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Abstract

To determine the molecular events responsible for the dispro-
portionate accumulation of myocardial fibrillar collagens dur-
ing sustained hypertension, we examined the in vivo rate of
procollagen synthesis, collagen accumulation, and intracellular
procollagen degradation 1-16 wk after abdominal aortic band-
ing in young rats. These measurements were correlated with
tissue mRNAlevels for type I and type III procollagen polypep-
tides. Banded animals developed moderate, sustained hyper-
tension and mild left ventricular hypertrophy. Increased type
III procollagen mRNAlevels were detected early after banding
and persisted for the entire observation period. Disproportion-
ate collagen accumulation without histological evidence of fi-
brosis was noted within 1 wk after hypertension induction. Fi-
brillar collagen accumulation at this time point resulted not
from a major increase in procollagen synthesis, but rather a
marked decrease in the rate of intracellular procollagen degra-
dation. Interstitial fibrosis, however, was observed 16 wk after
banding. Type I procollagen mRNAlevels were increased six-
fold, but only after 16 wk of hypertension. These results corre-
lated well with the results of in vivo procollagen synthesis ex-
periments at 16 wk, which demonstrated a threefold increase in
left ventricular procollagen biosynthesis. Weconclude that pre-
translational as well as posttranslational mechanisms regulate
fibrillar collagen deposition in the myocardial extracellular ma-
trix during sustained hypertension. (J. Clin. Invest. 1993.
91:1113-1122.) Key words: extracellular matrix * fibrosis * hy-
pertension * hypertrophy * gene expression

Introduction

The myocardial extracellular matrix is organized into an elabo-
rate three-dimensional network that is intimately associated
with cardiac function (1). This complex arrangement of con-
nective tissue provides a stress-tolerant elastic skeleton that
serves to direct, transmit, and distribute the contractile force
generated by individual cardiac muscle cells and to maintain
capillary patency throughout the cardiac cycle (2). The major
components of the cardiac interstitium are fibrillar collagens,
which comprise 3-6% of myocardial dry weight and consist
mainly of type I and type III collagens.
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Whereas a great deal is known about the regulation of con-
tractile protein gene expression by cardiac myocytes, very little
information is currently available regarding the regulation of
procollagen gene expression by cardiac fibroblasts. It is these
nonmuscle cells (rather than cardiac myocytes) that are be-
lieved to be exclusively responsible for the production and de-
position of fibrillar collagens within the cardiac extracellular
matrix (3). Cardiac fibrillar procollagen genes are expressed
throughout adult life, and their products are continuously syn-
thesized and degraded, albeit at slow rates (4). Whereas fibril-
lar collagens normally accumulate in the cardiac interstitium
during aging (5), a variety of pathophysiological conditions
have been associated with disproportionate collagen accumula-
tion and associated abnormalities in contractile function. For
instance, cardiac hypertrophy induced by pressure overload in
the rat (6-1 1 ) and in the nonhuman primate ( 12) has been
associated with disproportionate collagen accumulation and/
or histological evidence of interstitial fibrosis. However, the
molecular mechanisms responsible for collagen accumulation
during ventricular overload are poorly understood. Chapman
et al. (9) demonstrated increased mRNAlevels for a2(I), and
al (III) procollagen polypeptides in the rat myocardium during
the first week after abdominal aortic coarctation. Villarreal and
Dillmann ( 11 ) showed a similar transient increase in left ven-
tricular (LV)' procollagen mRNAlevels (preceded by in-
creased mRNA's encoding TGF3, and the IIIA+ isoform of
fibronectin) immediately after thoracic aortic banding. How-
ever, collagen accumulation and interstitial fibrosis (as de-
tected by immunofluorescence light microscopy) was observed
only at much later stages of experimental hypertension. In fact,
procollagen production by noncardiac fibroblasts in culture is
known to be regulated at several levels, including posttran-
scriptional, translational, and posttranslational steps in gene
expression (for review see reference 13). Indeed, an interesting
aspect of the biosynthesis, processing and turnover of fibrillar
collagens, is that a significant proportion ( 10-90% in various
cell culture systems and in vivo) of newly synthesized procolla-
gens undergo rapid degradation before or soon after their secre-
tion (4, 14). Thus there are numerous potential sites for the
regulation of cardiac fibrillar collagen accumulation in both
the normal and pressure-overload heart.

In the present report we have examined the relationships
between mRNAlevels encoding cardiac fibrillar procollagen
polypeptides, in vivo procollagen synthesis, and collagen accu-
mulation 1- 1 6 wk after imposition of LV pressure overload in
the juvenile rat. In contrast to previous studies of procollagen
gene expression during pressure overload, younger animals
were used to produce a more gradual onset of sustained hyper-
tension to minimize acute myocardial injury. More impor-

1. Abbreviations used in this paper: GADPH, glyceraldehyde 3-phos-
phate dehydrogenase; LV, left ventricular; MAP, mean arterial pres-
sure.
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tantly, we have used a modification ( 1 5) of the proline flooding
infusion method ( 16) to assess cardiac procollagen synthesis in
vivo and to relate alterations in mRNAlevels to changes in
procollagen production and accumulation over time. This bio-
synthetic labeling method allows for the accurate measurement
of procollagen synthesis in the intact animal, as well as an esti-
mate of the proportion of newly synthesized cardiac procolla-
gens subject to rapid intracellular degradation (4). Thus the
amounts of fully processed collagens that are ultimately se-
creted and deposited in the extracellular space can be deter-
mined ( 15). Evidence is presented in this report to indicate
that alterations in procollagen synthesis and intracellular degra-
dation are both important in the complex regulatory events
responsible for cardiac extracellular matrix remodeling during
sustained hypertension.

