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5UMMARY

HU, EVA H. & VENTER, J. CRAIG (1978) Adenosine cyclic 3’,5’-monophosphate

concentrations during the positive inotropic response of cat cardiac muscle to

polymeric immobilized isoproterenol. Mol. Pharmacol., 14, 237-245.

Changes in cardiac contractility and concentrations of cyclic 3’,5’-AMP in isolated cat

papillary muscles in response to isoproterenol diazotized to a 12,800 mol wt random

copolymer of hydroxypropyiglutamine with p-aminophenylalanine (copoly-Iso) have
been examined. It has been previously shown that copoly-Iso retains positive chrono-

tropic and inotropic effects in perfused guinea pig hearts and isolated cat papillary
muscles, respectively, without isoproterenol dissociation. In the present experiments,

in isometrically contracting cat papillary muscles copoly-Iso (equivalent to 0.37 jAmole

of isoproterenol) resulted in prompt increases in the force and velocity of contraction
within 20 sec. The copoly-Iso responses reached maximal levels by 180 sec and were

similar in magnitude and time course to peak l-isoproterenol responses. Cat papillary
muscles frozen 30-180 sec subsequent to copoly-Iso addition were subjected to cyclic
AMP radioimmune assay. No detectable change in cyclic AMP concentrations were

observed during increases in contractility (e.g., cyclic AMP control level was 5.54 ±

0.49 pmoles/mg of protein, n = 5). In contrast, papillary muscles frozen 60 sec after
soluble l-isoproterenol addition had markedly increased cyclic AMP levels (11.56 ±

2.49 pmoles/mg of protein, n = 6). Gel permeation chromatography of muscle bath

contents at the time of papillary muscle freezing indicated that no isoproterenol
dissociated from the matrix during the experiments. These results confirm our previous

findings for glass bead immobilized isoproterenol, where nearly maximal inotropic

responses were obtained without detectable changes in cyclic AMP concentrations, and
place further into question the role of cyclic AMP in catecholamine-induced beta
receptor-stimulated cardiac contractility.
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tropic and chronotropic responses. Since
the work of Sutherland and colleagues (1)
it has become a general premise that the

cardiac contractile changes produced in
response to beta adrenergic receptor stim-
ulation are a result of cyclic 3,5-AMP

formation (2). The evidence linking cyclic
AMP to inotropic action is circumstantial
in nature, as has been discussed in two
recent review articles (3, 4). Those authors

suggested that the “cyclic AMP hypothe-
sis” may have to be modified. Much of the
early experimental data relating cyclic
AMP increases to cardiac positive mo-
tropic responses were based on the time

course of increases in cyclic AMP and
contractility in response to catecholamines
(5, 6). Cyclic AMP reaches an apparent

maximum within 15 sec of isoproterenol

addition to papillary muscle baths (7).
This 2-3-fold increase in cyclic AMP levels
(1, 7) occurs prior to changes in contractil-

ity. The time course of the cyclic AMP
increase is also in apparent disparity with

the diffusion rate of isoproterenol into the
muscle (8).

Venter and co-workers have reported

that glass beads containing covalently
bound isoproterenol produced a positive
inotropic response in isolated cardiac mus-

cle that is similar in magnitude and pro-
ceeds with the same time course as that
produced with soluble isoproterenol (7).

The increases in the contractile force in
response to both the glass bead isoprotere-

nol and soluble isoproterenol approached

the maximal inotropic response, obtained
with paired electrical stimulation (7).
However, in contrast to soluble isoproter-
enol effects, there is no detectable change
in cyclic AMP concentration in response

to glass bead-immobilized isoproterenol
(7). These and other results suggested a

propagation throughout the tissue of the

signal responsible for the inotropic re-

sponse from the site of the isoproterenol-
beta adrenergic receptor interaction (7)

and indicated that cyclic AMP was not
involved in the actual propagation of the

inotropic response. Further support for
these findings has come from a recent

study by Ingerbretsen et al. (9) on cat
papillary muscles under normal conditions

and in guinea pig muscles partly depolar-
ized with 22 m� potassium. Those workers
observed an increase in the inotropic state

of the muscle in response to isoproterenol
and to isoproterenol-glass beads, as well
as an increase in the activation of phos-
phorylase, with no concomitant change in
the formation of cyclic AMP. In conform-
ing our earlier study, they also reached

the conclusion that the localized stimula-

tion of receptors at or near the point of
contact between isoproterenol-glass beads

and muscles resulted directly in the initi-

ation and propagation of an increased mo-

tropic state. Cyclic AMP was clearly not

the mediator of this propagated response
(9).

