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These data are summarized in figure 3.18, which shows the 
fibroblast replicating activity observed during 
compensatory lung growth, as a percentage increase above 
combined sham and control values. Activity was greatest 
during the first six days after pneumonectomy, and then 
returned towards normal by 28 days.
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F i g u re 3.17

Relative__ajs_tlv.it y„ ...q£__bronchoalveolar lavage fluid from
C-Ontrol slian̂ -OP. e.r.at ed and pneumonectomized rats on
fibroblast replication during compensatory lung growth

Values represent the mean ± SEM for groups of at least 
five animals. Statistical comparisons were made at each 
time, between the pneumonectomy (P) group and combined 
sham (S) and control (C) groups, which were not
significantly different.
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Figure 3.18

Stimulation of fibroblast replication by bronchoalveolar 
lavage fluid from pneumonectomized rats during 
compensatory lung growth

The values given in figure 3.17 have been expressed as 
the percentage increase, above the mean combined sham and 
control values for each time-point.
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CHAPTER 4 DISCUSSIQB

4.1

VALIDITY OF METHODS FOR MEASURING RATES OF PROTEIN 

SYNTHESIS

The use of isotopically labelled amino acids,
administered with large amounts of unlabelled amino 
acid, the so- called flooding dose, is currently a 
favoured approach in studies of protein metabolism 
(McNurlan et al., 1979; Garlick et al., 1980; Laurent,
1982; Laurent and McAnulty, 1983;). Such methods depend 
critically on the assumption, that the isotope used is 
metabolized in an identical manner to the unlabelled 
amino acid. It is also assumed that the large dose of 
unlabelled amino acid is sufficient; firstly, to 
eliminate potential errors arising from compartmentalisation 
of amino acid pools with widely differing specific 
radioactivities, and secondly, to maintain a relatively 
constant specific radioactivity over the period of 
measurement of protein synthesis (Garlick et al., 1980; 
Laurent, 1982). Such an approach has been used previously 
in our laboratories, to study collagen and non-collagen 
protein metabolism in normal and diseased rabbits, using 
L-[5-3H]proline (Laurent, 1982; Laurent and McAnulty, 
1983). The data obtained in these studies, gave no 
indication that the assumptions with respect to isotope 
utilization and precursor pools were not valid. However, 
in the present studies, data obtained in rats is



1 7 8

presented, which indicates that unlabelled proline is 
metabolized at a greater rate than L-[5-3H]proline. 
Furthermore, the studies in rats, also suggest that 
proline is metabolized at a faster rate than in rabbits.

In the following paragraphs, these results will be fully 
discussed, in relation to the assumptions made when 
estimating rates of protein metabolism using this type of 
approach.

4.1.1

Flooding dose of proline in rats

One of the major criteria for measuring protein synthesis 
rates using the flooding approach, is that a sufficient 
dose of unlabelled amino acid, in this case proline, is 
given to maintain a constant specific radioactivity over 
the period of time, in which protein synthesis is 
measured (Laurent, 1982).

Initial experiments in this study with rats (see section
3.2), were performed using 0.7 mmol/100 g body weight of 
unlabelled proline, as used previously in rabbits 
(Laurent, 1982). This dose in rabbits, maintained plasma 
and tissue free proline, at concentrations between seven 
and 15 times normal after 180 minutes, with only a 10% 
decrease in the specific radioactivity of these 
compartments between 15 and 180 minutes. However, with 
the same dose in rats, the plasma and tissue free proline
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concentrations had been reduced to only two to five times 
normal within 120 minutes. The specific radioactivities 
of free proline, in the plasma and lung of these animals 
were only 50% and 30% respectively of the injected 
solution. These results suggested that rats metabolized 
proline at a considerably faster rate than rabbits. 
Hence, a dose of 0.7 mmol/100 g body weight of proline 
was insufficient in rats, to maintain a flooding of the 
pools of this imino acid for sufficient time to measure 
rates of protein synthesis.

In an attempt to overcome this problem the injection of 
unlabelled proline was increased to 1.4 mmol/100 g body 
weight. This resulted in free proline concentrations in 
the tissues and plasma, which were 6 to 12 times normal 
after 60 minutes. In rabbits this level was sufficient, 
to eliminate amino acid pools with widely differing 
specific radioactivities (Laurent, 1982). However, in 
rats injected with this dose of unlabelled proline, a 
major anomaly in the specific radioactivity measurements 
was observed. The mean values for free proline specific 
radioactivity in the lungs and plasma were 16% and 18%, 
respectively, above that of the solution injected into 
the animals, which represented the theoretical maximum 
specific radioactivity. This was an important problem 
because methods for estimating rates of protein
synthesis, require an accurate measurement of the

o f
precursor specific radioactivity, in this case j^proline, 
to enable calculation of protein synthesis rates. 
Therefore, this phenomenon was investigated further and
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the cause eventually elucidated to be a kinetic isotope 
effect (see section 4.1.3). However, other possibilities 
were also investigated and these are discussed in the 
following section (4.1.2).

4 .1. 2

Investigations of some possible causes of the anomalous 
proline specific radioactivity measurements.

A high specific radioactivity could have been obtained 
either, if the measured radioactivity was erroneously 
high or the measured molar amount of proline was low. Low 
molar measurements of proline could occur, if the toluene 
extract used for measuring proline ( see sections 2.4.1 
and 2.4.2) contained a compound, or compounds, which 
inhibited the ninhydrin reaction. Alternatively, high 
radioactivity measurements could occur if proline was 
metabolized by the rat, to a compound which extracted in 
the assay (see section 2.4.1) but did not react with 
ninhydrin (see section 2.4.2).

High free proline specific radioactivity measurements had 
been observed in both lung and plasma. Therefore, the 
majority of studies to resolve this problem were carried 
out with plasma rather than lung, since larger amounts of 
sample were available for analysis. The specific 
radioactivity of free proline in the plasma, was again 
found to be greater than that of the injected solution 
(see section 3.2.2). Deproteinised plasma was passed
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through a cation exchange column in an attempt to isolate 
any metabolites, which might have been formed de novo by 
the rat, causing an increase in specific radioactivity. 
Four compounds other than proline contained 
radioactivity. However, these represented less than 5% of 
the radioactivity, and therefore could not account for 
the 34% increase in specific radioactivity observed, 
unless it was as a result of inhibition of the ninhydrin 
reaction. If this was the case, the specific 
radioactivity of the isolated proline would have been 
lower. However, values were unchanged by chromatographic 
separation of metabolites, suggesting that the specific 
radioactivity measurements, were not affected by 
contaminating metabolites to any significant degree.

Since proline eluted in quite a large volume, it seemed 
feasible that a metabolite may partially coelute with 
proline. Analysis of the specific radioactivity of 
individual fractions eluting in the proline region (see 
table 3.4), gave similar results across the peak, 
providing evidence that contaminants were unlikely to be 
coeluting with proline.

This was confirmed by an alternative method for isolating 
proline. The peak containing proline was evaporated to 
dryness and run on an amino acid analyser (kindly 
undertaken by Dr J. R. B. Hastings at the Chester Beatty 
Laboratories, Institute of Cancer Research, London). This 
system had the advantage of better resolution. Peaks
other than proline were observed (figure 3.6) but only
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one peak of radioactivity was detected. This eluted in 
the proline region and gave a specific radioactivity 
similar to that using the standard method (section 2.4). 
The evidence from these studies strongly suggested that 
contaminating metabolites, were not causing the anomalous 
specific radioactivity measurements.

Another possibility, was that the L-[5-3H]proline 
supplied by the manufacturer was contaminated with 
D-[3H]proline. L-proline is metabolized quite rapidly by 
rats. In contrast, D-proline is metabolized very slowly, 
if at all. Thus, if D-[5-3H]proline was present, it would 
represent an increasing proportion of the radioactive 
proline with time, resulting in a higher specific 
radioactivity when measured by the techniques employed 
here. This seemed a possible explanation given 
observations reported previously, that some batches of 
L-[side-chain 2,3-3H]tyrosine contained up to 30% of the 
D-isomer (Nicholas et al., 1977). Furthermore, when these 
solutions were infused into rabbits, the free tyrosine 
specific radioactivity measurements, were shown to 
increase throughout the period of a five hour infusion. 
In contrast, when pure L-[side-chain 2,3-3H]tyrosine was 
infused, the specific radioactivity reached a plateau 
within two hours. In the present study with 
L-[5-3H]proline, this possibility was examined by 
incubating deproteinised plasma with D-amino acid
oxidase, to metabolize any D-proline that was present, 
this was followed by cation exchange chromatography. 
Assay of peaks containing radioactivity, for the products
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of D-amino acid oxidation (see section 3.2.3), suggested 
that very small amounts of radioactive material coeluted 
with products of D-amino acid oxidation. However, these 
were not present in sufficient quantities, to cause the 
anomalous specific radioactivity measurements observed. 
Measurement of the proline specific radioactivity after 
D-amino acid oxidation and chromatography, gave values 
even higher than before reaction with D-amino acid 
oxidase. This was likely to be due to small amounts of 
D-proline, in the commercial preparation of unlabelled 
L-proline used for these studies. It was concluded from 
these experiments, that tritiated D-proline was not 
responsible for the high specific radioactivity 
measurements observed.

4.1.3

Evidence for a kinetic isotope effect producing the

Experiments were performed to investigate whether this 
anomaly could be explained by a kinetic (or primary) 
isotope effect (Evans, 1974). It is known that the 
velocity of a reaction, may be reduced when an atom 
involved in the rate determining step, is replaced by an 
isotope of that atom. This was a distinct possibility 
with L-[5-3H]proline, since it is the hydrogen atom in 
the C-5 position, which is removed to form the 
intermediate A1-pyrroline-5-carboxylic acid during the 
conversion of proline to glutamate (Scriver et al.,
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1983). Hence, if L-[5-3H]proline was metabolized more 
slowly than unlabelled proline, this would result in a 
time dependant increase in the specific radioactivity. 
Also, isotopic labelling of carbon atoms has little 
effect on rates of reactions (March, 1968). Therefore, 
this potential explanation was investigated by injecting 
a rat with both L-[5-3H]proline and L-[U-14C]proline. 
Specific radioactivities in plasma and tissue free pools 
of several tissues were measured, 60 minutes after 
simultaneous injection of these isotopes (see section
3.2.4 and table 3.6). The free proline specific 
radioactivity for 14C was similar to the injection fluid 
in all tissues analysed. Whereas, the tritiated free 
proline specific radioactivity was increased above that 
of the injection fluid in all cases, ranging from an 18% 
increase in muscle to a three-fold increase in the liver. 
Comparable increases in the 3H/14C ratio were also 
demonstrated. Since both isotopes were administered 
simultaneously, this data provides evidence that L-[5-3H] 
proline is subject to a kinetic isotope effect.

The extent of this phenomenon appears to vary from one 
tissue to another. The effect was greatest in liver, 
followed by heart, lung, and muscle. This could be due to 
varying levels of proline oxidase, which converts proline 
to A1-pyrroline-5-carboxylic acid. The enzyme has been 
shown to be present predominantly in liver, kidney, 
heart, and brain, with levels five times greater in liver 
than heart of rats (Kramar and Fitscha, 1970).
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This phenomenon was not apparent when L-[5-3H]proline was 
used in rabbits (Laurent, 1982), where the specific 
radioactivity of procollagen, was found to be between 
that of the plasma and the tissue free pool for skin, all 
of which were lower than the injected solution. This 
could be due to proline being metabolized at a slower 
rate in the rabbit than the rat, thus reducing the 
significance of the isotope effect.

The data indicated that the high proline specific 
radioactivity, may have been caused by isotopic labelling 
of hydrogen at the C-5 position. If this was the case, 
use of proline labelled with tritium at other positions, 
where no rate- limiting reactions take place during 
metabolism, should eliminate this phenomenon. This was 
investigated by simultaneous injection of L-[3,4(n)-3H] 
proline and l-[U-14C] proline. The results showed (see 
table 3.7) that the free proline specific radioactivities 
of all the tissues for both 3H-proline and 14C-proline 
were similar. Also, the ratio of 3H/14C was similar for 
the injection solution and all tissues. This provides 
further evidence that the high specific radioactivities 
observed, were associated with tritium labelling at the 
C5 position of proline, which is consistent with a 
kinetic isotope effect.

The anomalously high specific radioactivity measurements 
of free proline in animals injected with L-[5-3H]proline 
have several implications for calculating rates of 
protein synthesis. Rates of total protein synthesis
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calculated for animals injected with L-[3,4(n)-3H]proline 
and L-[U-14C]proline (see section 3.2.5) were, as would 
be expected, similar for each tissue and between animals. 
Rates obtained using either the plasma or the tissue free 
pool specific radioactivity, as an estimate of the 
precursor pool for protein synthesis, were also similar 
(see section 3.2.5). Rates of protein synthesis for 
tissues of animals injected with L-[5-3H]proline, 
calculated using the tissue free proline specific 
radioactivity as an estimate of the precursor pool for 
protein synthesis, were surprisingly close to the rates 
obtained with other isotopes of proline, given the 
substantial increases in free proline specific 
radioactivity. The reason for this appears to be, that 
the protein specific radioactivities also increased with 
time, due to proteins being synthesized from a pool of 
amino acids with increasing specific radioactivity, thus 
minimising the effect on calculated rates of protein 
synthesis. Only when rates were calculated using the 
plasma free proline specific radioactivity, as an 
estimate of the precursor pool for protein synthesis, 
were any differences observed. Even then, rates obtained 
for lung, heart and muscle were similar to those obtained 
with other isotopes, because the plasma free proline 
specific radioactivity was not greatly different from the 
free proline specific radioactivities for those tissues. 
However, for liver a protein synthesis rate two and a 
half times greater than that obtained with other 
isotopes, was observed. This was because the free proline 
specific radioactivity in plasma was less than half that
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in the liver. This reflects the likelihood that the liver 
is the major site of proline metabolism (Kramar and 
F itscha, 1970).

Rates of protein synthesis obtained in this study using 
L-[5-3H]proline, compared favourably with those 
determined using L-[3,4(n )-3H]proline or 
L-[U-14C]proline, when tissue free proline was used as an 
estimate of the precursor for protein synthesis. However, 
this was likely to be coincidental and could not be 
relied upon. Theoretically, if the increase in precursor 
proline specific radioactivity was linear with respect to 
time, incorporation of label into protein would be 
non-linear. A graph of incorporation of label into 
protein against time would give a curve for which the 
gradient would increase with time. Under these 
conditions, the methods for calculating rates of protein 
synthesis used in this study (section 2.5.1) would not be 
valid. The use of L-[5-3H]proline, would thus require 
more complex mathematical analysis to obtain rates of 
protein synthesis. A knowledge of the kinetics of the 
change in tissue free proline specific radioactivity, 
which need not necessarily be linear, would also be 
required, involving the use of multiple animals to obtain 
a single rate.

For the reasons set out above, it was concluded that 
L-[5-3H]proline was not suitable for measuring rates of 
protein synthesis in vivo. In the present studies, where 
measurements of collagen metabolism were required,
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L-[3,4(n )-3H]proline would also be unsuitable, since the 
majority of the isotope would be lost, either during 
hydroxylation to hydroxyproline, or during the chemical 
assay in which hydroxyproline is converted to pyrrole see 
(figure 2.2). However, this isotope could be used for 
studies of total protein synthesis, as indicated by the 
results obtained in these experiments. L-[U-14C]proline 
was the only suitable, commercially available alternative 
and has been used for all subsequent experiments. The 
major disadvantage of this isotope is its high cost.

4.1.4

Time over which flooding conditions are maintained

It became apparent that in some experiments, in which 
unlabelled proline was given at a dose of 1.4 mmol/100 g 
body weight, free proline specific radioactivities were 
not always maintained at plateau levels for as long as 60 
minutes. For example, in one case (see table 3.7) the 
free proline specific radioactivities were only about 80% 
of the injected solution.

It is implicit in the methods used for calculating rates 
of protein synthesis, that the specific radioactivity of 
the precursor pool for protein synthesis, attains a 
plateau value rapidly after injection of the labelled 
precursor and maintains the plateau over the time for 
which measurements are made (Garlick et al., 1980; 
Laurent, 1982). If the free proline specific
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radioactivity falls below the plateau value, the 
calculations (section 2.5.1) are invalidated and protein 
synthesis rates may be overestimated. Therefore, a series 
of tim^jcourse experiments were carried out, to ascertain 
that free proline attained a plateau specific 
radioactivity, rapidly in tissues and to determine a time 
for which plateau free proline specific radioactivities, 
would be reliably maintained in rats.

The results (see section 3.3 and table 3.10) showed that, 
for plasma and lung, free proline specific 
radioactivities were similar at 15 and 30 minutes after 
injection and were similar to that of the injected 
solution. This demonstrates that a plateau value was 
attained within 15 minutes and was maintained for at 
least a further 15 minutes. The plateau value was similar 
to that of the injected solution, suggesting that the 
endogenous pools of free proline were relatively small 
and adequately flooded.

For heart, the free proline specific radioactivity was 
about 75% of that of the injected solution. This was 
stable between 15 and 30 minutes, suggesting a plateau 
had been attained, although at a different level compared 
with that in the plasma and lung. The reason for this is 
uncertain but lower plateau values could be explained, by 
a tissue having a particularly high endogenous proline 
concentration, which could reduce the specific 
radioactivity of the injected solution. However, the 
assumptions related to the calculation of protein
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synthesis rates, 
radioactivity is 
be close to that

only require that the precursor specific 
relatively constant, it does not need to 
of the injected solution.

In contrast, free proline specific radioactivities for 
skeletal muscle, were lower at 15 minutes than at 30 
minutes, indicating that plateau conditions were attained 
very slowly, if at all, in this tissue, suggesting that 
caution should be observed when interpreting rates of 
protein synthesis calculated from these values.

Sixty minute 
the free prol 
those obtain 
studied. Thi 
not consisten 
and that rate 
time, under 
overestimated

s after injection of the labelled precursor, 
ine specific radioactivities were lower than 
ed at 30 minutes, for plasma and all tissues 
s demonstrates that flooding conditions were 
tly maintained for as long as 60 minutes, 
s of protein synthesis obtained at this 
these conditions, are likely to be 
(see section 4.1.6).

4.1.5

Kinetics of the appearance of 14C-proline in protein and 
as hvdroxv-14C-proline in collagen as well as in the 
tissue free p o o !

The methods used for calculating fractional rates of 
protein synthesis (section 2.5.1), assume that
incorporation of the rad iolabelled precursor into
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protein, occurs in a linear manner with respect to time. 
The timejfcourse experiments described previously (see 
section 4.1.4), also allowed examination of this 
assumption, based on data from three times over a 
period of 60 minutes. These experiments showed, that in 
lung, heart and skeletal muscle, incorporation of 
14C-proline into protein and into collagen as 
hydroxy-14C-proline, was approximately linear with 
respect to time (see figure 3.9), demonstrating the 
validity of this assumption for these tissues.

This was not the case for hydroxy-14C-proline free and in 
small peptides, which did not increase significantly 
after 30 minutes. This was important because accurate 
measurements of free hydroxy-14C-proline were required, 
for estimating both collagen synthesis rates, and the 
proportion of newly synthesized procollagen degraded. The 
reason for hydroxy-14C-proline in low molecular weight 
moieties not increasing further after 30 minutes, is 
likely to be due to losses into the circulation prior to 
excretion, or further metabolism followed by excretion 
(Scriver et al., 1983). Labelled hydroxyproline in di- 
and tripeptides, as well as metabolites of free 
hydroxyproline, are known to be excreted in the urine, 
within one hour of injection of 14C-proline (Lindstedt 
and Prockop, 1961; Kibrick and Singh, 1974).

It was concluded from these
30 minutes was the most
estimates of protein synthe

time|course experiments, that 
suitable time, for making 
sis and degradation of newly



1 9 2

synthesised procollagen, since flooding 
pools could be reliably maintained over 
losses of hydroxy-14C-proline, free and in 
weight moieties, from the tissues would be

of precursor 
this time and 
low molecular 

min imised.

4.1.6

Comparison of protein synthesis rates calculated at 
various times after injection of L-rU-14C1proline and 
unlabelled proline

In general, tissue free proline specific radioactivities 
after 60 minutes, were found to be lower than at 15 or 30 
minutes (see table 3.10). From this, it might be expected 
that protein synthesis rates, calculated at 60 minutes 
would be overestimates. Indeed, rates of collagen 
synthesis for skeletal muscle, were approximately three 
times greater than those obtained at 15 and 30 minutes 
(table 3.11). However, collagen synthesis rates obtained 
for lung and heart at 60 minutes (table 3.11) were not 
significantly different from those at other times, 
despite a decrease in the free proline specific 
radioactivity at 60 minutes for both tissues (table 
3.10). Similar trends were observed for rates of total 
protein (table 3.12) and non-collagen protein (table 
3.13) synthesis at the different times.

The reasons for 
decreasing free 
calculated rates

this apparent 
proline specific 
of protein

lack of effect of
radioactivities on

synthesis, particularly in
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heart where a 30% decrease in the free proline specific 
radioactivity was observed are unclear. One possible 
explanation, is that the tissue free proline specific 
radioactivity probably decreases gradually rather than a 
sudden drop. Therefore, as the specific radioactivity 
falls, proteins will be synthesized from the pool of 
amino acids with this decreasing specific radioactivity, 
thus minimizing errors in the calculated rates. This is 
the converse argument to that given for increasing 
specific radioactivities observed with L-[5-3H]proline 
(see section 4.1.3).

Another factor which would affect rates of collagen 
synthesis, was the observation that hydroxy-14C-proline 
either free or in low molecular weight peptides did not 
increase between 30 and 60 minutes (figure 3.9). This 
would lead to potential underestimates of collagen 
synthesis at the 60 minute time-point, particularly in 
tissues with higher levels of degradation of newly 
synthesized procollagens. This was not apparent from the 
results observed and suggests that the effects of 
decreasing precursor proline specific radioactivity and 
losses from the tissue of hydroxy-14C-proline free or in 
low molecular weight peptides, at later times, may cancel 
out, at least in lung and heart. In skeletal muscle it 
would appear that the effect of the former predominates.

After injection of the isotope there is a finite time 
before incorporation of isotope into protein begins. From 
a rather tenuous extrapolation of data shown in figure
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3.9, the lag period could be up to five minutes. In 
experiments with short times allowed for incorporation 
(i.e. 15 minutes), this is a potential source of 
significant errors and is probably reflected in the lower 
rates of total protein synthesis, observed at 15 minutes 
compared with values obtained at 30 minutes for heart and 
muscle (see section 3.3.4). The lower rates of synthesis 
for collagens make this error less obvious. For these 
reasons it was concluded that an incorporation time of 
30 minutes gave the most accurate estimates of protein 
synthesis rates. Although the errors described will still 
be operative at this time, they will be minimized.

4.1.7

Validity of the use of tissue-free proline specific

protein synthesis.

As discussed earlier (see section 1.3.4), calculation of 
protein synthesis rates requires a reasonably accurate 
measurement of the specific radioactivity of the 
precursor pool of amino acids, from which proteins are 
synthesized. The most accurate estimate of this would be 
obtained from the aminoacy1-tRNA specific radioactivity 
for each sample. However, the amount of this moiety in 
the rat lung at any one time is small (Kelley et al., 
1984). In the present studies, measurement of this 
parameter would have required large increases in the
amount of 14C-proline used, to enable all the required
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measurements to be made on a single pair of lungs.

An alternative approach to this problem, has been to 
measure the specific radioactivity of proline or
hydroxyproline in procollagen. Constant infusion studies 
with proline (Robins, 1979; Palmer et al., 1981),
followed by extraction of type I procollagen and
measurement of its hydroxyproline specific radioactivity, 
showed that a plateau was obtained within several hours. 
This provided evidence that type I procollagen had a 
rapid turnover rate and could therefore be used, as an 
estimate of the precursor for collagen synthesis. Further 
experiments in which specific radioactivities of leucine, 
from purified type I procollagen and leucyl-tRNA,
measured after infusion of rats with tritiated leucine, 
demonstrated that the specific radioactivities of these 
two extracts were the same (Kelley et al., 1984).

In another study in our laboratories, a flooding dose of 
unlabelled proline was given with radiolabelied proline 
in rabbits, (Laurent, 1982). It was shown that the 
specific radioactivity of hydroxyproline, in type I 
procollagen from skin, was between the values obtained 
for free proline in skin and plasma, both of which were 
close to that of the injected solution. From this data it 
was concluded, that synthesis rates calculated using 
tissue or plasma free proline specific radioactivities as 
an estimate of the precursor, would represent maximum and 
minimum rates respectively.
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In the present studies of lung (see table 3.10)., the 
tissue free proline specific radioactivity was not 
different to that of plasma. Therefore, it could be used 
as an estimate of the precursor pool for protein 
synthesis, assuming that under flooding dose conditions, 
specific radioactivities of prolyl-tRNA, and proline and 
hydroxyproline in type I procollagen, are equal to the 
tissue free proline specific radioactivity. Given the 
cumulated evidence described above this would seem to be 
a reasonable assumption.

Two observations support the validity of this assumption.
First, protein synthesis rates obtained in this study
were similar to those obtained using other validated
methods (see section 4.1.10, tables 4.1 and 4.2). Second, 
data obtained from double label experiments with 
L-[5-3H]proline and L-[U-14C]proline (see sections 3.2.4 
and 3.2.5), where for liver, in which there was a large 
increase in tissue free L-[5-3H]proline specific 
radioactivity, the 3H/14C ratio of free proline was found 
to be similar to that in the protein and different to 
that in plasma. This demonstrated that proteins were 
being synthesized from a pool of amino acids with a 
specific radioactivity similar to that of the tissue free 
pool, suggesting that the tissue free proline specific 
radioactivity gives a better estimate of the precursor 
pool than plasma.
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4.1.8

The, effect of above normal concentrations of proline on 
protein synthesis

A cause for concern, when injecting amounts of an amino 
acid which increase levels of that amino acid in body 
pools, to many times greater than normally present, is 
that the dose of amino acid itself will affect rates of 
protein synthesis.

There is little information on this possible phenomenon. 
However, in one study of muscle hypertrophy in chickens, 
a constant infusion of radiolabelled proline, without 
additional unlabelled proline was used (Laurent et al., 
1978). Collagen fractional synthesis rates of 0.59%/day, 
1.25%/day and 4.5%/day were obtained for control, one day 
and three day hypertrophied muscles respectively. When a 
flooding dose method similar to that used here was 
employed, fractional rates of collagen synthesis 
calculated for fractions comparable to those in the 
previous study were 0.57%/day and 4.05%/day for control 
and two day hypertrophied muscles respectively (Laurent 
et al., 1985). The similarity of these data, using 
methods with and without flooding doses of proline, 
strongly suggests that, in chickens at least, large doses 
of proline do not affect rates of collagen synthesis.

Protein synthesis of chicken, mouse and human fibroblasts 
has been shown not to be affected by varying
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concentrations of proline in vitro (Baieh et al. , 1980; 
Hildebran et al., 1981). In contrast, studies of collagen 
synthesis in liver slices, suggested that incubation in 
increasing concentrations of proline, increased collagen 
synthesis (Rojkind and Diaz De Leon, 1970; Tyopponen et 
al., 1980). A similar effect was observed in foetal rat
calvaria (Finerman et al., 1967) but the increase only
occurred with proline concentrations up to 0.15 mM, a 
concentration below that for normal tissues, at
concentrations above this there was no futher increase in 
collagen synthesis.

The majority of the available evidence, suggests that the 
injection of large doses of proline is unlikely to cause 
major changes in protein synthesis, although this 
requires further study. A possible approach to this, 
might be to measure rates of collagen turnover using a 
non-reutilizable precursor such as 1802 (Jackson and
Heininger, 1974, 1975; Molnar et al., 1986). This would 
be administered with and without, a large dose of 
unlabelled proline, followed by subsequent measurement of 
the half life of labelled collagen.

4.1.9

Measurement of hvdroxyprollne as an index of collagen

The measurement of hydroxyproline as an index of collagen 
is widely accepted. This assumes that all hydroxyproline 
is derived from collagen or that contribution from other
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sources is minimal. Several other proteins contain 
hydroxyproline, including elastin (Franzblau et al., 
1977), acetylcholinesterase (Hays and Rosenberry, 1981), 
the complement component Clq (Reid, 1980) and in lung a 
surfactant associated apoprotein (Benson et al., 1985). 
These either contain small proportions of hydroxyproline, 
or are present in small amounts, making their 
hydroxyproline contents insignificant, relative to that 
of collagens. For example elastin, the most abundant of 
these other hydroxyproline containing proteins, only 
contains about 2% w/w hydroxyproline (Franzblau et al., 
1977; Laurent et al., 1981) compared with approximately 
12% w/w in collagens. Whereas, Clq and lung surfactant 
apoprotein are present in small amounts compared with 
collagen but contain approximately 5% w/w hydroxyproline 
(Reid, 1980; Benson et al., 1985). If synthesis and 
degradation of these proteins were very rapid, they could 
still influence the rates of collagen synthesis and 
degradation in these studies. However, there is evidence 
suggesting that turnover, of elastin (Davidson and Giro, 
1986) and Clq (Kohler and Muller-Eberhard, 1972), is very 
slow. To my knowledge there is no information on the 
metabolism of the other hydroxyproline - containing 
proteins.

It is also assumed that free hydroxyproline is derived 
from degradation of collagen and that insignificant 
amounts are derived from other sources. This assumption 
is based on the long held belief, that hydroxylation of 
proline only occurs enzymatically as a post-translational
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process (Prockop et al., 1979). However, it has been 
suggested, that hydroxyproline may be formed 
non-enzymatically from proline in the presence of active 
oxygen species (Trelstad et al., 1981), although current 
evidence suggests, that this mechanism does not occur in 
normal cells (Steinmann et al., 1981; Imberman et al., 
1982; Bienkowski, 1984a).

4.1.10

Comparison of in vivo estimates of rates of collagen and 
total protein synthesis

Comparison of the rates of total protein synthesis 
obtained for various tissues in this study, with those 
obtained by other methods (see table 4.1), demonstrated 
reasonable agreement for lung, heart and muscle. Many of 
the small differences observed are likely to be due to 
the growth state of the animals, since tissues of young 
growing animals are known to have more rapid rates of 
protein synthesis than adults (Millward et al., 1975; 
Mays et al., 1989). For liver, values appear to fall into 
two groups. Those obtained by constant infusion methods 
were about 50%/day and those obtained by various flooding 
dose methods ranged from 80% - 100%/day. This is thought 
to be due to the different time scales on which these 
methods are carried out; constant infusions are generally 
carried out over long periods of time (up to six hours), 
thus proteins synthesized and secreted from the liver 
are not included in the estimates. Whereas, flooding
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Table 4,1

Comparison of total protein svnthesis rates in various tissues of the
rat

Tissue Reference Method1 Ks2 (%/day)

Lung This study F-proline 33
Garlick et al., 1980 F-phenylalan ine 33
Kelley et al., 1984 C-leucine 20
Preedy et al., 1985 F-pheny lalan ine 25
Goldspink, 1987 F-phenylalan ine 38

Heart This study F-proline 27
Pain and Garlick, 1974 C-tyrosine 17
Chatterjee et al., 1975 C-tyrosine 20
Garlick et al., 1975 C-tyrosine 24
Garlick et al., 1980 F-phenylalan ine 20
Preedy and Garlick, 1985 F-phenylalan ine 20
Preedy et al., 1985 F-phenylalan ine 15

Muscle This study F-proline 16
Pain and Garlick, 1974 C-tyrosine 14
Chatter!ee et al., 1975 C-tyrosine 12
Garlick et al., 1975 C-tyrosine 19
Garlick et al., 1980 F-phenylalanine 17
Preedy and Garlick, 1983 C-tyrosine 11
Preedy and Garlick, 1985 F-phenylalan ine 16
Preedy et al., 1985 F-phenylalanine 10

Liver This study F-proline 90
Pain and Garlick, 1974 C-tyrosine 50
Chatter!ee et al., 1975 C-tyrosine 49
Garlick et al., 1975 C-tyrosine 53
McNurlan et al., 1979 F-leucine 87
Garlick et al., 1980 F-phenylalanine 83
Preedy and Garlick, 1985 F-phenylalan ine 83
Preedy et al., 1985 F-phenylalan ine 104

1 Method, flooding dose (F) or constant infusion (C) followed by 
labelling amino acid.

2 Fractional synthesis rate.
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dose methods are carried out over much shorter times and 
include the rate of synthesis for liver export proteins, 
some of which have very rapid turnover rates (Garlick,
1980).