Methods

Reagents. L-[2,3-3H]proline (35 Ci/mmol), [y-32P]ATP and [a-
32P]dCTP were obtained from Amersham Corp. (Arlington Heights,
IL). L-[U-'4C]proline (250 mCi/mmol) was purchased from ICN
Pharmaceuticals, Inc. (Costa Mesa, CA). [N-methyl- '4C]dansyl chlo-
ride ( 1 12 mCi/mmol) was purchased from RPI International (Rolling
Meadows, IL). [ 14C]hydroxyproline (6 mCi/mmol) was isolated from
collagen hydrolysates obtained from cultured neonatal rat cardiac fibro-
blasts that were biosynthetically labeled with ['4C]proline. O-phthalde-
hyde (OPA) was obtained from Pierce Chemical Co. (Rockford, IL).
All other reagents were of the highest grade commercially available and
were obtained from Sigma Chemical Co. (St. Louis, MO) and Baxter
Scientific Products (McGaw Park, IL).

Experimental animals. Male Sprague-Dawley rats (Harlan Sprague
Dawley, Inc., Indianapolis, IN) weighing 160-170 g were anesthetized
with an intramuscular injection of ketamine (90 mg/kg) and xylazine
(10 mg/kg). Constriction of the suprarenal abdominal aorta was pro-
duced using a tantalum hemoclip (Edward Weck & Co., Research Tri-
angle Park, NC). The applicator was modified to allow passage of a
25-gauge needle through the hemoclip when completely closed. Sham-
operated animals underwent dissection of the abdominal aorta without
application of the suprarenal band. Postoperatively, all animals re-
ceived food and water ad libitum. Sham and banded animals were
investigated at 1, 2, 4, 8, and 16 wk after surgery (minimum of five
animals in each group).

Blood pressure measurements. Rats were anesthetized with halo-
thane inhalation (2% in 02) and a fluid-filled, heparinized PE-50 cath-
eter was inserted to the level of the aortic arch via the left carotid artery.
The catheter was tunneled to exit in the intrascapular region, and the
animals were allowed to recover from anesthesia for 2 2.5 h. Mean
arterial pressure (MAPs) were recorded using a pressure transducer
(Gould-Statham, Cleveland, OH) attached to a pen-writing oscillo-
graph.

Quantitative analysis of procollagen mRNAlevels. Portions of LV
tissue (200-300 mg) were homogenized with a Polytron homogenizer
in a solution containing 4 Mguanidinium thiocyanate, and total RNA
( 100-150 gg) was isolated according to the method of Chomczynski
and Sacchi ( 17 ). RNAwas quantified by absorbance at 260 nmand the
integrity was determined by examining the 28S and 18S rRNA bands
in ethidium bromide-stained agarose gels visualized under ultraviolet
(UV) light. Total RNA(20 ,gg) was denatured (60°C, 10 min) and
size-fractionated by electrophoresis on 1%(wt/vol) agarose gels under
denaturing conditions. RNAwas subjected to partial alkaline hydroly-
sis, transferred to nylon membranes (MSI, Westboro, MA) in lOX
SSC, and immobilized by UV irradiation. Hybridization with cDNA
probes was performed overnight at 42°C in buffer containing 50%form-
amide, 10% (vol/vol) dextran sulfate, 1% (wt/vol) SDS, 1 MNaCl,
and 100 Alg/ml denatured salmon sperm DNA. The following cDNA
clones were used: Human Collagen Type I, alpha 1 [a1(I)], clone

Hf677 (18); HumanCollagen Type III, alpha 3 [a,(III)], clone Hf934
( 19); and human glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), clone pHcGAP(20). All cDNAs were obtained from the
American Type Culture Collection (Rockville, MD). Inserts of procol-
lagen cDNAclones were isolated by restriction enzyme digestion and
labeled by random primer extension with [a-32P]dCTP (32P-labeled to
> 109 cpm/,gg). The GAPDHplasmid cDNA was labeled by nick
translation using [a-C32p]dCTP (132P-labeled to > 109 cpm/,gg). Blots
were washed in 2x SSC-0.5% SDS(250C, 20 min) and 0.1 X SSC-0. 1%
SDS(65 0C, 30 min). Equal loading conditions for the Northern blots
were verified by hybridizing the filters with an oligonucleotide for rat
18S rRNA (5'-ACGGTATCTGATCGTCTTCGAACC-3') (21). The
oligonucleotide probe was end labeled with [y-32P]ATP using T4 ki-
nase. Hybridization with 1 X 106 cpm/ml of labeled oligonucleotide
was performed overnight at 51 'C in a solution containing 6x SSC, l X
Denhardt's solution, 0.1% SDS, 0.05% Na pyrophosphate, 20 'sg/ml
tRNA, and 100 ggg/ml denatured salmon sperm DNA. Washings were
performed in 6x SSC-0. 1% SDSat 65°C for 30 min. All filters were
exposed at -80°C (for varying time periods) to Kodak XAR-5 film
using intensifier screens. Band intensity was quantified by laser densi-
tometry (Ultrascan XL enhanced laser densitometer; LKB Instru-
ments, Inc. [Gaithersburg, MD] interfaced to a personal computer
running Gelscan XL Ver. 1.2). Procollagen mRNAlevels were then
expressed relative to the band intensity of the GAPDHmRNA.

