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Role of Intact Cardiac Nerves and Reflex Mechanisms
in Desensitization to Catecholamines in Conscious Dogs
Jun Nejima, Nobuhisa Uemura, Dorothy E. Vatner, Charles J. Homcy, Thomas H. Hintze, and Stephen F. Vatner
Departments of Medicine, Harvard Medical School, Brigham & Women's Hospital, Boston, Massachusetts 02115;
and the NewEngland Regional Primate Research Center, Southborough, Massachusetts 01772

Abstract

To study chronic catecholamine desensitization, mini-osmotic
pumps were implanted subcutaneously to deliver NE, (0.5
pg/kg/min) or saline over 3-4 wk in dogs instrumented with
left ventricular (LV) pressure gauges and arterial and left atrial
pressure catheters. An acute challenge to NE (0.4 pg/kg/min)
in intact, conscious dogs increased LV dP/dt by 1,531±208
mmHg/s before NE pumps, and by a similar amount,
1,340±166 mmHg/s, 3-4 wk after NEpumps. In contrast, an
acute challenge to isoproterenol (ISO, 0.4 ,ug/kg/min) in-
creased LV dP/dt by 5,344±532 mmHg/s before NEpumps,
and significantly less (P < 0.05; 2,425±175 mmHg/s) after
NE pumps. In the presence of ganglionic and a,-adrenergic
blockades, NE (0.4 pg/kg/min) increased LV dP/dt by
3,656±468 mmHg/s before NE pumps and significantly less
(P < 0.01; 1,459±200 mmHg/s) after NEpumps. Confirming
this, an acute challenge to NE (0.4 gg/kg/min) in dogs with
arterial baroreceptor denervation increased LV dP/dt by
3,732±896 mmHg/s before NEpumps, and significantly less
(P < 0.05, 1,725±408 mmHg/s) after NEpumps. In addition,
in cardiac denervated dogs, NE (0.4 ;.g/kg/min) increased LV
dP/dt by 9,901±1,404 mmHg/s before NEpumps and signifi-
cantly less (P < 0.01, 2,690±306 mmHg/s) after NEpumps.
Desensitization of heart rate responses to NE challenge was
also more apparent in the absence of reflex mechanisms. Thus,
neural reflex mechanisms play a major role in physiological
expression of cardiac desensitization to catecholamines in con-
scious dogs. (J. Clin. Invest. 1990.86:2046-2053.) Key words:
norepinephrine* left ventricular function *,8-adrenergic recep-
tors * arterial baroreceptor denervation * cardiac denervation

Introduction

Significantly elevated plasma levels of NEhave been observed
in various clinical settings, e.g., pheochromocytoma and
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chronic heart failure, which are often accompanied by blunted
responses to exogenous catecholamines (1-10). This phenom-
enon may be a manifestation of catecholamine desensitiza-
tion, which has been recognized for some time (11-13). Most
prior studies examining mechanisms of desensitization were
conducted in vitro, or in anesthetized animals (14-23), and
have relied primarily on the synthetic 13-adrenergic agonist
isoproterenol (ISO),' rather than on the physiological neuro-
transmitter, NE. The underlying hypothesis of the current in-
vestigation was that the mechanism of desensitization to
chronic NE would depend upon reflex buffering as well as
biochemical mechanisms involving /3-adrenergic receptor
pathways in the intact conscious animal, since NE increases
arterial pressure and induces baroreflex buffering, resulting in
diminished sympathetic neural tone and enhanced parasym-
pathetic restraint. Furthermore, NE is taken up by cardiac
nerves, which could affect concentrations of the ,B-adrenergic
agonist at the postjunctional receptor site. Thus, autonomic
reflex mechanisms may be important in understanding mech-
anisms of catecholamine desensitization in the intact, con-
scious animal.

Accordingly, the primary goal of the present investigation
was to determine whether chronically elevated levels of plasma
NE induced by implantation of mini-osmotic pumps elicit
desensitization to inotropic and chronotropic stimulation by
catecholamines in intact conscious animals, and second, to
determine whether neural mechanisms modify the expression
of cardiac desensitization in the conscious animal. A third goal
was to determine if neural reflex mechanisms were responsible
for the normalization of arterial pressure under conditions of
chronic, catecholamine exposure. To achieve these goals, the
experiments were conducted in intact dogs, in the presence
and absence of ganglionic blockade, and also in dogs with
chronic arterial baroreceptor denervation and animals with
chronic cardiac denervation. The effects of the mixed a- and
,B-adrenergic receptor agonist NE, and the mixed 3,B- and #2-
adrenergic agonist ISO, were examined before and 3-4 wk
after implantation of either NEor saline pumps.