There have been far fewer studies of collagen synthesis 
rates in rat tissues, with the exception of skin which 
has been widely studied (see table 4.2). The rates for 
skin, using different methods, vary by a factor of four. 
In the early studies, where decay curves of radiolabelled 
amino acids were analysed to calculate rates of collagen 
turnover, no account was taken of the fact that amino 
acids, when released from proteins by degradation, are 
reutilized in the synthesis of new proteins (Gerber et 
al., 1960). Recognition of this problem led to the use of 
non-reutilizable isotopes such as 10O2 , which is 
incorporated into collagen during hydroxylation of 
proline. Rates obtained using these isotopes, gave values 
which were double those obtained with isotopically 
labelled amino acids (Jackson and Heininger, 1975; Molnar 
et al., 1986). An attempt to minimize reutilization was 
made, by administering large amounts of unlabelled amino 
acid at regular intervals after the initial injection of 
radiolabelled amino acids (Nissen et al., 1978). The 
effectiveness of this modification is difficult to 
assess, due to the lack of control data (i.e. without 
unlabelled amino acid) and the different ages of animals 
used, 12 weeks compared with weanlings in the studies of 
Jackson and Heininger (1975) and Molnar et al (1986), 
where isotope reutilization has been overcome. The
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Table 4.2

Comparison of collagen synthesis rates in various tissues of, the rat

Tissue Reference Method1 Ks2 (%/day)

Lung This study F-proline 9.0
Metivier et al., 1978 D-proline 2.3

Heart This study F-proline 6.2

Muscle This study F-proline 2.0
Gerber et al., 1960 D-proline 1.4

Skin This study F-proline 3.8
Gerber et al., 1960 D-proline 1.2
Jackson & Heininger 1975 D-proline 1.3

D-ieo2 2.6
Sodek, 1977 P-proline 4.6
Nissen et al., 1978 PC-proline 1.1
Molnar et al., 1986 D-1B0s 3.1
Schneir, 1986 F-proline 3.0

1 Methods were either flooding dose (F), analysis of isotope decay
curves (D), pulse labelling (P) or• pulse-chase (PC). The method is
followed by the labelled precursor used.

2 Fractional synthesis rate (Ks). In some of the studies cited values 
were given as half lives, these have been converted to fractional 
rates using the equation tVz = (In2)/Ks.
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authors suggested that the modification was effective but 
this now seems unlikely, given the more recent results of 
Schneir and co-workers (1986) with older rats, where 
rates were similar to those obtained using 1B02 .

A major drawback associated with decay studies to 
estimate protein turnover rates, is that many 
measurements are required over long periods of time 
(several hundred days in some studies) to obtain a single 
rate. Such methods are therefore not suitable for short 
term experiments. Furthermore, the decay methods which 
have overcome problems of reutilization are expensive, 
technically difficult and require specialized equipment. 
Measurement of uptake of radiolabelled precursors over a 
period of 27 hours (Sodek, 1977), rather than measuring 
decay curves, reduced the time over which estimates could 
be made. However, large numbers of animals were still 
required to obtain a single rate.

The development of constant infusion methods, for 
measuring collagen synthesis rates (Laurent et al., 1978) 
was a considerable improvement, allowing estimates of 
rates to be made from a single animal over six hours. 
However, a further modificaton, known as the flooding 
dose method, simplified both the method, by giving a 
single injection rather than a six hour infusion, and the 
calculations, since the kinetics of incorporation of 
label into protein are less complex. Rates obtained for 
skin, by these methods are similar to those using isotope 
decay methods with non-reutilizable labels (table 4.2).
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Rates obtained in the lung 
dose methodology described 
times and 40% greater than 
decay methods respectively.

and muscle using the flooding 
here, were approximately four 
those obtained using isotope

As discussed previously (Laurent, 1982), collagen 
synthesis rates based on the uptake of radiolabelled 
proline into collagen, will be underestimated due to 
degradation of newly synthesized procollagens during the 
time of measurement. Degradation products have been 
measured in this study and included in the rates of 
synthesis shown (table 3.11). However, if this had not 
been done the rates would have been as follows; lung, 5.2 
± 0.7 %/day; heart, 3.4 ± 0.7 %/day; muscle,1.4 ± 0.4 
%/day; skin, 3.7 ± 1.0 %/day. For tissues in which there 
is a high proportion of degradation of newly synthesized 
procollagen, this results in a considerable error 
compared with the values given in table 3.11. It is 
therefore inappropriate to calculate the fractional 
synthesis rate of collagen, from the radioactivity 
appearing in collagen peptides of high molecular weight 
only. Specific radioactivities should be estimated from 
the total hydroxyproline in the tissues, as employed 
here. The rates of collagen synthesis may still be 
underestimated, since some hydroxyproline, either free or 
in low molecular weight peptides is likely to be lost 
from the tissue during the time of measurement, although 
this is likely to be small if rates are measured at 30 
minutes (see section 4.2.3). Nevertheless, values given 
in table 3.11 should be regarded as minimum rates.
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In summary, the data demon 
experimental times of 30 minut 
synthesis rates for collagens 
can be measured simultaneously 
this time, flooding of preeurs 
maintained, and incorporation 
proteins is approximately line 
Losses of hydroxy-14C-proline 
moieties are insignificant and 
short periods of time minimiz 
reutilization of proline.

strate that in rats, 
es give good estimates of 
and total proteins, which 
in individual animals. At 

or pools can be reliably 
of 14C-proline into 

ar with respect to time, 
in low molecular weight 
measurements over such 

e any errors caused by

The methods were also 
of newly synthesized 
of these estimates is

developed to 
procollagens 
discussed in

measure the proportion 
degraded. The validity 
the next section.

4 . 2

VALIDITY OF METHODS FOR MEASURING THE PROPORTION OF NEWLY 
SYNTHESIZED PROCOLLAGENS DEGRADED

Estimates of the proportion of newly synthesized 
procollagens degraded, depend on the accurate measurement 
of hydroxy-14C-proline in both high molecular weight 
collagen peptides and free or in low molecular weight 
peptides. The former has been fully discussed in the 
previous section (4.1), the latter is discussed in the 
following paragraphs. Many of the arguments discussed in 
section 4.1, concerning the measurement of hydroxyproline 
in high molecular weight fractions, are also pertinent to
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this section.

4.2.1

Purification of commercial preparations of radiolabelled 
proline

Commercial preparations of radiolabelled proline, have 
been shown to contain small amounts of radiolabelled 
hydroxyproline as a contaminant (Bienkowski and Engels,
1981). The manufacturers data sheets for the batches of 
L-[U-14C]proline used in these studies, showed that 
between 0.05% and 0.1% of the radioactivity was 
associated with hydroxyproline. This could cause 
potentially large errors in the measurement of 
degradation of newly synthesized procollagen, as the 
measurement of tissue free radiolabelled hydroxyproline 
was required. Although the amount of radiolabelled 
hydroxyproline was small, compared with the amount of 
radiolabelled proline, it could represent a large 
proportion of the free radiolabelled hydroxyproline 
measured in animal tissues. For example, injection of a 
200 g rat with unpurified L-[U-14C]proline at a dose of 
50 p.Ci / 100 g body weight would include 220,000 dpm of 
radiolabelled hydroxyproline, if the contaminant level 
represented 0.1% of the total radioactivity. If this were 
distributed equally throughout the body tissues, it would 
be equivalent to approximately 1,000 dpm / g of tissue. 
It was therefore essential to remove the contaminating 
hydroxyproline from proline prior to injection, since
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values obtained for hydroxyproline derived from 
degradation of procollagens ranged from 100 to 650 dpm / 
g of tissue (table 3.14).

Previously, separation of these moieties has been 
achieved by cation exchange chromatography. The imino 
acids were separated by elution, with either sodium 
citrate buffers (Bienkowski and Engels,1981) or 
hydrochloric acid at concentrations between 1 M and 2.5 M 
(Stein and Moore, 1949; Berg et al., 1980; Diegelmann et 
al., 1980; Chojkier et al., 1982). The disadvantage of 
the former method, was that salt had to be removed prior 
to use in biological systems. This required use of 
desalting columns prior to evaporating the sample to 
dryness. Whereas, samples eluted with hydrochloric acid 
could be evaporated directly. For this reason the latter 
method was adopted.

Initial experiments were carried out using the method of 
Stein and Moore (1949). However, due to the length of 
time required to run these columns, the column dimensions 
were reduced in later experiments and the concentration 
of hydrochloric acid for elution was reduced to 1.5M. The 
combination of these two changes, maintained good 
separation of proline from hydroxyproline (see figure 3.3 
and 3.4) and reduced the column run time from about 6 
hours to 4 hours. This was useful, since it allowed the 
separation of at least three samples a day, with the use 
of automatic shutdown of pump and fraction collector for 
samples run overnight.
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4 . 2 . 2

Isolation of hvdroxv-14C-proline either free or in low
molecular weight peptides from___ot_h_e_r__radlQ_La.b..e,l led.
csmmmMfL

Relatively small amounts of hydroxy-14C-proline were 
present in low molecular weight moieties of tissues 
compared with free 14C-proline. Therefore, these 
compounds were separated using the same column system, as 
that for purifying commercial preparations of 
radiolabelled proline. However, it has been shown that 
biological samples contain degradation products of 
proline. These include glutamate and aspartate, which 
elute in a similar position to hydroxyproline, under 
similar chromatographic conditions to those used here 
(Chojkier et al., 1982). It was possible that these 
compounds were present in the tissue samples here, since 
the peak of radioactivity in the hydroxyproline region 
was broader for samples than for hydroxyproline standards 
(see figure 3.4). It was also likely that these 
compounds, if present, would be radiolabelled. Therefore, 
it was essential to exclude these from the measurements 
of hydroxy-14C-proline. This was accomplished by the 
chloramine-T oxidation assay. Glutamate and aspartate 
have been shown to be virtually excluded from the extract 
containing the hydroxyproline derivative (pyrrole) in 
this assay (Prockop et al., 1961; Peterkofsky and 
Prockop, 1962; Chojkier et al., 1982). This was confirmed 
in the assay system used here, glutamate extracted with
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efficiencies between 0.015% and 0.017% and aspartate 
extracted with efficiencies between 0.20% and 0.22%, 
compared with a hydroxyproline extraction efficiency of 
43%. These compounds could not contribute significantly 
to the measurement of hydroxy-14C-proline, since after 
correction for hydroxyproline extraction efficiency more 
than 90% of the radioactivity in the peak eluting in the 
position of hydroxyproline was accounted for. This
suggested that the majority of the radioactivity eluting 
in this region was hydroxyproline.

4.2.3

The effect of labelling time on the proportion of newly 
synthesized orocollagens degraded

As discussed previously (section 4.1.5), the appearance 
of 14C-proline in collagen as hydroxy-14C-proline, was 
approximately linear with respect to time but
hydroxy-14C-proline either free or in low molecular 
weight peptides did not increase between 30 and 60 
minutes (figure 3.9). Since the proportion of newly
synthesized procollagens degraded is estimated from the 
relative proportions of free hydroxy-14C-proline to total 
hydroxy-14C-proline in a tissue, variations will occur in 
the estimates at different labelling times, as
demonstrated by the lower values observed at 60 minutes 
compared with those at 30 minutes (see section 3.3.5 and 
table 3.14). This suggests that shorter labelling times
are preferential for estimating this process more
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accurately. The possible reasons for hydroxy-14C-proline 
in low molecular weight moieties not increasing after 30 
minutes have been discussed in section 4.1.5.

The tim^course for the appearance of hydroxy-14C-proline 
in collagen and in low molecular weight fractions of 
tissues, suggests a lag time before label begins to 
appear (figure 3.9). As discussed previously (4.1.6) for 
label in collagen, this lag time could be up to five 
minutes. In the low molecular weight fraction, by 
definition the lag time will be longer and is estimated 
to be in the region of five to ten minutes. The 
difference between the lag times for synthesis and 
degradation, could cause potential underestimates of 
degradation of newly synthesized procollagens. From the 
data presented (section 3.3.5 and table 3.14), this does 
not appear to greatly affect the values obtained at 15 
minutes compared with those at 30 minutes, with the 
possible exception of lung in which values were lower at 
15 minutes than 30 minutes. This suggested that the 
difference in lag times did not have a major influence on 
the values at 15 minutes, and that losses of 
hydroxy-14C-proline from the tissues at 30 minutes were 
limited. For these reasons it was concluded that 
labelling times between 15 and 30 minutes, were the most 
suitable for estimating this process.

There have been relatively 
rapid collagen degradation 
skin (Barnes et al., 1970;

few studies of the pathway of
in vivo. However, studies of
Schneir et al.. , 1984a,b) and
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gingiva (Schneir et al., 1984b), where the levels of 
radiolabelled hydroxyproline in high and low molecular 
weight fractions were assessed over several hours, showed 
similar trends to those described here. Values for skin 
fell between 30 minutes and 24 hours from 13% to 1.5% and 
for gingiva, values fell from 40% to 6% over the same 
period (Schneir 1984b). Therefore, in studies where this 
process has been measured over several hours (Bienkowski 
et al., 1978a; Schneir and Golub, 1981; Laurent and 
McAnulty, 1983; Laurent et al., 1985; Turner et al.,
1986; Pickrell et al., 1987), the values obtained are 
likely to be significantly underestimated.

4.2.4

Kinetics. variation _SJ1CL possible role of newlv

Although the time-course for rapid degradation of 
collagen has been investigated in vitro (Bienkowski et 
al., 1978a,b), it has not been examined previously in 
vivo. Results obtained here support the view that this 
process occurs extremely rapidly. Degradation was 
certainly occurring within 15 minutes and the kinetic 
data (figure 3.9) suggests that the transit time between 
synthesis and degradation is of the same order as that 
observed in vitro (i.e. 8 minutes, Bienkowski et al., 
1978a). The time required by cells to secrete collagen 
molecules has been estimated to range from 20 minutes to 
60 minutes in different cells (Dehm and Prockop, 1972,
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1973; Grant et al., 1972). Therefore, as degradation of 
newly synthesized procollagen has been shown to occur in 
less than 15 minutes, the process probably occurs 
intracellularly, as was proposed on the basis of in vitro 
experiments (Bienkowski et al., 1978a,b).

This study shows a wide variation in the extent of 
degradation of newly synthesized procollagens for 
different tissues. The lowest values were about 10% for 
skin, the highest, of about 50% were observed in heart. A 
difference between tissues was noted previously by 
Schneir and co-workers (1984b), who showed rates for 
gingiva which were four-fold greater than in skin, for 
which the values corresponded quite closely to those 
reported here. Such a difference might also have been 
predicted from in vitro studies, which have shown a wide 
variation in the extent of this process for different 
cell types (Rennard et al., 1982; table 1.1 in this 
study). Interestingly, values reported for skin and lung 
fibroblasts, are not greatly different to the values 
reported here, for the tissues from which these cells are 
derived.

