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A B S T RA C T The myocardial responsiveness of con-
scious, instrumented dogs to exogenously administered
isoproterenol and norepinephrine was investigated in
neonatal, 6-wk-old, and adult animals. Comparable
base-line values for peak left ventricular derivative of
pressure with respect to time were observed in all age
categories. However, when compared with adult re-
sponses, the sympathomimetic amine-induced in-
creases in neonatal left ventricular dPldt were signifi-
cantly blunted at each concentration of adrenergic
agonist examined, whereas the 6-wk-old puppies dis-
played an intermediate inotropic response. To investi-
gate the cellular mechanisms of this blunted neonatal
response, we correlated physiologic and biochemical
measurements of the myocardial responses to cate-
cholamines in each age category. Whencompared with
adult myocardial membrane preparations, neonatal car-
diac membranes were characterized in vitro by an in-
creased density of f3-adrenergic binding sites, com-
parable affinity for adrenergic agonists and antagonists,
and an enhanced coupling of adenylate cyclase activa-
tion to receptor occupancy. Simultaneous changes in
either the serum catecholamine concentration or the
membrane content of other intrinsic proteins failed to
account for the observed neonatal increase in 8-ad-
renergic receptor density. These findings are most con-
sistent with a compensatory mechanism of the cardiac
cell membrane, whereby an inherent depression in the
adrenergic responsiveness of the immature myo-
cardium appears to induce the increase in receptor den-
sity and activation of adenylate cyclase.

INTRODUCTION
In recent years, increasing attention has been focused
upon characterization of the adaptive mechanisms of
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the immature mammalian cardiovascular system. De-
spite a thorough examination of the neonatal cardiac
responsiveness to adrenergic stimulation (1, 2), the de-
velopmental modulation of this autonomic control is
still incompletely understood. Early investigators have
found both neonatal subsensitivity (3-5) and super-
sensitivity (6-8) of peripheral vessels to vasoactive
drugs in the newborn. Fewer studies have examined
the responsiveness of the neonatal heart to catechola-
mines. Geis et al. (9) observed cardiac supersensitivity
to norepinephrine in the neonatal dog whereas, more
recently, Buckley et al. (10) found that cardiac re-
sponsiveness to isoproterenol was normal, while that to
norepinephrine was depressed in anesthetized piglets.

A potential source of confusion in these early at-
tempts at characterization of neonatal autonomic
physiology may reside in the use of anesthetized,
open chest model systems, or isolated cardiac muscle
or vessel preparations. More recently, studies in
conscious, chronically instrumented animal models,
which obviate the potential, widespread autonomic
effects of general anesthesia (11-13), have indicated a
subnormal neonatal vascular reactivity to infused
adrenergic agonists (14, 15), as well as blunting of the
baroreceptor reflex responses to induce carotid sinus
hypotension (16). Nevertheless, the cellular develop-
mental events that comprise normal autonomic ma-
turation have been incompletely identified.

Within recent years, alterations in physiologic re-
sponses have been explained in terms of the molecular
transmembrane modulation of cellular function. In
vitro binding studies have enabled the enumeration of
13-adrenergic receptor sites within mammalian mem-
brane preparations, the characterization of binding
affinities of these receptors for 83-adrenergic agonists,
and quantitative assessment of the coupling of recep-
tor ligand binding to the activation of membrane
adenylate cyclase (17, 18). Utilizing these techniques,
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age-dependent changes in adenylate cyclase hor-
monal sensitivity have been described in amphibian
erythrocytes (19), rat liver (20), and rat myocardium
(21). Furthermore, although a rapid increase with age in
cerebral binding sites for,f3-adrenergic ligands has been
reported in rats, the concentration of cardiac binding
sites appears to change little during neonatal develop-
ment (22).

There has thus far been no attempt to integrate the
physiologic evidence for neonatal cardiac subsensi-
tivity with simultaneously derived, in vitro analyses of
cellular membrane function. In this report, we correlate
physiologic and biochemical measurements of neonatal
and adult adrenergic responsiveness in the instru-
mented conscious canine model.

METHODS

Physiologic studies. The cardiac responses of conscious
animals to exogenously administered isoproterenol were ex-
amined in four neonatal (age 1 wk), four immature (age 5-7
wk) and six adult dogs. All animals were treated with sodium
thiamylal, 10 mg/kg, administered in intraperitoneal injec-
tion. Then, using local anesthesia with lidocaine hydro-
chloride, a Millar microtip manometer was introduced into the
left ventricular cavity through a peripheral vessel. In the
puppies the right carotid artery was used, whereas the left
femoral artery was used in the adults. In addition a catheter
was implanted in the aorta in all animals through the left
femoral artery. Continuous measurements of left ventricular
(LV)l pressure, LV derivative of pressure with respect to
time (dPldt), and aortic pressure and heart rate were recorded
in all animals on a multichannel oscillograph and tape re-
corder. When the animals gave no evidence of the effects of
sodium thiamylal, i.e., 3-6 h later, responses to isoproterenol
or norepinephrine were obtained. Isoproterenol was ad-
ministered intravenously in bolus doses of 0.1, 0.5, 1.0, 2.0,
and 4.0 ,Ag/kg. Norepinephrine was administered in bolus
doses of 0.25, 0.50, 1.00, and 2.00 sAg/kg.