Methods

Preparation of the model. 41 mongrel dogs of either sex (20 intact, 16
cardiac denervated, 5 arterial baroreceptor denervated) were anesthe-
tized with sodium pentobarbital (30 mg/kg) and ventilated with a
respirator. The pericardium, exposed via a left thoracotomy through
the fifth intercostal space, was opened. A miniature solid-state pressure
gauge (P22; Konigsberg Instruments, Inc., Pasadena, CA) was im-
planted in the left ventricle (LV) via an apical stab wound. Tygon
catheters were implanted in the descending thoracic aorta and left
atrium. The second group of 16 dogs (cardiac denervated group) un-
derwent surgical cardiac denervation procedure according to the

1. Abbreviations used in this paper: ISO, isoproterenol; LV, left ventri-
cle.
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method of Randall et al. (24), which has been used previously in our
laboratory (25). The intrapericardial denervation technique consisted
of (a) section of the ventrolateral cardiac nerve, (b) adventitial strip-
ping of the left superior pulmonary vein and of the right and common
pulmonary artery, and (c) section of pericardial reflections in the
transverse sinus and around the superior vena cava, as well as ligation
and division of the azygos vein. In addition, the ansae were divided
bilaterally. One dog with a saline pump in this group died prematurely
and could not be included in the pathology data and LV tissue NE
content data. A third group of five dogs (arterial baroreceptor dener-
vated group) underwent arterial baroreceptor denervation, which con-
sisted of surgical denervation of the aortic arch and carotid sinuses
produced by extensive removal of the adventitia followed by painting
of these areas with 2%phenol to destroy any residual neural tissue (26).
The incision was closed in layers, the pneumothorax was reduced, and
animals were allowed to recover for 2-4 wk before experiments. The
completeness of cardiac denervation was confirmed by three separate
procedures, first at operation, then 2-4 weeks later in the conscious
state, and finally, after dogs were killed. First, at operation, after the
cardiac denervation procedure, stimulation of the ansa subclaviae and
the vagi failed to alter heart rate or LV dP/dt. Second, in intact con-
scious dogs, phenylephrine (5 ug/kg) increased mean arterial pressure
by 32±3 mmHgand reduced heart rate by 42±4 beats/min, whereas
nitroglycerin reduced mean arterial pressure by 32±2 mmHgand in-
creased heart rate by 81±6 beats/min. In dogs with cardiac denerva-
tion, phenylephrine increased mean arterial pressure by 49±5 mmHg
and did not decrease heart rate, whereas nitroglycerin reduced mean
arterial pressure by 46±4 mmHgand did not increase heart rate. In
dogs with arterial baroreceptor denervation, phenylephrine increased
mean arterial pressure by 52±11 mmHgand did not decrease heart
rate, whereas nitroglycerin reduced mean arterial pressure by 50±4
mmHgand did not increase heart rate. Finally, after the animals were
killed, LV tissue NElevels were 448±42 pg/mg wet weight in the intact
group, as compared with 6±2 pg/mg wet weight in the cardiac dener-
vated group, indicating the completeness of denervation. Animals used
in this study were maintained in accordance with the guidelines of the
Committee on Animals of the Harvard Medical School and those
prepared by the Committee on Care and Use of Laboratory Animals of
the Institute of Laboratory Animal Resources, National Research
Council, National Institutes of Health (Bethesda, MD).

Measurements. Arterial and left atrial pressures were measured by
means of the implanted catheters and Statham P23ID strain gauge
manometers (Statham Instruments, Oxnard, CA). LV pressure was
measured with the solid-state miniature pressure gauge, which was
calibrated in vitro against a mercury manometer as well as in vivo
against the arterial and left atrial pressure measurements. The first
derivative of LV pressure, LV dP/dt, was obtained with an operational
amplifier connected as a differentiator, which has a frequency response
of 700 Hz. A triangular wave signal was substituted for the pressure
signal to calibrate the differentiator directly. The data were recorded on
a multichannel tape recorder (Honeywell Inc., Denver, CO) and
played back on a direct-writing oscillograph (Gould-Brush, Cleve-
land, OH).