The most likely explanation for this tissue variability, 
is an intrinsic difference in cellular processing between 
cell types, with some directing a greater proportion of 
newly synthesized procollagen to degradative processes 
than others. This could possibly be due to the different 
growth states of the tissues, growing tissues tend to 
degrade a smaller proportion of newly synthesized
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procollagen than non-growing adult tissues (Mays et al., 
1989). In this study, during rapid compensatory growth 
there was a reduced proportion of newly synthesized 
procollagens degraded compared with normal lungs. Another 
possible explanation could be due to different rates of 
collagen processing, since different cells secrete 
collagens at different rates (Dehm and Prockop, 1972, 
1973; Grant et al., 1972). Inhibition of collagen 
secretion increases the proportion of newly synthesized 
procollagens degraded (Neblock and Berg, 1986). 
Therefore, cells with long processing times for 
collagens, may degrade higher proportions of procollagen, 
than cells with shorter processing times. The controlling 
mechanisms for these processes are as yet poorly 
understood. Although, from in vitro studies, it has been 
suggested that basal degradation of newly synthesized 
procollagen is due to non-lysosomal proteases, if the 
process is induced, for example by proline analogues, the 
increased degradation is explained by intra-lysosomal 
processes (see section 1.3.2 for a full review of these 
processes).

In this study, it appeared that tissues with the highest 
collagen concentration had the lowest proportion of 
degradation of newly synthesized procollagens and vice 
versa (see tables 3.11 and 3.14). This raises the 
possibility that this process may have a role in the 
regulation of collagen content. There is some evidence 
for this concept; during stretch-induced hypertrophy of 
skeletal muscle, a decrease in rapid procollagen
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degradation has been reported (Laurent et al., 1985) and 
in the present studies of compensatory lung growth, a 
decrease in rapid degradation was also observed (see 
table 3.18). Also in a study of aging rats, this process 
has been shown to increase dramatically in the lungs with 
very little newly synthesized collagen being deposited 
(Hays et al., 1989). In disease there is also some
evidence that this pathway contributed to regulation of
collagen content. Schneir et al. (1984a) have suggested

fckoJ:
L increased degradation of newly synthesized procollagen 
occurs, during streptozotocin-induced diabetes. During 
experimentally-induced pulmonary fibrosis a decreased 
degradation of newly synthesized procollagen may 
contribute to the increased collagen deposition (Laurent 
and McAnulty, 1983; Pickrell et al. , 1987).

4.2.5

Summary

Reasonable estimates of the proportion of newly 
synthesized procollagens degraded may be obtained in 
vivo. Provided that, preparations of radiolabelled 
proline are free of radiolabelled hydroxyproline, and 
measurements are made at a time which limits losses of 
the procollagen degradation products from the tissues. In 
the present studies of rats, this was achieved by 
chromatographic purification of commercially available 
preparations of L-[U-14C]proline, and by making
measurements 30 minutes after isotope administration.
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This was considered to give the best 
of minimizing errors due to loss of 
from tissues.

estimates, in terms 
hydroxy-14C-proline

4.3

VALIDITY OF METHODS FOR ESTIMATING DEGRADATION OF MATURE 

COLLAGENS

In this study two methods have been used to assess levels 
of degradation of "mature" collagen. Both methods have 
major assumptions associated with them. First, free molar 
amounts of tissue hydroxyproline, relative to total molar 
amounts of tissue hydroxyproline were measured. This 
ratio has been used previously as an index of the 
degradation of mature matrix collagen (Woessner, 1970). 
However, any changes in these ratios should be 
interpreted with caution. Measurements of free molar 
amounts of tissue hydroxyproline, will include 
hydroxyproline from degraded collagen which has been 
recently synthesized, as well as that from mature matrix 
collagen. In the studies of Woessner (1970), using 
growing chick embryo skin, the increase in free 
hydroxyproline was not associated with an increase in 
collagen synthesis and therefore, most likely represented 
an increase in the degradation of mature matrix collagen. 
However, if collagen synthesis were increased, then 
changes in free hydroxyproline could be at least 
partially attributable, to an increased amount of 
hydroxyproline from degradation of recently synthesized
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procollagens and collagens, even if the proportion of 
newly synthesized procollagens degraded had not changed.

Data presented here, from experiments at times up to 60 
minutes showed no changes in this ratio with time (3.3.6 
and table 3.15). This demonstrates that since collagens 
are constantly being synthesized and degraded and the 
tissue collagen content is constant over this short 
period, free hydroxyproline must be lost from the 
tissues. The fact that the values did not change with 
time, indicates that measurements are being made of an 
equilibrium pool. As such, the ratios obtained must be 
regarded purely as an index of collagen degradation, 
since no data is available for the rates of transport 
from the tissue. This also suggests that the ratio could 
be altered by changes in transport of hydroxyproline from 
tissues, as well as changes in collagen degradation.

Secondly, fractional rates of collagen degradation have 
been estimated from the difference between synthesis and 
growth rates. Degradation rates were obtained indirectly 
from two measurements, each of which have associated 
errors, thus the calculated rates have quite large 
cumulative errors. Furthermore, the growth rates are 
means for a period spanning the time at which 
measurements were made and may not represent the actual 
growth rate at that time.
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4.4

CHANGES IN PROTEIN COMPOSITION AND METABOLISM DURING 

COMPENSATORY LUNG GROWTH

4.4.1

Lung growth and protein composition

This study demonstrates that after removal of the left 
lung from rats, the remaining right lung increases its 
weight rapidly, to reach that of both right and left 
lungs of normal rats within six days (figure 3.10). 
Similar results for wet weight and changes in
non-collagen protein content have been reported
previously for this species (Brody, 1975; Nattie et al., 
1974; Rannels et al., 1984; Watkins et al., 1985). There 
was a slower increase in protein, compared with lung 
weight, suggesting that there may be some oedema 
post-operatively. The increase in extravascular albumin 
space observed after pneumonectomy (table 3.20) supports 
this view.

An increase in collagen content has also been
demonstrated. This increase began more slowly than for 
non-collagen protein but attained a final increase
similar to that for non-collagen protein. Another study 
of changes in collagen content after pneumonectomy 
(Watkins et al., 1985), showed a more rapid increase in 
collagen content than was observed here. However, the
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rats used by Watkins and colleagues (1985) were 
considerably younger than those used for this study. This 
may explain the difference, as compensatory growth is 
known to be completed more rapidly in younger animals 
(Rannels et al., 1984).

4.4.2

Fractional rates of protein synthesis and degradation

In this study the methods discussed earlier (sections 4.1
4.3) were applied to the study of collagen and 

non-collagen protein metabolism after pneumonectomy. 
Changes in both synthesis and degradation have been 
demonstrated (tables 3.17 - 3.19), which together
resulted in a marked increase in the contents of collagen 
and non-collagen proteins (table 3.16). Non-collagen 
protein synthesis and degradation increased, with a small 
disproportionate increase in synthesis, compared with 
degradation. This disproportionate increase in synthesis 
caused the increase in content.

Collagen synthesis rates increased, to three times the 
normal values at six days (table 3.17), but at this time, 
there was no change in collagen content. This implies a 
concommitant increase in degradation. After six days, 
collagen synthesis and degradation rates declined. 
However, the decline in the degradation rate was more 
rapid than that for synthesis, resulting in the increased 
collagen contents at 14 and 28 days after pneumonectomy
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(table 3.16).

The limitations discussed earlier (section 4.3), 
concerning derivation of fractional rates of degradation, 
are of importance here, particularly with reference to 
the estimates of growth rates. In this study mean growth 
rates were estimated over quite long periods of time. 
Animals for the different time-points were not all 
obtained, or operated on at the same time. As a result 
some degree of error may be involved in these estimates. 
Measurements of protein contents at more time points 
during compensatory lung growth, would have allowed a 
better estimation of growth rates but this would also 
have involved the use of many more animals. The data for 
fractional rates of collagen degradation (table 3.17) and 
that for the index of mature collagen degradation 
obtained from the relative proportions of free and bound 
hydroxyproline (table 3.18), showed similar patterns. 
This suggests that despite the limitations of these 
methods (see section 4.3) a good overall view of the 
pattern of changes in mature collagen degradation is 
obtained.

Thus, it appears that different patterns of changes in 
collagen synthesis and degradation, lead eventually to a 
marked increase in collagen content. Interestingly, the 
magnitude of the increase in collagen synthesis was 
similar to that shown previously, in vitro, for rabbits 
(Cowan and Crystal, 1975), although the timejbourse of 
changes was more rapid in rats than rabbits. This is in
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agreement with the observation that compensatory lung 
growth follows a longer time/course in rabbits than rats 
(Das and Thurlbeck, 1979).

4.4.3

Site of collagen degradation

Collagens of various types are known to be degraded via 
several pathways, occurring either intracellularly or 
extracellularly (see section 1.3.2 and 1.3.3). In this 
study two methods have been used in an attempt to 
determine the site of collagen degradation. Firstly, 
measurement of free radiolabelled hydroxyproline, as a 
proportion of total radiolabelled hydroxyproline was used 
as a measure of degradation of newly synthesised
procollagens. This degradation occurs within 15 minutes 
of synthesis of procollagen molecules (table 3.14), and 
almost certainly occurs intracellularly (see section
4.2.4). After pneumonectomy, the proportion of newly 
synthesized procollagens degraded via this pathway 
decreased by approximately 30%. The effect of this fall 
in degradation of newly synthesized procollagen was to 
increase the amount of collagen available for deposition 
in the lung by a further 17%, above that made available
by the increase in synthesis alone (i.e., 3.5 times
rather 3 times more collagen than in the normal lung was
available for deposition). Secondly, free molar amounts 
of hydroxyproline relative to total molar amounts of
hydroxyproline were measured. As discussed previously



(see section 4.3), this measurement has been used as an
index of the degradation of mature matrix collagens. Six
days after pneumonectomy there was a 65% increase in this
ratio, suggesting an increased degradation of mature
collagen. However, the increase in the index of
degradation of mature collagen, occurred at a time when
there was also increased synthesis. Therefore, the

to
increase in this index could either be due 1^ increased 
degradation of mature matrix collagens, or to degradation 
extracellularly of recently synthesized collagens (see 
section 4.3). Further studies are required to elucidate 
definitively which pools of collagen are being degraded 
and the mechanism. Fibroblasts may be involved, since 
these cells are capable of producing large amounts of 
eollagenases as well as inhibitors (Krane, 1985). In this 
study it has been shown that there are increased numbers 
of both macrophages and neutrophils in the lung after 
pneumonectomy. Both of these cell types produce 
collagenolytic enzymes (see section 1.3.3) and could 
therefore be involved.

Values obtained for both the proportion of newly 
synthesized procollagens degraded, and the index of 
degradation of mature collagens, could be affected by 
changes in the rate of loss of free hydroxyproline from 
the lung. Although significant losses of free 
hydroxyproline from the lung were not apparent after a 30 
minute labelling time for normal animals (see table 3.14 
and sections 3.3.2 and 4.2.3), this may not be the case 
after pneumonectomy. Indeed, data presented in this
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study, demonstrates an increase in the extravaseular 
albumin space after pneumonectomy. This suggests changes 
in the transport of macromolecules into and out of the 
lung. The effect of this on transport of free 
hydroxyproline in the lung is unknown. However, at two 
days after pneumonectomy, there was an increase in the 
extravascular albumin space of approximately 40%, but no 
change was seen in the measurements of collagen
degradation. This indicated that changes in transport of 
free hydroxyproline had a minimal effect on measurements 
of collagen degradation made here.

4.5

COMPARISON OF COLLAGEN AND NON-COLLAGEN PROTEIN

METABOLISM IN COMPENSATORY LUNG GROWTH AFTER

PNEUMONECTOMY WITH THAT IN NORMAL GROWTH

After pneumonectomy, increases in both synthesis and 
degradation of non-collagen protein were observed. 
Synthesis rates were always slightly in excess of 
degradation. In this respect, compensatory growth is 
similar to normal lung growth (Goldspink, 1987). The 
rates observed after pneumonectomy, were more rapid than 
those observed at any time during postnatal growth. They 
are however, similar to rates obtained in late foetal 
growth, when a doubling of lung protein has been shown to 
occur within two days (Goldspink, 1987).

Fractional rates of collagen synthesis are also very high
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just before birth (Bradley et al., 1974b) and decline 
with age (Bradley et al., 1974b; Mays et al., 1989). The 
proportion of total protein synthesis devoted to collagen 
was also greatest, just before and shortly after birth, 
when lung growth was most rapid (Goldspink, 1987). 
Similar changes in collagen synthesis have been observed 
in the current study, where the proportion of protein 
synthesis devoted to collagen increased from 3.2 ± 0.2 to
4.5 ± 0.5%, six days after pneumonectomy (P<0.05).

There have been few studies of collagen degradation 
during normal growth. One study from this laboratory 
(Mays et al., 1989), indicated that newly synthesized 
collagen degradation, was lower in lungs of young rapidly 
growing rats, than in old rats. The index of mature 
collagen degradation was also higher. This is similar to 
the pattern of changes observed here after pneumonectomy. 
From this evidence it appears that in terms of collagen 
and non-collagen protein production, compensatory growth 
of the lung after pneumonectomy, is very similar to the 
rapid growth of the normal lung, that occurs just before 
and immediately after birth. Therefore, this model of 
compensatory lung growth may have applications in studies 
of mechanisms of normal growth. For example, in studies 
of cell-to-cell and cell-to-matrix interactions. Many 
mediators have been discovered that are either 
chemoattractants for cells or affect rates of cell 
replication or protein production per cell (see section
1.3.5). The study of regulatory mediators is often 
difficult, especially in young animals where the amount
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of tissue, and hence mediators are limited. If the 
process of compensatory growth is mimicking embryonic and 
early postnatal growth,then this could be an important 
model for investigation of developmental processes.

4 . 6

MECHANISM FOR INCREASED COLLAGEN PRODUCTION DURING 

COMPENSATORY LUNG GROWTH

It has been shown here that during compensatory lung 
growth, there are increased rates of collagen synthesis 
and degradation. These result in an increased deposition 
of lung collagens. Further studies have been carried out 
to begin to investigate potential mechanisms by which 
these changes could occur.

4.6.1

Increased numbers of fibroblasts

One possible mechanism for increased collagen production, 
is to increase the number of collagen producing 
fibroblasts (see section 1.3.5). In this study BAL fluid 
from normal rats, stimulated replication of fibroblasts 
in vitro. After pneumonectomy, stimulation of fibroblast 
replication was further increased. The highest activity 
was observed two days after pneumonectomy, when the 
stimulation of fibroblast replication was double that 
observed for control animals (figure 3.17). Values
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declined thereafter and were not significantly different 
from control values by 14 days. This data suggests that 
the lung contains mediators, which are capable of 
stimulating replication of fibroblasts. This activity was 
greatly enhanced during the rapid growth which occurs 
after pneumonectomy.

The activity was demonstrated in BAL fluid but it seems 
likely that it would also be present in the interstitium, 
where it could act on fibroblasts in vivo. Support for 
this comes from autoradiographic studies of 3H-thymidine 
uptake in mice and rabbits (Brody etal., 1978; Das and 
Thurlbeck, 1979). These suggest that interstitial cells 
replicate during compensatory lung growth.