Tissuefixation for light and electron microscopy. Anesthetized ani-
mals were injected via the inferior vena cava with heparin (100 U/ 100
g body wt) followed by 1 ml of 3.3 MKCl to induce diastolic arrest and
processed as previously described (22). Hearts were rapidly removed,
rinsed with HBSS, trimmed of noncardiac tissue, and perfused via the
aorta (5 min; 25°C) with 100 mMNa phosphate buffer, pH 7.4. The
perfusate was then changed to 2% (wt/vol) glutaraldehyde, and the
hearts were perfused for an additional 15 min. Hearts were removed
from the cannula and 1-mm cubes of LV myocardium were placed in
the same fixative solution for 4-6 h at 4°C. Samples were then washed
three times and immersed in 7.5% sucrose overnight. Tissue samples
were subsequently postfixed in freshly prepared 1% OS04 in 100 mM
Na cacodylate buffer, pH 7.4, for 1 h at 4°C, and washed five times with
buffer and twice with distilled water. Tissue samples were then dehy-
drated in a graded series of ethanols, embedded in Epon resin, and
polymerized overnight. Thick sections ( 1 tim) were obtained from ran-
dom blocks of each animal and used for light microscopy after tolu-
idine blue staining. Thin sections were obtained from the same blocks,
postsection stained with uranyl acetate and lead citrate, and imaged
and photographed in an electron microscope (model H-600; Hitachi
Ltd., Tokyo, Japan).

Flooding infusion method. A modification (15) of the proline
flooding infusion technique ( 16) was employed to estimate the frac-
tional rate of LV procollagen synthesis in vivo. All infusions were per-
formed between 0800 and 1200 to control for any diurnal variation in
cardiac procollagen synthetic rates. The flooding tracer was prepared
by mixing unlabeled proline (2.8 M) and [3H]proline (1 mCi/ml in
2% [vol/vol] ethanol; final [3H]proline specific radioactivity = 900
dpm/ nmol). Sham and banded rats were lightly anesthetized by ether
inhalation. Each rat received 320 ,uCi of [3H ]proline and 1.4 mmol of
unlabeled proline per 100 g body wt injected via the dorsal penile vein
over a period of 1-2 min. 1 h after injection, rats were reanesthetized
with ether, and a heparinized blood sample (500 td) was removed by
cardiac puncture for determination of plasma proline specific radioac-
tivity (F*, dpm/nmol) (23). The heart was then rapidly excised, rinsed
in iced 150 mMNaCl, and frozen at -80°C. A stopwatch was used to
time the period from the beginning of the bolus injection to cardiac
extirpation.

Determination of total cardiac hydroxyproline specific radioactivity
and concentration. Tissue homogenization was performed by modifica-
tions ( 15) of the method of McAnulty and Laurent (24). Briefly, fro-
zen hearts from sham and banded rats used in procollagen synthesis
experiments were thawed, rinsed in iced 150 mMNaCl, trimmed of fat
and great vessels, and weighed. Further dissection was performed to
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remove atria and valvular structures and to obtain LV (left ventricular
free wall and septum) and right ventricular free wall wet weights. Pre-
cisely weighed portions of LV tissue (400-500 mg) were homogenized
in 9 vol of water. After removal of 1 ml of tissue homogenate for DNA
and total protein analysis (see below), proteins in the remaining whole
tissue homogenate were precipitated by addition of iced ethanol to a
final concentration of 67% (vol/vol). After centrifugation ( 10,000 g,
15 min), the precipitate was washed once with 67% (vol/vol) ethanol,
and the combined supernatant fraction and washings were evaporated
to dryness. The residue was then reconstituted in 2 ml of 6 N HCl and
hydrolyzed ( 1 10C, 24 h). The precipitant fraction (after ethanol pre-
cipitation and washing) was resuspended in 4 ml of 6 N HCl and also
hydrolyzed (1 10C, 24 h). [ 14C ]hydroxyproline tracer (4,000 dpm)
was added to each hydrolysis tube of both the tissue-free and protein-
bound fractions to serve as an internal standard for calculating the
recovery of [3HI hydroxyproline and unlabeled hydroxyproline (Pro-
OH). The hydrolysates were evaporated to dryness, reconstituted, fil-
tered, and reevaporated. Pro-OH and proline (Pro) were separated
from the bulk of amino acids by O-phthaldehyde derivatization, as
previously described (15). The final residue was resuspended in
HPLC-grade water (200-400 ,ul) and a portion of the tissue-free and
protein-bound samples were removed for quantitative analysis of Pro-
OHusing a colorimetric assay (25). The total amount of Pro-OH in
these samples was corrected for losses during isolation by 3H- '4C dou-
ble label scintillation counting. Data were expressed as nanomoles of
Pro-OH per gram wet weight for both tissue-free and protein-bound
Pro-OH pools.

Separation of [3H I hydroxyproline (3H-Pro-OH) from [3H]proline
(3H-Pro) in the tissue-free and protein-bound hydrolysates was accom-
plished by cation-exchange HPLC (26). Fractions (I ml) containing
the ['4C] hydroxyproline internal standard were identified by double-
label scintillation counting and corrected for recovery of 3H-radioactiv-
ity. Data were expressed as dpm of 3H-Pro-OH per g wet wt for both
tissue-free and protein-bound pools. The total tissue hydroxyproline-
specific radioactivity (P*, dpm/nmol) was then calculated as follows:
P* = [tissue-free 3H-Pro-OH (dpm/g) + protein-bound 3H-Pro-OH
(dpm/g)]/[tissue-free Pro-OH (nmol/g) + protein-bound Pro-OH
(nmol/g)] .

