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Abstract We investigated the short-term recuperation Key words Bone mass - Unloading - Reloading -
bone mass during skeletal reloading after a period of ttistomorphometry
loading in young rats. One hind limb of 4-week-old rats
was either unloaded irreversibly by sciatic heurectomy:.
or unloaded reversibly by external fixation. Other aniatroduction
mals were sham-operated. After 9 days, the fixation-un-
loaded limbs were reloaded for 1-3 weeks and wevechanical unloading causes bone loss, as has been doc-
compared with the hind limbs of age-matched unloadechented in human beings following bedrest [7, 10, 12,
(neurectomized) and sham-operated controls. Corti@d&l, 19] or spaceflight [14], and has been investigated in
and cancellous bone mass was measured using ashingerous animal models. Rat models include nerve sec-
and histomorphometry. Cortical bone mass (expressediasing [1, 5, 6, 15, 20-22], limb suspension [9, 13], ex-
femoral dry and ash weight and tibial cortical bone ardejnal fixation [17] and spaceflight [4]. We [5, 20-22]
was reduced in both unloaded groups and was accongrad others (e.g. [18]) have shown that unloading-induced
nied by production of hypomineralized bone, as showsteopenia in rats is relatively rapid and probably in-
by a reduction in the percent ash of the dry weight. Carolves both increased bone resorption and decreased
cellous bone mass (expressed as bone area and surfaoenat formation. However, the degree of recuperation the
the tibial metaphysis) was also reduced in both unloaddeleton can achieve following such osteopenia has not
groups. Cortical bone mass deficit was greater in the fobeen much studied [8]. In humans, spaceflight experi-
ation group than in the neurectomy group. Thereaftemrents suggest that recovery may not be complete after
increased in the neurectomy group despite a normal ltrecovery” periods far longer than the unloading period
gitudinal growth rate, but returned to age-matched valj&d]. Human bedrest experiments have also shown that
in the reloaded group by 3 weeks. The changes in tibiatovery is incomplete and may take much longer that
cancellous bone mass were more pronounced but fok time needed to induce osteopenia [7, 10]. In dogs re-
lowed a similar pattern and normalized by 2 weeksovery from fixation-induced osteopenia was also partial
These data demonstrate that total unloading producedahd took a very long time [2]. In adult rats, bone mass
external fixation causes a greater degree of bone mdisisnot return to age-matched values during 2 weeks of
deficit than partial unloading (produced by neurectomygloading following a 2-week period of unloading
the rate of bone loss during unloading in the rat hitlstough suspension [13]. In another experiment, cortical
limb is more rapid than its recovery during reloadinggone mass did not recover during 8 weeks of reloading
and cancellous bone recuperates during the reloadafigr a 1-week unloading via casting [16]. Maeda et al.
phase faster than does cortical bone. [11] did not find a full restoration of cancellous bone
volume following 6 weeks of reloading after a 6-week
unloading period via external fixation in adult rats. Most
of these studies were of longer duration and were per-
Based on a thesis submittepl to the TeI-Aviv‘Unive.rsity GO|dSCﬁ)rmed in adult rats. The purpose of this study was to
leger School of Dental Medicine by S.B.-S. in partial fulfillmen{act the short-term kinetics of bone mass changes during
of the requirements for the D.M.D. degree - A .

a reloading phase following a short period (9 days) of
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Materials and methods While this phenomenon persisted in the neurectomy
group for the next 3 weeks, it gradually disappeared in

All animal procedures were conducted according to the rules of i@ fixation group, in which the results equalled age-
Animal Care Committee of the Tel-Aviv University School of Medimatched values after 2 weeks of reloading. Analysis of

cine. Four-week-old male Sprague-Dawley rats were anaesthetizgsl agsh weight of all limbs together indicated that the
with 10% chloral hydrate i.p. and were divided into three groupsggurectomized and fixated femur invariably had a lower

animals each). In group 1, one hind limb was unloaded irreversi
by sciatic neurectomy (removal of a 3-mm segment of the scialle® mass than the contralateral femur, but also that

nerve through a lateral femoral incision). In group 2, one hind lirene mass in the contralateral femora of neurectomized
was unloaded reversibly via external fixation by inserting it intogx fixated limbs was greater than in those of the sham-

polystyrene tube that was sutured to the skin. Rats in group 3 i i i
sham-operated by cutting through the skin and underlying musvgg%rated limbs at all time points, probably because of