The peak of fibroblast growth activity observed here in 
vitro, preceded the phase of maximal collagen synthesis 
observed in vivo. This suggests that the increased 
collagen synthesis demonstrated during compensatory lung 
growth, is mediated at least in part, by an increase in 
fibroblast numbers. Interestingly, the total fibroblast 
growth activity (figure 3.16) was approximately three 
times greater than for control animals. A similar 
increase to that observed for collagen synthesis (table
3.17).
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4.6.2

Source of mediators

The source of the mediator or mediators, observed here in 
BAL fluid is unknown. Several studies have suggested, 
that circulatory mediators may be involved in the 
regulation of compensatory lung growth. These include 

stimulation of foetal lung growth after left
unilateral pneumonectomy in pregnant rats (Romanova and 
Zhakhareva, 1972>5 stimulation of alveolar type II
cell uptake of 3H-thymidine by a 7,000 Dalton factor 
from rabbit serum after pneumonectomy (Smith et al, 
I960); stimulation of polyamine uptake in primary
cultures of type II pneumocytes by serum from 
pneumonectomized rats (Rannels and Rannels, 1988). Data 
presented in this study, from measurements of the 
extravascular albumin space of the lung, demonstrated 
increased amounts of albumin in the lungs of 
pneumonectomized rats, compared with control animals. 
Increased albumin was evident, even after correction for 
increased lung weight. These measurements do not 
necessarily reflect an increase in vascular permeability, 
since they were carried out over relatively long periods 
(Wangensteen et al., 1983) and no assessment was made of 
the possible changes in rates of flux, in or out of the 
lung via the vascular and lymphatic systems. Therefore, 
the values only reflect the size of an equilibrium pool 
of albumin within the lung parenchyma. Whether these 
results are due to increased vascular permeability or
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decreased drainage from the lymphatic system is not 
known. However, the evidence that albumin, a serum 
protein of approximately 67,000 daltons, is present in 
increased amounts in the lung after pneumonectomy, 
demonstrates the potential for an influx of mediators 
into the lung from the circulation, which could affect 
collagen production during compensatory lung growth.

Resident lung cells or cells entering the lung from the 
circulation are another possible source of mediators 
involved in compensatory lung growth. Macrophages and 
monocytes are capable of producing mediators which affect 
fibroblast function and fibroblasts may also produce 
autocrine factors, which are known stimulants of their 
replication (see section 1.3.5). In this study we have 
shown that increased numbers of lavagable cells are 
present in the lung after pneumonectomy. The major cell 
types at all times were macrophages and monocytes, 
demonstrating a potential for production of 
macrophage/monocyte mediators of fibroblast function. 
Furthermore, during pulmonary fibrosis, alveolar 
macrophages have been shown to spontaneously release PDGF 
(Martinet et al., 1987) and an IGF-I-like molecule (Rom 
et al. , 1988), both of which are potent stimulators of 
fibroblast replication. Preliminary studies in our 
laboratory have demonstrated that conditioned medium of 
cultured alveolar macrophages, from young rats with 
rapidly growing lungs, stimulated fibroblast replication 
(Cambrey and McAnulty, unpublished observation). The data 
presented here, together with the literature cited,
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points towards the macrophage as a likely source of
fibroblast growth activity during lung growth and
pulmonary fibrosis.

Two days after pneumonectomy there was a large increase 
in the proportion of lavagable neutrophils. Neutrophils 
as well as macrophages, are known to produce 
collagenolytic enzymes (Wahl et al., 1974; Uitto et al., 
1980; Mainardi et al., 1980a; 1980b; Gadek et al., 1980) 
and may contribute to the increased rates of collagen 
degradation observed here during compensatory growth.

The nature of the mediator(s) observed is unknown. It is 
likely to have a molecular weight of greater than 13,000 
daltons, since it is not excluded by dialysis tubing with 
this molecular weight limit. Studies are required to 
characterize the mediator/s responsible for the 
fibroblast growth activity observed. This would allow 
comparisons with mediators which have been shown to be 
expressed during pulmonary fibrosis such as PDGF
(Martinet et al., 1987), the IGF-I-like alveolar
macrophage derived growth factor (Rom et al., 1988), 
interleukin-1 and interferon-{3 (Jordana et al. , 1988b).

4 . 7

SUMMARY AND FUTURE DIRECTIONS

The aim of the initial phase of these studies, was to 
develop and validate a method for in vivo measurement of
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the proportion of newly synthesized procollagens 
degraded, and to adapt to rats, the flooding dose method 
for estimating fractional rates of collagen and 
non-collagen protein synthesis initially developed in 
rabbits.

During the cours 
L-[5-3H]proline, 
was not suitabl 
because it is 
unlabelled prol 
suitable isotope

e of these studies it was discovered 
the isotope originally used in rabb 

e for studies of protein metabol 
metabolized at a slower rate 

ine. L-[U-14C]proline was the 
that was commercially available.

that 
its, 
ism, 
than 
only

The method developed, allows simultaneous estimation of 
collagen and non-collagen protein synthesis rates, as 
well as the proportion of newly synthesized procollagens 
degraded rapidly. Collagen synthesis rates were 
calculated from total tissue hydroxyproline specific 
radioactivities, including products of rapid procollagen 
degradation. This overcame the largest source of error in 
the estimation of collagen synthesis rates by this type 
of method. Without this important modification, rates in 
lung and heart would be underestimated by about 45% and 
in tissues such as liver, where up to 90% of newly 
synthesized procollagens may be degraded, the errors 
would be much greater. Synthesis rates obtained using 
this method, were similar to those reported previously 
with other validated methods. The great advantage of the 
flooding dose approach used here, is that rates may be 
obtained in single animals, over short periods of time,
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without the need for 
estimates of changes 
where rapid changes 
This was essential 
growth, where after 
grows to the size of

specialized equipment. This allows 
in protein metabolism to be made 

in protein contents are occurring, 
for the study of compensatory lung 
pneumonectomy the remaining lung 
both normal lungs within six days.

In this study, validated estimates of the proportion of 
newly synthesized procollagens degraded, have been made 
in vivo for the first time. The proportion degraded 
varied between tissues and the kinetic studies performed 
here, demonstrated the rapid appearance of degradation 
products, which supports the view, proposed in in vitro 
studies, that degradation of newly synthesized 
procollagen occurs intracellularly.

Data obtained after left unilateral pneumonectomy showed 
dramatic changes in collagen synthesis and degradation 
during compensatory growth. This suggests that extensive 
remodelling of the structural elements in lung tissue may 
occur.

The decreased proportion of newly synthesized procollagen 
degraded during compensatory growth, adds further support 
to the hypothesis, that this pathway may play an 
important role in the regulation of collagen deposition 
within tissues. As such, it supports evidence previously 
obtained, in skeletal muscle hypertrophy and experimental 
models of diabetes and pulmonary fibrosis.
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Changes in collagen and non-collagen protein metabolism, 
observed here during compensatory lung growth, were 
similar to those previously observed in the late foetal 
and early post-natal phase of normal lung growth. This 
demonstrates that in terms of protein metabolism at 
least, left unilateral pneumonectomy provides a useful 
model of normal lung growth, having the advantage of 
larger amounts of tissue compared with normal foetal and 
early post-natal animals.

Since collagen deposition is thought to be important in 
developmental growth and during disease, the second phase 
of these studies was designed to investigate mechanisms 
regulating changes in collagen metabolism. Specifically, 
experiments were performed to test the hypothesis, that 
during compensatory lung growth, collagen production is 
regulated by mediators of fibroblast function and that 
such mediators may emanate either from cells or proteins 
derived from the circulation.

Support for this hypothesis was obtained from the studies 
of bronchoalveolar lavage fluid. These experiments 
demonstrated the presence of stimulatory activity for 
replication of fibroblasts in vitro, with greatly 
enhanced activity in fluid from pneumonectomized animals 
during the early phase of compensatory growth. The peak 
of activity for fibroblast growth preceded the phase of 
maximal collagen synthesis in vivo. This suggests that 
the increased collagen synthesis observed during 
compensatory lung growth is mediated, at least in part,
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by an increase in fibroblast numbers, which are in turn 
modulated by polypeptide growth factors.

The source of these mediators is as 
the extravascular albumin space of 
and the numbers of lavagable cell 
pneumonectomy. This is consistent 
that mediators may emanate either 
derived from the circulation.

yet unknown. However, 
the lung was expanded, 
s were increased after 
with the hypothesis 
from cells or proteins

The proportions of different cells in lavage fluid 
changed after pneumonectomy, showing a dramatic increase 
in neutrophils in the initial phase of compensatory 
growth. Collagenolytic enzymes contained by these 
neutrophils, may be responsible for the dramatic increase 
in collagen degradation observed during the early phase 
of compensatory growth.

Macrophage numbers were also increased after 
pneumonectomy. Given their potential to produce PDGF and 
insulin-like growth factor I-type proteins, they are a 
likely source of the fibroblast growth activity. 
However, mediators derived directly from the circulation 
or from platelets cannot be excluded.

In conclusion, 
for estimating 
proportion of 
degraded, are

the methods developed in these 
rates of collagen synthesis 
newly synthesized procollagens 
the best available at the current

studies, 
and the 
rapidly 

time for
s h o r t  t e r m  s t u d i e s i n  s m a l l  a n i m a l s .  C o m p a r i s o n o f  t h e
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patterns of collagen and non-collagen protein metabolism, 
in normal lung growth and during compensatory growth, 
suggest that left unilateral pneumonectomy in rats 
provides a good model of the changes in protein 
metabolism during normal rapid lung growth. Finally, the 
evidence for increased extravascular albumin space, 
changes in lavage cell profiles and increased fibroblast 
growth activity during compensatory lung growth, are 
consistent with, but do not prove the hypothesis that 
collagen production, in this model at least, is regulated 
by mediators of fibroblast function, which may emanate 
either from cells or proteins derived from the 
circulation. Further studies are required to confirm 
this hypothesis.

The scope for future studies is wide. However, attention 
should be focused on particular areas. Characterization 
of the lavage fibroblast growth activity is required, to 
determine whether it is due to a single factor or to a 
combination of factors. Also, determination of the 
molecular weight of the mediator/s would assist in the 
design of experiments to determine whether this activity 
is due to previously described mediators. For example, 
assays could be carried out in the presence of antibodies 
to specific mediators, with similar characteristics and 
molecular weight, in an attempt to abrogate the activity, 
or if the mediator could be purified, amino acid 
sequencing is now possible with only a few micrograms of
material.
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Investigation of the effects 
conditioned medium, from short 
bronchoalveolar lavage cells, may- 
cells are the source of fibroblast

on fibroblasts, 
term cultures 
indicate whether 

growth activity.

of
of

such

Future studies should also be directed at lavage fluid, 
to assess whether the fibroblast growth activity is the 
sole cause of the increased collagen production during 
compensatory growth or whether mediators, such as TGF0, 
are also present which increase collagen production per 
cell.

In a wider sphere, comparison of mediators which regulate 
normal lung growth with those present during experimental 
fibrosis may give important information on the 
pathogenesis of fibrotic lung disorders such as 
cryptogenic fibrosing alveolitis and systemic sclerosis 
in adults, and bronchopulmonary dysplasia which occurs in 
up to 24% of premature infants with respiratory distress 
syndrome. Such studies may also give insights into other 
connective tissue disorders, for example, 
atherosclerosis, liver cirrhosis and the connective
tissue abnormalities associated with diabetes.
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Abstract 

Collagen turnover is now known to occur more rapidly in body tissues than traditio­
nally believed, but the kinetics and mechanisms for degradation are still poorly under­
stood. Here we measure collagen synthesis rates and the proportion of newly synthe­
sized collagen (probably procollagen) which is rapidly degraded, in tissues of the adult 
rat after injection of [14C]-proline with a large "flooding" dose of unlabelled proline. 
Incorporation of [14C]-proline into lung, heart, skeletal muscle and skin collagen and 
its appearance as hydroxy e4C]-proline, free or in small molecular weight moieties, at 
various times up to one hour, suggested extremely rapid synthesis and degradation for 
some tissues of the adult rat. Values in heart, lung, skeletal muscle and skin (with the 
proportion of degradation of newly synthesized collagen shown in parentheses) were 
5.2 ± 0.7% /day (53 ± 5%),9.0 ± 0.7% /day (37 ± 2%), 2.2 ± 0.3%'/day (38 ± 7%) and 
4.4 ± 1.3%/day (8.8 ± 0.5%). These data provide in vivo evidence, which are consistent 
with the observation in isolated cells, that a proportion of newly synthesized collagen is 
degraded rapidly, and probably intracellularly, after its synthesis. They also indicate 
that collagen may be synthesized and degraded rapidly in normal rat tissues, but the 
mean turnover rates and the proportions of collagen degraded intracellularly vary 
widely between tissues. 

Key words: collagen, degradation, synthesis. 

Introduction 

The existence of pathways of collagen degradation, both intracellular and extracel­
lular, are now quite widely accepted, but little is known of the rates of these processes 
in body tissues. This may be important, given the observation that collagen turnover 
occurs much more rapidly than originally believed, and therefore changes in degrada­
tion could be important in collagen homeostasis in normal tissues (Laurent, 1982; 
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1983). Such changes may also be relevant in various pathological states, such as 
pulmonary fibrosis, scleroderma and atherosclerosis, where excessive collagen deposi­
tion occurs. 

Studies of degradation have been particularly difficult because collagen has varying 
susceptibilities to degradation at different stages of post-translational processing. Ex­
amination of urinary hydroxyproline, following injection of radio labelled proline, indi­
cated that a proportion of recently synthesized collagen was degraded rapidly (Lind­
stedt and Prockop, 1961; Prockop, 1964; Nimni et al., 1967; Krane et al., 1967; Avioli 
and Prockop, 1967; Kivirikko, 1970; Kibrick and Singh, 1974) and isotopic studies of 
individual tissues supported this notion (Barnes et al., 1970; Bienkowski et al., 1978a; 
Laurent and McAnulty, 1983; Schneir et al., 1979; 1984). In vitro investigations of the 
kinetics of this pathway showed that radiolabelled hydroxyproline could be detected, 
in small molecular weight moieties, within minutes of labelling with proline and that 
the process occurred intracellularly (Bienkowski et al., 1978a, b). Quantitation of this 
process has been attempted in individual tissues of experimental animals (Barnes et al., 
1970; Bienkowski et al., 1978a; Laurent and McAnulty, 1983; Schneir et al., 1979; 
1984), but little information is available on the kinetics of this process in vivo. 

In the present study we investigated the kinetics of degradation of newly synthesized 
collagen (probably procollagen) in vivo, employing a technique in which radiolabelled 
proline was administered with a "flooding" dose of unlabelled proline (Laurent, 1982). 
This method allowed simultaneous measurement of rates of collagen synthesis and the 
proportion of newly synthesized collagen degraded. The results demonstrated that 
rates of collagen synthesis and degradation may be extremely rapid in normal tissues, 
but these rates varied widely between tissues. 

Methods 

Purification of isotopes 

Isotopically labelled L-[5-3H] proline, L-[3,4(n)-3H] proline and L-[U- 14C] proline 
(Amersham International, Amersham, Bucks., U.K.) were purified by ion-exchange 
chromatography (Dowex 50W-X8, 200-400 mesh; column dimensions 1 em X 50 em) 
and eluted with 1.5 M HCI to separate proline from radiolabelled contaminants. 
Fractions of 5 ml were collected and those containing proline which eluted between 80 
ml and 135 ml were pooled and evaporated to dryness at 45°C (using a Buchler 
evapomix, Arnold R. Horwell Ltd., London, U.K.), dissolved in water and stored at 
4°C. Rechromatographing L-[5-3H] proline after two months showed reformation of 
one of the contaminants but this represented less than 1 % of the total radioactivity. 

Animals 

Experiments were performed on inbred male Lewis rats aged 50-65 days with 
weights ranging from 160 g to 215 g. They were given a single intravenous injection of 
phosphate-buffered 0.9% NaCI (0.5 mlll00 g body weight), containing both isotopi­
cally labelled and unlabelled proline, as described in the text or in the relevant tables. 
Rats were sacrified 15-120 min later by carbon dioxide asphyxiation, the chest was 
opened by a midline incision and blood collected by cardiac puncture. The posterior 
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vena cava was cut and the lungs were perfused with 10 ml of phosphate-buffered 0.9% 
NaCI at 4°C via the pulmonary artery. The lungs, heart, skin and skeletal muscle were 
removed, weighed and immediately frozen in liquid nitrogen. Blood was centrifuged at 
4°C, the plasma was removed and all samples stored at -40°C prior to analysis. 

