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ABsTrAacT The effects of bilateral carotid artery
occlusion (BCO) and carotid sinus nerve stimulation
(CSNS) on left ventricular (LV) pressure (P), di-
ameter (D), velocity of contraction (V), rate of
change of pressure (dP/dt), and cardiac output were
studied in conscious dogs instrumented with ultrasonic
diameter gauges, miniature pressure gauges, and aortic
electromagnetic flow transducers. The effects of BCO
and CSNS were also studied after autonomic blockade
and were compared to similar alterations in pressure
produced by norepinephrine, methoxamine, and nitro-
glycerin. When heart rate was maintained constant
with atrial stimulation, BCO had little effect on ven-
tricular contractility, increasing isolength systolic pres-
sure (LV Piso) by 369 while isolength velocity of
myocardial shortening (Viso) decreased by 129, and
(dP/dt) /P fell by 89,. These effects could be explained
largely by vasoconstriction, since elevating systolic pres-
sure with methoxamine produced similar results, while
norepinephrine increased Viso by 369 and (dP/dt)/P
by 56%. CSNS produced directionally opposite results
from BCO; it decreased Piso by 159%, Viso increased by
119, while (dP/dt)/P remained almost constant. These
effects may be explained largely by vasodilatation since
reducing systolic pressure to the same level with nitro-
glycerin produced similar results. When peripheral
vasoconstriction was minimized by phenoxybenzamine
pretreatment, BCO produced a slight positive inotropic
effect (Piso increased by 89, Vi by 49, and (dp/
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dt)/P by 109,), while CSNS produced a slight nega-
tive inotropic effect (Piso decreased by 3%, Viso de-
creased by 59, and (dP/dt)/P by 7%).

Thus, in the normal, healthy, conscious dog, the caro-
tid sinuses exert relatively little control of the ino-
tropic state of the left ventricle; moreover, this small
inotropic action is masked by the more powerful effects
on peripheral resistance.

INTRODUCTION

The baroreceptors, and the carotid sinus reflex in par-
ticular, are thought to exert considerable control over
the myocardial contractile state (1-8); an increase in
carotid sinus pressure is thought to reduce contractility
reflexly, while carotid sinus hypotension produces the
opposite effect. