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A B S T R A C T Cardiac stress produced by hyperten-
sion or excess volume loading results in different types
of hypertrophy. Elevated left ventricular pressure rapidly
results in increased myocardial protein synthesis in vivo
and in vitro, but such rapid alterations are not con-
sistently seen in volume loading. The difference in re-
sponse is difficult to clarify since it is not possible to
effect alterations in left ventricular pressure or per-
fusion without profoundly affecting coronary perfusion.
The present study describes cardiac protein synthesis in
the right ventricle of the young guinea pig heart in vitro
by utilizing a perfusion model in which the right ven-
tricle could be stressed by elevations of pressure or
volume loading in the presence of constant and restricted
coronary perfusion. With coronary flow maintained at
4 ml/min per heart equivalent to 25 ml/min/g dry wt,
an increase in right ventricular pressure from normal
levels of 3 mmHg to 11 mmHg resulted in a 60% in-
crease of myocardial incorporation of [14C]lysine into
protein. However, with further increases of right ven-
tricular pressure to 22 mmHg, protein synthesis dropped
back to normal levels. The falloff in protein synthesis
was not due to decreased contractility, alterations in in-
tracellular lysine pool specific activity, or alterations in
distribution of coronary flow. A 60% increase in coro-
nary perfusion was again associated with a similar re-
sponse of protein synthesis to progressive elevations of
pressure despite a rise in the ATP levels and a fall in
lactate production. Thus, a deficiency of 02 did not en-
tirely explain the decline of protein synthesis with maxi-
mal pressures. At all levels of coronary perfusion, vol-
ume loading for 3 h did not result in increased protein
incorporation of [14C]lysine. The studies support a rela-

tionship between ventricular pressure and protein syn-
thesis unrelated to coronary flow per se. A pressure re-
ceptor triggering protein synthesis within the ventricu-
lar wall is postulated. Such a relationship is not ap-
parent in short-term volume loading in vitro.

INTRODUCTION
Cardiac stress produced by experimental hypertension
or excess volume loading eventually results in hyper-
trophy (1-3) though the mechanisms and types of hy-
pertrophy may be different in each stress, e.g., concen-
tric hypertrophy with little increase in ventricular vol-
ume is described in hypertension or valvular stenosis
while hypertrophy with dilatation is most often seen
in valvular insufficiency or volume stress (4, 5). Acute
aortic hypertension or volume loading is also accom-
panied by increased coronary flow which has been shown
to enhance protein synthesis (6-8), and few data are
available on the effects of such loading in the face of
controlled or restricted coronary perfusion.

The present report presents data obtained with an
in vitro perfusion modal which was designed to separate
pressure and volume stresses in the right ventricle from
alterations in coronary perfusion and which permits
study of protein synthesis in this ventricle in the pres-
ence of controlled as well as restricted coronary flow.
Two patterns are indicated with this model of the young
guinea pig heart. First, protein synthesis is stimulated
by acute pressure stress but not by acute volume loading.
Second, with maximum stresses right ventricular pro-
tein synthesis returns to control levels. A preliminary
description of this model was previously reported (9).

METHODS
Received for publication 8 October 1973 and in revised Young male guinea pigs, 260-320 g, approximately 4-6 wk

form 16 September 1974. after weaning, were used in all the studies. The diet before
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the operation and anesthesia were as described previously
(6, 7). After anesthesia, the chest cage was opened and
the proximal aorta cannulated and perfused with oxygen-
ated Krebs-Henseleit solution containing amino acids in
concentrations previously described (6, 10). The pulmo-
nary artery was then cannulated with a no. 240 nondisten-
sible polyethylene catheter which was gently passed through
the pulmonic valve into the right ventricular cavity and
secured. The pulmonary arteries and veins were then ligated
at the hilar regions and the lungs removed.

The inferior vena cava was then cannulated with the
cannula entering the inferior portion of the right atrium
and secured in that position. The right atrium was con-
verted into a closed chamber by ligating the superior vena
cava. Similarly by ligation of the pulmonary veins, the left
atrium was also a closed chamber. Any significant aortic
regurgitation during the retrograde aortic perfusion could
be immediately seen by dilatation of the left ventricle and
atrium.

The heart and cannulae were transferred to a tempera-
ture-controlled perfusion chamber containing oxygenated
Krebs-Henseleit solution which bathed the preparation
(Fig. 1). The heart was perfused by two separate circula-
tions (Fig. 2). The first system perfused the coronary
circulation via the aorta with a roller pump, and the flow
was carefully regulated and continuously measured by a
flow meter. With the pump used, (rotary type, model 375,
Sage Instruments Div., Orion Research, Inc., Cambridge,
Mass.) it was possible to maintain the total coronary flow
at exactly the rate desired despite alterations in pressure
or possible coronary vasodilation or vasoconstriction. The
aortic and hence coronary pressures were continuously moni-
tored by a pressure transducer (P 23 DB, Statham Instru-
ments, Inc., Oxnard, Calif.) connected by a T tube to the
aorta above the coronary ostia. The coronary perfusion
fluid containing Krebs-Henseleit solution with amino acids
(6) continuously oxygenated with 95% 02-5% C02, at a

Thermomeler
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FIGURE 1 Perfusion chamber for right ventricular stress
with controlled coronary artery perfusion. See Methods.
IVC, inferior vena cava; LA, left atrium; LV, left ven-
tricle; RA, right atrium; RV, right ventricle.

pH of 7.4 (6, 7, 10) emptied into the right atrium, right
ventricle and was ejected by the ventricle through the right
ventricular cannula. The perfusate was not reutilized.