Initial experiments were carried out on a group of 5 rats which were injected with a 
solution containing 0.7 mmol/100 g body weight of unlabelled proline and approxi­
mately 80 !lCi/IOO g body weight of L-[5-3H] proline. These animals were killed 120 
min after injection. A further group of 5 rats were injected with a solution containing 
unlabelled proline at a concentration of 1.4 mmo1l100 g body weight, and approxi­
mately 320 !lCi/100 g of L-[5-3H] proline, which were killed 60 min later. All further 
studies were carried out using unlabelled proline at a concentration of 1.4 mmol/100 g 
body weight. 

Tissues were homogenized in an aqueous solution of 67% (v/v) ethanol, the 
homogenate was left to stand at 4°C overnight and then centrifuged at 15,000 g for 30 
min. The pellet was resuspended twice in 67% ethanol, prior to drying under vacuum. 
The pellet containing protein was hydrolysed in 6M HC1. The pooled supernatants 
were filtered through a 0.65 !lm filter (Millipore Ltd., Harrow, Middlesex, U.K.), then 
evaporated to dryness at 45°C (using a Buchler evapomix, Arnold R. Horwell Ltd., 
London U.K.). Two-thirds of the resolubilized solution was hydrolysed in 6M hy­
drochloric acid, decolourized with 70 mg of charcoal (Hopkin and Williams, Chadwell 
Heath, Essex, U.K.) and filtered through a 0.65 !lm millipore filter. The filtrate was 
diluted to 1.5 M with respect to HCI and hydroxyproline isolated by ion exchange 
chromatography (Dowex 50W-X8, 200-400 mesh; column dimensions 1 cm x 50 
cm) eluting with HCI of the same concentration. Fractions of 5 ml were collected and 
those containing hydroxyproline were pooled, the HCI removed by evaporation at 
45°C and the residue redissolved in 4 ml of water. These fractions were known to 
contain degradation products of proline, including glutamate and aspartate (Chojkier 
et aI., 1982). 

As these compounds were radiolabelled it was essential to separate them from the 
hydroxyproline prior to estimation of radioactivity. This was accomplished by the 
chloramine T oxidation assay, since glutamate and aspartate have been shown to be 
virtually excluded from the extract containing the hydroxyproline derivative (pyrrole) 
in this assay (Prockop et aI., 1961; Peterkofsky and Prockop, 1962; Chojkier et aI., 
1982), and in our laboratory less than 0.02% glutamate and less than 0.25% aspartate 
were extracted in this assay. For this reason their contribution would be insignificant. 
This did not preclude the possibility that other products of proline degradation were 
interfering with the measurements of free radiolabelled hydroxyproline. However, 
chemical assay of individual fractions from ion-exchange chromatography indicated 
that products eluting immediately before hydroxyproline were not extracted in this 
assay.' A relatively minor contaminant eluting immediately after hydroxyproline was 
found to extract in the chemical assay with an efficiency of 1.12 ± 0.08% (n = 8, range 
0.74-1.38%) compared with an extraction efficiency of 38.5 ± 1.7% (n=10) for hy­
droxyproline. The relevance of this contaminant is discussed later (see the discussion 
section). 

The details of the chloramine T oxidation assay, which was employed to estimate the 
hydroxyproline content, radioactivity and specific radioactivity of the protein hydroly­
sate and supernatants, as well as the specific radioactivity of free proline in plasma and 
the remaining one-third of the tissue-free pool supernatant, are described in detail 
elsewhere (Laurent, 1982; Laurent et aI., 1982). 
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Measurement of collagen synthesis and degradation in vivo 

Degradation of newly synthesized collagen (%) was estimated from the relative 
amounts of radioactivity hydroxyproline (Hyp) in the tissue-free and protein pools, 
according to the equation: 

Radioactive Hyp in tissue-free pool (dpm) 100 
Total radioactive Hyp in tissue (dpm) X 1 

Collagen synthesis rates were calculated as described previously (Laurent et ai., 
1982; Laurent, 1982), except total tissue hydroxyproline specific radioactivities were 
used. The importance of this modification is described later (see discussion). The tissue­
free pool proline specific radioactivity was used to estimate the specific radioactivity of 
proline in the precursor pool for protein synthesis. 

Statistical analysis 

Statistical evaluation was performed using an unpaired t-test (Armitage, 1977). The 
mean values of various parameters were said to be significantly different when the 
probability of the difference of that magnitude, assuming the null hypothesis to be 
correct, fell below 5% (i. e. P < 0.05). Where mean values are calculated, standard 
errors of the mean (SEM) are also given. Linear regression was performed by the 
method of least squares. 

Results 

Purity of the isotopically labelled proline 

Chromatographic analysis of one batch of L-[5-3HJ proline supplied by the manu­
facturer showed that 88% of the radioactivity was in proline. Values for L_[U- 14C] 
proline and L-[3,4(n)-3HJ proline were 95% and 97% respectively. One of the conta­
minant compounds which eluted before proline was identified previously as hydroxy­
proline (Laurent et ai., 1982) and, in the case of L-[U-14C] proline, this peak rep­
resented 1.8% of the total radioactivity. The remaining contaminants which eluted in 3 
separate peaks were not further characterized. They did not extract in the assays in 
which the proline and hydroxyproline specific radioactivities were measured. 
Nevertheless, it was important to purify proline isotopes in these studies of collagen 
metabolism, since measurement of free hydroxyproline was used in the estimation of 
collagen degradation. 

"Flooding" dose of proline in rats and the problem of anomalously high L_[S_3H] 
proline specific radioactivity 

In an initial study a group of 5 rats, injected with L-[5-3HJproline and 0.7 mmoll 
100 g body weight of unlabelled proline were shown to have plasma concentrations 
two to three times normal, 120 minutes after injection. The mean specific radioac­
tivities of proline in the plasma and lung tissue-free pool of these animals were 55 ± 8% 
and 34 ± 4% respectively of that of the injected solution. These data indicated that, 
according to previously described criterion (Laurent, 1982), this concentration of un­
labelled proline was insufficient to maintain "flooding" of the amino acid pools over 
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this period of time. For this reason, the amount of unlabelled proline was increased to 
1.4 mmol/l00 g body weight and rats were killed 60 minutes after injection of the 
isotope. At this time, the free proline concentrations in the tissues and plasma were 6 to 
12 times normal-levels previously deemed sufficiently high to ensure flooding of pre­
cursor pools for collagen synthesis (Laurent, 1982). However, the mean free proline 
specific radioactivities in lungs and plasma of these five rats were found to be 16 ± 4% 
(range, 1 %-35%) and 18 ± 5% (range, 5%-30%) respectively above the specific 
radioactivity of the injected solution. This apparent anomaly led to further experi­
ments, using both eHJ- and [14C]-labelled proline, to attempt to elucidate the nature of 
this problem. 

Table I shows the free proline specific radioactivity obtained in different tissues of 
rats injected either with L-[5-3HJ proline and L-U- 14C] proline or with L-[3,4 (n) -3HJ 
proline and L-[U- 14C] proline. The specific radioactivities for L_[U- 14C] proline and L­
[3,4 (n)-3HJ proline were similar in all tissues and similar to or lower than the specific 
radioactivity of the injected solution. The specific radioactivities for L-[5-3HJ proline 
varied between tissues and were all higher than that of the injected solution. On the 
basis of these results, and reasons expounded later in this paper (see discussion), all 
further experiments were conducted using L-[U- 14C] proline. 

Table I. Specific radioactivity of free proline in various tissues of rats 60 minutes after an 
injection of either L-[5-3HJ proline and L_[U- 14C] proline (a) or L-[3,4(n)_3HJ proline and 
L-[U- 14C] proline (b) with a large dose of unlabelled proline. 

Proline specific radioactivity (dpm/~lmole) 
I 

a b 
I I 

I 
3H 14C 3H 14C 

Injection Fluid 142482 31328 91885 41141 
Lung 193329 31980 80148 33849 
Heart 218296 31344 80665 34337 
Skeletal muscle 167539 32204 78 618 32500 
Plasma 188130 30260 78 757 31114 

Specific radioactivity of free proline in plasma and tissues after injection of [14C]_ 
proline with a large dose of unlabelled proline and the time-course of appearance of 
radiolabelled hydroxyproline. 

Table II shows the specific radioactivity of free proline in plasma and tissues at 
various times after injection of [14C]-proline as well as the mean ratios comparing the 
specific radioactivity in these pools with that of the injected solution. Specific radioac­
tivities were not significantly different between 15 minutes and 30 minutes for plasma, 
lung and heart. The free proline specific radioactivities in skeletal muscle were lower at 
15 minutes than at 30 minutes. 60 minutes following injection the proline specific 
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Table II. Free proline specific radioactivity at various times after injection of [14C]-proline 
and a large dose of unlabelled proline. 

Time after Free proline Free proline specific radioactivity 
injection specific Specific radioactivity of injected 

radioactivity solution 
(minutes) (dpm/f-tmol) 

Plasma (9)a 15 75.0 ± 2.7 0.90 ± 0.04 
(6) 30 78.2 ± 3.9 0.94 ± 0.05 
(5) 60 73.5 ± 1.7 0.88 ± 0.02 

Lung (9) 15 81.2 ± 1.7 0.98 ± 0.02 
(6) 30 78.2 ± 4.4 0.94 ± 0.05 
(5) 60 69.6 ± 3.6 0.84 ± 0.04 

Heart (5) 15 61.8 ± 1.1 0.74 ± 0.01 
(6) 30 6i.8 ± 4.1 0.74 ± 0.05 
(5) 60 41.1 ± 3.5 0.49 ± 0.04 

Skeletal muscle (9) 15 51.3 ± 2.5 0.62 ± 0.03 
(6) 30 70.4 ± 3.0 0.85 ± 0.04 
(5) 60 46.1±8.3 0.55 ± 0.10 

Skin (6) 30 68.0 ± 5.6 0.82 ± 0.07 

a Each value represents the mean ± SEM for the number of animals, which is given in 
parentheses. 

Table III. Degradation of newly synthesized collagen at various times after an injection of 
[14C]-proline with a large dose of unlabelled proline. 

Time after Radioactive Radioactive Degradation of 
injection hydroxyproline in hydroxyproline newly synthe-

tissue free pool in protein bound sized collagen 
pool 

minutes dpm/g wet weight dpm/g wet weight % 

Lung (9) 15 180 ± 25 460 ± 50 28.6 ± 2.7 
(6) 30 650 ± 150 1045 ± 185 37.2±2.1 
(5) 60 585 ± 35 1980 ± 210 23.7 ± 3.0 

Heart (5) 15 200 ± 35 165 ± 20 54.0 ± 5.7 
(5) 30 315±140 240 ± 70 53.4 ± 4.9 
(5) 60 480 ± 90 620 ± 75 42.3 ± 4.1 

Skeletal (9) 15 115 ± 20 230 ± 50 35.0 ± 2.8 
muscle (6) 30 245 ± 75 470 ± 140 37.9 ± 7.0 

(5) 60 160 ± 25 1045 ± 140 13.1 ±0.6 

Skin (6) 30 450 ± 160 4180 ± 1175 8.8 ± 0.5 

a Numbers in parentheses indicate the number of animals used for each determination. 
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radioactivities were lower than at 30 minutes for plasma and tissues. Table III shows 
the rate of appearance of hydroxy-[14C]-proline in collagen and the free pool for various 
tissues over one hour (based on data from three times). Incorporation into collagen for 
these tissues was approximately linear with time. However, this was not the case for 
hydroxyproline in the free pool which did not increase significantly after 30 minutes. 

Simultaneous estimation of synthesis and degradation of collagen in vivo 

Table IV shows estimates for rates of collagen synthesis from data obtained after 
injection of the radiolabelled proline, with a large dose of unlabelled proline. Also 
shown in Table IV are estimates for degradation of newly synthesized collagen. These 
showed large variation between different tissues, values ranged from about 10% in 
skin to about 50% in heart. The degradation of newly synthesized collagen in the lung, 
heart and skeletal muscle were also obtained 15 minutes and 60 minutes after injection 
(Table III). The values obtained for lung at 15 and 60 minutes after injection were 
significantly lower than the value obtained at 30 minutes (P < 0.05). For heart the 
values were not significantly different at any time. The values obtained at 60 minutes 
for skeletal muscle were significantly lower than the values obtained at 15 and 30 
minutes (P < 0.05). Investigation of the relationship between the amount of newly 
synthesized collagen degraded and the tissue collagen concentration (Table IV) indi­
cated a highly significant inverse correlation between the collagen concentration and 
the fraction of newly synthesized collagen which was degraded (r= -0.75, P < 0.001). 
This correlation was improved when collagen concentration was expressed logarithmi­
cally (r = -0.82, p < 0.001). 

Table IV. Collagen contents and rates of collagen synthesis and degradation in various rat 
tissues measured after an injection of [14C]-proline with a large dose of unlabelled proline. 

Lung 
Heart 
Skeletal muscle 
Skin 

Collagen 
content3 

mg/g 
wet weight 

11 ± 1.0 
5.3 ± 0.5 
20 ± 2.0 
91 ± 7.0 

Tissue hydroxy­
proline specific 
radioactivity 
dpm/~mol 

140 ± 11 
59 ± 10 
29 ±3 
49 ± 12 

Collagen 
synthesis rate 

%/day 

9.0 ± 0.7 
5.2 ± 0.7 
2.2 ± 0.3 
4.4 ± 1.3 

3 Each value represents the mean ± SEM for at least 5 animals. 

Discussion 

Degradation of 
newly synthesized 
collagen 

% 

37.2 ± 2.1 
53.4 ± 4.9 
37.9 ± 7.0 

8.8 ± 0.5 

Evidence for preferential degradation of tmlabelled proline compared with L-[5-3Hl 
proline and its implications in measuring rates of protein synthesis 

The anomalously high specific radioactivity measurements obtained when L-[5-3H] 
proline was injected into rats could have arisen for several reasons. One possibility, 
supported by evidence presented in this paper, was that it was due to a kinetic (or 
primary) isotope effect. It is known that the velocity of a reaction may depend on the 



100 R.J.McAnulty and G.J.Laurent 

species of the isotopes in reacting moieties, and when tritium replaces hydrogen as the 
atom removed during the rate determining step of a reaction the velocity is dramatical­
ly reduced (Evans, 1974). This phenomenon was a distinct possibility with L-[S-3Hl 
proline, since it is the tritium atom in the C-S position which is removed during the 
conversion of proline to glutamate, and if L-[S-3HJproline is metabolized more slowly 
than unlabelled proline, a time dependent increase in the specific radioactivity will 
occur. Labelling of carbon atoms has little effect on rates of reactions (March, 1968). 
This explanation was investigated here by injecting animals with both L_[S3HJ proline 
and L_[U-14C] proline in one animal experiment, and L-[3,4(n)_3HJ proline and L-[U-
14C] proline in another. The data obtained were consistent with the occurrence of the 
kinetic isotope effect as the specific radioactivity of L_[U- 14C] proline, or L-[3,4(n)_3HJ­
proline did not show the increase that was seen for L_[S_3HJ proline. 

Apart from the kinetic isotope effect two other possible explanations were consid­
ered which might lead to the anomally observed here. The presence of contaminant 
compounds affecting specific radioactivity measurements or the possible presence of 
[D-3H] proline in the commercial preparations (Nicholas et al., 1977). These pos­
sibilities were ruled out because chromatographic separation of proline from plasma 
samples, or reaction of extracts with D-amino acid oxidase prior to the assay, did not 
alter the proline specific radioactivity (data not shown), indicating that these mechan­
isms were not responsible for the anomaly. 

The phenomenon was not apparent when L_[S_3HJ proline was used in rabbits 
(Laurent, 1982), where the specific radioactivity of procollagen, the precursor of colla­
gen, was found to be between that of the plasma and the tissue-free pool, all of which 
were lower than the injected solution. This was probably because proline is metabol­
ised at a slower rate in the rabbit compared with the rat, which may reduce the 
differential between rates of metabolism of L-[S_3HJ proline and unlabelled proline to 
an insignificant level. Although e4C]-proline was chosen for this study, the results 
presented here do not necessarily invalidate the use of L_[S_3HJ proline, although 
precursor pool specific radioactivity measurements should be validated, as described 
previously (Laurent, 1982). 