Cardiac membrane preparation. Healthy neonatal, im-
mature, and adult dogs were anesthetized with pentobarbital.
The hearts were immediately excised and placed into iced
Krebs-Ringer's solution. All subsequent procedures were car-
ried out at 4°C. Epicardium and endocardium were removed
and left ventricular myocardium was coarsely minced in buffer
(Tris 0.25 M, MgCl2 1 mM, EGTA5 mM), and homogenized
in a PT-10ST Polytron (Brinkmann Instruments, Inc., West-
bury, N. Y.) tissue disruptor. The homogenate was filtered
through two thicknesses of Japanese silk screen, size 12, and
centrifuged in a Sorvall RC-2 DuPont Instruments, DuPont
Co., at 3,000 g for 10 min. The supernate was respun at 18,000
g for 15 min and the resulting pellet was resuspended in buf-
fer using a Teflon pestle in a Potter-Elvehjem homogenizer.

Binding studies. All studies were performed in triplicate
in the presence of Tris-MgCl2-EGTA buffer. For the deter-
mination of /3-adrenergic receptor binding saturation, 100
,ul of the cardiac membrane preparation (1-2 mgprotein/ml)
were incubated at 370C for 10 min with increasing concentra-
tions (0.5-10 nM) of [3H](-)dihydroalprenolol (New England
Nuclear, Boston, Mass., specific activity 58.6 Ci/mmol), with

'Abbreviations used in this paper: COMT, catechol-0-
methyl transferase; dPldt, derivative of pressure with respect
to time; LV, left ventricular.

or without unlabeled (-)-propranolol (1 ,tM), in a final reac-
tion volume of 150 ,ul. For the assessment of competitive
binding inhibition, all incubations were performed with
[3H](-)dihydroalprenolol (4.2 nM) in the presence of 0.1 mM
guanosine triphosphate (GTP) and varying concentrations of
(-)-isoproterenol. GTPwas included in the assays of competi-
tive binding inhibition to eliminate any heterogeneity of
agonist binding to different receptor states and to ensure that
determination of the dissociation constant (K,) for agonist
binding and for adenylate cyclase activation could be achieved
under comparable reaction conditions. Isoproterenol solu-
tions were prepared in the presence of 2 ,ug/ml of sodium
metabisulfite immediately before use. Following incuba-
tion, 100 ,ul of the reaction mixture were rapidly filtered
under vacuum onto Whatman GF-C glass fiber filters
(Whatman Inc., Clifton, N. J.). The filters were heated for
30 min at 60°C with 0.5 ml of Protosol (New England Nu-
clear), followed by the addition of glacial acetic acid. The fil-
ters were counted in 10 ml of Aquasol-2 (New England Nu-
clear) in a Packard Tri-Carb (Packard Instrument Co., Inc.,
Downers Grove, Ill.), with a counting efficiency of 40%.

Catechol-O-methyl transferase (COMT) assay. 500 gl of
the membrane preparation were added to 500 ,M S-adenosyl-
L-methionine chloride, 2.5 mMMgCl2, and a 0.1 mMsolution
of catecholamine containing-300,000 to 1,100,000 cpm of [3H]-
epinephrine (New England Nuclear). The reaction mixture
was removed from ice and incubated at 37°C for 15 min to 1 h.
The reaction was terminated by the addition of 2 ml of 0.5 M
potassium borate, pH 10.0. The 3-0-methyl derivatives were
extracted into 5 ml of toluene:isoamyl alcohol (3:2) by vor-
texing at the highest speed for 15 s. The organic supernatant
phase was added to 15 ml of Bray's solution and counted.
The control reaction, for the detennination of background
activity, lacked S-adenosyl methionine. Under these condi-
tions, enzymatic activity was linear for 1 h, expressed as
picomoles [3H]metanephrine per milligram protein per hour.

The adenylate cyclase assay was performed as previously
described (18). Reaction conditions were identical to those
used for binding studies. Recovery of added 3H-cyclic 3'-5'
AMPwas 40-80%.