The second perfusion system, using identical perfusion
fluid as the coronary circulation, presented a known fluid
load to the right atrium through the inferior vena cava

cannula. This flow was also regulated and could be varied
as desired by a micrometer-controlled Sage roller pump
and continuously measured with a flow meter. Thus, the
right atrium was a closed system which received the coro-

nary flow plus the flow from the inferior vena cava. The
combined right atrial fluid volume passed into the right
ventricle and was thence ej ected by ventricular systole.
Right ventricular outflow was carried by the rigid ventricu-
lar no. 240 catheter through a microstopcock regulator and
a flow meter. The right ventricular outflow was also con-

nected to a separate pressure transducer by a T tube so

that right ventricular cavity systolic and diastolic pressures
were continuously measured throughout the perfusion period.
Right ventricular pressure was elevated by narrowing the
bore of the right ventricular-pulmonary artery catheter
with the microstopcock. Since this catheter was secured
with a ligature about the artery there was no leak from
the ventricle. With the stopcock wide open, right ventricular
cavity systolic pressures were 3-5 mmHg with the flows
used in this study.

The hearts were perfused for 3 h under conditions of
pressure or flow required by the study. The parameters
measured included total coronary perfusion (ml/min), coro-

nary artery pressure (mm Hg), right atrial fluid load (ml/
min), right ventricular systolic and diastolic pressures (mm
Hg), cardiac rate, right ventricular ejection volume (ml/
min), amplitude of contraction (mm Hg) (defined as AP
or the difference between right ventricular systolic and di-
astolic pressures), and dP/dT max obtained from the 50-
mm/s tracings of right ventricular cavity pressures or di-
rectly from a Hewlitt-Packard derivative computer (model
8814 A, Hewlitt-Packard Co., Palo Alto, Calif.) connected
to the pressure recorder.

At the end of the perfusion period, the parameters mea-
sured were averaged and recorded (Tables I and V).
Ventricular contraction was also evaluated by comparing
the "amplitude" of contraction during the last 10 min of
perfusion with that at the first 10 min, and the ratio of
amplitudes (end/onset) recorded as an index of competence.

In the guinea pig, the average heart weight is 1.0 g. In
the first grcup of studies, the coronary flow was maintained
at exactly 4.0 ml/min per heart equivalent to 25-26 ml/
min/g dry ventricular wt. The variation in the actual flow/
dry wt was due to the slight variation in heart weights. In
the second group of studies, the coronary flow was
6.0 ml/min for all the hearts in the group (approximately
39-42 ml/min/g dry wvt).

Measurements cf protein synthesis proceeding during
the 3 h of perfusion were made by using ['4C]lysine in the
perfusate (sp act 25 ,uCi/Amol, uniformly labeled, 98%
purity by column as L-lysine, New England Nuclear, Bos-
ton, Mass.). The purity was verified by analysis for lysine
on an amino acid analyzer before and after treatment with
lysine decarboxylase to assure all material used was L-

lysine. Protein synthesis was defined as incorporation of
the labeled lysine into isolated and purified mixed cardiac
protein and was calculated from the measurements of the
radioactive lysine in the protein and the specific activity of
t'l.e intracellular free [14C] lysine pool. Thus, synthesis was

defined and expressed as micromoles lysine incorporated into
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FIGURE 2 Perfusion apparatus for inducing either right ventricular pressure or volume load
stress in the face of constant coronary artery perfusion. As indicated in Fig. 1, the pulmonary
artery catheter entered the right ventricular cavity and the pressures recorded were right
ventricular cavity pressures. Although it appears to be placed higher in the diagram, the
transducer was at the same level as the heart.

protein per gram protein N calculated from the fraction:
,umol lysine/g protein N=

cpm [14C]lysine per g protein N

intracellular free [14C]lysine sp act
(cpm [14C]lysine per Mmol lysine)

The measurement of the intracellular free lysine pool spe-
cific activity was carried out as has been described previ-
ously (10).

Isolation of mixed cardiac protein. At the end of per-
fusion, the right ventricular wall was separated from the
heart and taken as the source of right ventricular protein.
Isolation and purification of protein including homogeniza-
tion in ice-cold 5% trichloracetic acid (TCA), washing
repeatedly in TCA containing nonradioactive lysine and
then in lysine-free TCA, extraction with hot (950C) TCA
to hydrolyze and remove tRNA, fat extraction with ethanol-
chloroform-ether, drying in ether, and solution of the dried
protein in concentrated formic acid were as described pre-
viorsly (6, 7, 10). Similarly, assay of the ["C] lysine ac-

tivity in the dissolved protein was as described with the use
of internal standards to correct for quenching in an ambient

temperature liquid scintillation counter with an efficiency
for 'C of 50%, (6, 7, 10).