S . .
and suturing, and these animals served as controls. In all rats%r_loadmg (Fig. 4). . . .
contralateral limb was left intact. Monitoring the animals during the Since the two variables, dry and ash weight, combine
unloading period revealed that while no loads were applied to gwrtical and cancellous bone, we measured each type sepa-
limbs inserted into the tubes (which were therefore totally unloqggtew in the tibia by histomorphometry. Cancellous bone

ed), rats were occasionally using neurectomized limbs for short pe- . .
riods while eating. These limbs were therefore partially unloadgfefa (Fig. 5) and surface (Fig. 6) were markedly reduced

Animals in group 2 were reloaded after 9 days by removing @dring the 9 days of unloading. Again, the reduction in
polystyrene tube. Rats in all three groups were sacrificed 0, 1, 2 lhotie mass was more pronounced in the fixation group than
Kiled. both hind Imbs were Jemeved and fxed in 40% ethanol. Af1 ¢, neurectomy group. While cancellous bone mass in
ter recording of their maximal length, femora were defleshed, dﬂb@ ne.urecmmy g_roup rem.amed diminished throtho%t the
at 60 °C for 24 h and defatted in ether for 24 h to determine the &¥Perimental period (and finally reached about 50-60% of
fat-free weight (mg/mm bone length). Femora were then ashedi@tmal values), both measures returned to normal values in

700 °C for 24 h to determine the corrected mineral content [gBle fixation (reloaded) group by 2 weeks.

weight divided by bone length (mg/mm)]. The operated tibiae were fimilarly cortical bone area was reduced in the two
defleshed, dehydrated with increasing concentrations of ethanol an ded ! fter 9 d f loadi Fig. 7
embedded in methylmethacrylate [20-22]. They were first sectiohdf020€d groups arer ays of unloading (Fig. 7).

transversally at the tibio-fibular junction with a Polycut microtom@gain, bone mass deficit was larger in the fixation group
(Reichert Jung) at 6 um thickness. Using a computerized digitidean in the neurectomy group. During the next 3 weeks,
(Summagraphics, Seymour, Conn.) the cross-sectional areas of ggftical bone deficit increased in the neurectomy group

the periosteal and the endosteal surfaces were measured and cqffi . -
bone mass was expressed as a percentage of the periosteal s&# (‘E ?tumed to age-matched (control) values in the fixa-

Tibiae were then sectioned frontally through the proximal metap®i@n group by 3 weeks.
sis, deplastified in warm xylene (40 °C, 6 h), stained with Masson’s

trichrome and used for histomorphometric analysis of the secondary

spongiosa extending 0.9-1.8 mm distal to the epiphyseal gro‘yngcussion

plate. Sections were viewed through a Visopan microscope (Reich-

ert, Austria) and all trabecular profiles were traced onto acetate g

per at x300. Cancellous bone area and surface were determine ﬁlgadlng for 9 da:ys caused_ OSt.GOpema' as expepted.
ing the same digitizer. All trabeculae in contact with the corticé§liS was reflected in a reduction in dry and ash weight
were excluded from the measurements. Non-péirests were used (measuring both cortical and cancellous bone), in cancel-
to test the significance of the differences between the operated lifghs bone area and surface, and in cortical bone area.
of the different groups of rats, and paitadsts were used for with- The magnitude of the bone deficit in the neurectomy
in-animal comparisons. L - .

group was similar to that observed in our previous stud-

ies [20—-22]: approx. 10% of ash weight and approx. 45%

of cancellous bone area. In addition, similar to our previ-
Results . . S

ous studies, unloading caused a diminuton of the percent
Longitudinal bone growth was not altered by unloadiftph ©f dry weight, suggesting reduced mineralization of

ne formed during the experimental period. All these

or reloading, so that femoral length did not differ be-""! . ;
tween the various groups of rats at any time point exaffiiables were depressed to a greater extent in the fixa-

ined (data not shown). tion group than in the neurectomy group. Since the ani-

After 9 days of unloading, osteopenia was presentrﬂ?ls in the former group were experiencing total unload-

both neurectomy and fixation groups. This was reflected

in reduced femoral dry weight and ash weight (Figs. 1,

2). However, the reduction in bone mass was greatefFigs 1 Changes caused to femoral dry weight of the operated limb
the fixation group than in the neurectomy group. Duri@ unloading or reloading (® <0.05 for neurectomy vs control, &

the Subsequent 3 weeks, bone mass remained deprehﬁ 505 for fixation vs control, &&P <0.01 for fixation vs con-

in the neurectomy group. In the fixation group it was still 5 Ch dtof | ash weiaht of th ted limb
H ] g. anges caused to remoral asn weignt o € operatea IIm

