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Abstract

Skelotal unloading results in osteopenia. To examine the Invojvement of
v1tamin D In this process, the rear |imbs of growing rats were unloaded and
alteratiops in bone calcium and bone histology were related to changes in serum
calclum (Ca), Inorganic phosphorus (Pj), 25~-hydroxyvitamin D (25-0H=D),
24,25-dihydroxyvitamin D (24,25(0H);D and 1,25-dlhydroxyvitamin D (1,25(0OH)2D).
Acute skelzatal unloading Induced a transitory inhiblition of Ca accumulation in
unloaded bones. This was accompanied by a transitory rise in serum Ca, a 21%
decreaze In longitudinai bone growth (P<%0.01), a 32% decrease In bope surface
{ined with osteoblasts (P< .05), no change in bone surface lined with osteo-
clasts and a decrease In clrculating 1,25(0H),0 fruﬁ 130 + 10 pg/ml to 53 + 11
pgfml. No significant changes In the serum concentrations of Pi, 25-OH-D or
24,25(0H),D were observed., After 2 weeks of unloading, bone Ca stabilized at
approximately 70% of control and serum Ca and 1,25(OH),D returned to‘céntrol
values., Maintenance of a constant serum 1,25(0CH), D conzentration by chronic
infusion of 1,25(0H),D (Alza osmotic minipump) throughout the study period did
not prevent the bone changes induced by acute unloading. These resufts suggest
that acute skeletal unloading in the growirg rat produces a transitory
inhibition of bone formation which In turn produces a transitory-hypercalcemla
leading to a tempérary decr:ase In cerum 1,25(0H),D. No evidence could be found
for a direct involvement of 1,25(COH),D in the bone changes induced by skeletal

unloading.




Introduction

Skoletal unloadlns results [n osteopenia (1-11). Humans confined to bed or
mmobi | ized by paralysis (5,7), or Indlvidual limbs of animals immobillzed by
casting or nerve/tendon sectlon Jose bone minera! (1,3,4,6,8,10), Welghtliess~
ness, as experlenced during space flight (12-14), and simulated welightlessness
(9,11) also Induce nsteopenia. Desplte numerous studies, the pathogenesis of
this bone loss remiins unclear.,

Regardless of how skeletal unloading is accomplished, the development of
osteopenia appears to follow a common céﬁrse. In the adult, skeletal unloading
results in a rapld loss of bone initially followed by a period In which bone
mass stabillizes. Minaire ot al, have shown, for example, that acute immobillza-
tion of adult humans as a result of spinal cord inJurles results in a rapid loss
of bone for a perlod of approximateiy 25 weeks (7). After this time, trabecular
bone volume stabilizes at roughly 67% of nornal and appears to remaln a; that
level indefinitely. 1In the growing animal, skeletal unloading does not cause a
loss of bone per se but rather appears to produce a temporary inhibition of bone
formation (3,i0). This transltory‘rcductlon in bone.formatlon results In an
osteopenic bone when ;mnpared to age-matched, normally loaded bones.

We have observed a similar phenomenon using the suspended rat model to
produce skelotal hnloadlng (15}« Within 5-7 days of skeletal unloading by tail
suspensijon, there is a significant inhibition of 45ca and 3H-protline uptake by
bone. When compared to rormally loaded bone, bone formation rate at the
tlbjoflbular jumctien and total bone Ca are also significantly reduced. Between
days 7 and 15 of unloading the uptake of “5Ca and 3H~proline return to normal
and although total hene Ca remiins abnormally low, the rate of Ca accumulation

with time and bone formation rate at the tibiofibular junction return to normal.
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To examine the relatlonship between these characteristic changes In bone
metabolism following acute skelstal unloading and vitamin D metabo!lsm we
measured the serum concentratlons of 25~-hydroxyvitamin D (25-0OH-D),
%3,25-dihydroxyvitamin D (24,25(0H)2D) and 1,25-dihydroxyvitamin D (1,25(0OH)3D)
at various time§ after skeletal unloading. We'at;o determined the effect of

chrenic infusion of 1,25(0H)2Dy on the bone changes associated with unloading.