Protocol. All dogs were studied before implantation of the pumps in
the conscious state 2-4 wk after recovery from operation, and then
again 3-4 wk after implantation of the Alzet osmotic infusion pump
(Alza, Palo Alto, CA). On the day of the experiment, a control plasma
catecholamine sample was taken for later assay of NE levels by the
radioenzymatic method of DaPrada and Zurcher (27). Separate infu-
sions of NE (0.1, 0.2, 0.4, 0.8 ,ug/kg/min) were administered for 5 min
while measurements of LV pressure, LV dP/dt, phasic and mean arte-
rial pressure, left atrial pressure, and heart rate were recorded contin-
uously. Subsequent infusions were not begun until hemodynamics
returned to baseline after the preceding drug infusion. ISO (0.1, 0.2, 0.4
lAg/kg/min) was administered in the same manner as NE infusions.
Since ISO reduces arterial pressure through its (82-adrenergic vasodila-
tor effects and could affect the utility of LV dP/dt as an index of the
inotropic state, phenylephrine, an a,-adrenergic agonist, was infused
simultaneously to maintain arterial pressure at baseline values in all

except the first three dogs studied. On a separate day the 5-min infu-
sions of NE and ISO were repeated after ganglionic blockade with
hexamethonium bromide (30 mg/kg) and atropine (0.1 mg/kg) in five
dogs with saline pumps and seven intact dogs with NE pumps. NE
infusions were examined in the presence of ganglionic blockade plus
a,-adrenergic receptor blockade with prazosin (1.0 mg/kg). Absence of
reflex heart rate change in response to changes in arterial pressure
induced by phenylephrine and nitroglycerin confirmed the adequacy
of the ganglionic blockade. Supplemental doses of hexamethonium
were required since these experiments required several hours to com-
plete. In three of the intact dogs, NEinfusions were also examined with
heart rate held constant by ventricular pacing and also after atropine
(0.1 mg/kg) in the absence of ganglionic blockade. After the control
experiments were completed, but on a separate day, an osmotic pump
designed to deliver a constant infusion of NE(0.5 ug/kg/min) or saline
was implanted subcutaneously in the neck using lidocaine anesthesia.
10 d later another osmotic pump with an infusion dose of 30% of the
dose of the first pump, was implanted to reinforce the elevation of
plasma catecholamine levels. Experiments with 5-min infusions of NE
and ISO were then repeated in the same dogs 3-4 wk after implanta-
tion of the osmotic pumps.

Data analysis. Mean values and standard errors were calculated
with an IBM PC/AT computer (IBM Instruments, Inc., Dunbury, CT).
Significant differences before and after the implantation of pumps
were evaluated by Student's t test (28). Significant differences among
groups were evaluated by one-way analysis of variance (29) and Dun-
can's test.

Results

Catecholamine levels. In the intact group, there was a 20-fold
increase in plasma levels of NE after the implantation of NE
pumps (220±52 vs. 4,700±1,295 pg/ml). In the cardiac dener-
vated group, NEpumps increased plasma levels of NE to the
same levels as those in intact, NE pump group. In the intact
saline pump group, plasma NE levels were similar before and
after the saline pump implantation (265±38 vs. 255±33
pg/ml).

Pathology. The LV to body weight ratios were significantly
greater (P < 0.05), both in the cardiac denervated group with
NEpumps (6.4±0.6 g/kg) and in the arterial baroreceptor de-
nervated group with NE pumps (6.3±0.9 g/kg), than those in
the intact group with saline pumps (5.0±0.2 g/kg) (Table I).
However, in intact dogs with NE pumps, LV to body weight
ratios were not elevated.

Effects of pumps on baseline hemodynamics (Table II).
There were no significant effects of saline pumps on baseline
hemodynamics. However, at 3-4 wk after implantation of NE
pumps, arterial pressure was not changed significantly, but LV
dP/dt was elevated slightly, but significantly, in all groups.

Table I. Pathology

LV weight/
Body body weight

Pumpgroup weight LV weight ratio

kg g g/kg

Intact saline (n = 9) 22.8±1.4 114±7.5 5.0±0.2
Intact NE (n = 11) 21.2±1.4 108±5.6 5.2±0.2
Cardiac denervated saline (n = 8) 19.5±0.7 114±6.8 5.8±0.2
Cardiac denervated NE (n = 7) 19.2±0.6 122±8.4 6.4±0.6*
Arterial baroreceptor denervated

NE (n = 5) 19.1±0.8 122±22 6.3±0.9*

* Different from intact saline pump group, P < 0.05.
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Table II. Baseline Hemodynamics Before and After Pumps

Before
pumps After pumps

Left ventricular pressure (mmHg)
Intact dogs with saline pumps 123±2 125±4
Intact dogs with saline pumps (GB)* 107±5 119±6
Intact dogs with NEpumps 122±3 129±2
Intact dogs with NEpumps (GB) 115±4 121±6
CDdogs with NEpumps 117±2 120±7
ABDdogs with NEpumps 117±4 129±6

