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A B S T R A C T The rates of both formation and re-
sorption of bone collagen may be accurately quantitated
by kinetic analysis of hydroxyproline metabolism in
vitro. Using this approach we have studied the changes
in bone collagen turnover with age in the rat. The rates
of synthesis and resorption of collagen decline with age
although the resorptive activity per cell increases up to
6 months of age. The solubility of collagen declines with
age. The fraction of the newly synthesized collagen
which is deposited as matrix declines dramatically with
age revealing a new and hitherto unsuspected aspect of
the osteoporotic process. The collagen balance becomes
progressively more negative over the Ist 6 months of
life. These results indicate that even in an animal who
is not subject to clinical osteoporosis, biochemical mea-
surement reveals that such a trend exists. The applica-
tion of this approach to human subjects is feasible and
has important implications.

INTRODUCTION
Osteoporosis is perhaps best defined as a state in which
the skeletal mass is reduced below normal without al-
teration in its gross chemical composition. As bone col-
lagen is turned over continuously (1), osteoporosis
must always develop whenever the formation rate is
exceeded by the resorption rate for a significant length
of time. This will obviously hold true whatever the ac-
tual formation rate may be. The occurrence of osteo-
porosis in a variety of conditions such as thyrotoxicosis,
Cushing's disease, osteogenesis imperfecta, immobili-
zation, and old age make it clear that the osteoporotic
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state is not a single entity but a syndrome. Attempts to
demonstrate a definite change in bone formation rate
in one category of osteoporosis (the postmenopausal
or ageing variety) in humans have indicated that this
rate may be high, low, or normal (2). It seems likely
therefore that even in this clinically isolated type there
exists a variety of biochemical disturbances.
The absence of a reliable and accurate method for

measuring the resorption rate of bone has heretofore
prevented effective attack on the problem of dividing the
syndrome into more logical pathophysiological cate-
gories. However, the recent development in this labora-
tory of a method by which the resorption and formation
of bone matrix may be simultaneously and accurately
quantitated in vitro (3) opened the way to a reexamina-
tion of this problem.
The present study illustrates the results obtained when

this method is applied to the evaluation of changes in
bone formation and resorption which accompany the
ageing process in the rat.

METHODS
Male Charles River rats (Sprague-Dawley strain) ranging
in age from 3 to 44 wk were used in these experiments.
The animals were fed a normal laboratory diet and allowed
water ad lib. The rats were sacrificed by decapitation and
exsanguinated.
Preparation of tissues. Metaphyseal bone from the upper

tibia and lower femur was harvested by methods previously
described (4). The bone was diced into pieces approximately
2 mm8, washed vigorously three times in chilled (20C)
Krebs-Ringer bicarbonate medium buffered to pH 7.4 with
95% 02 5% C02. Bone from animals of the same age was
pooled and divided into weighed aliquots before incubation.
Further aliquots from each pool were set aside to determine
the deoxyribonucleic acid (DNA) content of the individual
pools in relation to the collagen content of the tissue.
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Incubation. Tissues prepared as described were incubated
using Krebs-Ringer bicarbonate medium (K-R HCO8) buf-
fered to pH 7.4 with 5%o C02 and aerated with 95%o 02. In-
cubation volume was 2.0 ml. The medium was fortified with
glucose 11.1 mm and proline 1.0 mm. Proline-U-`4C was
added to the incubation medium at a concentration of 1.0 /uc/
ml.

Incubations were carried out in sealed 25-ml Erlenmeyer
flasks on a Dubnoff metabolic incubator, under 95% 02:
5%o C02 at 37.50C. The flasks were continuously shaken at
100 oscillations/min, for a total period of 5 hr. The samples
were gassed for the 1st 15 min of incubation. The medium
was changed at hourly intervals, the flasks being removed
from the incubator, the medium decanted, and immediately
replaced by an equal volume of fresh medium preheated to
37.50C. Each transfer occupied less than 30 sec and regassing
of the resealed flask was carried out for a further 15 min.
The earlier media were stored at 20C during the remainder
of the incubation.

Analyses. After incubation the samples were removed
onto ice and the final media decanted. The media from the
1st 3 hr and those from the last 2 hr were now combined
to make two separate medium pools for each sample, cen-
trifuged at 2000 rpm at 20C for 10 min to remove any loose
cells and other debris, and the supernate stored at 20C until
analyzed. The matrix samples were rinsed twice in 20 times
their volume of nonradioactive K-R HCO. and the total
washed matrix samples together with aliquots of all post-
incubation media were hydrolyzed overnight in 5.7 N HCO at
1150C.
After hydrolysis the samples were cleaned with a resin-

charcoal mixture and analysis of aliquots of the cleaned hy-
drolysates for total hydroxyproline content was carried
out by the method of Prockop and Udenfriend (5). The
determination of DNA was carried out on 0.1 N NaOH ex-
tracts of the bone chips as previously described (6) by the
hot trichloracetic acid extraction procedure of Schneider
(7).
Isolation of hydroxyproline radioactivity from aliquots of

the hydrolysates was carried out using the silicic acid col-
umn of Juva and Prockop (8). Medium proline was deter-
mined using the method of Chinard (9).