Calculation of total L Vprocollagen synthetic and degradative rates.
LV procollagen fractional synthetic rates (K5, %/d) were calculated
using the following equation ( 15):

LV procollagen Ks

P* x 100,

F*(1 - e(-Ke)X)t

e
K'

where P* is the total tissue Pro-OH specific radioactivity, F* is the
plasma Pro specific radioactivity at the end of the flooding infusion, t is
labeling time in days, and K' is a first-order rate constant describing the
rate of equilibration of cardiac prolyl-tRNA with plasma Pro ( 1 13.62
d -) ( 15 ). Fractional synthetic rates were converted to actual LV pro-
collagen synthetic rates (Rs, ,ug/d per LV) by multiplying Ks and the
total LV collagen content for each animal. Total LV collagen content
(mg/LV) was calculated as follows: LV Collagen Content (mg) = [LV
weight (g) x total Pro-OH(ymol/g) x 0.131 (,Lg/gmol)]/134.

The fraction of newly synthesized procollagens that was rapidly
degraded (Fr, %) was estimated as follows: Fr = [tissue-free 3H-Pro-OH
(dpm/g) ] / [tissue-free 3H-Pro-OH(dpm/g) + protein-bound 3H-Pro-
OH(dpm/g)] x 100. The major assumption in calculating Fr is that all
of the Pro-OH in the tissue-free pool (in the form of free amino acid
and ethanol-soluble oligopeptides that are produced during the rapid
degradation of newly synthesized procollagens) remains in this soluble
pool and does not diffuse from the cardiac tissue during the period of
the flooding infusion (24).

Other biochemical analyses. LV total protein content and DNA
content were determined as previously described (27).

Data analysis. Unless otherwise stated, all results were expressed as
mean±SEM. Normality was assessed using the Wilk-Shapiro test, and
homogeneity of variance was established with Levine's test. Two-way
ANOVAwas used to compare the factors of age and hypertension on
measurements of growth and collagen accumulation. One-way AN-
OVA followed by Dunnett's test was used for comparisons between
multiple groups. The unpaired t test and the Wilcoxon Mann-Whitney
test were used for comparisons between two groups. Data were ana-
lyzed using the PROPHETcomputer system (Division of Research
Resources, National Institutes of Health).

Results

Suprarenal aortic coarctation produced hypertension and mild
L V hypertrophy. As seen in Fig. 1, constriction of the abdomi-
nal aorta of juvenile rats produced a significant increase in
MAPwithin 1 wk after surgery as compared with sham-oper-
ated control animals (P < 0.01, Dunnett's test). Thereafter,
MAPremained elevated during the entire 16-wk observation
period. As seen in Table I, both normotensive and hypertensive
rats gained weight after surgery. Only after 8 wk was the body
weight of banded hypertensive animals somewhat less than
that observed for sham-operated controls. Whereas normal car-
diac growth was observed in the sham-operated rats, the sus-
tained increase in MAPof banded animals was associated with
the development of mild cardiac hypertrophy. A 13% increase
in actual LV weight and a 16% increase in LV/body weight
ratio were apparent as early as I wk after banding. Although
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Figure 1. Hypertension induction after suprarenal abdominal aortic
coarctation. MAPwas recorded from an indwelling carotid artery
catheter 1, 4, 8, and 16 wk after abdominal aortic coarctation (filled
bars; mean±SEM; n = 4-8 animals in each group) and in sham-
operated controls (open bar). Data for the three to four sham-oper-
ated animals at each time point were pooled. Results were compared
by one-way ANOVAfollowed by Dunnett's test. MAPin all banded
groups was significantly different (P < 0.05) from the sham-operated
controls.
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Table I. Heart and Body Weight Changes in Sham-operated and Hypertensive Rats

Week I Week 2 Week4 Week 8 Week 16

S B S B S B S B S B

No. of animals 9 12 6 7 6 1 1 6 6 6 5
Initial body weight (g) 163±4 167±3 160±3 156±2 162±1 164±2 165±3 171±2 167±2 163±1
Terminal body weight (g) 205±7 198±4 246±7 242±4 327±4 322±4 399±7 366±13* 504±11 457±13*
Total heart weight (mg) 751±23 839±31 884±6 1,023±38 1,112±36 1,162±34 1,431±44 1709±59§ 1,532±69 1,774±170
LV weight (mg) 495±13 561±21 540±32 605±9 750±23 804±28 841±23 1034±47§ 1,007±49 1,183±81
RVweight (mg) 145±9 148±8 157±17 178±11 206±7 217±5 233±10 253±10 283±15 336±56
LV/body weight (mg/g) 2.43±.03 2.83±.08§ 2.21±.14 2.50±.04 2.29±.05 2.50±.09 2.11±.06 2.84±.16* 2.00±.08 2.59±.15§
RV/body weight (mg/g) 0.71±.03 0.75±.03 0.64±.07 0.73±.04 0.63±.02 0.67±.12 0.59±.02 0.70±.04* 0.56±.02 0.73±.12

Data are mean±SEMof sham-operated (S) and banded (B) rats. Data at each time point after surgery were compared by unpaired t test
or Mann-Whitney test where appropriate. *P < 0.05; §P < 0.01 vs. sham-operated animals.

LV and RV/body weight ratios decreased in the sham-oper-
ated animals with increasing age, both indexes remained rela-
tively constant in the hypertensive rats. Thus suprarenal aortic
coarctation in young growing animals produced a moderate
degree of LV pressure overload, as well as a disproportionate
increase in cardiac mass.