The protein concentrations for each membrane assay were
determined by the Lowry method (23). Analysis of saturation
binding assays was performed according to the method of
Scatchard (24). The KD for unlabeled (-)-isoproterenol bind-
ing to the cardiac 3-adrenergic receptor was derived from
analysis of the competitive inhibition studies according to
the method of Cheng and Prusoff (25). Plasma catecholamine
concentrations were measured with a sensitive radioenzy-
matic method (26).

RESULTS

Physiologic studies. Base-line hemodynamic
values for the adults, newborn, and intermediate age
puppies are shown in Table I. In both groups of puppies
base-line values for LV systolic and mean aortic pres-
sure were significantly lower (P < 0.01) while heart
rates were significantly higher (P < 0.01) than ob-
served in adults. However, values for peak LV dP/dt
were not significantly different among the three groups.
The effects of bolus injections of (+)-isoproterenol on
LV function are illustrated for a representative new-
born and adult in Fig. 1, whereas dose-response curves
for all the animals are illustrated in Fig. 2. The average
increase in the neonatal LV dP/dt was significantly
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TABLE I
Base Line Hemodynamics

Puppies

Adults 1 wk old 5-7 wks old

LV systolic pressure (mm Hg) 119.7±+1.6 99.0+2.2* 103.9+2.8*
LV dP/dt (mm Hgls) 3,341+106 3,057+198 3,180±282
Mean arterial pressure (mmHg) 94.4±1.6 66.1±4.5* 75.6±2.1*
Heart rate (beats/min) 93.4±3.0 237.9±4.4* 193.3±9.1*

* Significantly different from adult (P < 0.01).

blunted at each concentration of isoproterenol ex-
amined, while the 6-wk-old puppies displayed an ino-
tropic response intermediate to the other age cate-
gories. It is particularly noteworthy that the disparity
in the immature inotropic response became increas-
ingly pronounced as the concentration of infused
adrenergic agonist was increased. In fact, adminis-
tration of four times the dose per kilogram of agonist
to the immature dogs, i.e., a dose of 4.0 ,ug/kg, produced
a smaller rise in LV dPldt than 1.0 gg/kg of isopro-
terenol did in the adults (Table II, Fig. 1). Increases in
cardiac rate with isoproterenol were also blunted in the
newborns (Table II). However, in contrast to the ino-
tropic responses, depressed chronotropic responses in
the newborns could be explained on the basis of altered
base line. The decreases in mean arterial pressure with
isoproterenol were less in the newborns, as has been
shown previously from this laboratory (14).

The effects of bolus injections of norepinephrine on
LV function are illustrated for a representative new-
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born and adult in Fig. 3, whereas dose-response curves
for all the animals are illustrated in Fig. 4. The aver-
age increase in neonatal LV dP/dt was significantly
blunted at each concentration of norepinephrine ex-
amined, while the 6-wk-old puppies displayed an ino-
tropic response intermediate to the other age cate-
gories. Increases in mean arterial pressure with nor-
epinephrine were less in the newborns (Table III) as
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FIGURE 1 Representative LV inotropic responses to exog-
enously administered isoproterenol (ISO) in a newborn (left
panel) and adult dog (right panel). Continuous measurements
of LV pressure and LV dP/dt were recorded in conscious dogs
with an intracavity Millar microtip manometer. Basal values
for LV dP/dt were similar in each age category. In this ex-
ample, the adult received a dose of 1 ,Ag/kg i.v. and the new-
born received 4 ,ug/kg of isoproterenol i.v. The newborn
displayed a subnormal inotropic response despite a fourfold
increment in the dose.
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FIGuRE 2 Inotropic dose response curves is isoproterenol
for adults, 1-wk-old puppies and 5-7-wk-old puppies.
The mean inotropic response of newborn animals was blunted
throughout the dose-response range, and the maximal
stimulation was achieved at a much lower dose of isoprotere-
nol at this stage of development. Responses significantly dif-
ferent from adults are noted by * (P < 0.05) and + (P < 0.01).
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TABLE II
Cardiovascular Response to Isoproterenol

Isoproterenol (j4glkg)
0.1 0.5 1.0 2.0 4.0

Mean arterial pressure (A mmHg)
Newborn -0.7+0.7* -4.0±3.11 -8.7±3.3t -9.3+2.9t -10.0±3.11
Adult -17.2±1.9 -19.8±3.6 -20.0±2.2 -20.5±1.8 -21.3±1.3

Heart rate (A beats/min)
Newborn 6.3±3.4* 28.3±3.5* 36.8±6.6t 43.5±6.7t 47.0±4.0*
Adult 52.7±9.6 103.8±11.8 106.0±17.0 113.2+±20.2 125.5±17.5

LV dP/dt (A mmHg/s)
Newborn 1,273±294 2,276±255t 3,031±85t 2,988±181* 2,943+129*
Adult 2,647±584 6,359±708 7,664±872 8,624+808 9,397+940

* Newborn significantly different from adult, P < 0.01.
t Newborn significantly different from adult, P < 0.05.

has been shown previously from this laboratory (14).
The decreases in cardiac rate were not significantly less
in the newborns than in the adults with norepineph-
rine. However, it is important to point out that the pres-
sure rise, i.e., the stimulus to the baroreceptors was
greater in the adults than in the newborns (Table III).