E)V\t/e_r than 'ndtge nel.i[reCItICJrT(ij grout;?] fog tdhe f'rsii 2 We?}. unloading or reloading (P <0.05, ** P <0.01 for neurectomy

ut increased aramatically during the srd week, reachitcontrol, &P <0.05, && P <0.01 for fixation vs controi}

val h m in th -match ntrol group..In
alues the same as in the age-matched control group., 3 Changes caused to femoral % ash weight of the dry weight

addition, the _percentage ash weight of the dry We'@%he operated limb by unloading or reloading?(¥0.05 for neu-
was reduced in both unloaded groups after 9 days of Htomy vs control, & <0.05, && P <0.01 for fixation vs con-

loading (Fig. 3), suggesting impaired mineralizatiomrol)
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ing of the operated limb, as opposed to“ partial unloadiRgferences

in the latter, we interpret this finding as “unloading-dose-

dependent” osteopenia; That is to say the greater the desrighton CT, Tadduni GT, Goll SR, Pollack SR (1988) Treat-

gree of the unloading, the more severe the osteopenia. ment of denervation disuse osteoporosis in the rat with a ca-
The mass of both cortical bone and cancellous bone repacitively coupled electrical signal: effects on bone formation

_ ; ; e ie _and bone resorption. J Orthop Res 6:676—684

turned to age m.atChed values in this study. This is in OB~ saworski ZFG, Uhthoff HK (1986) Reversibility of nontrau-

rast to the studies by Maeda et al. [11], Tuukkanen et al.matic dissue osteoporosis during its active phase. Bone 7:

[16] and Sessions et al. [13], who reported incomplete re-431-439 . . .

covery of bone mass. The difference may lie in the fagt Jee V\|/ISS élt983) Ttt!elskeleé?l tlssues- lniYWtIB(ISS Lz(gg)zlglgtolw

i i y, cell and tissue biology. Elsevier, New York, pp —

:Eat V¥ﬁ usetd(;.ats WhéCh We.rgl young%‘i tha];nbthtct)se In anyf?]ee WSS, Wronski TJ, Morey ER, Kimmel DB (1983) Effects

he other studies and possibly capable of DEUer reCuperags spaceflight on trabecular bone in rats. Am J Physiol 244:

tion. Another factor may be the longer unloading period R310-R314

used by Maeda and Sessions, which may require a longekKeila S, Pitaru S, Grosskopf A, Weinreb M (1994) Bone mar-

recovery period. Finally, Tuukkanen et al. present bonerow from mechanically unloaded rat bones expresses reduced
- e ! - : steogenic capacity in vitro. J Bone Miner Res 9:321-327
deficit as a difference in ash weight between the Operatgp?(lein L, Kanefield DG, Heiple KG (1968) Effect of disuse os-

and the contralateral limb of each rat and show that a re+eoporosis on bone composition: the fate of bone matrix. Cal-

sidual deficit still exists after 4—8 weeks of reloading. Such cif Tissue Res 2:20-29

a difference, however, may be caused by increased bdnéﬂiaoelneeﬁregt, oﬁ{]te?a éégﬁg)bg/grrteegtra&%)nogii gj%ﬁ%ﬂ%heeded

mass in the contrqlateral_llmb, which had been Overloadggf_eBlanc AD, Schneider V (19915 Can the adult skeleton re-

during the unloading period, rather than by reduced bonecoyer lost bone? Exp Gerontol 26:189-201

mass in the reloaded limb. We tested this possibility in 09r LeBlanc A, Marsh C, Evans H, Johnson P, Schneider V, Jhing-

study by calculating the corrected ash weight in the Contra-rap JS £19?g)hBQ“FSasnllﬂgggS%e?gtrOphy with suspension of the

