercise (C); 
2) ground-bearing, treadmill exercised (CE); 3) hind­
limb-suspended controls, no exercise (HS); and 4) hind­
limb-suspended, treadmill exercised (HSE). Rats from 
each of the groups were housed in identical cages and 
under identical climate and reversed light control con­
ditions (12 hours light, 12 hours dark) . Food and water 
were provided ad libitum and food intake and mass 
were recorded on a daily basis. The rats were each 
given a 7-10 d acclimation period before the start of the 
hindlimb suspension or exercise protocol. 

HS and HSE animals were suspended according to 
established protocols (14). After cleaning and applying 
adhesive (tincture of Benzoin) to the tail, two strips of 
adhesive tape were applied to the ventral and dorsal 
proximal half of the tail, allowing the exposed distal 
half of the tail to properly thermoregulate. The dorsal 
tape was then threaded through a metal connector and 
three strips of tape were loosely applied circumferen­
tially for reinforcement. Gauze sprayed with Chew­
Guard was wrapped around the proximal half of the 
tail to discourage chewing. The animal was then sus­
pended for 21 days at a 30° head-down angle by a 
swivel apparatus in a plexiglass cage measuring 12 x 12 
x 12 in ( 30.S cm3

). The animals had 360° of mobility 
around a central axis, with no weight-bearing by the 
hindlimbs and with ready access to food and water ad 
libitum. In order to facilitate measurement of bone 
growth at the epiphyseal 9rowth plate, all animals were 
labeled with 15 mg · kg- of demeclocycline intraperi­
toneally at the onset of the experiment (46) and with 8 
mg · kg-1 of calcein 24 h before sacrifice. 

Animals were removed from the study if they dis­
played any of the following: 1) excessive weight loss 
(15% weight loss); 2) tail necrosis or excessive discom­
fort; 3) chromodacryorrhea (excessive red tears); or 4) 
excessive hair loss. All four HSE rats in the first series 
were removed from the study as the result of excessive 
weight loss believed to be caused by the combination of 
hindlimb suspension and too much exercise. As a re­
sult, the exercise protocol was modified from daily 
exercise to the 3:1 cycle described below and four ad­
ditional HSE rats were added. One HS rat was also 
removed from the study due to tail necrosis and dis­
comfort. 

The continuous treadmill exercise protocol consisted 
of exercising animals on a treadmill with the suspen­
sion dressing attached to low friction rails to prevent 
the dressings from drag~g. The exercise period was 
increased from 10 min · d-1 in 5 min· d - 1 increments to 
60 min · d - 1

. Based on the average speed of previously 
published protocols, the treadmill was set at a speed of 
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17 m · min- 1 and 0% grade for the entire 
regimen. Lagging animals were encouraged to trai 
microcurrent coil. The rats were exercised in ~~n 
coinciding with the 12-h dark cycle. Throu I e 
21-d period, animais were exercised for 3 con: 10ut 
followed by 1 d of ground-bearing only, equal .ecut 
the exercise period of the previous day. The p~: tin 
the ground-bearing day was to reduce stres po 
animals and prevent overtraining. This 3:1 eye~ 10 

ercise to active rest is identical to the Russian e 0 

cou. 
measure program on MIR (19) chosen to avoid 
lation of weakness and fatigue. accu 

BMD was measured for the left tibias and fe 
each animal. All measurements were done on mt 
DPX-L densitometer (Lunar Corporation, M:d 
WI). The software used was for small animals v 
l.Oc. This was done under the direction of V. Matt 
M.D., of the Ohio State University Bone Study Q 
Research Center, Columbus, OH. Each bo~e 
scanned. f?r area .and bone miner~ content (B\! 
From this informa hon, BMD was denved using BM!, 
BMC/ Area of Scan. 