Left ventricular dP/dt (mmHg/s)
Intact dogs with saline pumps 3,053±118 3,274± 138
Intact dogs with saline pumps (GB) 2,231±136 2,372±125
Intact dogs with NEpumps 2,928±180 3,606±199*
Intact dogs with NEpumps (GB) 2,357±174 3,106±196*
CDdogs with NEpumps 2,384±226 3,214±288*
ABDdogs with NEpumps 2,883±215 3,604±379*

Mean arterial pressure (mmHg)
Intact dogs with saline pumps 97±3 97±4
Intact dogs with saline pumps (GB) 89±3 94±3
Intact dogs with NEpumps 96±3 96±3
Intact dogs with NEpumps (GB) 97±4 96±5
CDdogs with NEpumps 92±2 93±3
ABDdogs with NEpumps 90±3 89±6

Heart rate (beats/min)
Intact dogs with saline pumps 94±4 93±4
Intact dogs with saline pumps (GB) 124±3 122±6
Intact dogs with NEpumps 90±4 85±4
Intact dogs with NEpumps (GB) 123±2 142±9*
CDdogs with NEpumps 107±3 142±12*
ABDdogs with NEpumps 103±4 92±6

* GB, Ganglionic blockade; ABD, arterial baroreceptor denervated;
CD, cardiac denervated.
t P < 0.05.

Effects of NEand ISO before and after saline pumps in
intact conscious dogs (n = 9). There were no significant differ-
ences in response to the acute challenges to NEor ISO before
and after implantation of saline pumps (Table III). In the pres-
ence of ganglionic blockade responses to NEand ISO were also
similar before and after the implantation of saline pumps
(Table IV).

Effects of NEand ISO before and after NEpumps in intact
conscious dogs (n = 11). The changes from baseline for NEand
ISO are shown in the absence of ganglionic blockade in Table
III and in the presence of ganglionic blockade in Table IV.
Dose responses to NEare shown in the dogs with NEpumps in
the absence (Fig. 1, left) and presence (Fig. 1, right) of gangli-
onic blockade. Dose responses to ISO are shown in the dogs
with NEpumps in the absence (Fig. 2, left) and presence (Fig.
2, right) of ganglionic blockade. Only those dogs with arterial
pressure controlled during ISO infusion are included in Tables
III and IV. In dogs with NEpumps, responses of LV dP/dt to
acute challenges to NE in the absence of ganglionic blockade
were not different before and after implantation of NEpumps
(Table III, Fig. 1). However, in the presence of ganglionic and
a,-adrenergic blockade, acute challenges to NE increased LV
dP/dt less (P < 0.01) after the implantation of NEpumps than
before the pumps (Table IV, Fig. 1). In those dogs studied with
ganglionic, but not a,-adrenergic receptor blockade, signifi-
cant decreases in responsiveness of LV dP/dt to acute NE
challenges were also observed. In contrast to NE, acute chal-
lenges to ISO increased LV dP/dt less (P < 0.01) after the
implantation of NEpumps than before, even in the absence of
ganglionic blockade (Table III, Fig. 2), as well as in the pres-
ence of ganglionic blockade (Table IV, Fig. 2). Heart rate re-
sponses to NE were not different in response to acute NE
challenge before or after NE pumps in the absence of gangli-
onic blockade. In the presence of ganglionic blockade the posi-
tive chronotropic responses to NEtended to be less (P = 0.10).
However, positive chronotropic responses to ISO were reduced
(P < 0.05) after implantation of NEpumps even in the absence

Table III. Effects of NE(0.4 yg/kg/min) and ISO (0.4 ,g/kg/min) on Intact Dogs with Either Saline or NEPumps (No Blockade)

Changes from baseline before and after pumps

NE ISO

Before pump After pump Before pump After pump

Left ventricular pressure (mmHg)
Saline pumps 47±8 45±5 36±8 42±8
NEpumps 46±10 38±6 38±7 30±8

Left ventricular dP/dt (mmHg/s)
Saline pumps 1,787±419 1,868±258 4,610±563 5,625±731
NEpumps 1,531±208 1,340±166 5,344±532 2,425±175*

Mean arterial pressure (mmHg)
Saline pumps 45±7 48±5 -4±4 -5±4
NEpumps 43±7 37±6 -1±2 -2±2

Heart rate (beats/min)
Saline pumps -9±9 -18±5 93±12 103±8
NEpumps -10±6 -18±5 90±9 59±7*