; i i i i rat. ppl Physiol 58: —

lateral Itlmb anddlrgge(?d f?und it fo be;rl]ncreise? tlﬂ both %e LeBlanc AD, Schneider VS, Evans HJ, Engelbretson DA,

neurectomy and the fixation groups tnroughout the experi-gyeps M (1990) Bone mineral loss and recovery after 17

mental period. Thus, calculating bone mass deficit in this weeks of bed rest. J Bone Miner Res 5:843-850

study by the difference between the operated and the ddnMaeda H, Kimmel DB, Raab DM, Lane NE (1993) Muskulo-

tralateral limb would yield an incomplete recovery (a 9% Skeletal recovery following hindiimb immobilization in adult

deficit rer_nalr_nng after 3 weeks of fe'oad'”g)- 12. Minaire P,'Meunier .P, Edouard C, Bernard J, Courpron P,

T_he kinetics of bone mass recovery dlﬁered_between Bourret J (1974) Quantitative histological data on disuse os-

cortical bone and cancellous bone. It took cortical bone teoporosis. Calcif Tissue Res 17:57-73

mass 3 weeks to normalize and cancellous bone nﬁ’sssgfg)iloﬂz l{\(‘)-nF?'('fégg)%%nii':'eeSF%Dn-sé/Vtgoggﬁnyvwg%?ﬁ é'\é'rv

Onl.y 2 weeks. Both these rates are Slower than the rate allﬁlug after a period of skeletal unloading. Am J Physiol 257:

which bone mass was lost (9 days). It is known that can-ggo6-£610

cellous bone exhibits greater physiological activity tham. Tilton FE, Degioanni JJ, Schneider VS (1980) Long-term fol-

cortical bone, thus putting it in a better position to re- L%Wg%loflggglalbzfgne demineralization. Aviat Space Environ

; ; ; _Me : —

3p03d to CTangei. Ir:jthe me”chané)cal env'éonmem [31 !L . Turner RT, Bell NH (1986) The effects of immobilization on
eed, we always find cancellous bone to be more respofiygne histomorphometry in rats. J Bone Miner Res 1:399-407

sive to unloading, demonstrating a 40-50% loss ®& Tuukkanen J, Wallmark B, Jalovaara P, Takala T, Sjogren S,

against a 10-15% loss of cortical bone mass during the}/aana;)r_ll_en HK (19531) Chglrlllges_ mdgced TZgHVBmlglgat bone by

i i i _ immobilization and remobilization. Bone . —

Saﬂedum%?dé?g Pe?ﬁ-d (thlz Sltligy)h[ZOI_ZZ].f loadi gl7. Tuukkanen J, Peng Z, Vaananen HK (1992) The effect of

. ndoubtedly, In this model the healing or unioading- training on the recovery from immobilization-induced bone

induced osteopenia is very much affected by the continu-joss in rats. Acta Physiol Scand 145:407-411

ing growth of the animals. These animals are growing. Van der Wiel HE, Lips P, Nauta J, Netelenbos JC, Hazenberg

rapidly at this age, so that the kinetics of bone mass heal-GJ (1991) Biochemical parameters of bone turnover during ten

ing must be greatly accelerated. This puts such data indays of bed rest and subsequent mobilization. Bone Miner 13:

. A C . 123-129

contrast with data recorded in experiments using humaBsvico L, Chappard D, Alexandre C, Palle S, Minaire P, Riffat

and adult animals such as dogs and nongrowing rats.G, Morukov B, Rakhmanov S (1987) Effects of 120 day peri-

Nevertheless, it must be pointed out that the effect of un-od of bed-rest on bone mass and bone c&_all activities in man:

loading itself is powerful enough for the bone mass de{t'B attempts at countermeasure. Bone Miner 2:383-394

. b intained d d in th . Weinreb M, Rodan GA, Thompson DD (1989) Osteopenia in
Cit to be maintained and even worsened In the neureCtOtheg immonilized rat hindlimb is associated with increased

my group, despite normal bone elongation and normalbone resorption and decreased bone formation. Bone 10:
body weight gain (data not shown). 187-194 -
In summary, our data demonstrate that in young, r@ﬂ- Weinreb M, Rodan GA, Thompson DD (1991) Immobiliza-

: . . tion-telated bone loss in the rat is increased by calcium defi-
idly growing rats total unloading produced by external ciency. Calcif Tissue Int 48:93—100

fixation causes a greater amount of bone mass deficit thanweinreb M, Rodan GA, Thompson DD (1991) Depression of
partial unloading (produced by neurectomy) and that the osteoblastic activity in immobilized limbs of suckling rats. J
rate of bone loss during unloading is greater than its re-Bone Miner Res 6:725-731

covery during reloading. Cancellous bone recuperates

during the reloading phase faster than does cortical bone.