In order to decipher the role of cylic

AMP in the positive inotropic response to
both soluble and immobilized isoprotere-
nol, isoproterenol diazotized to a 12,800
mol wt random copolymer of hydroxypro-

pyiglutamine with p-aminophenylalanine
was prepared. Copoly-Iso3 is soluble in

physiological solutions, but because of its
size, its diffusion rate is much slower than
that of isoproterenol (8). In addition, it
provides for a more homogeneous interac-
tion with the surface of papillary muscles
than can isoproterenol immobilized on
glass beads. We have previously demon-

strated that copoly-Iso elicits a positive
inotropic and chronotropic response in cat

papillary muscles and isolated perfused
guinea pig hearts, respectively, without
dissociation of isoproterenol from the ma-

trix (10).
In the present study, the copoly-Iso pos-

itive inotropic response in cat papillary

muscles was examined in detail. The co-
poiy-Iso response follows the same time
course and achieves the same peak tension
as responses to the parent isoproterenol.

Comparison of the contractile responses to
copoly-Iso with those obtained with paired

electrical stimulation indicates that the
majority of the muscle is involved in the
contractile process. However, in contrast
to the parent isoproterenol, no changes in

The abbreviations used are: copoly-Iso, isopro-

terenol diazotized to a 12,800 mol wt random copoly-

mer of hydroxyglutamine with p-aminophenylalan-

me: PES, paired electrical stimulation.
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cyclic AMP could be detected during the

contractile response to copoly-Iso. This

study provides further evidence for a prop-
agated inotropic effect in response to iso-
proterenol stimulation of superficial layers
of cardiac muscle, and raises further ques-
tions concerning the exact role of cyclic
AMP in cardiac contraction.

MATERIALS AND METHODS

Synthesis and purification of copoly-Iso.
l-Isoproterenol d-bitartrate (Sigma) con-

taining dl- [7-3H]isoproterenol (New Eng-
land Nuclear) as a tracer was diazotized

as described (10) to a random copolymer of
hydroxypropyiglutamine with p-amino-
phenylalanine; ratio, 4.5:1, mol wt 12,800
(Miles Laboratories).

Copoly-Iso was purified by gel chroma-
tography at 40 on a Bio-Gel P-2 (Bio-Rad)

column (3 x 120 cm) with 1 m� ammo-
nium bicarbonate as the eluent. The poly-
meric peak was chromatographed repeat-

edly until the parent isoproterenol was no
longer detectable (four times). The copoly-

Iso, without traces of parent isoproterenol
(less than 0.01%) or 6-aminoisoproterenol

(less than 1.5%), was lyophilized in the
dark and stored at -85#{176}until use. Copoly-
Iso was repurified every 2 weeks.

Contamination by isoproterenol and 6-

aminoisoproterenol was determined as
previously described (10, 11).

Biological characterization of copoly-

Iso. Copoly-Iso, assayed for biological ac-
tivity in isolated, perfused guinea pig

hearts as previously described (8, 10), pro-
duces positive chronotropic and inotropic
effects in a dose-related manner. Maximal
responses to copoly-Iso and l-isoproterenol

were identical. The dose-response curve
for copoly-Iso displayed a rightward shift
of two orders of magnitude from the 1-
isoproterenol curves, as described (10).