* Different from the values before pumps: * P < 0.05.
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Table IV. Effects of NE(0.4 ug/kg/min) and ISO (0.4 Ag/kg/min) Intact Dogs with Either Saline or NEPumps (Ganglionic Blockade)

Change from baseline before and after pumps

NE ISO

Before pump After pump Before pump After pump

Left ventricular pressure (mmHg)
Saline pumps 54±12 70±15 48±10 71±19
NEpumps 40±6 18±4* 45±6 33±7

Left ventricular dP/dt (mmHg/s)
Saline pumps 4,300±978 3,974±411 7,746±1096 6,719±596
NEpumps 3,656±468 1,459±200* 7,631±749 4,293±662*

Mean arterial pressure (mmHg)
Saline pumps 32±10 24±7 1±1 0±1
NEpumps 25±5 10±5* 1±1 -1±0

Heart rate (beats/min)
Saline pumps 24±8 26±4 104±7 122±10
NEpumps 24±4 15±2 105±7 84±10*

*4 Different from the values before pumps: * P < 0.01, t P < 0.05.

of ganglionic blockade and were still reduced (P < 0.05) in
response to ISO in the presence of ganglionic blockade.

In three dogs with NEpumps, the effects of NEwere exam-
ined with heart rate held constant and in the presence and
absence of atropine. With heart rate constant, NE (0.4 ug/kg/
min) increased LV dP/dt by 1,637±239 mmHg/s before NE
pumps and by a similar amount (1,603±136 mmHg/s) after
NE pumps. However, in the presence of atropine but in the
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Figure 1. The effects of acute challenges to NE (0.1, 0.2, 0.4, 0.8
ug/kg/min) in the absence (left) and in the presence (right) of gangli-
onic blockade on the measurement of LV dP/dt, are shown before
(open circles) and after (open triangles) chronic elevation of plasma
NE levels in conscious dogs with intact cardiac nerves. No functional
desensitization to NEchallenges was observed without blockade;
functional desensitization to NE, i.e., depressed responses of LV
dP/dt, was observed in the presence of ganglionic blockade. Using re-

gression analysis there were no differences between responses before
and after NEpumps in the absence of ganglionic blockade, but there
was a significant difference (P < 0.01) between response to NE in the
dogs before and after NEpumps with the presence of ganglionic
blockade. Only three dogs in this group were examined at the dose of
0.8 gg/kg/min (dotted line).

absence of ganglionic blockade, NE(0.4 gg/kg/min) increased
LV dP/dt by a lesser amount (P < 0.05, 2,218±498 mmHg/s)
after NE pumps as compared with the responses before NE
pumps (4,360±771 mmHg/s). Thus, desensitization to NEwas
not observed while simply holding heart rate constant, but was
demonstrated clearly in the presence of muscarinic blockade
with atropine. In these dogs similar amounts of desensitization
to NE were observed in the presence of ganglionic blockade
with atropine, either in the presence or absence of ventricular
pacing. In these same three dogs, the effects of ISO challenges
were also examined. With heart rate constant, ISO (0.4 jg/kg/
min) increased LV dP/dt by a lesser amount (P < 0.05) after
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Figure 2. The effects of acute challenges to ISO (0.1, 0.2, 0.4 jg/kg/
min) on the measurement of LV dP/dt, without blockade are shown
in the absence (left) and presence (right) of ganglionic blockade be-
fore (open circles) and after (open triangles) the chronic elevation of
plasma NE levels in conscious dogs with intact cardiac nerves. Func-
tional desensitization to ISO, i.e., depressed responses of LV dP/dt,
was observed both in the absence and presence of ganglionic block-
ade. Using regression analysis, there was a significant difference (P
< 0.01) between responses before and after pumps both in the ab-
sence and presence of ganglionic blockade.
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Table V. Effects of NE(0.4 ug/kg/min) on Cardiac Denervated
Dogs with Either Saline or NEPumps (No Blockade)

Change from baseline before
and after pumps

Before pump After pump

Left ventricular pressure (mmHg)
Saline pumps 101±7 101±6
NEpumps 133±12 67±6*

Left ventricular dP/dt (mmHg/s)
Saline pumps 8,605±1,089 7,989±1,361
NEpumps 9,901±1,404 2,690±306*

Mean arterial pressure (mmHg)
Saline pumps 75±8 77±5
NEpumps 84±10 75±7

Heart rate (beats/min)
Saline pumps 69±16 71±13
NEpumps 116±16 36±2*

* Different from the value before pumps, P < 0.01.