Suprarenal aortic coarctation produced disproportionate
LVcollagen accumulation. LV total protein concentration was
relatively constant over time in both groups (160-180 mg/g
wet wt), indicating that the modest increase in LV mass ob-
served in banded compared with sham-operated animals was
the result of an increased rate of total protein accumulation (P
< 0.001 for factor hypertension, two-way ANOVA)(Fig. 2 A).
LV DNAcontent (Fig. 2 B) in both normotensive and hyper-
tensive animals increased with increasing age (P < 0.0001 for
factor age, two-way ANOVA). However, mean LV DNAcon-
tent was consistently greater in banded animals at each time
point. These data indicated that, in the absence of significant
myocytic polyploidy, some degree on nonmuscle cellular hy-
perplasia occurred in both groups (banded > sham) (P < 0.001
for factor hypertension, two-way ANOVA). The cellular hy-
perplasia in both sham and banded animals was associated
with an age-dependent increase in LV collagen content (P
< 0.0001 for factor age, two-way ANOVA)and an age-depen-
dent increase in the relative concentration of LV collagenous
proteins (Fig. 2 C). LV collagen content of banded animals
was consistently greater than sham-operated controls at each
time point (P < 0.001 for factor hypertension, two-way AN-
OVA). Furthermore, collagens accumulated disproportion-
ately within 1 wk after banding (2.5±0.1 vs. 1.7±0.2% of total
LV protein for banded vs. sham-operated rats, respectively; P
< 0.05, unpaired t test). Differences in the percent of LV collag-
enous proteins disappeared within 2 wk after suprarenal band-
ing, only to reappear 16 wk after surgery. Prolonged hyperten-
sion ultimately produced a 62% increase in LV collagen con-
tent and a 63% increase in the percent of total LV proteins that
were collagens.

Suprarenal aortic coarctation produced late interstitial fi-
brosis. Despite the disproportionate collagen accumulation ob-
served within 1 wk after banding, the histological appearance
(using light and transmission electron microscopy) of LV
myocardium was relatively normal (Fig. 3 B and 4 B). There
was no evidence of muscle cell injury, myocytolysis, or inflam-
mation in pressure-overloaded animals. The only histological
difference noted between sham and banded animals at this

time point was the apparent increase in the number of tissue
mast cells surrounding small blood vessels (Fig. 4 B). In con-
trast, numerous focal areas of LV perivascular and interstitial
fibrosis were readily apparent 16 wk after suprarenal coarcta-
tion (Figs. 3 Dand 4 D). Increased numbers of tissue mast cells
were still apparent, but many showed evidence of degranula-
tion at the site of myocyte loss and reparative fibrosis (Fig. 4
D). Similar pathological findings associated with long-standing
hypertension have been observed by other investigators
(8-10, 12).

Fibrillar collagen mRNAlevels 1, 4, and 16 wks after LV
pressure overload. Tissue mRNAlevels for a I(I) and a, (III)
procollagen polypeptides and GAPDHwere analyzed 1, 4, and
16 wk after suprarenal aortic coarctation and compared with
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Figure 3. Light microscopic appearance of LV myocardium I and 16 wk after suprarenal aortic coarctation. As seen in A, LV myocardial tissue
from I -wk sham-operated rats was normal and was not different from tissue sections of hypertensive animals 1 wk after surgery (B). In contrast,
numerous focal areas of interstitial and perivascular fibrosis were noted in hypertensive animals 16 wk after surgery (D) as compared with
sham-operated controls at the same time point (C). All sections were 1-Am thick and stained with toluidine blue. Bar, 5 gm.

those observed in sham-operated controls. As seen in Fig. 5,
steady state mRNAlevels for a1 (I) and ac (III) procollagen
polypeptides (representing the major fibrillar collagen types in
ventricular myocardium) appeared to be increased 1 wk after
aortic coarctation. These results confirm previous findings of
Chapman et al. (9) using a similar banding protocol, as well as
the results of Villareal and Dillman ( 11) using thoracic aortic
banding in adult rats. However, mRNAlevels for GAPDH
(which encodes a constitutively expressed glycolytic enzyme
present in both the muscle and nonmuscle cell populations of
the heart) was also increased in banded versus sham-operated
animals. When the abundance of the procollagen transcripts
was normalized to differences in the abundance of this arbi-
trary mRNA,differences in procollagen mRNAlevels between
1 -wk sham and banded animals were considerably reduced. To
further compare relative mRNAlevels in sham versus banded
animals at the different time points examined ( 1, 4, and 16
wk), the same densitometric analysis was performed on films
derived from a single Northern blot (containing RNAisolated
from three to four animals in each group at each time point).
The blot was subsequentially hybridized with the al (I),
al (III), and GAPDHcDNA probes, and the results are de-
picted in Fig. 6. As is evident in Fig. 6 A, a, (I) mRNAlevels
(relative to GAPDHmRNA) in sham-operated animals de-
clined with increasing age. In contrast, a1 (I) mRNAlevels in
banded animals were similar to sham-operated controls at 1
and 4 wk after surgery, but were six- to sevenfold greater at 16
wk. In addition, normotensive rats demonstrated a relatively
constant level of a1I (III) mRNAexpression, whereas hyperten-
sive rats showed a consistent increase in the level of this procol-

lagen transcript at each time point examined (Fig. 6 B). In
summary, changes in procollagen mRNAlevels varied with
both age and the presence of sustained hypertension. Although
LV a1 (III) mRNAexpression was consistently elevated in re-
sponse to pressure overload, a1I (I) mRNAlevels were increased
only after many weeks after abdominal aortic coarctation, and
at a time when muscle damage and interstitial fibrosis were
readily apparent.