Radioactive counting. All counting was done in an au-
tomatic liquid scintillation spectrometer (Packard-Tricarb
314E; machine efficiency for `4C ranging from 70 to 72%,)
as previously described (3). Internal standardization was
carried out individually for all aqueous samples. Recoveries
ranged from 80 to 95%.

Calculations. We have described in detail elsewhere (3)
the features of the accumulation of hydroxyproline in incu-
bation medium and matrix, which allow the simultaneous
quantitative determination in this system of the rates of
(a) collagen synthesis, (b) deposition of matrix collagen,
(c) resorption of matrix collagen, and (d) the passive solu-
bility of matrix collagen.

RESULTS
A. Solubility. In Fig. 1 is outlined the effect of age-

ing on the relative solubility of bone collagen. It is
clear that the solubility of bone collagen is extremely
low at all ages. Nevertheless, there is an acute decrease
in solubility between the ages of 6 and 13 wk, and this
becomes progressively more marked with further ageing.

B. Balance. The balance of collagen synthesis vs.
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FIGURE 1 Changes in the passive solubility of calcified bone
collagen with ageing. One SD iS shown. The solubility is less
than 0.5% at 3 wk and falls to about half this value (P <
0.001) by 13 wk. There is a progressive fall with ageing.
The 44 wk value is reduced to 56%o of the 13 wk value (P <
0.001).

collagen resorption over the age range studied is plotted
in Fig. 2. The synthesis and resorption rates are ex-
pressed in terms of the collagen content of the samples.
The figure illustrates that in this in vitro system the
total collagen synthesized exceeds the total collagen re-
sorbed up to the age of 6 wk, resulting in a positive
balance during this active growth phase. By 13 wk, the
balance between these two quantities has become nega-
tive, and it remains so up to 44 wk. The shift from posi-
tive to negative balance is caused by a progressive re-
duction in the synthetic rate and occurs despite a pro-
gressive reduction in the resorption rate, which dimin-
ishes in similar fashion but to a lesser degree with ageing.
However, as all of the collagen which is synthesized

during the in vitro incubation is not in fact deposited
(3), a more accurate reflection of tissue collagen bal-
ance is obtained by plotting the total new collagen
deposited in matrix against the collagen resorbed. These
data are shown in Fig. 3 and differ from those outlined
in Fig. 2 in that a minor degree of negative balance is
present throughout.

C. Deposition ratio. The differences between Figs.
2 and 3 are due to the incomplete deposition of the newly
synthesized collagen. What is not shown clearly by the
plots, however, is the remarkable change in the degree of
deposition of newly synthesized collagen which occurs
with ageing. In Fig. 4 the deposition ratio (i.e. the ma-
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trix collagen dleI)osition rate, expressed as a percentage
of the total collagen synthetic rate) at different ages is
shown. The level is maintained at a relativel- stable
value of 60-656 up to 3 months of age and then de-
clines precipitously thereafter to a 10 month mean value
of 13.8%. In other w-ords, not only is the total collagen
syn-thesized grossly reduced with ageing, hut in addition,
the proI)ortion of the newly svnthesized collagen which
is deposited falls by 44 wk to about 20%,6 of the rate
shown in the younger age groups.

D. Cellular rates vs. tissue rates. \We turn finall- to
the contrast between the rates of matrix formation and
resor)tion -when they are expressed on a cellular basis
on the one hand,} Lanid on a tissue collagen basis on the
other.
The matrix fornmtion rate lplotted against these dif-

fering bases is shown in Fig. 5. Clearlv, not only is the
tissue reniew-al rate (Fig. 5 B) progressively reduced
with age, hut so also is the amount of collagen svnthe-
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FIGURE 2 The collagen balance of living bone in vitro. The
collagen synthetic rate is compared with the collagen resorp-
tion rate, each being referred to the collagen mass of the
tissue. The mean synthetic rate is plotted downwards from
the balance (zero) line; the mean resorption rate is then
plotted upward from the mean synthetic rate value. The
halance is positive or negative by the amount whereby the
resorption rate fails or succeeds in crossing the balance
line. One SD is shown, downward for synthesis and upward
for resorption. Hypro= hydroxyproline.
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FIGURE 3 Thle collauenl halanlce of livinlg honle inl vitro).
Thle (lepositionl rate of new-ly formed collagen in mlatrix is
eomlleare(1 w-ith the collagen resorption rate, each heinlg re-
ferredl to the collCagen mass of the tissue. The meanl (lelsosi-
tionl rate is 1)ll)tted downws\arcl froml thle halanlce linle the
meanl resorptionl rate is then plotted upwsard from the mean
(leposition rate value. The halanlce is negative or I)ositiv-e
aceordling as the resorptionl rate fa+il or succeeds inl cross-
ing the halance line. On1e sn is shown.11,own\v\ard1 fOr svn-l
thesisi and upwacrdl for res>orption. HyPrO = h droxvIprOlilne.