Coronary circulation. To ascertain whether there was a
shunting of coronary flow away from the right ventricle as

the ventricular pressure was increased, 31 hearts were per-
fused at high and low pressures with ['"'Ilalbumin or mac-
roaggregated [JI]albumin. A separate perfusion pump, flow
meter, and reservoir containing the identical perfusate used
in the study with added Cardio-Green (4 mg/100 ml)
(Hynson, Westcott & Dunning Inc., Baltimore) and [JI]-
albumin (20 ,uCi ['I]albumin mixed with 500 mg albumin/
100 ml perfusate) was switched to the coronary artery cir-
culation and maintained at the same conditions as the prior
perfusion period. The Cardio-Green was used as a visible
label to determine the "zero time" when the dye first
entered the aortic cannula. At the appearance of the dye in
the right atrium, the right and left ventricular walls were

immediately removed from the rest of the heart and gently
blotted dry. The ['I]albumin activity was then determined
in a weighed portion of each ventricle, and activity was ex-

pressed as counts per minute per gram of right or left
ventricle.

Normal guinea pig cardiac pressure. To approximate the
right ventricular pressures in the intact baby guinea pig,

Myocardial Protein Synthesis in Pressure or Flow Stress
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FiGURE 3 Measurement of intracavitary pressures in right and left ventricle of a lightly
anesthetized oxygen-breathing baby guinea pig (weight 290 g, age 3 wk post weaning). For
description see Methods. The left tracing is the recording of the pressure in the right ventricle.
Each box on the vertical scale-0.4 mmHg. The zero line was positioned at 14.5 vertical
boxes or 10 mmHg. Subtracting the peak right ventricular systolic reading from the zero
point gave a ventricular reading of 4.0 mmHg. Similarly, the recording on the right is that
within the left ventricle of the same animal with each vertical box = 1.0 mmHg. Subtracting
the peak systolic reading from the zero point gives a ventricular pressure in this animal of
29 mmHg.

measurements of the right ventricular cavity pressures
were carried out in the lightly anesthetized and oxygen-
breathing animal. Ether anesthesia was regularly found to
produce breath holding and was discarded in favor of light
Nembutal anesthesia.

With continuous oxygen breathing, the sternum was split,
and a no. 23 needle inserted into the pulmonary artery with-
out compromising the pleural cavities. Respiration was con-
tinued and oxygenation of the blood was unaffected. In
two separate studies, the peak systolic right ventricular
pressures were 4-5 mmHg. In six additional studies, after
anesthesia and with continuous oxygen breathing, the right
ventricle was approached transthoracically and a no. 18
needle inserted into the right ventricular cavity and tracings
were recorded. In the six studies, the peak systolic pressure
in the right ventricle was 4±1-1 mmHg (Fig. 3). In the
same animals, the left ventricular cavity pressure was also
recorded transthoracically by piercing the interventricular
septum. The mean left ventricular pressure was 36±4 mm
Hg. The latter is similar to readings obtained with the ab-
dominal aorta cannulation in the anesthetized animal of this
age reported earlier (10).

Right ventricular ATP content, expressed as micromoles
ATP per gram ventricular nitrogen, was determined in
hearts perfused for 3 h with right ventricular pressures
from 4 to 22 mmHg. At the end of perfusion, while the
coronary perfusion was continued at the experimental level,
a section of right ventricular wall was cut with one motion
from the heart and instantly frozen by clamping with a
Wollenberger type clamp at the temperature of liquid
nitrogen. ATP was assayed by a luciferin-luciferase method
previously described (11). In addition, ATP was assayed in
hearts perfused for only 30 min to 1 h, as well as in hearts
obtained from lightly anesthetized and oxygen-breathing
300-g guinea pigs. Assay of the latter in 16 separate studies
gave a mean value of 193±8 (SE) Amol/g ventricular
nitrogen equivalent to 4.8-5.0 Amol/g wet wt. These values
are similar to those reported elsewhere for the guinea pig
(11). Chemical methods of determinations of protein N,
isolation of [UC]lysine and determination of the [14C]lysine
specific activity with an amino acid analyzer were carried
out as reported previously (6, 7, 10).

Lactate production by hearts subjected to right ventricular
afterload stresses was determined by collecting all of the
effluent from the heart for 30-40 min as well as from
the bath surrounding the heart. Lactate was determined
with the aid of Lactic Acid Kit no. 826B of Sigma Chemi-
cal Co., St. Louis, Mo., and the results expressed as micro-
moles lactate per minute per gram wet wt. Lactate content
of the right ventricles was also determined at the end of
the perfusion period in 14 studies.

RESULTS

Increasing right ventricular pressure (afterload)
in the face of restricted and constant total coro-
nary perfusion (4.0 ml/min per heart) and con-
stant atrial fluid load

Measurement of the right ventricular cavity pressure
in situ revealed a mean peak systolic pressure of 3-5
mmHg (see Methods) (Fig. 3). Three levels of right
ventricular pressure were studied in the perfusion model
in vitro (Table I, groups I, II, and III). First, with
the mean systolic pressure close to that seen in situ, 3 mm
Hg; second, with narrowing of the pulmonary cannula
and increased pulmonary resistance so that the right
ventricular systolic pressure increased 3-4-fold (11 mm
Hg); and third, with further restriction to outflow so
that right ventricular systolic pressure increased to 22
mmHg. The last level was selected since levels higher
than 30 mmHg frequently resulted in rupture or leak-
ing of the preparation. In all three groups, the coronary
flow was restricted to 4.0 ml/min per heart averaging
1.0 g in wet wt equivalent to 25-26 ml/min/g dry wt.
Similarly, in all three groups, the right atrial perfusion
load was constant at 2.0 ml/min (14 ml/min/g dry wt)
or a total of 6 ml/min (4.0 ml from coronary perfusion
+ 2.0 ml directly to the right atrium). With a rise in
pulmonary outflow resistance and a significant eleva-
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TABLE I

Protein Synthesis in Right Ventricles with Restricted and Constant Coronary Flow (4 ml/min/heart or 25 ml/min/g dry wt)
with Changes in Right Ventricular Pressure or Right Atrial Fluid Load

Right ventricular pressure Change in Incorporation
Amplitude amplitude Right atrial Coronary Cardiac of

Group Systolic Diastolic (mean) (end/onset) perfusion pressure rate [l4C3lysine

mmHg mmHg ml/min/g mmHg beats/min pmol lysine/g
dry wt protein N

I (10) 3.1±-0.7 -0.3±-0.2 3.4 1.06±-0.1 14.5±t0.2 334-4 169±-10 35.24-2.6
II (10) 11.2±-0.8 3.5±t1.8 7.7 1.10±-0.10 14.0--0.2 39±t4 188±-9 56.4±-4.2

P (I vs. II) <0.001 <0.05 NS NS NS NS <0.001
III (7) 22.2± 1.6 11.2±-2.4 11.0 1.01±-0.05 14.5±-0.2 41±-4 174±-8 36.6±t2.2

P(III vs. I) <0.001 <0.001 NS NS NS NS NS
P(III vs. II) <0.001 <0.01 NS NS NS NS <0.001

IV (6) 2.1±0.07 - 1.0±-0.1 3.1 1.10±t0.05 8.6±-0.05 32±44 162-±9 39.0±-2.0
V (6) 2.8±t0.04 -0.9±t0.08 3.7 0.97-±0.05 19.3±-0.05 32±-4 180-±10 38.2±-1.7

P(IV vs. V) NS NS NS <0.001 NS NS NS
VI (6) 2.7±0.04 -0.9±0.07 3.6 0.96±0.05 33.9±0.06 36±3 171±-9 43.3±3.0

P(VI vs. IV) NS NS NS <0.001 NS NS NS
P(VI vs. V) NS NS NS <0.001 NS NS NS

VII (2) 6.5 0.3 6.2 1.0 43.0 34 176 47.9

Groups I, II, and III = variations of right ventricular pressure with constant right atrial perfusion load. Groups IV, V, and
VI = changes in right atrial perfusion with minimal changes in right ventricular pressures. Numbers in parentheses under
"Group" indicate number of separate studies. Values are expressed as means of 3 h of perfusion ±SE. In group VII the means
only are listed. P values represent determination of significance (Student's t) between groups indicated. Incorporation of
['4C]lysine: See Methods.

tion of right ventricular systolic and diastolic pres-
sures, there was an increase in "amplitude" or AP
(Table I, groups I and II). The negative value for the

diastolic pressure in group I indicates a fall below the
preset baseline but is not significantly different from
the base-line reading of zero. With the rise in right
ventricular pressure, there was no evidence of progres-
sive decrease in myocardial competence with this load
since the "amplitude" at the end of the perfusion period
of 3 h was the same as that at the onset (ratio of am-
plitudes, end/onset = 1.10 compared to 1.06 in the low
pressure group (Table I, groups I and II). Incorpora-
tion of [14C]lysine into right ventricular protein was
significantly increased by 60% in the moderately ele-
vated pressure group (group II) as compared to that
of the normal pressure group (group I).

With further increase in resistance to right ventricu-
lar ejection (group III, Table I) and increase in sys-
tolic pressure in the right ventricles to 22 mmHg, there
was a concomitant rise in the right intraventricular
diastolic pressure and the amplitude of contraction.
There was no decrease in the amplitude during the 3 h
of perfusion (amplitude ratio, end/onset = 1.01; see Ta-
ble I, group III). Despite this increased contractile ef-
fort, there was now a fall in lysine incorporation by
mixed right ventricular protein (incorporated lysine -

36.6 umol lysine/g protein N compared to 56.4 in the
moderately elevated pressure group II).