Bone density of the tibias and femurs was determ, 
using the wet mass and volume of whole bones aca 
ing to Yeh et al. (45). Soft tissue was removed frorr. 
tibias and femurs of all rats and each bone placed 1 

volumetric flask filled with deionized water. The r 
was placed in a dessica tor connected to a vacuum , 
approximately 2 h to remove trapped air from the bi 
The wet mass of the blotted bone was recorded • 
weighed again with the bone suspended by a fine" 
in the water-filled flask. The difference in mass dh ~ 
by the water density was the bone volume. The tt 
density was calculated as milligram wet mass per , 
croliter bone volume. 

The proximal tibias were used to determme tralx 
lar bone volume [Bone Volume (BV)/Total Volv 
(TV)] according to methods proposed by Sogaard ll 
(33) and Tuukkanen et al. (37) The right tibias 11, 

divided at the mid-diaphysis and the proximal u 
bisected in the coronal plane. The sections were sta" 
with Sirius Red and Masson' s trichrome and vi ,, 
under a light microscope (Olympus BH-2). BV /T'i 
the proximal ends was estimated by finding the rail 
trabecular bone over the total area using Image Ar. 
sis Software (Optimas, Edmonds, WA). The rectanb'l 
measurement area was taken from the epiphyseal" 
as the upper limit to approximately 3 mm fro~ 1 
position as the lower limit. In addition, the dist. 
between the epiphyseal growth plate and the denv _ 
cycline label of the proximal tibia was measured · 
An average of five measurements from random fi. 
was taken. Specimens in each group were evalu. · 
histologically; however, histological preparatio~ 

1 

the first series were not suitable for exami.nabon 
were removed from the study. This resulted in 
variation in the number of specimens in Table Ill 

The cross-sectional morphometry of right femur­
measured from a 250-,um thick slice taken frOfll 
mid-diaphysis of each femur using a low-speed 

tide J Each slice was polished and mounted on a s 
viewed under a light microscope. The periosteaJ C'·" 
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LE I. BODY MASS (G) AND FOOD CO SUMPTION (G), 
MEAN (±SD). 

C CE HS HSE 

295.34" 287.10 .. 292.57 295.68. 
(8.83) (9.38) (4.60) (7.80) 

311.53' 304.7· 276.21° 293.80 
(20.41) (16.44) (18.14) (16.51) 

20.01' 20.31' 9.77' 10.98' 
(4.47) (6.00) {4.32) (2.93) 

23.1 26.56" 20.44. 26.73' 
(7.45) (3.79) (7.12) (2.38) 

ed entries are significantly different (p < 0.05) than non-bolded 
with the superscript "a." 

·on area (PA) and the endosteal cross-section area 
) or marrow area were measured using the Image 
ysis Software from which the cortical cross-section 
(CA = PA - EA) was calculated. The length of the 

urs and tibias was also measured for each rat. 
echanical testing was performed to measure break­
load of the femoral neck. The femurs were divided 
e mid-diaph ysis and the mid portion of the proxi­
end embedded in a cylinder 2 cm long and 1.5 cm 

diameter. Using polymethylmethacrylate, the speci­
was inserted into a fixture that allowed the load to 

applied to the femoral neck along an axis parallel to 
shaft on the Materials Tes ting System (Minneapolis, 

servo hydraulic testing machine. The load was 
dually applied at a ra te of 12 mm · min - 1 to the 
oral neck until fracture of the neck occurred accord­
to work by Tuukkanen et al. (37). 
e soleus, plantaris and gastrocnernius muscles of 

hindlimb were rapidly excised after exsanguination. 
tissues were rinsed with cold saline, trimmed of 
s fat and connective tissue, blotted dry and wet 
ed separately. 
biological and mechanical parameters tested were 

yzed to compare the four groups using a one-way 
ysis of variance (ANOV A). Results are expressed in 

of mean ± s tandard error and p < 0.05 was 
'dered significant. Multiple comparison proce-

were also used to examine differences between 
s to determine the effect of hindlimb suspension 

the effect of exercise using Fisher's Least Significant 
rence (LSD). Body mass and food consumption 
also analyzed using a 4 group (C,CE,HS,HSE) x2 