Cat papillary muscles. Papillary mus-

cles approximately 1 mm in diameter or
less were quickly dissected from the right
ventricles of cats (2-3.5 kg) anesthetized

with intraperitoneal sodium pentobarbital

(40 mg/kg). Muscles were positioned hori-
zontally in Lucite baths. One end of the
muscle was held by a Lucite clip attached
to a force transducer (Statham), and the

tendinous end was tied by a silk thread to
the wall of a Lucite bath containing Krebs

solution (20 ml) at 30#{176}maintained at pH
7.4 when bubbled continuously with 95%

02 and 5% CO2. The muscles were con-
tracted isometrically at 12 times/mm with
transverse field stimulation provided by a

Grass stimulator and two platinum elec-
trodes situated parallel to the muscle. The
stimulus voltage was maintained at 2 V

above threshold (usually 9-15 V) for 5
msec. Peak isometric force and rate of
force development (df/dt) were recorded
with a time marker on a forced-ink oscil-

lographic recorder (model ‘lpl, Grass In-

struments). The muscles were stretched
to obtain peak isometric tension (Lmax) by

performing a length-tension curve. Muscle
length was then adjusted as to obtain peak

force equal to one-half the Lmax force. The
muscle lengths were maintained at one-
half Lmax throughout the experiments.

After muscle stabilization, the maximal

positive inotropic response was obtained

utilizing paired electrical stimulation (10).

The stimulus voltage and frequency were
maintained as described above. The sec-

ond stimulus was added at a delay of 340
± 16 msec (n = 27) after the first stimulus.
The exact delay that resulted in the maxi-
mal isometric force was determined by
increasing the delay in 50-msec steps be-

tween 50 and 800 msec. Following muscle
restabilization either 1 mg of copoly-Iso

(equivalent to 0.37 jAmole of isoproterenol)
or 0.1 jAM (final bath concentration) I-iso-
proterenol was added to the muscle bath
to obtain the time course of drug action.
This concentration of copoly-Iso produces
the maximal inotropic response to this

agent.
Cyclic AMP measurement. Papillary

muscles were rapidly frozen at the times
indicated by freeze-clamping with hemo-
stats that had been cooled in liquid nitro-

gen. Muscles were maintained at -85#{176}
prior to rapid homogenization in 5% tn-
chloracetic acid at 0#{176}.Samples were centri-
fuged for 5 mm in a Microfuge, and protein
was determined on the trichloracetic acid
precipitate by the method of Lowry et al.

(12). Supernatants were ether-extracted
and then lyophilized. Cyclic AMP was
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Performed by Miles Laboratories.

determined by the radioimmune assay of
Steiner et al. (13) as supplied by Schwarz/

Mann.
Assay bath contents. The papillary mus-

cle baths were attached via a drain to a
suction flask under vacuum. At the time
of papillary muscle freezing, the bath con-
tents were rapidly sucked into the flask,
which was cooled with a mixture of Dry
Ice and isopropyl alcohol. Bath contents

were stored at - 85#{176}until assay by chro-

matography as described above.

RESULTS

Purification of copoly-Iso. The proposed

structure of copoly-Iso is shown in Fig. 1.
Amino acid analysis has shown that the
ratio of hydroxypropylglutamine to p-ami-
nophenylalanine is 4.5:1. The molecular

weight was determined by analytical ul-
tracentrifugation in dimethylformamide
to be 12,800.�

The initial elution profile of copoly-Iso

from the diazotization mixture following
synthesis was essentially identical with
that previously described (8, 10), with a

copoly-Iso peak followed by a 6-aminoiso-
proterenol peak and a peak of parent 1-

isoproterenol.
Repeated gel chromatography of the co-

poly-Iso peak was performed. A typical
elution profile of copoly-Iso prior to lyoph-
ilization and bioassay is depicted in Fig.
2. The inset in Fig. 2 (40-fold increased

sensitivity) illustrated a peak of 6-amino-
isoproterenol. Thin-layer chromatographic
identification of the peaks indicated that

peak A was copoly-Iso; peak B, 6-aminoiso-
proterenol; and peak C, l-isoproterenol
standard.

Copoly-Iso was repunified until isopro-

terenol was undetectable (limit of sensitiv-
ity, 0.01%). Slight, recurrent contamina-
tion by 6-aminoisoproterenol was observed
at each purification and was assumed to

be due to photolysis of the azo bond linking
isoproterenol to the polymer. We have

previously shown that azo bond reduction
produces an isoproterenol derivative with
an amino group at position 6 of the cate-
chol ring (11). As the 6-aminoisoproterenol
derivative is significantly less active than

Isoproterenol I

FIG. 1. Proposed structure of isoproterenol fol-

lowing diazotization to p-aminophenylalanine (z) in

a random copolypeptide of hydroxypropylglutamine

(x) with p-aminophenylalanine (y) (x:y = 4.5:1)

The molecular weight is 12,800, estimated from

ultracentrifugation in dimethylformamide (sedi-

mentation and diffusion). There is 2.7% (by weight)

incorporation of isoproterenol into the polymer.