The data obtained in this model so far indicated that
right ventricular protein synthesis increased with a 2-3-
fold increase in pressure but then dropped to the "con-
trol" levels (groups III and I, Table I) as the pressure
increased further. The initial rise in right ventricular
protein synthesis with afterloading of moderate degree
is similar to that seen with the left ventricle perfused
with the same coronary flow (6), but the falloff in pro-
tein synthesis with further elevations of ventricular
pressure was not previously seen in the left ventricular
perfusion systems.

Several possibilities for the fall in right ventricular
protein synthesis in the face of increasing ventricular
pressure remained to be explored. These included (a)
alterations in coronary pressure with increases in right
ventricular afterload, (b) decreased intracellular free
lysine pool specific activity as the right ventricular pres-
sure reached its maximal levels, (c) progressive right
ventricular anoxia in the high pressure group either due
to shunting or decreased total coronary flow, and (d)
marked impairment of contractility.

CORONARYPRESSUREANDTOTALFLOW

The decrease in synthesis in group III (Table I) was
not due to alterations in total coronary perfusion flow or

Myocardial Protein Synthesis in Pressure or Flow Stress 5



TABLE I I
Specific Activity of the Intracellular-Free Lysine Pool and

Right Ventricular Systolic Pressures

Right [E4C]Lysine
ventricular specific activity.,

Number of systolic Intracellular
study pressure* pool/perfusatet

mmHg

1 5 0.70
2 8 0.68
3 13 0.62
4 18 0.69
5 20 0.64
6 25 0.71

* Systolic pressures were means for 3 h of perfusion in each
study.
I The specific activity of the ['4C]lysine in the intracellular
free lysine pool is expressed as a fraction of the perfusate
lysine specific activity in order to correct for different activi-
ties used on different days. The specific activities of the pools
were determined at the end of the 3-h perfusion period. The
specific activity in the perfusate varied from 38,300-48,000
cpm/,umol lysine.

pressure since both remained stable with the rise in
right ventricular pressures from 3-4 mmHg to more
than 20 mmHg (Table I, groups I, II, and III).

INTRACELLULARFREE LYSINE POOL

The diminished protein incorporation of lysine in the
highest pressure group was not caused by altered specific
activity of the intracellular free lysine pool since the
latter remained essentially unchanged after 3 h of per-
fusion at different pressures (Table II).

In two studies with pooled right ventricles perfused
for only 25-30 min, the specific activity of the intracel-
lular free lysine pool in ventricles perfused at high
pressures (20 mmHg) was not lower than that in ven-
tricles perfused with low pressures (4 mmHg). Thus,
with a perfusate ['4C]lysine, specific activity of 48,000
cpm/.'mol, the specific activity of the low pressure group
was 29,000 cpm/iumol, and in the high pressure group
33,000. Therefore, the drop in synthesis in the high
pressure group was not due to early delayed equilibration
of the intracellular free lysine pool.

PROGRESSIVERIGHT VENTRICULAR HYPOXIA

Relative right ventricular anoxia could be suggested
as a cause of the fall in right ventricular protein syn-
thesis with the highest pressure group for two reasons:
first, a shift in coronary perfusion from the right to left
heart as the right ventricular pressure increased; and
second, restricted total coronary perfusion with inade-

quate total coronary supply of oxygen to meet contrac-
tile and protein synthetic requirements.

Measurement of the activity of the albumin or macro-
aggregated ["'I]albumin after one circulation of the
label through the heart showed no significant change
from controls when the pressure was increased to the
maximum levels used in this study (Table III). It was
therefore unlikely that any significant shift or reduction
in coronary flow occurred during the 3 h of perfusion
with high pressures, and selective progressive anoxia in
the right ventricles subjected to maximal afterloads was
also unlikely.

TABLE I I I
Ventricular Uptake of Albumin or Macroaggregated [E31I]T

Albumin 1-3 s after Introduction of the Labels
into the Aortic Cannula

Right ventricular
systolic pressure RV* LV* RV/LV

mmHg cpm/g wet ventricular wt

4-5 25,500 24,300 1.04
3,413 3,592 0.95
4,780 3,610 1.32
3,490 3,200 1.09
9,410 10,100 0.93
2,330 2,170 1.07

28,900 21,500 1.34
4,520 4,400 1.02
2,010 2,610 0.77
4,730 2,430 1.94
4,450 6,000 0.74
5,600 4,800 1.16
6,800 6,800 1.00

10,700 9,480 1.12
5,850 4,370 1.30
8,170 6,390 1.27

20,900 14,600 1.40
Mean 1.14±0.07

18-25 11,800 12,000 0.98
6,829 4,030 1.69
8,750 10,400 0.84

17,900 17,200 1.04
9,900 11,000 0.90
9,810 7,550 1.30
4,050 3,530 1.15

11,500 8,810 1.31
2,660 1,500 1.77

16,200 22,800 0.71
17,200 17,400 0.99

1,770 2,210 0.80
19,200 12,100 1.59
23,000 27,000 0.85

Mean 1.14±0.09

* RV and LV are right and left ventricles, respectively. The
counts are varied on different days due to the varied activity
used on those days.
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TABLE IV
Lactate Production by Hearts and Lactate and ATP Content of Right Ventricles after 3 h of