In vivo procollagen synthesis and intracellular procollagen
degradation during L Vpressure overload. To further examine
the relationships between myocardial collagen content and
steady state mRNAlevels for procollagen polypeptides during
LV pressure overload, the proline constant infusion method
( 15, 16, 24) was used to assess procollagen biosynthesis at 1, 4,
and 16 wk after suprarenal aortic coarctation. As seen in Table
II, procollagen synthetic rates (Rs; gg/d per LV) in sham ver-
sus banded animals were similar 1 and 4 wk after aortic coarc-
tation. However, there was a profound increase (threefold) in
procollagen synthetic rate 16 wk after surgery in the banded
animals as compared with controls. These data correlated rea-
sonably well with the relative mRNAlevels for LV procollagen
polypeptides when normalized to GAPDHmRNA(Fig. 6)
and with the disproportionate collagen accumulation and in-
terstitial fibrosis observed 16 wk after the onset of sustained
hypertension.

However, differences in relative procollagen mRNAlevels
and procollagen synthetic rates did not appear to account for
the initially large difference in collagen content between sham
and banded animals observed 1 wk after aortic banding. Analy-
sis of the fraction of 3H-labeled Pro-OH in the ethanol-soluble,
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Figure 4. Transmission electron microscopy of LV myocardium 1 and 16 wk after suprarenal aortic coarctation. LV myocardial tissue from 1 -wk
(A) and 16-wk (C) sham-operated rats was normal. The only difference in tissue sections obtained from l-wk banded animals (B) was the
presence of increased numbers of mast cells surrounding blood vessels. No areas of myocyte necrosis or other inflammatory cell infiltrates were
noted. In marked contrast, numerous areas of perivascular and interstitial fibrosis were evident in tissue sections obtained from 16-wk hyper-
tensive rats (D). Increased numbers of tissue mast cells and other mononuclear cells were present within areas of fibrillar collagen deposition.
Degenerating muscle cells were also noted. Bar, 2 Amfor A-D.

tissue-free pool in both l-wk banded and sham-operated con-
trols indicated a major reduction in the fraction of newly syn-
thesized procollagens subject to rapid intracellular degradation
(Fr). As seen in Table II, Fr values in pressure-overloaded ani-
mals were reduced - 30%at 1 wk. The combination of a mod-
est statistically insignificant increase in procollagen synthesis
along with a much larger decrease in the rate of procollagen
degradation produced an 87% increase in LV collagen produc-
tion (54±6 vs. 101 ± 12 qg/d per LV in sham vs. l-wk banded
animals, respectively; P < 0.05). Thereafter, Fr values in sham-
operated animals remained relatively unchanged, whereas Fr
values in banded animals increased with increasing age. Al-
though the markedly increased rate of procollagen synthesis
observed 16 wk after coarctation was associated with a 40%
increase in Fr values as compared with controls, net collagen
production remained significantly elevated (40±1 vs. 65±14
yg/d per LV in 16-wk sham vs. banded animals; P < 0.05),

thus contributing to the disproportionate collagen accumula-
tion in these hypertensive animals.

Discussion

Increased collagen deposition and ultrastructural changes in
the connective tissue skeleton of LV myocardium has long
been considered a causative factor for alterations in cardiac
mechanical properties associated with human hypertension
and ventricular hypertrophy (6). A variety of experimental
animal models have been useful in simulating many of the
structural and functional changes associated with human hy-
pertension, with the aim of identifying the cellular mechanisms
responsible for the increased deposition of collagenous proteins
within the cardiac extracellular matrix of hypertensive pa-
tients. As is true for the myofibrillar protein subunits of individ-
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SHAM BANDED Figure 5. Northern blot
§112113 21 3 1 4 analysis of Type I and

Type III procollagen
A. ac(I) mRNAs1 wk after su-

prarenal aortic coarcta-
_ |sums tion. 20 ,g of total LV

RNAfrom four sham
and four banded ani-
mals was size fraction-

B. aj(I11) ated on 1% agarose gels
and transferred by cap-

* N J illary action to nylon
membranes. The filter
was sequentially hybrid-
ized with 32P-labeled

C. GAPDH cDNAs encoding a (I)
C*GAPDH ~~~~~~~~(A),a I(III) (B), and

GAPDH(C). Equal
doOO

loading conditions were
verified by hybridizing
the filter with a 32P-la-
beled oligonucleotide

D. 18S - probe specific for rat
18S rRNA (D). Blots

_ were exposed to Kodak
- - ~~~- ~~ XAR-5 for varying time

periods. As is evident
from the figure, mRNA

levels for both procollagen polypeptides as well as GAPDHwere in-
creased in banded as compared with sham-operated controls. The
bars to the left in each panel indicate the position of the 28S (upper)
and 18S (lower) rRNAs.

subsequently disappeared as other tissue protein components
accumulated. On the basis of the results of our biosynthetic
labeling experiments, increased procollagen production during
this early phase resulted predominantly from an alteration in
the rate of intracellular procollagen degradation rather than a
markedly increased rate of procollagen synthesis. Perivascular
and interstitial fibrosis (along with disproportionate collagen
accumulation and markedly increased procollagen synthetic
rates) were observed only after 16 wk of sustained hyperten-
sion. In this respect, this animal model more faithfully simu-
lated the connective tissue changes of human myocardium
subjected to untreated hypertension. Capasso et al. (10) re-
cently showed that a similar degree of moderate systolic hyper-
tension in the rat, when sustained for a period of 8 mo, eventu-