, Post) trial ANOV A with repeated measures on 

ere were no significant differences in any of the 
hies investigated between the four CE rats exer­
daily (first test series) and the four CE rats exer­
on the 3:1 cycle (second test series). Therefore, 

ts from both CE groups were pooled for the sub­
nt statistical analysis. 
erage body mass of control and control exercise 
ps increased over the 21-d test duration (Table I) to 

11, Space, and Environmental Medicine • Vol. 71, No. 6 • June 2000 

TABLE II. MUSCLE MASS (G), MEAN (±SD). 

C HS HSE 
Muscle (n = 8) CE (n = 7) (n = 8) 

Gastroc 1.7701' 1.8764' 1.2549•,b• 1.4492•,b 
(0.1187) (0.0920) (0.1603) (0.1796) 

Soleus 0.1584' 0.16453 0.0922•,b 0.1209•,b 
(0.01 27) (0.0177) (0.0163) (0.0207) 

Plantaris 0.3964' 0.4318' 0.3154' 0.3713 
(0.0486) (0.0590) (0.0375) (0.0774) 

Total 2.3249" 2.4727' 1.6626"·b 1.9347•,b 
(0.1707) (0.1467) (0.1981) (0.2557) 

*Bolded entries are significantly different (p < 0.05) than non-bolded 
entries with the superscript "a." The superscript "b" signifies bolded 
entries that are significantly different (p < 0.05) from one another. 

approximately 105.5% and 106.1 % of initial values, re­
spectively. Average body mass of HSE rats decreased 
over the first 8 d and then increased to a level roughly 
equivalent to initial mass. HS rats without exercise lost 
weight over the entire duration of the test, with a fin­
ishing mass approximately 6% less than starting mass. 
There was a significant (p < 0.0007) difference among 
1rroups with respect to change in body mass over the 
test period. C and CE showed an increase while HSE 
did not change and HS showed a decrease. There was 
also a significant difference in the change in the amount 
of food consumption, with. HS and HSE having a 
greater change (increase) in consumption than C and 
CE. After body mass was linearly adjusted for food 
consumption, there were no significant differences in 
body mass due to hindlimb suspension. 

HSE rats had significantly greater (p <0.05) muscle 
mass than HS rats (Table II, Fig. 1). Exercise did .not 
result in muscle mass equal to that of controls (C and 
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c3 
en 
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Fig. 1 . Total muscle mass (mass of gastro~, plantaris and soleus) in 
hindlimb-suspended rats subjected to aerobic exercise on a treadmill 
(HSE} was significantly greater (p < 0.05) than total m.uscle mass of 
hindlimb-suspended rats without exercise (HS}. Aerobic exercise of 
hindlimb-suspended total muscle mass, however, was less than the 
muscle mass of the control groups. 
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TABLE ill. BONE PARAMETERS, MEAN (±SD). 

Measurement Location C CE HS 

BMD (g · cm - 2
) Femur 0.23848 0.2451· o.2os1•t 

(0.0190) (0.0157) (0.0370) 
8· 8 7 

BMD (g · cm - 2) Tibia 0.2149 0.2106 0.2043 
(0.0154) (0.0191) (0.0156) 
8 8 7 

Growth Plate Distance (µ,m) Proximal 764.5· 684.~ 330.0• 
Tibia (112.0) (64.3) (114.2) 

4 3 5 
TBV (%) Proximal 24.83 27.14 28.69 

Tibia (5.34) (2.78) (3.42) 
4 3 3 

Fracture Load (N) Femoral 12s.1· 114.6 114.0 
Neck (21.3) (24.3) (17.4) 

8 8 7 
Stiffness (N · mm- 1

) Proximal 280.2 312.8 323.0 
Femur (102.0} (40.2) (47.8) 