Perfusion with Afterload Stress Compared to Right Ventricular Protein Synthesis

RVpeak
systolic RVprotein RVATP RVlactate

Coronary flow pressure synthesis content content Lactate production

mil/min mmHg mol lysine pmol/g N I&mol/g pmol/min/g
wet WIt wt wt

4.0 (1)* 3-4 35.242.6 109±5 6.0,3.7 0.75,0.83
(II) 10-12 56.444.2 110±6 4.7,3.4 0.62,0.75
(III) 20-26 36.642.2 10045 6.3±0.2 1.16±0.1

6.0 (VIII) 3-4 33.3±2.3 128 3.4,3.8 0.30,0.60
(IX) 10-12 50.0±2.7 128 5.8,4.5 0.50,0.48
(X) 20-28 35.1±3.5 129±5 4.140.3 0.42±0.04

* The numbers in parentheses and the figures for protein synthesis represent the groups
described in Tables I and V. RV, right ventricle. Lactate produced is from both ventricles.

ATP content. The effect of restricting coronary flow
on ATP levels was measured by determination of the
ATP contents in the right ventricles at the end of per-
fusion at the different pressure levels. With perfusion
with the coronary flow of 4 ml/min, the ATP content
was maintained at 110±5 (SE) smol for 3 h of perfu-
sion. There was no significant fall in the ATP content
in the right ventricles as the right ventricular pressure
was increased (Table IV). Furthermore, the ATP con-
tents at the maximum pressure levels, where protein
synthesis fell off, were not significantly different from
the levels where protein synthesis was increased (Table
IV, groups I, II, and III).

Lactate. Although lactate content in the right ven-
tricles of the maximum afterload group was not signifi-
cantly different from that in the lowest pressure group,
measurements of lactate production by the entire heart
(collection of coronary effluent) indicated that lactate
produced in maximum pressure stress almost doubled
that in the lower pressure groups (Table IV, group
III)..

RIGHT VENTRICULAR CONTRACTILE ACTIoN

As one index of contraction, amplitude or AP, defined
as the difference between systolic and diastolic right ven-
tricular cavity pressures, was continuously recorded. As
afterload was increased from 3-5 mmHg to 22 mmHg,
and the diastolic pressure rose, the amplitudes progres-
sively increased, (Table I, groups I, II, and III). Since
protein synthesis fell at the higher afterload levels, -it
was also of interest to examine other parameters of
contractility. At all levels of right ventricular systolic
pressure dP/dT max was closely correlated with AP
(Fig. 4), and both dP/dT and AP increased (Table I,
Fig. 5) with elevation of pressure.

Right ventricular protein synthesis with coronary
flow increased-to 6 ml/min. In spite of the maintenance

of ATP at a relatively constant level in the hearts per-
fused with a coronary flow of 4 ml/min, even at maxi-
mumright ventricular pressures, the lactate production
increased. Hence, it was entirely possible that the in-
creased oxygen requirement at these pressures (12-14)
in the presence of right ventricular hypoxia left little
available for protein synthesis. The latter might explain
the drop in protein synthesis at the high afterload pres-
sures. Hence, hearts were perfused with higher coro-
nary flows of 6 ml/min (equivalent to 40 ml/min/g dry
wt) (Table V). Increases in coronary flow above this
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FIGURE 4 Correlation between amplitude of contractions or
AP (difference between right ventricular systolic and dias-
tolic pressures) and dP/dT max as the afterload of the
right ventricles was increased from 3 to 25 mmHg. The
coronary flow was 4 ml/min or 25 ml/min/g dry wt.
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TABLE V
Protein Synthesis in Right Ventricles with Restricted and Constant Coronary Flow of 6 ml/min (40 ml/min/g dry wt)

with Changes in Right Ventricular Pressure or Right Atri'd Perfusion Load

Right ventricular pressure Change in Incorporation
Amplitude amplitude Right atrial Coronary Cardiac of

Group Systolic Diastolic (mean) (end/onset) perfusion pressure rate E"4C]lysine

mmHg mmHg ml/min/g mmHg beats/mix pmol lysine/g
dry wt protein N

VIII (11) 3.0340.8 -2.1±0.6 5.1 1.01±0.1 2.640.1 4243 17144 33.3±2.3
IX (9) 10.9±0.9 4.3±1.5 6.6 1.0840.1 2.0±0.2 4343 16445 50.0±2.7