NEpumps (2,036±397 mmHg/s) as compared with increases
before NEpumps (5,361±1,080 mmHg/s). In the presence of
atropine, but in the absence of ganglionic blockade, ISO (0.4
;tg/kg/min) increased LV dP/dt by a lesser amount (P < 0.05)
after NE pumps (3,283±385 mmHg/s) as compared with in-
creases before NE pumps (6,186±665 mmHg/s). Similar re-
sults were observed in the animals with heart rate held con-
stant. Thus, similar amounts of desensitization were observed
whether or not heart rate was held constant and both in the
presence and absence of atropine.

Effects of NE, before and after saline pumps in cardiac
denervated conscious dogs without ganglionic blockade (n = 9).
There were no significant differences either in baseline values

16000-

0~o

E
E 8000.

a..
10

-J

NOBLOCKADE
0-0 BEFORENE PUMPS
A-A AFTER NE PUMPS

o1~A
,-1. 1I

&~ -A

0.1 0.2 0.4 0.8

NOREPINEPHRINE(g/kg/min)

Figure 3. The effects of acute challenges to NE (0.1, 0.2, 0.4, 0.8
,ug/kg/min) on the measurement of LV dP/dt, in the absence of gan-
glionic blockade, are shown before (open circles) and after (open tri-
angles) chronic elevation of plasma NE levels in conscious dogs with
cardiac denervation. Functional desensitization to NE, i.e., depressed
response of LV dP/dt, was observed in the absence of ganglionic
blockade. Only four dogs in this group were examined at the dose of
0.8 1sg/kg/min (dotted lines). Using regression analysis, there was a
significant difference (P < 0.01) between responses before and after
pumps.
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Figure 4. The effect of acute challenges to NE (0.1, 0.2, 0.4, 0.8
Ag/kg/min) on the measurement of LV dP/dt, in the absence of gan-
glionic blockade are shown before (open circles) and after (open tri-
angles) chronic elevation of plasma NE levels in conscious dogs with
arterial baroreceptor denervation. Functional desensitization to NE,
i.e., depressed responses of LV dP/dt, was observed in the absence of
ganglionic blockade. Using regression analysis, there was a significant
difference (P < 0.02) between responses before and after pumps.

or in responses to the acute challenges to NE, before and after
implantation of saline pumps (Table V). However, responses
of LV dP/dt to NEwere greater than observed in intact dogs,
reflecting denervation supersensitivity (25).

Effects of NEbefore and after NEpumps in cardiac dener-
vated conscious dogs without ganglionic blockade (n = 7). Dose
responses to NEare shown in the dogs with NEpumps in Fig.
3. The changes from baseline for one dose of NE, before and
after implantation of NEpumps are shown in Table V. In dogs
with NEpumps, responses of LV dP/dt to acute challenges to
NE were significantly depressed (P < 0.01) after the chronic
infusion of NE (Table V, Fig. 3). Heart rate responses to NE
were also significantly reduced in these dogs.

Effects of NE before and after NEpumps in baroreceptor
denervated conscious dogs without ganglionic blockade (n = 5).
Dose responses to NEare shown in the dogs with NEpumps in
Fig. 4. The changes from baseline for one dose of NE before
and after implantation of NEpumps are shown in Table VI. In
dogs with NE pumps, responses of LV dP/dt to acute chal-
lenges to NEwere depressed after the chronic infusion of NE
(P < 0.05; Table VI, Fig. 4). Responses of heart rate to NEalso
tended to be reduced in these dogs after chronic infusion
of NE.

Table VI. Effects of NE(0.4 ,ug/kg/min) on Arterial Baroreceptor
Denervated Dogs with Norepinephrine Pumps

Change from baseline before
and after pumps

Before pump After pump

Left ventricular pressure (mmHg) 99±13 81±13
Left ventricular dP/dt (mmHg/s) 3,732±896 1,725±408*
Mean arterial pressure (mmHg) 89±3 70±12
Heart rate (beats/min) 25±14 1±7

* Different from the value before pumps, P < 0.05.
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Discussion

It is generally accepted that chronic catecholamine administra-
tion results in catecholamine desensitization (30). Broad sup-
port for this concept can be found in the baseline hemody-
namic data from all groups of animals studied, regardless of
whether experiments were conducted in intact dogs or dogs
with arterial baroreceptor denervation or cardiac denervation.
While baseline values of LV dP/dt were generally modestly
increased, mean arterial pressure was not different from base-
line, even in the animals with chronic arterial baroreceptor
denervation. Thus, prolonged exposure to 20-fold elevations
in plasma levels of NE, which would acutely increase LV dP/dt
and arterial pressure markedly, do not result in persistent hy-
pertension and only elicit modest elevation in LV dP/dt.