A. a1(I) / GAPDH
25

$ SHAM
0 20 EBANDEDz

z
- 15-

2
I--

0

z

4 16

ual muscle cells, alterations in the rates of accumulation Type I
and Type III collagens within the cardiac extracellular matrix
must occur because of an imbalance between the rate at which
these proteins are synthesized and the rate at which they are
degraded. Little information is currently available regarding
the regulation of fibrillar procollagen synthesis and turnover by
cardiac interstitial cells. Previous reports have indicated that
both humoral (28-30) and mechanical factors (31) may be
important in regulating steady state mRNAlevels encoding
fibrillar procollagen genes by cardiac fibroblasts in culture.
However, the relationships between tissue procollagen mRNA
levels and rates of procollagen biosynthesis and degradation
within the LV myocardium in vivo has not been previously
explored. Onthe basis of the data provided in this report, colla-
gen accumulation during normal growth and disproportionate
collagen accumulation associated with sustained hypertension
may be regulated at a variety of points along the biosynthetic
pathway responsible for the deposition of these long-lived ex-
tracellular matrix proteins.

Nonocclusive abdominal aortic coarctation in the juvenile
rat provided a reliable method for producing moderate sus-
tained hypertension without the acute myocardial injury asso-
ciated with other forms of experimental pressure overload. In
contrast to previous studies of extracellular matrix remodeling
in LV pressure overload produced by thoracic aortic banding
(32, 33), we found no histological evidence of myocyte injury,
necrosis, or replacement fibrosis within the first week after ab-
dominal aortic coarctation. Although an increase in the rela-
tive concentration of myocardial collagens was evident soon
after imposition of the LV pressure overload, these differences

B. a1(III) I GAPDH
2.0

*Z 1.5

T1.0I~-.

0
t0.5

0

0.0
1 4 1 6

TIME (weeks)
Figure 6. Procollagen mRNAlevels 1, 4, and 16 wk after suprarenal
aortic coarctation. A single Northern blot (containing 20 ,gg per lane
of total LV RNAisolated from three to four animals in each group at
each time point) was sequentially hybridized with al( I), al (III), and
GAPDHcDNAprobes. The resulting autoradiograms were scanned
by laser densitometry, and the densitometric intensity for a,(I) (A),
and a, (III) (B) was expressed relative to the band intensity of
GAPDHmRNA. As is evident from this figure, a1 (I) mRNAlevels
(relative to GAPDHmRNA)in sham-operated animals (open bars)
declined with increasing age. In contrast, a1 (I) mRNAlevels in
banded animals (closed bars) were similar to sham-operated controls
at 1 and 4 wk after surgery but were six- to sevenfold greater at 16
wk. In addition, normotensive rats demonstrated a relatively constant
level of a,(III) mRNAexpression, whereas hypertensive rats showed
a consistent increase in the level of this procollagen transcript at each
time point examined.
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Table II. Procollagen Synthesis and Degradation in Sham-operated and Hypertensive Rats

Week I Week 4 Week 16

S B S B S B

No. of animals 6 9 6 11 6 5
Ks (%/d) 10.2±1.9 7.0±0.8 4.9±0.8 4.1±0.4 1.8±0.1 4.2±0.7*
Rs (g/d per LV) 125±24 143±12 167±6 190±15 100±8 333±32§
Fr (%) 51±4 36±5* 48±3 50±3 58±3 81±2§
Collagen production

(Ag/d per LV) 54±6 101±12* 86±6 91±4 40±1 65±14*

Data are mean±SEMof sham-operated (S) and banded (B) rats. Data at each time point after surgery were compared by unpaired t test
or Mann-Whitney test where appropriate. § P < 0.01; *P < 0.05 vs. sham-operated animals.

ally led to LV dysfunction and congestive heart failure. Al-
though functional studies were not performed in our
experimental animals, the degree of hypertension as well as the
histopathology of LV myocardial tissue in both studies suggests
that further sustained hypertension in our animals would have
led to similar changes in LV function over time. Furthermore,
our results support the conclusions of Capasso et al. ( 10), indi-
cating that time constitutes one of the most significant vari-
ables for the development of myocardial interstitial fibrosis and
associated contractile dysfunction.

As discussed by Wiesner and Zak (34), the quantitative
analysis of changes in mRNAabundance is an important step
in identifying the regulatory events responsible for changes in
specific gene expression. In a previous study of myocardial col-
lagen gene expression in response to abdominal aortic coarcta-
tion, Chapman et al. (9) noted a transient increase in the con-
centration (relative to total RNA) of mRNAsencoding Type I
and Type III procollagen polypeptides during the first week
after banding. These data were interpreted as a causal factor in
the increased collagen accumulation and interstitial fibrosis
observed only after many weeks. Our results confirm the in-
crease in Type I and Type III procollagen mRNAlevels relative
to total and 1 8S rRNA soon after hypertension induction, but
when the same data were expressed relative to GAPDH
mRNA, a constitutively expressed gene transcript (34), these
differences were much less apparent. In contrast, normaliza-
tion of the data in this fashion revealed a much larger increase
in Type I procollagen mRNA16 wk after banding and a persis-
tent increase in mRNAabundance for Type III procollagen
throughout the observation period. Webelieve that normaliza-
tion of procollagen mRNAlevels to a "housekeeping gene"
mRNA(such as GAPDH)provides a clearer picture of the
regulatory events responsible for procollagen gene expression
in the pressure-overloaded heart (35). In this way, other fac-
tors, such as differences in the efficiency of tissue mRNAex-
traction, differences in the concentration of nucleases in fi-
brotic versus nonfibrotic myocardium, and differences in the
relative concentrations of ribosomal versus total mRNAsdur-
ing LV pressure overload, are accounted for (34).