4 4 3 
Length (mm) Femur 37.18 37.59 36.91 

(0.90) (0.89) (1.18) 
8 8 7 

Length (mm) Tibia 41.06 40.98 40.79 
(1.02) (0.83) (1.20) 
8 7 7 

Cortical Area (mm2
) Femoral 5.71 5.70 5.49 

Mid-shaft (0.94) (0.66) (1.02) 
8 7 7 

Density (g · cm - 3) Femur 1.72 1.67 1.66 
(0.13) (0.07) (0.04) 
8 8 7 

Density (g · cm-3) Tibia 1.68 1.66 1.61 
(0.07) (0.05) (0.04) 
8 7 7 

•Number of specimens, n, are indicated by last row of each measurement. 
tsolded entries are significantly different (p < 0.05) than non-bolded entries with the superscript "a." 

CE), however. BMD of the femur in the HSE rats was 
significantly greater than BMD of HS rats (Table III, 
Fig. 2). HSE rats also maintained BMD equivalent to 
that of weight-bearing controls. 

Histomorphometric analysis of the metaphysis of the 
proximal tibia showed that the distance between the 
epiphyseal growth plate and the distal stained region 
was significantly greater (p < 0.05) in the controls (C 
and CE) compared to the hindlimb-suspended (HS and 
HSE) rats. However, there were no significant differ­
ences between the HS and HSE groups (Table ID). No 
additional bone parameters were found to vary signif­
icantly between groups (Table ID). 

DISCUSSION 

Most of our understanding on the mechanical adap­
tations of human muscle and bone are derived from 
studies conducted on other animals, primarily rats. Rat 
models have been approved by the FDA and are ac­
cepted by the scientific community as a reliable model 
for human bone loss and other human skeletal prob­
lems as it mimics bone loss over short periods of time. 
Morey et al. (21) and Wronski and Morey-Holton (43) 
developed a hindlimb suspension model using the rat 
to simulate the weightless environment of space. The 
hindlimb suspension model, used to remove the 
weight-bearing function of the hindlim.b, has been 
shown to elicit changes in muscle size, biochemistry 
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and function similar to changes associated with sp>, 
flight (13,20). Spaceflight also induces similar fu 
tional, morphological, metabolic and biocherru 
changes in rodents and humans (6). Although rat bi 
is a generally accepted model to study human bone,1! 
clear that there are differences between the behavi 
rat tissue and human tissue (e.g., bone remodeling rat 
which imposes certain limitations to transfer to h 
mans. 

Utilizing the hindlimb suspension model to shit 
changes in skeletal muscle, our results show that m · 
de mass was significantly reduced in HS animals c 
pared to weight-bearing controls. This result is nots 
prising as numerous studies have documented mus. 
atrophy resulting from microgravity or disuse (11,35) 
was also found that even though HSE rats did not r~i 
in muscle mass equal to that of controls, they I\. 
significantly (p < 0.05) greater muscle mass th~ t, 
rats. This finding is also not surprising as the benefib~ 
exercise on muscle have been reported in nume~ 
studies (3,18,34,41). . 

Significant changes were also detected in BMD _m ~-
current study. BMD was significantly reduced ~ ti' , 
rats for the femur and tibia. However, BMD O 

1 femur of HSE rats was significantly greater than tha 
HS rats. HSE rats also maintained BMD equivalent 
that of weight-bearing controls, C and CE. Although · 
do expect a difference between the absolute values, 
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C CE HS HSE 

Group 

2. Bone mineral density (BMD)_in hindlimb-susp~~ded rats sub­
ID aerobic exercise on a treadmill (HSE) was _s1gn1f1cantl~ greater 
OSI than BMD of hindlimb-suspended rats w1thou'. ex:rc1se (HS). 

exercise of hindlimb-suspended rats also maintained BMD 
lent to control groups. 