sizecl per mo'g of D)N _ (thle cellular- formlationl rate ).
However, whlen xve considler resorl)tioil activity- in a
simlilalr fashionl a ditterenlt l~atternl emlerges (FIXig. 6') .
The cellular resorptionl ralte Fig. 5 A) increalses Ipro-
gressivelv- from 6 wk to 26 wk andc thenl returnsx to the
initial level by- 44 w-k. whereas the tissule re~sorlltionl rate
f~alls conltinuulyO~! w-ithl advacx'ling ag>e.

DISCUSSION

Thle expectationl that ageinig w\ill restilt inl a var-iety- of
demlonlstrable chlanges inl bonle colla~gen mletahol ism is
bornle out by- thlese resultsi. The chanlges aff~ect nlOt only-
the mlore generally- recognized featur-es of mletabolisml
such1 as formllationl anld resorl)tionl rate, but calso the
phy-sicochemlical solubi Iitx- of collagren, anld qluite un-
exl;pectedlv-, the lprol)ortionl of newvly synthesized collagen
whlich is deposited.
The over-all solubilitv of calcified bone tissue is

is known to he very lowv (10) and indeed the calcified
mlatrix iS not attacked to any- appreciable e~xtent by a
v-ariety- of proteolx tic enzy-mes, including collagenase
(11 ). In1 these experimnelts considlercably les>s thanl 1 %
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FIGURE 4 The changes in bone collagen deposition ratio
with ageing. The fraction of the total newly synthesized col-
lagen which is actually deposited in matrix is expressed as
a percentage of the total collagen synthesized. One SD
is shown. There is no significant difference between 3 wk
and 13 wk of age. By 26 wk a precipitous fall to less than
50% of the mean 13 wk level has occurred (P < 0.001 and
by 44 wk a further fall to 50%o of the 26 wk level (P <
0.001) occurs.

of the total collagen pool is seen to go into solution un-
der physiologic conditions, and this small fraction pro-
gressively decreases with age. A substantial body of evi-
dence indicates that the more recently synthesized forms
of collagen are more soluble (12). Alterations in solu-
bility which we have observed in other conditions of
diminished synthesis make it likely that the depression
in collagen solubility which occurs with ageing is to
some extent a reflection of the diminished synthetic rate
although the falling resorption rate may also contribute
to this reduction in the soluble pool. It should be borne
in mind that we are discussing the solubility of the total
collagen present at zero time, and that this in fact is a
solubility pool which will reflect prior synthetic and re-
sorptive activity indirectly.
The fall in the deposition ratio with -advancing age

has hitherto been unsuspected, and implies that the effi-
ciency of the deposition process which leads to matrix
formation is adversely affected by the ageing process.
The extent of this decline is a major one. In fact, if the

deposition ratio were not to fall with ageing, the matrix
formation rate at 44 wk would be 500% of the rate ac-
tually measured. The cause of this change is unclear and
obviously relates to the organization of newly synthe-
sized collagen in the extracellular area. It may be asso-
ciated with other changes in synthesis by the cell, per-
haps in the mucoprotein components, which presumably
play a part in the organization of the matrix. Whatever
the cause, it does appear to be a significant phenomenon
in the normal evolution of the skeleton with age.
The existence of a positive balance of synthesis over

resorption during the 1st 6 wk is the pattern to be ex-
pected in bone taken from very young animals and the
change to a negative balance at around 13 wk coincides
with the achievement of chemical maturity (13). How-
ever, the actual matrix balance, as determined by the
comparison of deposition vs. resorption (Fig. 3) is neg-
ative in all groups studied.
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FIGURE 5 The changing rate of formation of bone matrix
collagen with age expressed on two different bases. In A the
formation rate is expressed against the DNA content of the
tissue and in B against the tissue collagen content. One SD is
shown. The pattern is similar in both instances. A progres-
sive and continuously significant fall in matrix formation
rate occurs throughout this age range. No significant dif-
ference in pattern was noted when total collagen synthesis
was plotted instead of matrix formation rate. A, reflects the
average synthetic activity per cell, B gives a true measure
of the tissue collagen replacement rate.
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FIGURE 6 The changing rate of resorption of hone collagen
with age expressed on two different bases. In A the rate is
expressed against the DNA content of the tissue, and in B
against the tissue collagen content. One SD is shown. The pat-
terns are (lissimilar, the cellular resorption rate rising mod-
erately but significantly at 13 and 26 wk and falling again
to a baseline value at 44 wk.
By contrast the tissue resorption rate (lecreases progres-

sively throughout this age range. A reflects the average
resorptive activity per cell, whereas B is a true reflection of
the actual tissue resorption rate.