On the basis of this quantitative analysis of mRNAabun-
dance, we conclude that both pre- and posttranslational mecha-
nisms are responsible for the increased collagen accumulation
observed at various stages of LV pressure overload. The flood-
ing infusion results corroborated these findings, as alterations
in procollagen intracellular degradation (Fr) appeared to be a

major factor in the increased collagen production detected
early in sustained hypertension. It should be pointed out, how-
ever, that the estimation of procollagen synthetic and intracel-
lular procollagen degradative rates by this technique is depen-
dent upon a number of theoretical and practical assumptions,
as outlined by McAnulty and Laurent (24) and Karim et al.
( 15 ). Nevertheless, a similar decrease in procollagen Fr was
noted by Laurent et al. (36) during skeletal muscle hyper-
trophy and by Turner et al. (37) during RVhypertrophy after
bleomycin-induced lung injury. At present, little is known
about the intracellular sites and regulatory events that might
modify the susceptibility of newly synthesized procollagens to
intracellular proteolysis in vivo. Recently, Nakai et al. (38)
found that a molecular chaperone (HSP47) is involved in pro-
collagen assembly and transport within the endoplasmic reticu-
lum of collagen-producing cells. Binding of this protein to
Type I procollagen was enhanced by heat stress and treatment
with a,a'-dipyridyl, which inhibited stable triple-helix forma-
tion. Whether these interventions also altered procollagen Fr is
not known, but the role of HSP47 in intracellular procollagen
degradation by cardiac fibroblasts in vivo and in vitro requires
further study.

Our observation that al (III) procollagen mRNAlevels
were persistently increased in pressure-overloaded myocar-
dium is interesting in light of recent observations by Carver et
al. (31), who demonstrated the preferential expression of
a1 (III) procollagen mRNAand protein by mechanically stimu-
lated cardiac fibroblasts in culture. Our results also provide an
explanation for the previously noted increase in the relative
proportion of Type III collagen in pressure-overloaded rat (39)
and macaque ( 12) myocardium and indicate that these in vivo
changes were also partly regulated at the pretranslational level.
Additional studies are needed, however, to determine whether
mechanical factors directly regulate al (III) procollagen
mRNAstability and/or transcriptional rate in these collagen-
producing cells and to identify all of the steps responsible for
mechanochemical signal transduction in cardiac fibroblasts.

Weprovide clear evidence that the interstitial fibrosis asso-
ciated with untreated long-standing hypertension is due to a
markedly increased rate of procollagen biosynthesis occurring
only after many months of pressure overload. Increased pro-
collagen synthetic rates correlated reasonably well with the late
increase in mRNAlevels for a1 (I) procollagen polypeptide,
indicating a substantial increase in the expression of this gene
by cardiac fibroblasts. Of note, the relative increase in the level
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of this transcript (and to a much lesser extent a1,[III] mRNA)
far exceeded the rather modest increase in LV DNAcontent
and degree of LV hypertrophy, suggesting the "activation" of
Type I procollagen synthesis rather than a major increase in the
number of collagen-producing interstitial cells. The mecha-
nisms underlying the deposition of Type I collagen by cardiac
fibroblasts are unknown but are likely to be related to repara-
tive fibrosis and "healing" at sites of myocyte necrosis. A po-
tential candidate for mediating this local response is TGF-31,
which is present in significant amounts in normal and hyper-
trophied rat heart myocytes (40, 41 ). Release of intracellular
stores of TGF-#3 accompanied experimental myocardial in-
farction following coronary ligation (40). Activation of latent
TGF-f3, by cellular proteinases in the extracellular space may
also occur in response to myocyte injury (42). This peptide has
also been shown to increase Type I procollagen mRNAabun-
dance in cultured cardiac fibroblasts (29), presumably by stim-
ulating a I(I) gene transcription (43).

Finally, it should be pointed out that increased cardiac pro-
collagen biosynthesis occurs in other forms of hemodynamic
overload producing LV hypertrophy that are not associated
with interstitial fibrosis. In a previous report from this labora-
tory ( 15 ), we demonstrated a threefold increase in LV procol-
lagen production after 8 wk of daily thyroxine administration
to juvenile rats. Although thyroid hormone administration
produced hemodynamic overload and LV hypertrophy, pro-
tein-bound Pro-OH concentration in LV tissue actually de-
creased (rather than increased). The absence of disproportion-
ate collagen accumulation and interstitial fibrosis despite mark-
edly increased procollagen synthesis was due to the absence of
muscle cell injury and to accelerated turnover of fully pro-
cessed collagens in the extracellular matrix ( 15). It is conceiv-
able that alterations in extracellular degradation of fully pro-
cessed cross-linked collagens may have also contributed to dis-
proportionate collagen accumulation and interstitial fibrosis
during abdominal aortic coarctation. Nevertheless, distinct dif-
ferences in procollagen metabolism characterize "physiologi-
cal" versus "pathological" hypertrophy, which maybe indepen-
dent of the degree of hemodynamic overload and the level of
procollagen gene transcription.
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