Materlals and Methodt

Skeletal unloading was accomplished using the suspended rat model as
previousiy described {11). Male Sprague-Dawley rats (Hilltop Laboratorties,
Scottsdale, PA), welghing 124-149 gm, were randomlzed into control (pair-fed)
and experimental (suspended)} groups, Experimental animals, suspended by their
talls such that both rear limbs, pelvis and caudal portion of the spinal ;olumn
were unloaded while the fore limbs remained welght bearing or loaded, were fed
ad libitum standard rat chow (Wayne Lab Blox, F=6) containing 1.2% Ca, 0.99% P
and 4.41 1.U. vitamin D3/g of food. Control {nonsuspended) animals were
palr-fed to the sﬁspcnded animals. Al! rats were maintained on a 12 hour Ilght;
12 hour dark cycle and were the same age at the time of sacrifices

To determine the effect of skeleta! unloading on vitamin D metabolism, rats
were sacrificed after 2, 5, 7, 10, 12 and 15 days of suspension and compared to
pair-fed ansuspended animals. Al! rats were Injected f.p. with the tetra~
cycline derivative demeclocyline (Declomycin} 24 hours prior to sacrifice to
labe! calcifying tissues (16). At the time of sacriflce, blood was coilected
from the dorsal aorta and plasma obtalned for measurement of total Ca, inorganic

phosphate (Pi)' 25-0H-D, 24,25{0H),D and 1,25{0H},D. Plasma Ca was measured
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us!_ns atomlc absorption spectroscopy after dilution of plasma with aqueous LaCly
(1/50), and plasma P was measured using the method of LeBel et al. (17). The
vitamin D metabolltes were measured according to the method of Horst et
al, (18}, The rllght tibla, tumbar vertebra (L~1) and right humerus were
removed, cleaned of adhering tissue, extracted and hydrolyzed In HCI (15).
Calcium in the hydroyfate was measured using atomi¢ absorption spectroscopy
(15).

The left tibiaec from animals suspended or palr-fed for 5 days were processed
for quantitative bone histomorphometry. The bone spocimens were fixed in 10%

phosphate-buffered formatin {pH 7.4) for 24 hours, dehydrated in ethano!l, and

smbedded undecalcified in methyl methacrylate. Longlitudinal sections of 4 ym

thickness were cut with an AO Autocut/Jung 1150 microtome and stained according
to Goldner's method (19). Bone parameters were measured at a magnificatlion of
400X with a Merz eyepiece reticle (20)., Two sectlons of the proximal tibial
mataphysis, equivalent to approximately 14 mm2 of trabelular bone tissue, were
sampled In each Iantmal. This area was standardized In relation to the growth
plate-metaphyseal junction.

The number of points superimposed over mine.rallzed tissue {calcified
cartilage and bone) and bone marrow were recorded. The fractional area of
mineralized tissue, commonly referred to as trabecular bon¢ volume, was
determined by dividing the number of points lytng over minuralized tissue by the
total number of points. (ntersections of semicircular reticle !lines with the
bone bone-marrow interface were classifled as resting, osteoblast, or osteoclast
surface. Re".'.tlng surface 1s defined as trabecular boane surface without adjacent
osteoblasts or ostaoclast.s. Osteoblast surface is defined as trabecular surface
tined with osteoblasts, whereas irregular or scaliloped trabecular surface with

adjacent osteoclasts is classified as osteoclast surface. Osteoblast surface
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(%) was determined by dividing the number of Intersects with bone surfaces lined
by eosteohlasts by the tota! number of intersects. Osteoclast surface (%) was
calculated in a simidizr manner. The numbers of osteobliasts and ostenclasts
adjacent to trabecﬁlar bone surfaces of the proximal tiblal metaphysis were also
quantiflied. These data are expressed as number of bone cells per mm trabecular
bone perimeter. This latter parameter was dotcrmined by muitiplying the total
number of Intersects by the grild constant d, which is equal to the distance
between grid points {20},

Unstalned, 10 um-thick sections of the proximal tiblal metaphysis were
collected for measurement of Ionsl:udln;I bone growth. The distance between the
growth plate-metaphyseal junctlon and the fluorescent tetracycline band that
parallels the growth plate was quantified with a callbrated eyeplece micrometer
(21) at 5 equally-spaced sites per sectlon, These measurements were perfermed
under yltraviolet Ililumipation at a magnification of 200X In 2 sections per
animal, The rate of longltudinal bone growth was calculated by dlvldlﬁg the
distance between the growth plate-metaphyseal junction and the tetracycline band
by the time interval between administration of the tetracycline .Iabel and
sacrifice.