Since the diazotized aminophenylalanine residues

are not fully substituted, we assume that the re-

mainder are hydrolyzed to tyrosyl residues.

FIG. 2. Gel permeation chromatography purifica-

tion of isoproterenol diazotized to a random 12,800

mol wt copolymer of hydroxypropylgiutamine with

p-aminophenylalanine (copoly-Iso)

The elution profile for the separation of the co-

poly-Iso is shown in the main figure. The inset (40-

fold increase in sensitivity) indicates a peak of 6-

aminoisoproterenol. The peaks identified by thin-

layer chromatography are copoly-Iso (A), 6-amino-

isoproterenol (B), and l-isoproterenol standard (C).

Copoly-Iso was eluted from a column (Bio-Gel P-2,

3 x 120 cm) at 4#{176}with 1 m�i ammonium bicarbonate.

Fractions (13.9 ml) were collected and monitored by

radioactivity.
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copoly-Iso itself (10), the degree of contam-
ination by this compound (always less
than 1.5%) was deemed acceptable.

Positive inotropic response to copoly-Iso.
The addition of copoly-Iso to muscle baths

containing isometrically contracting cat
papillary muscles resulted in increases in
the contractile force. The time course and

magnitude of this positive inotnopic re-
sponse are depicted in Fig. 3. The mean
control isometric force was 1.78 ± 0.42 g

(SE) (n = 30).
In response to copoly-Iso the force of

contraction was augmented within 10 sec

of drug addition (i.e., on the second con-
traction). The force continued to increase,

reaching a maximum at 180 sec. When
force measurements were continued be-
yond 180 sec, no further increases were
noted (Fig. 3). The average percentage

change in isometric force (� peak force/0.5

Lmax force x 100) at 180 sec was 117% ±

24% (n = 7).

The maximal attainable force was deter-
mined on each muscle, utilizing paired
electrical stimulation. In response to PES,
the force of contraction increased rapidly,

reaching a maximum in 20-60 sec (Fig. 3).
The average percentage change in force

response to PES was 141.7% ± 23% (n =

23). The addition of isoproterenol or co-

poly-Iso during PES did not elicit a further
increase in contractile force. We therefore

assume that the peak force obtained with
PES represents 100% of the force attaina-

ble by each muscle with inotropic stimu-
lation under the conditions described. The

peak response to copoly-Iso represents
81.3% of the peak PES response, a value

comparable to that obtained with l-isopro-
terenol [82.9% (7)]. These results are sum-
marized in Table 1.

Rate of force development (df/dt). In
addition to the change in contractile force

development, the rate of change in tension
(df/dt) was recorded. The change in df/dt
with time, in response to PES and copoly-
Iso, is illustrated in Fig. 4. Copoly-Iso

produced a change in df/dt within 10 sec

of its addition to the muscle bath; df/dt
continued to increase, reaching a maxi-

mum within 180 sec. No further changes
occurred beyond 180 sec. The peak copoly-

50-

�I20-

90-

� 60-

30-

I I I I I I
0 20 40 60 80 100 20 l40 180 240
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FIG. 3. Change in isometric contractile force (per-

centage of control force) with time in response to

paired electrical stimulation (U) and copoly-Iso (0)

The force achieved with PES is assumed to rep-

resent the maximum force obtainable by inotropic

stimulation for each muscle. Papillary muscles were

dissected from right ventricles of cats and were 1

mm or less in diameter. Muscles were placed hori-

zontally in a bath containing Krebs solution bubbled

with 95% 02 and 5% CO2. Muscles were stimulated

to contract isometrically with transverse field stim-

ulation. Vertical bars denote standard errors of the

mean. The number of experiments for each point is

indicated in Table I.