Validity of measurements of collagen synthesis and degradation 

As discussed previously (Laurent, 1982), collagen synthesis rates based on uptake of 
radiolabelled proline into collagen will be underestimated due to degradation of newly 
synthesized collagen during the time of measurement. This source of error becomes 
highly significant if one considers the high proportion of collagen which is rapidly 
degraded in some tissues, as shown in this study. It is, therefore, inappropriate to 
calculate the fractional synthesis rate of collagen from the radioactivity appearing in 
collagen peptides of high molecular weight only (Table III). Specific radioactivities 
should be estimated from the total hydroxyproline in the tissue, as was employed here. 
The rates of collagen synthesis may still be underestimated since some free hydroxy­
proline is likely to be lost from the tissue during the time of measurement and therefore 
the values given in Table IV should be regarded as minimum rates. 

There have been few studies of the pathway of rapid collagen degradation in vivo. 
Previous studies of this process have been thought to produce underestimates due to 
losses of radiolabelled hydroxyproline from the tissues studied, either due to metabol­
ism or transport into the circulation. Such losses will certainly occur when estimating 
this process over several hours (Barnes et al., 1970; Schneir et al., 1984). The data in 
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the present study indicate that loss of labelled hydroxyproline from the lung, heart and 
skeletal muscle is occurring within 60 minutes (Table III) which caused an underesti­
mation of this process at these times. It was possible that the values obtained for 
degradation at 15 minutes were also underestimated due to the finite time between 
injection of isotope and incorporation into collagen, however, the data indicate that 
this lag time is not sufficiently long to affect the results except possibly for lung where 
the value obtained at 15 minutes was significantly lower than that observed at 30 
minutes (Table III). We would propose that, for this species of animal, 30 minutes is 
the most suitable time to make estimates of degradation of newly synthesized collagen 
by this method. 

It is possible that values for some tissues may be affected by inter-organ exchange of 
free radiolabelled hydroxyproline via the circulation. If inter-organ exchange were 
important it would be expected that values for degradation would vary widely between 
15 minutes and 30 minutes. It is improbable that any significant inter-organ exchange 
would occur in such a short time, given that there is a finite time for proline incorpora­
tion into collagen, hydroxylation of proline and degradation of collagen molecules. 

An assumption of this method for measuring degradation of newly synthesized 
collagen is that free hydroxyproline is derived from the degradation of collagen and 
that insignificant amounts are derived from other sources. This assumption is based on 
the long-held belief that hydroxylation of proline only occurs enzymatically as a post­
translational process (Prockop et aI., 1979). It has been suggested recently that 
hydroxyproline may be formed non-enzymatically from free proline in the presence of 
active oxygen species (Trelstad et aI., 1981), but current evidence suggests that this 
mechanism does not occur in normal cells (Bienkowsky, 1984). It is arguable that the 
values could be an overestimate due to the presence of hydroxyproline arising from 
degradation of the Clq component of complement which is known to contain hydrox­
yproline (Reid, 1980). However, a significant contribution from this source is highly 
unlikely given the hydroxyproline content and the turnover rates obtained for human 
Clq (Kohler and Muller-Eberhard, 1972). Measurements of Clq turnover have not 
been determined in rats but, even if Clq turnover rates in rats were several orders of 
magnitude greater than in humans this would have little effect on the results obtained 
here. 

Accurate estimation of the degradation of newly synthesized collagen depends on 
successful isolation of hydroxyproline from other labelled products of proline metabo­
lism. Chromatography on Dowex 50W-X8 showed various products which eluted in 
the same region as hydroxyproline. Only one relatively minor contaminant, which 
eluted immediately after hydroxyproline, extracted in the chemical assay. This could 
potentially cause an overestimate of the degradation of newly synthesized collagen. 
Examination of the elution profiles, for the tissues examined in the present study, 
indicate that this contaminant may cause overestimates of degradation of newly syn­
thesized collagen of between 3% for heart (i. e. 51.8% instead of 53.4%) and 13% for 
lung (i. e. 32.4% instead of 37.9%) with muscle and skin being intermediate. These 
errors are not insignificant but are not sufficient to affect the conclusions drawn in this 
study. For some tissues (e. g. liver) this contaminant is present in much larger amounts 
which preclude the measurement of radiolabelled hydroxyproline without first isola­
ting the contaminant. (McAnulty and Laurent, unpublished observation). 
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The kinetics of degradation of llewly synthesized collagen in vivo and the variation 
in the proportion of newly synthesized collagen degraded in different tissues 

Although the time-course for rapid degradation of collagen has been investigated in 
vitro (Bienkowski et aI., 1978a, b), it has not been examined previously in vivo. Results 
obtained here support the view that this process occurs extremely rapidly. Degradation 
was certainly occurring within 15 minutes and this suggests that the transit time be­
tween synthesis of some molecules and degradation is of the same order as that ob­
served in vitro (i. e. 8 minutes, Bienkowski, 1878a). These times are considerably 
shorter than the time required by cells to secrete collagen molecules, which has been 
estimated to range from 20 minutes to 60 minutes in different cells (Dehm and 
Prockop, 1972; 1973; Grant et aI., 1972) and, for this reason, probably occurs in­
tracellularly, as was proposed on the basis of in vitro experiments (Bienkowski et aI., 
1978a, b). 

This study shows a wide variation in the extent of degradation of newly synthesized 
collagen for different tissues. The lowest value was about 10% for skin with the highest 
value of about 50% seen in heart. A difference between tissues was noted previously by 
Schneir et a1. (1984), who suggested rates for gingiva which were about four-fold 
greater than skin for which the values corresponded quite closely to those reported 
here. Such a difference might also have been predicted by in vitro studies which have 
shown a wide variation in the rate of this process for different cell types (Rennard et aI., 
1982). Interestingly, values reported for skin and lung fibroblasts are not greatly 
different to the values reported here for tissues from which these cells are derived. 

Conclusions and physiological significance of rapid degradation pathway 

From studies, in this and other laboratories (Jackson and Heininger, 1975; Sodek, 
1976; 1977; Laurent,1982; Laurent and McAnulty, 1983; Laurent et aI., 1985; 
Schneir et aI., 1986; Turner et aI., 1986), where problems of isotope re-utilization have 
been overcome, it is now firmly established that collagen turnover in adult tissues is 
more rapid than traditionally believed. This paper describes in more detail the degrada­
tive processes, which are apparently occurring intracellularly for cells in various tis­
sues. The data suggests mechanisms have evolved leading to very different rates for 
various tissues. In tissues where a large proportion of collagen is degraded intracellu­
larly, the process may have evolved to accomodate the adaptive capacities of these 
tissues. 

The correlation between collagen concentration and intracellular degradation is of 
interest and may suggest the process plays a role in regulation of collagen content. 
There is some preliminary evidence to support this concept, during stretch-induced 
hypertrophy of skeletal muscle a decrease in the process has been reported (Laurent et 
aI., 1985). In disease there is also some evidence that this pathway contributed to 
regulation of collagen content; Schneir et a1. (1984) have suggested an increased degra­
dation of newly synthesized collagen during streptozotocin-induced diabetes, and dur­
ing experimentally-induced pulmonary fibrosis a decreased degradation of newly 
synthesized collagen may contribute to the collagen deposition in the early stages 
(Laurent and McAnulty, 1983). 
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M cA n u lt y , R o bin  J., Laura H. S ta ple , D ino  Guerr eiro , 
an d  Geoffrey  J. La u r e n t . E xtensive changes in collagen 
syn thesis and degradation during compensatory lung growth. 
Am. J. Physiol. 255 (Cell Physiol. 24): C754-C759, 1988.— 
Unilateral pneumonectomy in rats causes compensatory growth 
of the remaining lung. This growth involves rapid production 
of collagen and noncollagen proteins, but the mechanisms for 
these changes have not been fully investigated. Rates of colla­
gen metabolism were measured using previously validated in 
vivo methods. Six days after pneumonectomy, a threefold in­
crease in the fractional rate of collagen synthesis was observed 
(control 11.8 ±  0.9%/day, pneumonectomy 30.0 ±  4.6%/day). 
Collagen degradation rates also increased but returned to nor­
mal more rapidly than the synthesis rates. These changes in 
synthesis and degradation resulted in a 75% increase in collagen 
content by 28 days. Although degradation of extracellular col­
lagens was apparently increased, the fraction degraded intra- 
cellularly decreased by ~30%. Noncollagen protein synthesis 
and degradation rates both increased by ~80% (control 44.3 ±  
3.4%/day, pneumonectomy 80.3 ±  10.2%/day) with a slightly 
greater increase in synthesis that led to an 85% increase in 
noncollagen protein content 28 days after pneumonectomy. 
The data obtained show dramatic changes in protein synthesis 
and degradation during compensatory lung growth and indicate 
extensive remodeling of structural elements in lung tissue. The 
changes for intracellular collagen degradation provide further 
evidence that this pathway may have an important role in 
regulating collagen deposition.

pneumonectomy; rat; noncollagen protein; metabolism; procol­
lagen

AFTER UNILATERAL pneum onectom y in many species, a 
rapid compensatory growth of the remaining lung tissue 
occurs. In many cases, th is results in a lung weight that 
is equivalent to that of both lungs in the normal animal. 
In the past, there has been controversy concerning 
whether this compensatory growth involves production 
of new alveoli or expansion and growth of existing alveoli 
(see Ref. 26 for review). However, with the development 
of more rigorous morphometric techniques, it has been  
shown that in young rats and rabbits where the lungs 
are growing, com pensatory growth involves production 
of new alveoli (8, 10). Although for rats and rabbits in 
which growth of the lungs has ceased, compensatory 
growth appears to be lim ited to an increase in the size of 
C754

existing alveoli (2, 8).
In contrast, the biochemical m echanism s leading to 

growth are still poorly understood. There is a rapid 
production of proteins (5, 22, 25, 27), including those of 
the connective tissue matrix of which various collagen 
types are the m ost abundant (see Ref. 12 for review). 
Increased rates of total protein synthesis and collagen 
synthesis in the lung after pneum onectom y have been  
demonstrated by in vitro and perfused organ techniques 
(5, 22). However, tissue proteins are continuously turning 
over, and lung proteins, including collagens, turnover 
more rapidly than in other tissues (11). Their contents 
are, therefore, regulated by a balance between synthetic 
and degradative pathways, and changes in degradation 
as well as synthesis may be important in the process of 
compensatory growth.

In this study, we have used previously validated in 
vivo methods (11, 14, 17, 19) to measure fractional rates 
of collagen and noncollagen protein synthesis and deg­
radation to assess the relative roles of these processes in 
the resultant deposition of lung proteins after left u n i­
lateral pneum onectom y in rats. W e have also attem pted  
to investigate the relative roles of intracellular and ex­
tracellular degradation in the regulation of collagen dep­
osition during compensatory lung growth.

METHODS

Animals. Left pneumonectomy was performed on male 
Lewis rats (Bantin & Kingman, Aldborough, Hull, W. 
Yorkshire, UK) weighing 192 ±  2 g. One group o f rats 
was anesthetized with 1 m l/kg body w t of Hypnorm  
(fentanyl citrate 0.315 m g/m l/fluanisone 10 m g/m l) in ­
tramuscularly, intubated with a 16-gauge catheter, and 
then ventilated by a small animal respirator (Harvard 
Apparatus, Edenbridge, Kent, UK ). The chest was 
opened at the fifth intercostal space and the lung was 
exposed, tied at the hilum, and excised. The chest was 
closed and sutured in layers, and negative pressure in 
the thorax was reestablished. Another group of rats was 
operated on in a similar way except the left lung was not 
removed (sham-operated controls). A third group of rats 
was used for unoperated normal controls.

Studies of collagen m etabolism were carried out in 
groups of at least five animals at 2, 6, 14, and 28 days 
after operation. Rats were injected intravenously w ith

0363-6143/88 $1.50 Copyright © 1988 the American Physiological Society
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phosphate-buffered saline (0.5 m l/100 g body wt) con­
taining both L-[U-14C]proline (50 nCi/100 g body wt) 
(Dupont, Stevenage, Hertfordshire, UK), which had been  
purified by ion-exchange chromatography as described 
previously (19), and unlabeled L-proline (1.4 m m ol/100  
g body wt). Animals were killed 30 min later by inhala­
tion of diethyl ether. The chest was opened by a midline 
incision, the posterior vena cava was cut, and the lungs 
were perfused w ith 10 ml of phosphate-buffered saline at 
4°C via the pulmonary artery. The right lungs and also 
the left lungs in sham and normal control groups were 
removed, weighed, and immediately frozen in liquid n i­
trogen. Tissues were then stored at —40°C before analy­
sis.

Analysis of lung tissue. Right lungs were homogenized  
in an aqueous solution of 67% ethanol (vol/vol), and the 
homogenate was left to stand at 4°C overnight and then  
centrifuged at 15,000 g for 30 min. The pellet was resus­
pended twice in 67% ethanol before drying under vac­
uum. The dry pellet containing protein was weighed and 
hydrolyzed at 120°C in 6 M HC1. The pooled superna­
tants were filtered through a 0.65-jum filter (Millipore, 
Harrow, Middlesex, UK) and redissolved in 1.5 ml H 20 . 
Two-thirds of the resolubilized solution was hydrolyzed 
in 6 M HC1. Hydrolysates were decolorized with 70 mg 
of charcoal (Hopkin and W illiam s, Chadwell Heath, E s­
sex, UK) and filtered through a 0.65-jum filter. The 
filtrate from the hydrolyzed supernatant was diluted to 
1.5 M with respect to HC1, and hydroxyproline was 
isolated by ion-exchange chromatography as described 
previously (19).

The content, total radioactivity, and specific radioac­
tivity of proline and hydroxyproline in the protein hy­
drolysates were measured as described previously (11, 
17). This was accomplished by reacting samples with 
chloram ine-T and extracting the oxidation products of 
proline and hydroxyproline into toluene. Aliquots of 
these extracts were taken for radioactivity determ ina­
tions and colorimetric measurement of proline and hy­
droxyproline derivatives Ai-pyrroline and pyrrole, re­
spectively. Similar measurements were made for proline 
in the unhydrolyzed fraction of the tissue-free pool and 
for hydroxyproline in the remaining two-thirds of the  
tissue-free pool supernatant fraction after ion-exchange 
chromatography.

Collagen and noncollagen protein contents. Collagen 
contents were calculated from measurements o f hydrox­
yproline assuming that lung collagen contains 12.2% 
hydroxyproline (15). Noncollagen protein contents were 
calculated from m easurements of proline in lung protein 
with a correction for the proline content of collagen (15). 
Am ino acid analysis showed that total lung protein con­
tained 6.75 ±  0.25% proline (n = 10).

Synthesis and degradation. Fractional rates of collagen 
and noncollagen protein synthesis were obtained as de­
scribed previously (11, 17) w ith recent m odifications for 
collagen (19). The tissue-free pool proline-specific radio­
activity was used as an estim ate of the proline-specific 
radioactivity in the precursor pool for protein synthesis 
as described previously (11, 19).

Degradation rates were derived from the difference

between the synthesis rate and the rate of change in 
protein content (growth rate) for both collagen and non­
collagen protein (14). Protein growth rates were deter­
mined at each time from the mean of rates of protein 
growth obtained using data from tim e points before and 
after the tim e at which measurement was made. Frac­
tional growth rates were then calculated by expressing  
the mean absolute growth rate (m g/day) as a fraction of 
the protein content (in mg) at that tim e (14). W hen there 
was no significant change in protein content, for the 
tim es at which measurement was made, the growth rate 
was assumed to be zero.

The proportion of collagen degraded rapidly after its 
synthesis and presumably intracellularly was calculated 
from the relative amounts of free hydroxyproline com ­
pared with total radioactive hydroxyproline and ex­
pressed as a percentage (19).