To establish a constant elevated concentration of 1,25(0OH}2D In the serum
throughout the perlod of skeletal unlocading, subcutaneously implanted Alza
osmotic minipumps (Model 2002, Alza Corp., Palo Alto, CA) were used to infuse
1,25(0H),04 (a gift from Dr. M. Uskokovic, Hoffmann LaRoche, Nutley, NJ) at a
constant rate of 75 pmoles/day (12 ul/day) for 2 weeks., Contro!l animals were
infused wlthl‘ vehicle {1.25% ethanol in propylene glycol). Pumps were implanted
such that each animal was Infused for a total of 13 days before sacrifice
(ie6s animals sacrificed after 2 days of -suspenslion were implanted 11 days

before suspension, while animals sacrificed after 12 days of suspension were
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implanted 1 day before. beling suspended), This Insured that all animals rocalved
the same total dose of vehlcle or 1,25(OH),D + To prove that the serum
concentration of 1,25(0H)2D is mintained constant during the infusion period,
we measured serum 1,25(0OH),D at 2, 7, and 14 days after pump implant In both
suspeaded and nonsuspended animals. The serum concentrations at these time
paints were 206 + 12 pg/ml (n = 5), 204 + 11 pg/ml (n = 5) and 179 + 14 pg/ml
{n = 5% respectively, and did not differ between suspended and nonsuspended
rats.

All data are given as mean + SE and analyzed, where appropriate, using

analysls of variance or Students t-test,’

Results

Unloading of the tibia and lumbar vertebra (L-1) result in an inhibltion of
Ca accumulation in bone (Fig. 1). This occurs despite normal or near normal
gain In body weight. At the time of sacrifice, the mean body welghts of the
suspended and pair-fed control animals were not significantly different excep;
for a slight (5.8%, P<.01) decrease in body weight observed In the 12 day
suspended animals. The humeri of suspended animals, which remain, loaded in this
model, did not differ from the humeri of control animals n terms of Ca
accumulation (data not shown)., Since the animals used in this study are
growing, bone calcium is increasing in both loaded and unioaded bones (data not
shown) . Hoﬁever, the rate of increase becomes less In unloaded bones after 2-5
days of suspension, This diminished rate of Ca accumulation accounts for the
growing difference in total bone Ca between loaded and unloaded limbs between

days 2 and 10 of suspension. After 10-15 days of suspension, the difference in
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bone Ca between loaded. and unloaded bones tends to stablillize at 70-90% of the
control level (Fig. 3, 3¢, 3¢), although complete stabiilzation may not occur
untll day 21 {15). Total tibial and lumbar vertebral Ca decreased from 42.9 +
1.8 mg to 32.0 *+ 2.3 mg (P<.005) and from 16,7 * 1.0 mg to 11.9 + 0.8 mg
(P<,005) rospectively after 15 days of suspension,

The results of histologlcal examination of tibia from control and suspended
animals 5 days after bezlnning suspension are shown In Table 1. Although no
significant difference In trabecular bone volume was seen, a 32% reduction in
osteoblast surface and a 39% reduction In osteoblasts per mm trabecular surface
was observed Iin bones from suspended rats. No difference In the osteoclast
number was seen., Longlitudinal bone growth was reduced by 21%,

The serum concentratlons of Ca, 1,25(0OH),D and 24,25(0H),D during the 2 week
course of skeletal urloading are shown in Flgure 2. Two days after unloadinyg,
sorum Ca was elevated but quickly returned to normal! and maintained a
concentration not significantly different from control animals for the ruﬁalnder
of the study period (Fig, 2A). A dramatic fall In the swrum concentration of
1,25(0H),D nccurred within 2 days of skelotal unioading and persisted to day 5
(Fig. 2B). Five days after unloading, serum 1,25i0H)2D had fallen from a
control value of 130 + 10 pg/ml to a low of 53 + 11 pg/ml (P<.07)}. PDuring the
next 10 days, the concentration of 1,25(0OH};,D In the serum gradually Increased,
returning to control levels by day 15 of suspension.