One might predict that normalization of arterial pressure
in the presence of chronically elevated NE levels might be
mediated by arterial baroreceptor or cardiac reflexes. Surpris-
ingly, the results of the present investigation do not support
this hypothesis, since arterial pressure was normalized equally
well in animals with chronic arterial baroreceptor denervation
or chronic cardiac denervation. Thus reflexes are not primarily
responsible for normalization of arterial pressure with chronic
NEexposure. Rather, other mechanisms, e.g., desensitization,
must be involved.

The major goal of the current investigation was to deter-
mine if acute challenges of sympathomimetic amines in the
presence of chronically elevated levels of NE resulted in re-
duced inotropic and chronotropic responsiveness, i.e., func-
tional desensitization. Prior studies examining the effects of
desensitization to catecholamines have been conducted, pri-
marily in vitro (14, 18, 19, 23) or in acutely prepared anesthe-
tized preparations (15-17, 20, 21) where neural control mech-
anisms are blunted, if not absent. The underlying hypothesis of
the present investigation was that neural mechanisms modify
importantly the manner in which catecholamine desensitiza-
tion is expressed primarily to the neurotransmitter NE. In the
current experiments in which chronically elevated levels of NE
were examined for 1 mo in conscious animals, desensitization
of inotropic and chronotropic responses to the specific j3-
adrenergic agonist ISO was observed. However, surprisingly,
there was no desensitization of either inotropy or chronotropy
to the neurotransmitter NE in conscious animals with all re-
flexes intact. There are several important differences that have
to be kept in mind between NEon the one hand, and ISO, a
synthetic sympathomimetic amine, on the other. ISO is not
taken up by cardiac nerves and also stimulates only ,B-adren-
ergic receptors, whereas NE, the sympathetic neurotransmit-
ter, is taken up by the cardiac nerves and stimulates both
a- and (3-adrenergic receptors. Furthermore, because of pe-
ripheral a-adrenergic receptor stimulation associated with NE,
arterial pressure rises and elicits arterial baroreceptor reflex
buffering, thereby attenuating direct effects of NEon the heart
(26). Conversely, ISO unloads arterial baroreflexes, which re-
sults in amplification of the inotropic and chronotropic re-
sponses.

One of the major hypotheses of the current investigation
was that reflex mechanisms prevent the expression of func-
tional desensitization to NE in these chronic animals. To test
that hypothesis, we examined the effects of chronically ele-
vated NEin animals in the presence and absence of ganglionic
blockade. After ganglionic blockade, clearcut desensitization

to NEwas demonstrated. Weinduced two other maneuvers to
eliminate the neuronal and reflex effects on the heart; one
involved chronic cardiac denervation and the other involved
arterial baroreceptor denervation, leaving the cardiac nerves
intact. By either mechanism, the former where supersensi-
tivity occurs, and the latter where supersensitivity is not
present, clearcut desensitization to NE was observed even in
the absence of autonomic blockade. These experiments all
suggest that under conditions of chronic NE exposure that
reflex mechanisms and cardiac nerves, utilizing reuptake
mechanisms, mask the expression of desensitization to an
acute NE challenge. While a prior study noted weak or
absent desensitization to NE in the presence of chronic
NE exposure, the mechanism for this unexpected finding was
not examined (21).

In the current experiments it was more difficult to demon-
strate desensitization of responses to heart rate than to LV
dP/dt, i.e., an index of LV inotropy. However, again in intact
dogs with NE pumps after ganglionic blockade or in cardiac
denervated dogs, or in arterial baroreceptor denervated dogs,
desensitization of heart rate responses was also observed. Since
major differences in heart rate response were not observed in
response to NE challenges before and after chronic NEexpo-
sure, it was felt unlikely that changes in heart rate could ac-
count for differences in inotropic responses to NE and ISO
challenges in the dogs with chronic NEexposure. However, to
address this possibility directly, challenges to NEand ISO were
examined in three animals with heart rate held constant. The
data were similar in these experiments as compared with the
remaining experiments where heart rate was allowed to vary.
Thus, heart rate, per se, was not responsible for the findings.
On the other hand, parasympathetic blockade with atropine
induced markedly different effects. Under these conditions
expression of desensitization to NE challenges was observed
readily, as occurred in the presence of ganglionic blockade and
arterial baroreceptor denervation, further pointing out the im-
portance of reflexes in mediating functional expression of de-
sensitization to NE, but not to ISO.