An index of the degradation of mature collagen was 
obtained by a similar calculation except molar amounts 
of free and total hydroxyproline were used (28) and 
expressed as a ratio.

Statistical analysis. Statistical evaluation was per­
formed using the M ann-W hitney U  test (1). The mean 
values of various parameters were said to be significantly  
different when the probability of the differences of that 
magnitude, assuming the null hypothesis to be correct, 
fell below 5% (i.e., P  <  0.05). Where mean values are 
calculated, standard errors of the mean (SE) are also 
given.

Errors associated with the fractional degradation rates 
were calculated by taking the square root of the sum of 
the standard errors squared for the synthesis and growth 
rates. The probability values associated with the mean 
(x ) values for fractional degradation rates in control (c) 
and pneum onectom y (pn) were calculated according to 
the formula t =  xc — xpn/V SE 2pn +  SE 2c.

RESULTS

Comparison of data from sham-operated and normal 
(unoperated) control animals at each tim e point showed 
no significant differences for any of the parameters stud­
ied. Therefore, the data for these two groups was pooled 
for comparison with data from the pneum onectom y 
group.

Lung composition during compensatory growth after 
pneumonectomy. Figure 1 shows the changes in right 
lung wet weight after pneum onectom y compared with  
both control right lung weight and total (left and right 
lung) weight. Removal of the left lung resulted in the 
loss of ~35% of the total lung weight. The right lung 
weight of pneumonectomized rats was increased by ~20%  
2 days after operation, and by 6 days, the lung had 
attained a weight equivalent to that of both lungs in 
control animals. Thereafter, the right lungs of pneum o­
nectom ized rats continued to grow at the same rate as 
that of the control animals. After 28 days, the right lung 
weights of pneumonectomized rats were ~70% greater 
than those of control animals but was not significantly  
different from the total lung weight of control animals.

Collagen and noncollagen protein contents of right 
lungs are shown in Fig. 2. Noncollagen protein (Fig. 2A)
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T im e a fte r pneum onectom y (days)
fig. 1. Comparison of right lung weight after pneumonectomy (•) 

with normal right (■) and total lung weights (hatched). Values represent 
means ± SE.

content increased by ~30% at 6 days, and by 28 days, 
the content was ~85% above control values. Collagen 
content (Fig. 2B )  increased more slowly than noncolla­
gen protein, and the increase was not significant until 14 
days postpneum onectom y when values were ~30% above 
those of controls. Collagen levels continued to increase 
until 28 days when values were ~75% above those of 
control right lungs. The slower increase in collagen con­
ten t lead to a 15% decrease in collagen concentration at 
2 days (control 18.4 ±  1.0 m g/g wet wt; pneum onectom y 
15.6 ±  0.9 m g/g wet wt: P  <  0.01). At subsequent tim es, 
collagen concentrations were not significantly different.

Collagen and noncollagen synthesis rates during com­
pensatory lung growth after pneumonectomy. Injection of 
[14C]proline with unlabeled proline in rats resulted in a 
large increase in tissue-free pool proline concentrations 
that after 30 min were 20-25 tim es greater than normal 
(control 7.33 ±  0.46 jumol/g, pneum onectom y 7.89 ±  0.63 
/im ol/g, normal 0.32 ±  0.04 /xm ol/g). Tissue-free pool 
proline concentrations in control and pneumonectomized  
rat lungs were not significantly different. These levels o f 
proline have been shown previously to be sufficiently  
high to ensure flooding of precursor pools for protein  
synthesis (11, 19).

T issue-free proline-specific radioactivity in control 
and pneum onectom ized rat lungs were not significantly  
different at any time postoperatively or different from  
each other (controls: 66 ±  2 dpm /nm ol, pneumonectomy: 
68 ±  1 dpm /nm ol). Values are the means ±  SE for all 
tim e points. These values were ~85% of the specific 
radioactivity of the injected solution (79 dpm /nm ol).

Table 1 shows the fractional rates of collagen and 
noncollagen protein synthesis. Collagen synthesis rates 
were increased by ~50% at 2 days, and by 6 days, the

fig. 2. Comparison of noncollagen protein (A) and collagen (B) 
contents of right lungs of control (C) and pneumonectomized (Pn) rats. 
Values represent means ± SE.

rates were approximately three tim es that of the control 
group. The rates declined thereafter and had returned to 
control values by 28 days. Fractional rates o f noncollagen  
protein synthesis were increased by ~40%  at both 2 and 
6 days postpneum onectom y, and by 14 days, the values 
had increased to 80% above those o f control animals. 
The rates declined thereafter and were not significantly  
different from control values by 28 days.

Degradation of collagen and noncollagen proteins during 
compensatory lung growth. Fractional degradation rates 
of collagen and noncollagen protein, derived from the 
difference between synthesis and growth rates, are shown  
in Table 1. Collagen degradation rates showed a similar 
pattern to that of synthesis. However, the decline in 
collagen degradation was more rapid than for synthesis 
with values not significantly different from control val­
ues by 14 days postpneum onectom y. Fractional rates of  
noncollagen protein degradation increased in a similar 
manner to synthesis with a maximum increase of 80% 
observed 14 days postpneum onectom y.

Degradation of collagen obtained from the relative 
am ounts of free hydroxyproline compared with total 
hydroxyproline are shown in Table 2. Protein-bound
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TABLE 1. Collagen and noncollagen protein metabolism during compensatory lung growth after pneum onectomy

Time After 
Operation, 

days

Collagen Noncollagen Protein

Synthesis 
rate, 

%/ day

Growth
rate,

%/day

Degradation
rate,

%/day*

Synthesis
rate,

%/day

Growth
rate,

%/day

Degradation
rate,

%/day*

Control 2 7.7±0.5 0 7.7±0.5 46.4±4.9 0 46.4±4.9
Pneumonectomy 11.6±0.7t 0 11.6±0.7t 66.4±4.4§ 0 66.4±4.4§
Control 6 11.8±0.9 0 11.8±0.9 51.4±2.8 0 51.4±2.8
Pneumonectomy 30.0±4.6$ 0 30.0±4.6$ 71.2±4.7t 2.5±1.2 68.7±4.8§
Control 14 7.7±0.5 0 7.7±0.5 44.3±3.4 ■l.Oil.O 43.3±3.6
Pneumonectomy 12.4±0.4t 3.9±0.2 8.5±0.4 80.3±10.2$ 2.3±1.1 78.0±10.3t
Control 28 6.4±0.4 ND ND 53.9±4.2 ND ND
Pneumonectomy 6.9±0.3 ND ND 65.2±8.7 ND ND

Values are means ±  SE. ND, not determined. * Derived from difference between synthesis and growth rates. Significantly different from 
control value: t  P <  0.01; $ P <  0.02; § P <  0.05.

TABLE 2. Collagen degradation in lung during compensatory growth after pneumonectomy

Time After 
Operation, 

days

Hydroxyproline, dpm Degradation of 
Newly Synthesized 

Collagen, %

Hydroxyproline, yumol Index of Degradation 
of Mature Collagen 

(Ratio X 102)Free Bound Free Bound

Control 2 227±29 1028±90 19.8±2.1 0.079±0.007 11.687±0.693 0.67±0.04
Pneumonectomy 300±27 1498±65f 16.6±1.0 0.079±0.010 11.486±0.952 0.68±0.05
Control 6 577±104 890±56 40.7±3.5 0.100±0.009 8.855±0.155 1.11+0.12
Pneumonectomy 915±116* 2762±199$ 27.2±2.1* 0.165±0.011t 9.588±0.568 1.60±0.08*
Control 14 495±62 764±47 38.1±2.7 0.100±0.008 10.835±0.302 0.92±0.07
Pneumonectomy 731±141 1934+391: 26.7±3.8* 0.153±0.024* 14.378±0.495$ 1.05±0.14
Control 28 333±48 755±47 29.7±2.5 0.094±0.008 12.650±0.485 0.75±0.08
Pneumonectomy 638±103f 1584±84J 28.3±3.0 0.142±0.009t 21.876±0.609$ 0.64±0.04

Values are means ± SE. Significantly different from control values: * P  <  0.05; t  P  <  0.02; % P <  0.01.

hydroxy-[14C]proline was increased at all tim es after 
pneum onectom y with values up to three tim es those of 
controls. Free hydroxy-[14C]proline also increased but to 
a lesser extent than for protein-bound hydroxy-[14C] 
proline. This caused a decrease in the degradation of  
newly synthesized collagen (i.e., proportion of free to 
total hydroxy-[14C]proline) of ~30% at both 6 and 14 
days. Molar am ounts of protein-bound hydroxyproline 
were not increased until 14 days after pneumonectomy, 
and by 28 days, values were ~70% greater than for 
controls. There was no change in free molar hydroxypro­
line levels 2 days after pneumonectomy. However, at all 
other tim es postpneum onectom y, these levels were in ­
creased by 50-65% . The increased free molar hydroxy­
proline at 6 days with no change in the protein bound 
levels resulted in a 44% increase in the index of degra­
dation of “mature” collagen.

DISCUSSION

Lung composition during compensatory growth after 
pneumonectomy. This study demonstrates that after re­
moval of the left lung in rats, the remaining right lung 
increases its weight rapidly to reach that of both right 
and left lungs in normal rats within 6 days. Similar 
results for wet weight and changes in noncollagen protein  
content have been reported previously for this species 
(4, 21, 23, 24, 27). The slower increase in protein com ­
pared with lung wet weight suggests that there may be 
some edema postoperatively as shown previously (20).

W e have dem onstrated an increase in collagen content 
that began more slowly than that for noncollagen protein  
but attained a final increase similar to that for noncol­

lagen protein. Another study of changes in collagen con­
tent after pneumonectomy (27) showed a more rapid 
increase in collagen content than was observed here. 
However, the rats used by W atkins and colleagues (23, 
27) were considerably younger than those used for this 
study. T his may explain the difference because com pen­
satory growth is known to be com pleted more rapidly in 
younger animals.

Collagen and noncollagen protein metabolism. In this 
study, we have applied previously validated m ethods (11, 
14, 19) to study lung collagen m etabolism  after pneu­
m onectomy and have demonstrated changes in both syn­
thesis and degradation (Table 1), which together results 
in a marked increase in contents o f collagen and noncol­
lagen proteins (Fig. 2). Noncollagen protein synthesis 
and degradation increased with a small disproportionate 
increase in synthesis compared with degradation. T his 
disproportionate increase in synthesis causes the in ­
crease in content. Collagen synthesis rates increased to 
three tim es the normal values at 6 days, but at this time, 
there was no change in collagen content. T his implies a 
concom itant increase in degradation. After 6 days, col­
lagen synthesis and degradation rates declined, but the 
decline in the degradation rate was more rapid than that 
for synthesis.

There are, however, considerable lim itations o f the 
method for deriving fractional rates o f degradation. The 
rates are obtained indirectly from two m easurements, 
each of which have errors associated with them , thus the 
calculated rates have quite large errors. Furthermore, the 
growth rates are mean rates for a period spanning the 
tim e at which measurement is made and may not repre­
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sent the actual growth rate at that time. W ithin these  
lim itations the estim ates appear to give an overall view  
of the pattern of degradation. Also this data shows a 
similar pattern to that of mature collagen degradation 
(Table 2), measurements that are thought to be analo­
gous.

Thus it appears that different patterns of changes in 
collagen synthesis and degradation lead eventually to a 
marked increase in collagen content (Fig. 2B ). Interest­
ingly, the magnitude of the increase in collagen synthesis 
was similar to that shown previously in rabbits (5), 
although the tim e course of changes was more rapid in 
rats than rabbits. T his is in agreement with the general 
observation that compensatory growth follows a longer 
tim e course in rabbits than in rats (6).

Site of collagen degradation. Collagens of various types 
are known to be degraded via several pathways occurring 
either intracellularly or extracellularly (13). We have 
used two methods in an attem pt to determine the site of 
collagen degradation. First, measurement of free radio­
active hydroxyproline as a proportion of total radioactive 
hydroxyproline was taken as a measure of degradation 
of newly synthesized collagen. This degradation occurs 
w ithin 15 min of synthesis of collagen molecules and 
alm ost certainly intracellularly (19). After pneum onec­
tomy, the proportion of newly synthesized collagen de­
graded via this pathway decreased by ~30%. The effect 
of th is change in degradation of newly synthesized col­
lagen was to increase the amount of collagen available 
for deposition in the lung by a further 17% above that 
made available by the increase in synthesis alone (i.e., 
3.5 tim es rather than 3 tim es more collagen than in the 
normal lung was available for deposition). Second, free 
molar amounts o f hydroxyproline relative to total molar 
am ounts of hydroxyproline were measured. This m eas­
urement has been used previously as an index of the 
degradation of mature matrix collagen (28). Six days 
after pneumonectomy, this index increased by ~45%  
compared with control values, suggesting an increased 
degradation of mature collagen. However, in the studies 
by W oessner (28) using growing chick embryo skin, the 
increase in free hydroxyproline was not associated with  
an increase in collagen synthesis and, therefore, m ost 
likely was due to breakdown of mature skin collagen. In 
the present study, the increased free hydroxyproline 
occurred when there was also increased collagen synthe­
sis. Therefore, the increase in th is index could either be 
due to increased degradation of existing lung collagens 
or to degradation extracellularly of recently synthesized  
collagens. Further studies are required to elucidate defin­
itively which pools of collagen are being degraded and 
which enzymes and cells are involved. It would seem  
likely that fibroblasts are involved, since these cells are 
capable of producing large amounts of collagenases as 
well as their inhibitors (9). However, other cells may be 
involved. We have recently given preliminary evidence 
suggesting that inflammatory and immune cells enter 
the lung from the circulation in large numbers after 
pneum onectom y (20).

Comparison of collagen and noncollagen protein metab­
olism in compensatory lung growth after pneumonectomy

with that in normal growth. After pneum onectom y, in ­
creases in both synthesis and degradation o f noncollagen  
protein were observed with synthesis rates always 
slightly in excess of degradation. In this respect, com ­
pensatory growth is similar to normal growth in the lung 
(7). The rates observed after pneum onectom y are more 
rapid than those observed at any tim e during postnatal 
growth but are similar to rates obtained in late fetal 
growth when a doubling of lung protein occurs within 2 
days (7).

Fractional rates of collagen synthesis are also very 
high just before birth (3) and decline w ith age (3, 18). 
The proportion of total protein synthesis devoted to 
collagen was also greatest, just before birth and shortly 
after, when lung growth was m ost rapid (3). Similar 
changes in collagen synthesis have been observed in the  
current study, where the proportion of protein synthesis 
devoted to collagen increased from 3.2 ±  0.2 to 4.5 ±  
0.5% 6 days after pneum onectom y (P  <  0.05).

There have been very few studies of collagen degra­
dation during normal growth, although preliminary stud­
ies from our laboratory (18) indicated that newly synthe­
sized collagen degradation was lower in lungs of young 
rapidly growing rats than in old rats, and the index of 
degradation of mature collagen is higher. T his is similar 
to the pattern o f changes observed here after pneum o­
nectomy. Similar changes in collagen degradation have 
been reported previously during compensatory growth of 
skeletal muscle (16). It therefore appears from th is evi­
dence that com pensatory growth of the lung after pneu­
monectomy, at least in terms of collagen and noncollagen  
protein production, is very similar to the rapid growth of 
the normal lung that occurs just before and imm ediately  
after birth. Therefore, this model o f compensatory 
growth may have applications in studies of molecular 
m echanisms of normal growth, for example, in studies of 
gene expression and their regulation or cell-to-cell and 
cell-to-m atrix interactions. Many mediators have been  
discovered that are either chem oattractants for cells or 
affect rates of cell replication or protein production per 
cell. Study of these mediators is often difficult especially  
in young animals where the amount of tissue and hence 
mediators are lim ited. If the process o f com pensatory  
growth is m im icking embryonic and early postnatal 
growth, then this could be a useful model for investiga­
tion of developmental processes.
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