Although the changes were small, the serum concentration of 24,25(0H)20
tended to increase during the first 5 days of suspension and then gradually
decreased to@ard control levels during the next 10 days (Fig, 2C). The serum
concentration of 25-0H-D was the same In loaded (overall mean = 19.4 + 1.6

ng/mi} and unloaded (overall mean = 19.6 *+ 1.2 ng/mt} animals at all times.
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The serum concentrations of 1,25(0H),D In animals chronically infused with
elther vehicle (Fig.. 3A) or 1,25(0H),D,(Fig. 3B) are shown in Figure 3, Animais
Infused with vehlcle demonstrated the expected initial fall and subsoquent
return to normal lﬁ serum 1,25(0H)ZD concentration. (Note that because of pump
limitations, animals in these experiments were 0nIY suspended for 12 days and
therefore the serum concentration of 1,25(0H)20 has not qulte returned to pormal
by the last day of the experimental perlod.) Anlimals Infused with 1,25(0H)2D3
z11 had the same serum concentration of 1,25(0H), D (overall mean = 198 + 9
pg/ml) regardless of whether they were suspended or not.

The serum concentration of Ca was Jnlformly increased in all 1,25(0H)2D,
Infused animals compared to vehicle Infused animals (11.58 *+ 0.12 mg/dl vs.
vehicle Infused of 10.26 + 0.07 mg/dl, P < .001) and no transitory rise In serum
calcium was observed at day 2 of suspension, The concentration of Inaorganiec
phosphorus in the serum was unaffected by 1,25(OH); Dginfusion and the same In
both suspended and nonsupended animals (overal! mean = 8.3 + 0.01 mgldl).'

By day 12 of suspension, the Ca contents of the tibia (48.5 + 1.6 mg} and
lumbar vertebra (14.8 + 0.6 mg) from vehicle infused suspended animals were
significantly less (P ¢ .05) than their palr-fed controls (54.8 + 1.1 mg and
17.3 + 0.7 mg) by 11.6% and 14.5% respectively (Fig., 3C and 3E). The Ca
contents of the tibla and lumbar vertebra from 1,25(OH)2D; Infused animals
behaved in almost an identical manner when unloaded. By day 12 of suspension,
the Ca contents of the tibia (49.0 * 1.3 mg) and lumbar vertebra (15.5 + 0.4 mg)
from 1,25(0OH),Dyinfused suspended animals were significantly less (P ¢ .05) than
their pair-f;d controls (60.4 + 1.6 mg and 18,3 + 1,1 mg) by 18.9% and 15,3%
respectively,

Note that the fall in bone Ca appears to be more rapid in the animals

depicted in Figure 3 than In Figure 1. Although the reason for this difference




s not clear, this kind of Inter-experiment varlatien has been seen previously
(unpublished results). The exact time at which the effects of unloading can be
observed varies between 2 and 7 days.

Body welght, total tibial Ca and tiblal Ca per unit body weight are given in
Table 11, Body welghts of 1,25(0OH),Dy inféyed animals, regardless of whether
they were suspended or not, were significantly (P<,001) lower than vehicle
Infused animals (multivariate analysis), Total tiblal Ca and total tiblal Ca
per unit body welght, on the other hand, were significant!y (P<.001) higher In
1,25(0H},D; infused than in vehicle infused animals (multlivarlate analysis),
Tota! vertebral Ca {data not shown) ;as also higher In 1,25(0H)2Q!lnfused

animals.,
Discussion

Skeletal unloading, whether in the adult or during perliods of growth, alters
bone metabollsm In such a way as to decrease the mass of the unloaded bone.
Although the sequence of events leading té this abnormality are unknown, the
loss of bone following atute skeletal unloading In the adult or the Inhibition
of bone formation following unloading In the growing animal exhiblit character~
Istle temporal patterns. Regardless of the means by which .unloadling Is
accomplished (casting, nerve/tendon section, bed rest), the pattern of bone loss
In the adult is marked by an Initial rapid decrease in bone mass followed by a
perlod in which bone mass stabilizes and no further loss occurs. In the growing
animal, the.pattern of altered bone metabolism |s marked by an Initial
inhibition of bone formatlon followed by a perlod in which bone formation