P(VIII vs. IX) <0.001 <0.01 NS NS NS NS <0.001
X (6) 28.1±=2.0 18.542-.4 9.6 1.00±0.5 2.5±0.2 5644 16445 35.143.5

P(X vs. IX) <0.001 <0.001 NS NS <0.05 NS <0.01
P(X vs. VIII) <0.001 <0.001 NS NS <0.05 NS NS

VIII(11) 3.0±0.8 -2.140.6 5.1 1.0140.1 2.6±0.1 4243 171±4 33.342.3
XI (5) 2.240.8 -2.1±0.8 4.3 1.20±-0.1 22.9±0.3 4044 180±10 38.8±3.3

P (XI vs. VIII) NS NS NS <0.001 NS NS NS
XII (7) 3.341.1 0.2±1.5 4.8 1.4040.2 41.5±0.3 4143 16345 35.642.5

P(XII vs. XI) NS NS NS <0.001 NS NS NS
P(XII vs. VIII) NS NS NS <0.001 NS NS NS

Group VIII represents control for variations in right ventricular pressure (VIII, IX, and X) and also for changes in right
atrial perfusion VIII, XI, and XII). Numbers in parentheses under "Group" represent numbers of separate studies. Values
are expressed as the means of 3 h of perfusion ASE. P represents significance (Student's t) between the groups indicated. In-
corporation of lysine: See Methods.

level were avoided since they regularly increased coro-
nary pressures and hence would not be comparable to
conditions seen with the group at lower coronary flows
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FIGURE 5 Comparison of protein synthesis in right ven-
tricles with dP/dT max at low, moderately elevated and
maximum afterloads (groups I, II, and III in Table I).
Coronary flow was 4 ml/min. The points are means with
SEM.

(Table I). Since the coronary perfusion was increased,
the right atrial perfusion was adjusted to a lower level
in the pressure overload groups (Table V, groups VIII,
IX, and X) so that the combined right atrial load
(atrial perfusion and coronary flow emptying into the
right atrium) were essentially the same as in hearts with
lower coronary flows (Table I, groups I, II, and III).

The protein synthetic response in this group was al-
most identical to that seen with lower flows. Increased
protein synthesis accompanied elevations in right ven-
tricular pressure followed by a drop to control levels as
the pressure increased maximally. The drop occurred
despite significantly higher ATP and lower lactate con-
tent and production compared to the lower coronary flow
group (Table IV), group X compared to group III).

Increase of right atrial perfusion load in the face
of restricted and constant coronary artery perfu-
sion and minimum elevation in right ventricular
pressures
Coronary flow 4 ml/min (Table I, groups IV, V, and

VI). With the pulmonary catheter wide open it was
possible to more than double the right atrial perfusion
from 9 to 19 ml/min/g dry wt without effecting altera-
tions in right ventricular pressures, amplitude of con-
tractions, or ratio of amplitudes (Table I, groups IV
and V). Furthermore, there was no significant altera-
tion in protein incorporation of lysine in either right or
left ventricles between the two groups after 3 h of per-
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fusion. With the atrial perfusion load elevated to 34 ml/
min/g dry wt there was a slight increase in incorpora-
tion of [1'C]lysine into right ventricle protein (Table I,
group VI) but this was not statistically different from
group IV. Further increases in atrial perfusion to 43 ml/
min/g dry wt in two studies (group VII) did result in
an increase in lysine incorporation by protein, but it was
of interest that there was a concomitant increase in right
ventricular pressure.

Coronary flow 6 ml/min. Right ventricular protein
synthesis again remained unaltered with volume loading
(Table V, groups VIII, XI, and XII).

DISCUSSION

The present report describes a cardiac perfusion model
which permits comparison of right ventricular protein
synthesis with pressure and volume stresses under care-
fully controlled and constant coronary artery perfusion.

In estimating protein synthesis from measurements
of incorporation of a labeled amino acid, such as lysine,
into mixed cardiac protein, a major problem involves the
determination of the precursor pool specific activity of
the amino acid used as the tracer since the specific ac-
tivity in the precursor pool may be different from that
in the extracellular or even in the mixed intracellular pool
(10, 15-17). In skeletal muscle or in the guinea pig
heart in vitro, with or without pressure stress, equilibra-
tion with constant specific activity [UC]lysine shows
that the specific activity of the intracellular pool reaches
only 70% of that in the perfusate after hours (10, 18,
19). The equilibration in the right ventricle presented
here was identical. However, the immediate precursor
pool specific activity, i.e., lysyl-tRNA, was not the same
as that of the mixed pool, but in the guinea pig heart
appeared to bear a constant relationship to the mixed
pool (10). Thus, the specific activity of the phenol-ex-
tracted RNA-bound lysine was 60% of that in the mixed
intracellular pool regardless of the pressure load (10).
In view of the difficulty in obtaining the tRNA specific
activity in each heart, the intracellular lysine pool spe-
cific activity was used to calculate protein synthesis, and
although the absolute values presented here may be
lower than the true values by 40%, the data have the
same qualitative direction.

With this perfusion model, excessive volume load to
the right heart was not associated with any consistent in-
crease in protein synthesis in contrast to that seen with
elevated right ventricular pressures. Increase in volume
load increases stroke volume and cardiac volume and
causes an increase in wall tension and stretch in spite
of unchanging pressure. However, this tension and
shortening against the low pressure head is apparently
not a sufficient stimulus for increased cardiac protein
synthesis in the acute model.