Iso response was a 94.1% ± 17.8% (n = 7)

change. PES produced a prompt increase
in df/dt, with a maximum level of 89.3%
± 10.3% (n = 23) being achieved by 60

sec. Unlike the tension response to copoly-
Iso, which was 81% of PES, the peak df/dt

response to copoly-Iso was essentially
identical with the response to PES. These

results are summarized in Table 1.

Cyclic AMP concentration during mo-

tropic response to copoly-Iso. Cyclic AMP
was measured in papillary muscles frozen

at various intervals following the addition
of copoly-Iso to the muscle baths. Contrac-
tion was monitored on each muscle up to
the point of freezing. In contrast to the

effect of soluble isoproterenol, but in
agreement with the effects of isoprotere-
nol-glass beads (7), the addition of copoly-

Iso to papillary muscles produced no de-
tectable changes in cyclic AMP levels dur-
ing the positive inotropic response (Fig.
5).

Dose-response curves (not shown) for

soluble isoproterenol showed that maxi-
mal inotropic responses were obtained
with a bath concentration of 0.1 jAM isopro-
tenenol. As a control, a series of muscles
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TABLE 1

Summary of contractile and cyclic AMP responses to copoly-Iso, isoproterenol, and paired electrical

stimulation

Values represent means ± standard errors; the range is in parentheses; n = number of papillary

muscles.

Time Increase in Increase in
peak force dfldt with

with Copoly- copoly-Iso’
Iso’

Increase in
peak force with

PES’

Increase in Percent of Percent of Cyclic AMP
df/dt with PES,111� PES,,,,” due to copoly-

PESb Iso

Signifi-
cance’

sec % % % pmoles/mg pro-
tein

0 5.54 ± 0.49

(4.19-7.79)

n =6

30 24.7 ± 3.1 20.4 ± 2.7 116.8 ± 14.8 83.4 ± 6.6 17.4 2.2 22.9 ± 3.1 4.94 ± 0.51 p � 0.5

(0-64.7) (0-74.9) (34.4-240.0) (18.7-185.7) (0-45.7) (0-84.0) (2.76-6.72)

n=30 n=30 n=30 n=30 n=30 n=30 n=7

60 50.9 ± 4.0 47.5 ± 4.9 141.6 ± 23.2 89.3 ± 10.3 35.9 ± 2.9 53.2 ± 5.6 5.66 ± 0.43 p � 0.5

(14.3-88.2) (3.0-95.8) (72.7-262.5) (22.2-207.1) (10.1-62.3) (3.4-107.4) (4.48-6.62)

n=23 n=23 n=23 n=23 n=23 n=23 n=5

120 92.6 ± 10.3 72.8 ± 10.9 65.4 ± 7.3 81.6 ± 12.3 4.91 ± 0.65 p � 0.5

(28.6-166.7) (18.2-166.7) (20.2-117.7) (20.4-186.7) (2.43-6.75)

n=13 n=13 n=13 n=13 n=6

180 115.1 ± 15194.1 ± 17.8 81.3 ± 10.6 105.5 ± 19.9 4.79 ± 0.72 p � 0.5

(66.7-180.0) (55.5-175.0) (47.1-127.1) (65.7-196.1) (3.27-7.53)

n=7 n=7 n=7 n=7 n=5

l-Isoproterenol

60 11.56 ± 2.49

(6. 26-20.6)

n =6

p � 0.05

a Calculated as � force/0.5 Lmax force x 100.
Calculated as � df/dt/0.5 Lmax df/dt x 100.

Calculated as � force (copoly-Iso)/� force (PESmax) X 100.

‘ Calculated as � df/dt (copoly-Iso)/� df/dt (PESmax) X 100.