measurements and measurements made by a 
tometer (30), directly measured density did not 
between groups whereas BMD did. This is yet 
lained; however, it may be related to the accuracy 

lhe technique used to measure density. 
pespite increases in BMD for the whole femur, the 

ral neck fracture load was also not significantly 
nt among the groups. There were also no corre­
between femoral neck fracture load and whole 

BMD and femoral neck fracture load and whole 
density, which may be reflective of the level of 

parison. Femoral neck fracture load depends on 
cal and cancellous bone properties (density) and 
etry at the neck. BMD and bone density measured 

1his study were whole or "global" bone properties 
may not sufficiently reflect femoral neck "local" 
rties that influence fracture load. 

recent study by Vajda et al. (38) reported that the 
·ng strength of spaceflight bone was not signifi-

y different than controls; these results are in agree­
with the current study. Several other studies have 
ligated the influence of treadmill exercise on the 
gth of rat bones (1,22,24,25,33,37). These studies 
te that bone can be strengthened, weakened or 

ected by exercise, depending on the intensity of 
training protocol. 

intensity of the training protocol used in the 
t study, although not measured, would be con­

moderate and would correspond to a relative 
ity of approximately 60 percent of maximum ox-
consumption (Vo2rmx) . Moderate intensity exercise 
a similar duration as used in the present study has 
shown to produce cancellous bone gain and tra-

structure reinforcement (5) whereas strenuous 
g (80% Vo2max) for a much longer duration has 

shown to reduce longitudinal bone growth, in-

, Space, and Environmental Medicine • Vol. 71, No. 6 • June 2000 

duce bone loss and reduce bone strength (4,40). Exercise 
of low intensity has also been shown to be insufficient 
to inhibit bone loss (5). It would appear that running 
17 m · min- 1 for up to 60 min· d - 1 was sufficient to see 
some of the positive benefits of weight-bearing exercise, 
at least on BMD in rats subjected to hindlimb suspen­
sion. The beneficial effect of exercise may also differ in 
young vs. old rats (44). In the present study, the 26-wk­
old rats may respond very ciillerently to training com­
pared with rats only 5 wk old that have not fully 
matured. In addtion, the 3:1 exercise cycle apparently 
reduced stress levels in HSE rats as compared to daily 
exercise. When HSE rats were exercised daily, we elim­
inated nearly every rat in that group due to excessive 
mass loss. However, this problem was eliminated with 
the 3:1 exercise cycle which supports the exercise phi­
losophy on the MIR (19). 

The distance between the epiphyseal growth plate of 
the proximal tibia and the distal stained region was 
significantly greater (p < 0.05) in the control rats (C and 
CE) compared to the hindlimb-suspended rats (HS and 
HSE). There were no significant differences, however, 
between control and exercise groups. Although me­
taphyseal growth was significantly greater in C and CE 
animals compared to HS and HSE in the tibia, the 
growth was small (micrometers) and the BMD of the 
whole tibia was not able to detect any differences be­
tween groups. Histomorphometric analysis of the fe­
mur was not conducted. 

Additional bone parameters measured including 
stiffness of the proximal femur, length of the tibia and 
femur, cortical area of the femoral midshaft and density 
of the tibia and femur did not vary significantly be­
tween groups. It might be expected that bone parame­
ters related to cortical bone would be Jess or undetect­
able over the 21-d period. A recent study (38) using 
flight rats and ground-based controls found no signifi­
cant difference in static morphologic bone parameters. 

From these results, we have shown that aerobic train­
ing reduced muscle atrophy and maintained BMD with 
no change to femoral neck strength and stiffness and ~o 
change in directly determined whole bone density 
(grams per cubic centimeter) in rats subjected to simu­
lated microgravity. Several morphologic bone parame­
ters were insensitive to the 21-d protocol. It remains to 
be seen if a similar or greater benefit would be obtained 
from resistance exercise in less time as has been indi­
cated for soft tissue. Additionally, it has not been de­
termined if a similar or greater benefit would be ob­
tained with simple weight-bearing alone. 
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