Myocardial f3adrenergic binding studies. Specific
binding of [3H]dihydroalprenolol to the myocardial
/3-adrenergic receptor was plotted as a function of the
radioligand concentration and replotted by the method
of Scatchard. As previously reported (18), binding of
labeled adrenergic antagonists to these preparations is
saturable, yielding a single component, linear Scatch-
ard relationship. Antagonist binding to representa-
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tive neonatal and adult membrane preparations is de-
picted in Fig. 5. In this experiment, neonatal and adult
receptors displayed comparable affinity for dihydro-
alprenolol (KD = 3.5 nM), but the density of binding
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FIGumE 3 Representative LV inotropic responses to exog-
enously administered norepinephrine (NE) in a newborn
(left panel) and adult dog (right panel). Continuous measure-
ments of LV pressure and LV dPldt were recorded in
conscious dogs with an intracavity Millar microtip manome-
ter. Basal values for LV dP/dt were similar in each age cate-
gory. In this example, the adult received an intravenous dose
of 1 ,ug/kg and the newborn received 2 ,ug/kg of norepineph-
rine i.v. The newborn displayed a subnormal inotropic re-
sponse despite a twofold increment in the dose.
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2.0

FIGURE 4 Intropic dose-response curves to norepinephrine
for adults (A), 1-wk-old puppies (-) and 5-7-wk old puppies
(U). The mean intropic response of newborn animals was
blunted throughout the dose response range, and the maximal
stimulation was achieved at a much lower dose of norepineph-
rine at this stage of development. Responses significantly dif-
ferent from adults are noted by * (P < 0.05) and + (P < 0.01).
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TABLE III
Cardiovascular Response to Norepinephrine

Norepinephrine (yggkg)

0.25 0.5 1.0 2.0

Mean arterial pressure (A mmHg)
Newborn 13.3±2.9 16.0±2.0 17.3±2.7* 31.3±4.4*
Adult 16.7±3.6 29.0±3.8 53.3±7.6 65.7±7.5

Heart rate (A mmHg)
Newborn -12.0±6.4 -13.0±7.9 -11.5±8.4 13.5±6.71
Adult - 16.8±5.3 -27.3± 7.2 -37.8±9.9 -42.2±8.1

LV dPldt (A mmHg/s)
Newborn 980+211* 1,206±1611 1,473±192* 2,007+238*
Adult 2,820+262 4,570±411 6,499±483 6.965±755

* Newborn significantly different from adult, P < 0.05.
t Newborn significantly different from adult, P < 0.01.

sites, as determined by the abscissa of the Scatchard
relationship, was substantially greater in the neonatal
cardiac preparation than in the adult membranes (110
and 30 fmol per mgprotein, respectively). Repeated, in-
dependent enumeration of myocardial ,3-adrenergic re-
ceptors confirmed a significantly higher density of
these binding sites in the neonatal tissues; in contrast,
there was no difference in the observed dihydroal-
prenolol binding affinity (Table IV). The observed dif-
ferences in f8-adrenergic receptor density could not be
explained by age-related differences in serum cate-
cholamine concentrations (Table IV): epinephrine con-
centrations were comparable in all three categories,
and norepinephrine concentrations demonstrated a
tendency to decline with increasing age. These data are

B (f mo//mg )

FIGURE 5. Representative saturation binding of [3H]dihydro-
alprenolol ([3H]DHA) to newborn (left) and adult (right) car-
diac membrane preparations. The insets represent the specifi-
cally bound [3H]DHA plotted as a function of total [3H]DHA.
Scatchard analysis of the binding data revealed a comparable
KD for binding, but demonstrated an increased density of bind-
ing sites in the newborn preparation. B, bound; F, free.

inconsistent with the possibility of receptor down-
regulation as an explanation for the decreasing recep-
tor density observed during maturation. Membrane
preparations from older developing animals displayed
an intermediate number of alprenolol binding sites;
however, the receptor density, binding affinity, and
catecholamine concentrations did not differ signifi-
cantly from the adult preparations.