Although the lack of stimulation of protein synthesis
by acute volume loading in the young guinea pig right
ventricle with controlled coronary flow is similar to the
findings in left ventricles of perfused rat hearts (20),
they are not in agreement with our earlier observations
in guinea pig left heart perfusions or with data obtained
from in vivo studies of aortic insufficiency where protein
synthesis in the left ventricle was increased. The differ-
ence may be due to the difference in the model but may
also be due to the finding that coronary flow was mark-
edly increased in left ventricular loading (6).

In contrast to the lack of effect of acute right ven-
tricular volume loading on protein synthesis, increased
pulmonary artery outflow resistance (afterload) re-
sulted in significant increase in protein synthesis despite
the identical coronary flow as in the low pressure or vol-
ume loaded groups. Augmented protein synthesis has
been regularly seen in the left ventricle accompanying
elevated aortic pressure both in vitro (6, 7, 8, 20) and
in vivo (21, 22, 23), but it has been difficult to separate
the protein synthesis-pressure relationship from changes
in coronary perfusion (20), since afterload in the left
ventricular models increases coronary flow during the
application of the afterload. Increased protein synthesis
has also been seen in the nonperfused papillary muscle
stimulated with increased tension (24), although here
passive stretch also showed some increase in synthesis.
The present study supports a protein synthesis-pressure
relationship which is independent of coronary perfusion.

The increase in right ventricular protein synthesis
with moderate elevation in pressure or afterload was
reversed when the afterload was increased to maximal
levels (group III, Table I). The increase in afterload
did not result in any significant alteration in coronary
perfusion pressure, intracellular free lysine pool specific
activity, decreased contractility, or significant shunting
of coronary circulation from right to left ventricles.
Thus, the fall in protein synthesis could not be ascribed
to such changes.

It should also be recognized that in this model there
was no functioning pulmonic valve. This might be re-
sponsible for some of the rise in end-diastolic pressure
in group III rather than progressive cardiac failure.

Furthermore, ATP levels were the same at high and
low pressures in the right ventricle. Since the ATP
level rapidly reflects the degree of anoxia (25-27),
shunting from the right to left ventricle during the 3 h
of high pressure perfusion with selective right ventricu-
lar anoxia would be expected to reduce the ATP within
20 min to levels far below those seen here after 3 h
(28).

However, it is recognized that this model perfused
with Krebs-Henseleit solution was relatively hypoxic
when compared to the in vivo situation. This level of
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hypoxia has apparently not interfered with the ability
of the left ventricle to respond to stress with marked in-
crements of protein synthesis in vitro (6, 7), nor pre-
vented the similar response of the right ventricle when
pressures were increased 3-4-fold in the present study.
Yet, as afterload reached the maximum used in this
preparation, protein synthesis fell. With this degree of
pressure elevation, oxygen requirement to maintain or
increase contractility would be greatly increased (4, 29,
30), and the coronary flow of 4 ml/min may not be ade-
quate to supply sufficient oxygen to satisfy energy re-
quirements for maintenance of both contractility and
augmented protein synthesis. This is suggested by the
increased lactate production in this group.

When the coronary flow was increased to 6 ml/min,
the protein synthetic response of the right ventricle was
identical to that seen with the more restricted coronary
flow of 4 ml/min, i.e., a significant increase in synthesis
as the pressure increased 3-4-fold again followed by a
fall in synthesis as the pressure reached its maximum
levels. But in this group protein synthesis decreased
despite a significant fall in lactate production and right
ventricular lactate content, as well as a rise in ATP and
ATP/lactate ratios (Table IV, group X). The data
would suggest that the fall in protein synthesis at the
maximum pressures, at least in this group, was not
solely due to progressive hypoxia during perfusion.

Recently it has been demonstrated that alterations in
hydrostatic pressure may affect protein synthesis, and a
similar anomalous protein synthesis-pressure relation-
ship has been described in subcellular systems (31).
Progressive increases in hydrostatic pressures first in-
creased and then decreased protein synthesis. Although
the pressures used were far above those used in this
study, it is of interest that the right ventricles in the
afterload studies responded similarly.

In summary, the present report presents a perfusion
model which suggests a direct pressure-protein synthesis
relationship in the right ventricle isolated from the
effects of altered coronary flow. The data have demon-
strated that a moderate pressure load in the right ven-
tricle elicits an early increase in protein synthesis while
volume loading does not, and suggest a ventricular pres-
sure receptor affecting protein synthesis. The latter may
indeed be akin to the osmotic pressure receptor postu-
lated in the liver (32, 33) or similar to the ribosome re-
ceptor suggested earlier (31). With further increases in
pressure, there is an anomalous decrease in right ven-
tricular protein synthesis. Although this may be due
to an increase in hypoxia with lower coronary flows,
the data obtained with higher flows indicate that hypoxia
may not be the sole cause.
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