Comparison of cyclic AMP levels obtained with copoly-Iso or isoproterenol with zero-time control level

by a two-tailed Student’s t-test.

was tested for cyclic AMP increases in
response to this agent. The cyclic AMP
response to 0.1 jAM l-isoproterenol was
measured at 60 sec, a time previously
shown to be clearly maximal for the cyclic

AMP response to isoproterenol (7). Cyclic
AMP concentration at 60 sec subsequent
to isoproterenol addition averaged 11.56 ±

2.49 pmoles/mg of protein (n = 6), a value

significantly different from the control (p

� 0.05). In contrast, at no point (30, 60,
120, and 180 sec) were the concentrations

of cyclic AMP in the copoly-Iso-treated
muscles significantly different from those
in the control muscles (p < 0.5 by Stu-

dent’s t-test). The control cyclic AMP con-
centration, as determined by radioim-
mune assay, was 5.54 ± 0.49 pmoles/mg of
protein (n = 6). Following copoly-Iso ad-
dition, cyclic AMP levels were 4.94 ± 0.51
(n = 7), 5.66 ± 0.43 (n = 5), 4.91 ± 0.65

(n = 6), and 4.79 ± 0.72 (n = 5) at 30, 60,
120, and 180 sec, respectively. These re-
sults are summarized in Table 1.

Assay of muscle bath contents. The con-
tents of the baths were collected at the
time of muscle freezing as described under
MATERIALS AND METHODS. Samples were
lyophilized and chromatographed on the
Bio-Gel P-2 column. No parent isoprotere-
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FIG. 4. Change in rate of isometric force develop-

ment (df/dt) of cat papillary muscles in response to

paired electrical stimulation (U) and copoly-Iso (S)

Vertical bars denote standard errors of the mean.

The number of experiments for each point is indi-

cated in Table 1.

nol was ever detectable, and the 6-amino-
isoproterenol concentration was always

less than 1.5% but was also usually unde-

tectable.

DISCUSSION

The use of covalently “immobilized” cat-

echolamines to investigate the mechanism
of catecholamine-induced responses in the
heart has provided evidence for the propa-

gation of inotropic responses throughout
isolated cardiac muscle from a finite, local-
ized site of drug-receptor interaction (7,

9).
In the present study the use of a soluble

amino acid copolymer to which isoprotere-
nol had been covalently attached allowed

us to investigate the effects of a “high

molecular weight isoproterenol.” This sol-
uble polymer-drug system has certain ad-
vantages over isoproterenol-glass beads.

For example, arguments that a localized
concentration of drug is “trapped” at the
bead-muscle interface cannot be applied
here. Each polymer molecule has on the
average 1.5 molecules of isoproterenol co-
valently attached, and thus classical bi-

molecular reactions can occur between the
beta adrenergic receptors and the cova-
lently attached isoproterenol. In addition,

the soluble system allows for complete
quantitation and characterization of any

“release products” that may be formed
during the testing of the complex. These
controls are extremely important, as they
provide strong evidence that the observed

responses are due to the covalently coupled

isoproterenol.

We reported above that the copoly-Iso

dose-response curve is shifted two orders
of magnitude to the night of l-isopnotere-
nol. This means that 1% contamination of
the polymer by the parent isoproterenol
would be adequate to explain the re-

sponses. As illustrated in Fig. 2, no parent
isopnoterenol could be detected in our sys-
tem which was capable of detecting traces
of isoprotenenol greater than 0.01%. 6-
Aminoisoproterenol, produced by azo bond
reduction (11), appeared at practically ev-

ery purification step of the copoly-Iso.
However, 6-aminoisoproterenol is substan-

tially less active than copoly-Iso itself (10,
11). We have calculated that it would take
contamination by this agent on the order

of 300% to explain the biological activity
of copoly-Iso.

The time course and magnitude of the

positive inotropic response to copoly-Iso
are remarkably similar to those reported
previously for soluble isoproterenol and
for isoproterenol-glass beads (7). The max-
imal copoly-Iso response (Fig. 3) was found

to be 81.3% of the PES force; the force
with PES provides an internal standard
for each muscle with which chemically

1.
II.

FIG. 5. Ti,ne course and magnitude of change in

isometric force (0) and cyclic AMP concentration

(#{149})in response to copoly-Iso in cat papillary muscle

Following the addition of copoly-Iso to the muscle

baths, the papillary muscles were frozen at intervals

of 30, 60, 120, and 180 sec. Cyclic AMP was deter-

mined by radioimmune assay subsequent to muscle

homogenization. Control values are indicated at

zero time. Vertical bars denote standard errors of

the mean. The number of experiments for each

point is indicated in Table 1.
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induced inotropic responses can be com-