Enzymatic analysis of cardiac membranes. To as-
certain that the apparent developmental decrease in
membrane receptor density did not reflect an artifactual
difference in protein content induced by the prepara-
tion of cardiac microsomes, the membranes were simul-
taneously assayed for their content of other mem-
brane-associated proteins uninvolved in receptor
ligand binding. When examined in this fashion, the
membrane-associated activity of COMTwas depressed
in the neonate, but did not significantly differ from
adults in the 6-wk-old dogs (Table V). In contrast to the
dramatic decrease in receptor density in the postnatal
period, membrane COMTactivity showed a marked
tendency to increase with age. In addition, the maximal
stimulation of cyclic AMPproduction by isoproterenol,
a quantitative reflection of the total membrane con-
tent of adenylate cyclase catalytic activity, showed little
difference among the age categories examined. Despite
a somewhat higher cyclase content in the intermediate-
aged membranes, there was no significant difference
between neonatal and adult preparations.

Coupling of f3adrenergic receptor binding to the
activation of adenylate cyclase. To investigate the
functional correlates of an increased density of ligand
binding sites in immature animals, the binding affinity
of the 18-adrenergic receptor for (-)-isoproterenol was
compared to the receptor-mediated stimulation of
adenylate cyclase by this agonist. In a represeptative
experiment (Fig. 6), competition for dihydroalprenolol
binding sites demonstrated a 50% displacement of
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TABLE IV
Scatchard Analysis of Dihydroalprenolol Binding to Canine Myocardial Membranes

,B-adrenergic Receptor density KD Plasma norepinephrine Plasma epinephrine

fmol mg protein* nM* pglml*

Newborn (n = 5) 147±27t 4.8±1.9§ 831±31§ 414±28§
Immature (n = 3) 83±28§ 4.0±1.1§ 477±86§ 460±52§
Adult (n = 7) 60±19 3.7±1.7 461+221 394±248

* Mean±SD.
t P < 0.001, compared to adult value.
§ NS.

bound radioligand with an identical concentration of
(-)-isoproterenol in neonates and adults (0.3 MM).
However, simultaneous examination of the isopro-
terenol stimulation of membrane adenylate cyclase ac-

tivity revealed a striking disparity in the agonist con-

centration that effected a 50% stimulation of the en-

zyme (KDactivation); thus, in this experiment, the same

degree of enzyme stimulation occurred at a substan-
tially lower isoproterenol concentration in the neonate
(0.01 ,uM) than in the adult (0.1 ,M). The averaged re-

sults of several experiments are illustrated in Fig. 7.
The dissociation constants for isoproterenol binding
were derived from the results of competitive inhibition
studies (22). Despite the comparable receptor binding
affinity for agonist in newborns and adults, the neonatal
cardiac membranes in repeated experiments were

characterized by a significantly lower (P < 0.05) mean

KD for the activation of cyclase (0.02+0.02 ,uM) than the
adult preparations (0. 15+0.09 ,M). Furthermore, in the
neonatal membranes, the KD for isoproterenol activa-
tion of adenylate cyclase was significantly lower than
the simultaneous KD for binding (Fig. 4). In contrast,
there was no significant difference between the KD
for binding and activation in adult membranes.

TABLE V
Enzymatic Analysis of Canine Myocardial Membranes

Isoproterenol-stimulated
adenylate cyclase

COMT Basal Maximal*'

pmol [3H]meta- pmollmg %
nephrinel per min
mg per ht

Newborn (n = 3) 0.1+0.08§ 75+10' 116+51"1
Immature (n = 3) 0.5+0.07" 60+34"1 176+68§
Adult (n = 4) 2.2+1.3 98+86 76+14

* Maximal isoproterenol stimulated adenylate cyclase activity,
expressed as [(maximal - basal/basal) x 100].

t Mean+SD.

5 P < 0.05, compared to adult value.
"NS.

DISCUSSION

Base-line levels of LV dPldt were not significantly dif-
ferent in the three groups studied. This finding of nor-

mal baseline inotropic function in newborn animals dif-
fers with results of studies in isolated cardiac muscle
preparations, where myocardial contractility was found
to be depressed in the newborn (1, 2). Recently Berman
and Musselman (27) found the LV dP/dt was signifi-
cantly higher in conscious newborn lambs than adult
sheep. The levels of LV dP/dt found by Berman and
Musselman (27) in newborn lambs (27) correspond to
the values observed in newborn and adult animals in
the present investigation. However, the levels of LV
dP/dt in conscious adult dogs appear to be higher than
those for LV dPldt in adult sheep as reported by Ber-
man and Musselman (27).