returns to normal.
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We observe the samo pattern when skoletal unloading Is accomplished using
the suspended rat model. Unloading of the hind limbs of growing rats by tall
suspension produces a transitory change in the rate of calclium accumulation In
the unioaded bone{ (tibla and vertebra). This Is seen first as an increasing
difference In total bone Ca between loaded and uplcaded bonas, followed by a
period in which the dlfference In Ca between loaded and unloaded bone
stabillzes. This pattern Is wel! {llustrated by the lumbar vertebra In the
exporiment depicted In Fig, 1R and, although not as obvious in the tibla
(Fig. 1A}, has been clearly demonstrated In both bones of anilmals suspended for
4 weeks (15). After 2 weeks of suspensibn, both loaded and unloaded bones grow
In mass and accumulate Ca at approximately the same rate.

The transitory dimunfition In calelum accumutation In untoaded bones could be
the result of a change in bone formatlon or resorption or both., The significant
decrease in osteoblast numbers and longitudinal bone growth coupied with the
absence of change In the ssteoclast population suggest, *that in the growing rat,
skeletal unloading Inhlblts bone formation. This is consistent with previous
studies from our laboratory demonstrating a significant inhibltion of.3H-pro|Ine
and %5Ca uptake Into unloaded bones after 5-10 days of suspension (15), After 2
weeks of suspension, bone formatlon returns to normal as judged by uptake of
*H-proline and 43ca {15), and bone histology {unpublished resuits). Lanpdry and
Flelisch observed the tame phenomenon In nerve sectioned rats, although with a
slightly different time course (3). As Judged by bone weight and tetracycline
uptake, bone formation was Initially inhibited after nerve sectlon, but returned
to normal wffhln 4 weeks, Kiein et al, present further evidence to support the
hypothesis that acute skeletal unloading In growing animats primarily influences

bone fovmation (10},
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Acute skeletal unloading In growlng rats not only Induces changes in bone
metabol)sm but atso vitamin D metabollsme In particular, the serum concentra-
tlon of 1,25(CH),D fails dramatically withln 5 days of unloading., Because thls
¢change in serum 1,25(0H),D appoars to occur as rapldly or more rapldly than the
changes In bone, It ralses the question as to the cause and effect relationship
between the changes In bone and vitamin D metabellsm. For example, the cephlad
fluld shift associated with skeletal untoadling, as cffected by suspension, may
result In redistribution of serum Ca betwaen bound and fonlzed forms and In turn
change parathyrold hormone secretion [PTH) and vitamin D metabelism. Slince
1,25(0H)2D can Increase osteoblast numbe.i's (?2-—24), a fall In serum 1,25(0H)20D
coutd concefvably lead to a reduction In the osteaoblast population, and In turn,
bone formation. This sequence of events however |s unlikely for two reasons.
Flrst, If the change In serum 1,25(0OH),D concentration were Induclng the bone
changes, then all bones, loaded and unloaded, would be affecteds This |s not
the casc. The humerus (a loaded bane in our model system) from suspended- rats,
despite the change In serum 1,25(0H); D, does not exhibit Inhibitlon of bone
formatlion (15). Second, if the fall in serum 1,25(0H),D were responsible for
the Inhibitlon of bone formation, then malntenence of a hlgh constant serum
concentration of 1,25(0H)2D would be expected to prevent the changes., As seoen
from Figure 3, this does not oceur.

More consistent with our observations is the hypothesls that acute skeletal
unloading direct!y reduces bone formation which in turn influences vitamin D
metabolism. A reduction In bone formation would reduce the demand for Ca from
the serum pool, Because a major portion of the skeleton s unloaded in our
mode! (both rear limbs, pelvis and the caudal part of the spinal column}), an
acute reduction in Ca flux from the serum poo! Into bone would be expected to

cause a transitory rise In serum Ca. Thls in fact occurs (Fig. 2A). The rise
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In sorum Ca would be expected te decrease clrculating PTH and the comblined
effocts ¢f a fower svorum PTH concentration and hypercalcomia would In turn be
expocted to decrease.renal productlion of 1‘25(°H)ZD and therefore the serum
concentration of 1,25(0H),Ds As bone formation returns to normal (day 10~15),
the demand for Ca by the sketoton Increasos. The resulting Ca draln on the
serum pool stimulates 1,25(0H)2D production and a return to normal In the serum
concentration of 1,25(0H)},D. This sequence of events Js In fact supported by
evidence froin other laboratorles., Stewart ot al., have shown In patients
immobl | lzed by spinal cerd injuries that the serum concentration of 1,25(0H),D
5-21 weeks after injury is slgnlflcahtly‘reduccd {25)s At the same tlime,
urinary Ca excretion Is increased, serum Pi and the renal phosphorus threshold
are Increased, and nephrogenous cAMP and serum Inmunoreactive PTH are docreased.
Consistent with our results, the loss of bone Ca appears to trigger a fall iIn
sérum PTH and in turn a fall in serum 1,25(CH},D.