These data taken together raise an intriguing hypothesis,
i.e., that chronic NE desensitizes (or resets) the sympathetic
component of the arterial baroreceptor reflex as well as post-
junctional ,3-adrenergic receptor pathways. Thus, the failure to
observe desensitization to NE in intact, conscious dogs with
chronically elevated NE levels could be explained by alter-
ations in the arterial baroreflex. The initial inotropic response
to an acute NE challenge is the result of the direct positive
inotropic effects minus the reflex negative inotropic and
chronotropic effects. Conceivably, after chronic exposure to
NE the baroreflex-mediated negative inotropic effects me-
diated through the sympathetic nervous system were less po-
tent, thereby leaving the direct positive inotropic effects of NE
unopposed. The mechanism for this might involve resetting at
the receptor in the central nervous system or peripherally. In
support of this concept, note that the absolute increases in LV
dP/dt induced by acute NE challenges were similar after NE
pumps in intact dogs with or without ganglionic blockade and
also in the group of dogs with arterial baroreceptor denerva-
tion. Only the increases in LV dP/dt induced by acute NE
challenges were greater before NE pumps in intact dogs with
ganglionic blockade and arterial baroreceptor denervation.
Thus, it was a reduction in response from a higher level before
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NEpumps to the same level observed in intact dogs without
blockade that allowed for expression of desensitization to
acute NE challenge in the dogs with reflexes blocked. The
experiments with acute ISO challenge further support this
concept. With ISO the converse situation appears, i.e., the
inotropic response is the sum of the direct ,3-adrenergic effects
and the reflex inotropic responses. After chronic NE pumps
the desensitization to an acute ISO challenge was actually
more apparent in the absence of ganglionic blockade as com-
pared with results in the presence of ganglionic blockade, just
the converse of what was observed with acute NE challenges.

Another important difference between NEand ISO is that
NE is an a- as well as ,3-adrenergic receptor agonist. The cur-
rent study was not designed to assess peripheral vascular a-
adrenergic receptor desensitization. However, in so far as the
rise in mean arterial pressure reflects in a rough manner pe-
ripheral vasoconstrictor activity of NE, it is interesting to note
that the pressor response to NEwas only significantly desensi-
tized after reflex effects were eliminated in the presence of
ganglionic blockade.

Because of the chronic nature of the experiments, inactive
metabolites of NEcould have been produced in the implanted
pumps, which might affect the measurement of plasma levels
of NE. However, an excellent agreement has been reported
between the radioenzymatic method and high-performance
liquid chromatography, which measures NE specifically (31).
In a previous, similar study (32) plasma levels of catechol-
amine were measured with high performance liquid chroma-
tography as well as by the radioenzymatic method, and the
plasma levels of NEwere demonstrated to be similar to ours.

In addition to desensitization, chronic exposure to NE(33)
has been shown to induce cardiac hypertrophy, and at very
large doses to induce myocardial necrosis and reparative fi-
brosis (17, 34). While we observed increases in LV/body
weight ratios in dogs with NEpumps, the increases were not
significant. However, the dogs with cardiac denervation and
the dogs with arterial baroreceptor denervation and NEpumps
exhibited mild cardiac hypertrophy. In this connection, a re-
cent study by Brush et al. (35) postulated that altered reuptake
of NE, a phenomenon intrinsic to the cardiac denervation
model, may be the cause of hypertrophy in patients with hy-
pertrophic cardiomyopathy. Gross examination of the hearts
in the present study failed to reveal necrosis or fibrosis. In
other studies using similar models, histologic examination also
failed to reveal significant fibrosis (36).

A recent study from this laboratory demonstrated that the
biochemical mechanisms involved in desensitization were
complex. They did not simply involve downregulation of s-
adrenergic receptor density but rather involved uncoupling of
the jl-adrenergic receptor and decreased activity of the stimula-
tory guanine nucleotide regulatory protein, G, (37). The pres-
ent investigation suggests that the mechanisms are even more
complicated than previously thought in that the presence or
absence of cardiac and/or arterial baroreceptor nerves plays a
major role in allowing the expression of functional desensiti-
zation to NE, but not to ISO. It is interesting to speculate that
these data may be extrapolated to the state of chronic heart
failure, which is often characterized by desensitization to cate-
cholamines (1, 5, 6, 9). While one difference between some
clinical states of heart failure and the current experiments is
the concomitant increase in circulating levels of epinephrine,

as well as norepinephrine, it is also important to note that
heart failure is marked by elements of cardiac denervation, at
least in terms of catecholamine depletion (2, 38), and also by
impaired arterial baroreflex control (39, 40). Thus, impaired
neural control of the heart by cardiac nerves and arterial baro-
reflexes may be critical in the functional expression of cate-
cholamine desensitization in heart failure.
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