Observations on the effect of adrenergic agonists on

myocardial function in newborn and adult animals have
been controversial. On the one hand, Friedman (1) and
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FIGURE 6 Isoproterenol interaction with cardiac membranes
in the representative experiment. (A) Competitive inhibition
of [3H]DHA binding to newborn and adult cardiac prepara-
tions with increasing concentrations of (-)-isoproterenol
demonstrated a comparable apparent affinity for the agonist in
each case. (B) Simultaneous assay of the in vitro adenylate
cyclase dose response curves revealed a disparity in the KD
for activatioin (adult, 0.1 gM; newborn, 0.01 gM).
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FIGuRE 7 Comparison of isoproterenol binding and adenyl-
ate cyclase activation in newbom and adult cardiac mem-
branes. The meanKD for binding (stippled bar) was 0.15+0.01
,uM in both age categories, but the mean KD for activation
(hatched bar) in the newborn (0.02±0.02 ,uM) was significantly
lower than in the adult (0.15±0.09 ,uM). Vertical bars denoted
the SD and the asterisk denotes a statistically significant dif-
ference (P < 0.05).

Geis et al. (9) felt that the newborn heart was supersen-
sitive to effects of isoproterenol and norepinephrine.
More recently Buckley et al. (10), studying open chest
anesthetized piglets, found that the response to nor-
epinephrine, but not isoproterenol, was depressed in
the newborn. Therefore, our results, demonstrating
marked depression of the inotropic response to both
isoproterenol and norepinephrine in newborn dogs,
differ from what has been shown previously for LV
function in anesthetized animals (1, 9, 10), but is in
agreement with what has been shown for peripheral
vascular effects to these adrenergic agonists in
conscious animals (14). It is possible that many of these
differences may be explained by the presence or ab-
sence of general anesthesia and the open chest model.
It is also important to note that depression of inotropic
response was observed both for an adrenergic agonist
that increased heart rate (isoproterenol) and one that
reduced heart rate (norepinephrine). The fact that heart
rate fell less with norepinephrine in newborns when
equivalent increases in arterial pressure were com-
pared, confirms the immaturity of the arterial baro-
receptor reflex in the neonatal animals (16).

It is now well recognized that the agonistic effects
of adrenergic ligands upon catecholamine-sensitive tis-
sues are mediated through transmembrane modulation
of intracellular events. In order to identify a possible
cellular mechanism for the apparent neonatal subsensi-
tivity to exogenous catecholamines, we have attempted
to compare the subcellular responsiveness of neonatal
and adult cardiac membrane preparations to adrener-
gic ligand binding and adenylate cyclase stimulation.
In the absence of measurable, age-related differences
in the binding affinity of these receptors for agonists
and antagonists, the neonatal cardiac membrane is
characterized by a substantial increase in the density

of such binding sites. It is unlikely that this disparity
could be explained by alterations in the endogenous
serum catecholamine concentrations, which did not
correlate inversely with receptor density. The absolute
values for catecholamine concentrations compare
favorably with previously reported values (28).
Furthermore, unlike the adults, neonatal membranes
display 50% of maximal adenylate cyclase stimulation
by isoproterenol at a concentration of agonist that cor-
responds to much less than 50% receptor occupancy.
These findings can be interpreted to represent a stage
of closer coupling of receptor binding to adenylate
cyclase activation in newborns when compared to nor-
mal adults.

In both the physiologic and biochemical approaches
to a study of the maturation of adrenergic control, the
chief difficulty resides in the construction of com-
parable experimental conditions at each stage of devel-
opment. The identification of a disparate inotropic re-
sponsiveness to exogenous catecholamines in neonates
could potentially be ascribed to the established larger
volume of distribution for these drugs in the newborn
animal, when expressed as a function of lean body mass
(29). However, in the current investigation, even with
very large doses of adrenergic agonists in neonates, an
inotropic effect comparable to the adult response can-
not be elicited. In addition, examination of comparative
dose-response curves (Figs. 2,4) indicates that neonatal
responsiveness was comparatively blunted throughout
the dose-response range. The newborn, however,
achieves its maximal response to isoproterenol at a
lower dose than observed in the adult, a phenomenon
that can be interpreted to correspond to the lower neo-
natal K D for adenylate cyclase activation. The compara-
tive observations of in vitro membrane characteristics
might likewise be obscured by noncomparable protein
composition of microsomes prepared from the canine
left ventricle at different stages of development. To as-
certain that the observed developmental decrease in
membrane receptor density did not represent an arti-
factually induced difference in protein content, the
membrane preparations were assayed for their content
of other intrinsic protein constituents. Through the
quantitation of adenylate cyclase and COMTcontent,
the specificity of differences in receptor density was
confirmed by the documentation of two other, distinct
patterns of change in specific membrane proteins with
increasing age. The disproportionately high adenylate
cyclase content of the 6-wk-old dogs is currently un-
explained, but may reflect an intermediate pattern of
adaptation to incomplete adrenergic development.