The 1a25case in total bone Ca observed In animals chronlcally infusua with
1,25(CH),D (Table 11) Is consistent with a report by Gallagher et al. indicating
that chronic administration ofT,ZS(OH)zD cap Increase trabocular bone volume
{26). This phenomena Is currently‘under further InVe§tIsatlon.

In summary, our d;ta suggest thal acute skeletal unloading during periods of
growth produces a translitory inhibition of bone formatlion, and a temporary
reduction In the serum concentration of 1,25(0OH),D but does not have a prominent
effect on bone resorption, No evidence could be found for a direct Invelvement
of1,25(0H)2D in the Inhibition of bone formation due to unloading., On the
contrary, ghe change in serum 1,25(0H)ZD appears to reflect a transitory
decrease In the skeletal demand for Ca, a direct result of the Inhibition of

bone formation.
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Figure 1

Figure 2

FIGURE LEGENDS

Effect of acute skeletal unioading on the Ca content of the tibia
(Figs 1A) and lumbar (L-1) vertebra {Fig. 18B) of growing rats,

The hind limbs of animals (6 per group) were unjoaded (by tall
suspeasion) for 2, 5, 7, 10, 12 and 15 days, and the Ca contents of
the tibla a2nd vertebra were compared to palr-fed nonsuspended control
rats. Data are presented as .per cent of contral (mean + SE). Total
tibial Ca in the control groups was not significantiy different
{overall mean = 42.9 mg = 100%, Fig. 1A) nor was total vertebral Ca in
the control groups {overal! mean = 16,7 mg = 100%, Fig. 183.

ap < 0,05, b P < 0.005, Students t-test for comparlson

between suspended and control groups, Bonferroni method.

Effect of acute skeletal unloading on the serum concentrations of Ca
(Figs 2A), 1,25(0H),D (Fig. 2B), and 24,25(0H),D (fig. 2C) of growing,
rats. The hind limbs of animals (6 per group) were unloaded {by tail
suspension) for 2, 5, 7, 10, 12, 15 days, and the se;um concentrations
of Ca, 1,25(0H),D and 24,25(0H),D compared to pair-fed control rats.
No differences in serum Ca, 1,25(0H),D or 24,25(0H),D were seen
between the control groups. For this reason, these data were combined
to form an overal! control (represented by the respective values at
day 0 of suspension). All data are presented as mean + SE.

ap < 0.01, b P<.05, Students t-test for comparison between

suspended and control! groups, Bonferroni method.
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Flgure 3

Effect of acute skeletal unloading on the serum concentrations of
1,25(0H)ED'(F|3. 3A, B) and on the Ca contents of the tibia (Fig. 3C,
D) and lumbar vertebra (Fig. 3€, F) of growling rats Infused with
either vehlicie (Figs 3B, D, F), or 1,25(0H)ZD3 (75 pmole/d, Flg. 3A,
C, E) The hind Iimbs of animals {6 per group} were unloaded by tall
suspension for 2, 5, 8 and 12 days. Data (mean * SE) are presented
as In Flgures 1 and 2. Total tiblal and vertebral Ca n control
groups were not significantly different, Overall mean tiblal Ca in
vehlicle infused and 1,25(0OH); Dy infused contro! animals were 55.8 mg
{ 100%, Fig, 3C) and 61.0 mg ('100%, Fig. 3D) respectively. Overall
mean Yertebral Ca [n vehlcle Infused and 1,25(0%UZD infused contro!
animals were 17.3 mg ( 100%, Fig. 3E) and 18.3 mg ( 100%, Fig. 3F)
respectively. 2 p < 0.05, ® p ¢ .01, ¢ p < 0,005, Student!s

t-test for comparison between suspended and control groups, Bonferri

method,.
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