This is not surp)rising. -when wve consider that this
preparation relpresents in fact the immedliate postfrac-
ture metabolic status of the tissue. It has been pointed out
by Bauer (14) that the immediate result of fracture is
an increase in bone resorption rate wNhich is subsequently
follow-ed by a stimulus in formation. We have ourselves
observed in a similar system to the one used in this study,
that the immediate effect of subcapital fracture on the
syntlhetic rate of collagen in the dog fenmur is a reduc-
tion in this rate on bothi sides of the fracture line (15).
Conse(quently, oiie may expect a shift in the balance to-
wvards the negative side in studies of this type. It is clear
that such a shift is not of gross degree, although it does
result in a baseline shift from the in vivo situation.
Furthermore, it is worthy of mentioning here that ad-
ditional studies using this system have shown that a
clear-cut shift in collagen balance from negative to posi-
tive is achieved in -vitro using moderately elevated

medium phosphate concentrations.1 It is therefore pos-
sible by varying in vitro conditions, to set the balance
point at any level w\hich seems appropriate.
The necessity to (listinguish between standards of ref-

erence used in the interpretation of these results is
emphasized by the comparison of resorption rates and
formation rates outline(l in Figs. aand 6. The relation-
ship of DNA (cell number), collagen content (sub-
strate anmount), and wvet weight of bone is quite con-
stant in aIny gOiven age group. However, variations in
the relationship of DNA to the other plaraineters occurs
in many, circumstances, including ageing. where a miod-
erate but definite decrease in cellularity is noted 16).
In such circumstances the apparent rates of dynamic
processes mnav wvell vary depending Onl the entity to
which thex\ are referred. This has been pointed out plrevi-
ouslv in a study of lhumnian bone samples where the cellu-
laritv may vary over a very large range (17).
The crucial distinction, however, that is to be made

is that the meaning of the data is quite different (le-
penlling upon the standard of reference. \When the cel-
lularitv ( DNA' is used. we are contrasting the mean
formation or resorption activity per tissue cell, therebv
getting an average figure for the rate of cellular formia-
tive or resorptive activity-, this does not necessarily- re-
flect the over-all tissue economn which is seen only
wvhen the rate processes are referred to the initial sub-
strate mass of collagen which is being turned over. This
latter is the important value in determining the pres-
ence of positive or negative balance and consequently
of the tendency toward osteoporosis. These considera-
tions are underlined by Figs. 5 and 6. \Whereas the
formation rate follows the same trend both per cell and
per unit collagen, the resorptive activity per cell in-
creases tip to 6 months, while resorption rate of the tis-
sue decreases progressively during this time.
Although the rat is not noted for the develoliment of

symptomatic osteoporosis with advancing age, it is clear
that a tendency towards negative balance with ageing
occurs in this animal. This is associated with a progres-
sive reduction in matrix formation which is due to a

(lelpression of collagen synthesis and is exacerbated by
a failure to (leposit in matrix the same proportion of
new-l- form ecl collagen as occurs at earlier ages. The
resorI)tion rate is also reduced progressively but to a

lesser degree.
In this description we have a precise formulation of the

evolution of an osteoporotic state in terms of these rate
l)rocesses. In a similar fashion the actions of other agents
known to procluce osteol)orosis may be evaluated, and the
areas of major derangement isolated for further study.
Clarification of whether these derangements are at a

1 Flanagan, B., and G. Nichols, Jr. The effect of phosphate
oIn bone matrix halance in vitro. 'Manuscript in preparation.
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spbcellular level involving the mechanics of a single rate
process or at a supracellular level involving the modula-
tion of osteoblastic and osteoclastic activities in an
orchestrated fashion remains to be determined. The
latter hypothesis which has been advanced by Frost
(18) as a result of this group's painstaking quantitative
histologic studies is at once the most likely explana-
tion and the most difficult to evaluate directly.
The future study of metabolic bone disorders in man

requires the ability to evaluate quantitatively as well as
qualitatively the living biopsy sample. The present
technique has been developed to meet such a need.
That it can do so is illustrated by the results obtained
in this study, as well as by previous work on human bi-
opsy samples (19). Data acquired in this fashion com-
plement the other major methods in current use includ-
ing mineral kinetic studies, mineral balance studies, and
the various forms of radiologic and histologic assess-
ment. It supplies over and above these methods the abil-
ity to quantitate repetitively and directly matrix forma-
tion, deposition, and resorption rates.
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