The observation of enhanced f8-adrenergic receptor
density in neonatal dogs is of interest in several re-
spects. Although the observation of an enhanced 3-ad-
renergic receptor density in the neonatal subjects
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might in itself suggest a "spare receptor" phenomenon,
the correlative changes in adenylate cyclase and end-
organ responsiveness to catecholamine stimulation
suggest, rather, that the pronounced increase in neo-
natal receptor density is a specific, adaptive change to
a blunted effector mechanism in adrenergic modula-
tion. The exact nature of the cellular impairment of im-
mature animals remains speculative, but appears to fol-
low the stimulation of membrane adenylate cyclase in
the cellular activation sequence. Unlike most of the
previously studied acquired changes in membrane
adrenergic density (30-32), the neonatal cardiac re-
sponse bears little relation to changes in the endog-
enous concentration of receptor ligands (Table II).
Thus, in addition to the previously described phe-
nomenon of down-regulation in response to increased
agonist concentration (30-32), these studies would
seem to indicate yet another important mechanism for
target cell regulation of receptor concentration.
Although the KD for isoproterenol activation of adenyl-
ate cyclase in the neonate is an order of magnitude less
than that in the adult, the increase in the neonatal re-
ceptor density results in a comparable number of oc-
cupied receptor sites when the enzyme is half-maxi-
mally activated. This increase in receptor concentra-
tion in the neonate appears to represent one mechanism
whereby it can compensate for an inherent depression
in adrenergic responsiveness. Further investigation of
these phenomena must involve attempts to probe the
development of intracellular response mechanisms to
cyclic AMP (33, 34). Quantitation of age-dependent
changes in the inotropic modulation of intracellular
cyclic nucleotides, the cyclic AMP-dependent activa-
tion of protein kinase, the specific phosphorylation of
cytosolic proteins, and contractile protein response
should yield greater insight into the developmental na-
ture of cardiac adrenergic control.

ACKNOWLEDGMENTS
This work was supported in part by U. S. Public Health
Services grant HL 15416, National Institutes of Health grant
ROI-HL-22366, HL-07208, and a grant from Reynolds
Industries. Dr. Homcy is the recipient of National Institutes of
Health Young Investigator Research Award HL-23660.

REFERENCES

1. Friedman, W. 1972. The intrinsic physiologic properties
of the developing heart. Prog. Cardiovasc. Dis. 15:
87-111.

2. Boerth, R. C. 1972. Postnatal development of myocardial
contractile function in the cat. Circulation. 46: 11-36.

3. Boatman, D. L., R. A. Shaffer, R. L. Dixon, and M. J.
Brody. 1965. Function of vascular smooth muscle and its
sympathetic innervation in the newborn dog. J. Clin.
Invest. 44: 241-246.

4. Tuttle, R. S. 1966. Age related changes in the sensitivity

of rat aortic strips to norepinephrine and associated chem-
ical and structural alterations. J. Gerontol. 21: 510-516.

5. Gray, S. D. 1977. Reactivity of neonatal canine aortic
strips. Biol. Neonate. 31: 10-14.

6. Gerova, M., J. Gero, S. Dolezel, and M. Konecny. 1974.
Postnatal development of sympathetic control in canine
femoral artery. Physiol. Bohemoslov. 23: 289-295.

7. Hutchinson, E. A., C. J. Percival, and I. M. Young. 1962.
Development of cardiovascular responses in the kitten.
Quart. J. Exp. Physiol. 47: 201-210.

8. Buckley, N. M., P. M. Gootman, N. Gootman, G. D. Reddy,
L. C. Weaver, and L. A. Crane. 1976. Age dependent car-
diovascular effects of afferent stimulation in neonatal pigs.
Biol. Neonate. 30: 268-279.

9. Geis, P. W., C. J. Tatooles, D. V. Priola, and W. F. Fried-
man. 1975. Factors influencing neurohumoral control of
the heart in the newborn dog. Am. J. Physiol. 228:
1685- 1689.

10. Buckley, N. M., P. M. Gootman, E. L. Yellin, and P.
Brazeau. 1979. Age-related cardiovascular effects of cate-
cholamines in anesthetized piglets. Circ. Res. 45: 282-
292.

11. Vatner, S. F., and N. T. Smith. 1974. Effects of halothane
on left ventricular function and distribution of regional
blood flow in dogs and primates. Circ. Res. 34: 155-167.

12. Manders, W. T., and S. F. Vatner. 1976. Effects of sodium
pentobarbital anesthesia on left ventricular function and
distribution of cardiac output in dogs, with particular ref-
erence to the mechanism for tachycardia. Circ. Res. 39:
512-517.

13. Vatner, S. F., and E. Braunwald. 1975. Cardiovascular con-
trol mechanism in the conscious state. N. Engl. J. Med.
293: 970-976.