pared. In a previous study it was demon-
strated that the maximal isoproterenol re-
sponse was 82.9% of the PES response
whereas the response to isoproterenol-

glass beads was 63% of the PES response

(7). These studies suggested that the iso-
proterenol-glass beads cannot supply

enough isoproterenol to a sufficient num-
ber of cells to routinely produce maximal
drug responses. However, comparison of
the isoproterenol-glass beads response
with the PES response indicated that a
majority of the muscle was involved in

the contractile process even though only a

small portion of the muscle cells was ex-

posed to isoproterenol (7).
Our previous study has shown that co-

poly-Iso responses are completely and im-

mediately reversible by one bath wash
following a 10-mm incubation with papil-
lary muscles. In contrast the time required

for complete reversal of the isoproterenol
responses averaged 20 times longer under
the same conditions (10). These studies
indicate a very limited diffusion of copoly-
Iso into muscles. The full drug response

(81.3% of PES) obtained with copoly-Iso
can therefore best be explained by assum-

ing that the copoly-Iso interacts with ad-
renergic receptors on or near the outer
layers of the papillary muscles.

Isoproterenol (mol wt 211), copoly-Iso

(mol wt 12,800), and isoproterenol-glass
beads (300 �m in diameter) produce quali-

tatively and quantitatively similar con-

tractile responses (7) (Fig. 4). However,
only the response to isoproterenol itself is
preceded by a detectable increase in the
concentration of cyclic AMP (7). While it

is possible that the free isoproterenol acts
via a different mechanism in producing

inotropic responses than do the immobi-
lized forms of isoproterenol, the evidence
to date indicates that responses to all three

agents are mediated via the beta adrener-
gic receptor (7-10). Only the 1 enantiomers
of catecholamines are biologically active
when covalently “immobilized” (7-9), and
responses to the soluble and solid-phase
isoproterenol are all antagonized by pro-

pranolol, a potent beta adrenergic blocking
agent (7, 8). Although copoly-Iso increased

the peak isometric force development in
the muscles, cyclic AMP was not elevated
throughout the course of the experiments
(Figs. 3-5).

In that there are no apparent quantita-

tive or qualitative differences in the mo-

tropic response to copoly-Iso, which pro-

ceeded without detectable increase in
cyclic AMP, or to parent isoproterenol,
which was preceded by a 2-3-fold increase
in cyclic AMP (7), it becomes difficult to

assign a definite cause-effect relationship
between cyclic AMP increases and isopro-
terenol-induced positive inotropic re-

sponses. Like our previous study using
isoproterenol-glass beads (7), the present
study does not “prove” that cyclic AMP is
not involved at all in catecholamine-in-
duced inotropic effects. However, we feel

that our data clearly show, for both isopro-
terenol-glass beads and copoly-Iso, that

cyclic AMP is not involved in the propa-
gation of the inotropic response that must
have occurred in these studies. This con-
clusion further supports the hypothesis of

response propagation proposed for the “im-

mobilized” isoproterenol (7).
Based upon studies on the time course

of isoproterenol diffusion into papillary

muscles, approximately 10 mm are re-
quired for equilibrium to be approached
(8). In response to isoproterenol, cyclic
AMP is at a maximum in 15 sec or less

and contraction has peaked in 120-180 sec.
These results and the apparent response
propagation seen with the immobilized
isoproterenol suggest that the inotropic
response to soluble isoproterenol may also
proceed via a propagated mechanism sim-
ilar to that observed with isoproterenol-

glass beads (7) and with copoly-Iso.
Does cyclic AMP play a role in response

initiation? In our studies with cultured
heart cells and, more recently, in the rat
diaphram muscle (9), cyclic AMP can be
shown to increase in cells in which drug-
receptor interactions do occur. These find-
ings indicate that cyclic AMP could be
increasing in the cat papillary muscles,
but in only a limited number of cells. This

suggests that cyclic AMP could possibly
play a role in response initiation; however,
at present there is no evidence to support
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this hypothesis. It is equally possible that

cyclic AMP mediates only metabolic re-
sponses that are supportive of enhanced
cardiac contraction (3), and that beta ad-
renergic receptor stimulation can increase
cardiac contractility without the involve-
ment of cyclic nucleotides.
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