14. Manders, W. T., M. Pagani, R. Millard, and S. F. Vatner.
1979. Responsiveness to vasoconstriction and dilator
agents and baroreflex sensitivity in conscious newborn
lambs. Circulation. 60: 945-955.

15. Pagani, M., I. Mirsky, H. Baig, W. T. Manders, P. Kerkhof,
and S. F. Vatner. 1979. Effects of age on aortic pressure-
diameter and elastic stiffness-stress relationships in the
unanesthetized sheep. Circ. Res. 44: 420-429.

16. Vatner, S. F., and W. T. Manders. 1979. Depressed
sensitivity of the arterial baroreflex in conscious, newborn
animals. Am. J. Physiol. 6: H40- H43.

17. Alexander, R. W., L. T. Williams, and R. J. Lefkowitz.
1975. Identification of cardiac 83-adrenergic receptors by
(-)[3H]-alprenolol binding. Proc. Natl. Acad. Sci. U. S. A.
72: 1564-1568.

18. Wrenn, S., and E. Haber. 1979. An antibody to the pro-
pranolol binding site in canine myocardium. J. Biol.
Chem. 254: 6577-6582.

19. Rosen, 0. M., and J. Erlichman. 1969. The development
of hormone sensitivity by adenyl cyclase of the tadpole
erythrocyte. Arch. Biochem. Biophys. 133: 171-177.

20. Bar, H. H., and P. Hahn. 1971. Development of rat liver
adenyl cyclase. Can. J. Biochem. 49: 85-89.

21. Kohrman, A. F. 1973. Patterns of development of adenyl
cyclase activity and norepinephrine responsiveness in
the rat. Pediatr. Res. 7: 575-581.

22. Harden, T. K., B. B. Wolfe, J. R. Sporn, J. P. Perkins, and
P. B. Molinoff. 1977. Ontogeny of,8-adrenergic receptors
in rat cerebral cortex. Brain Res. 125: 99-108.

23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. 1951. Protein measurement with Folin phenol
reagent. J. Biol. Chem. 193: 265-275.

24. Scatchard, G. 1949. The attractions of proteins for small
molecules and ions. Ann. N. Y. Acad. Sci. 51: 660-672.

25. Cheng, Y., and W. H. Prusoff. 1973. Relationship between

326 Rockson, Homcy, Quinn, Manders, Haber, and Vatner



the inhibition constant (Ks) and the concentration of in-
hibitor which causes 50% inhibition (I,") of an enzymatic
reaction. Biochem. Pharmacol. 22: 3099-3108.

26. DaPrada, M., and G. Zurcher. 1976. Simultaneous radio-
enzymatic determination of plasma and tissue adrenaline,
noradrenaline, and dopamine levels within the fem-
tomole range. Life Sci. 19: 1161-1174.

27. Berman, W. Jr., and J. Musselman. 1979. Myocardial per-
formance in the newborn lamb. Am. J. Physiol. 237(1):
H66-H70.

28. Hjemdahl, P., E. Belfrage, and M. Daleskog. 1979. Vascu-
lar and metabolic effects of circulating epinephrine and
norepinephrine. Concentration-effect study in dogs.

J. Clin. Invest. 64: 1221-1228.
29. Glantz, S. A., R. Kemoff, and R. H. Goldman. 1976. Age-

related changes in ouabain pharmacology. Circ. Res. 39:
407-414.

30. Mukheijee, C., M. G. Caron, and R. J. Leflcowitz. 1975.
Catecholamine-induced subsensitivity of adenylate

cyclase associated with loss of beta adrenergic receptors.
Proc. Natl. Acad. Sci. U. S. A. 72: 1945-1949.

31. Mickey, J., R. Tate, and R. J. Lefkowitz. 1975. Subsensi-
tivity of adenylate cyclase and decreased beta
adrenergic receptor binding after chronic exposure to
(-)-isoproterenol in vitro. J. Biol. Chem. 250: 5727-
5729.

32. Mukherjee, A., T. M. Wong, L. M. Buja, R. J. Lefkowitz,
and J. T. Willerson. 1979. Beta adrenergic and muscarinic
cholinergic receptors in canine myocardium. Effects of
ischemia. J. Clin. Invest. 64: 1423-1428.

33. Corbin, J. D., P. H. Sugden, T. M. Lincoln, and S. L.
Keeley. 1977. Compartmentalization of adenosine
3'5' monophosphate and adenosine 3'5' monophosphate
dependent protein kinase in heart tissue. J. Biol. Chem.
252: 3854-3861.

34. Corbin, J. D., and B. M. Reinmann. 1974. Assay of cyclic
AMP-dependent protein kinases. Methods Enzymol. 38:
287-290.

Impaired Adrenergic Responsiveness in Newborns 327


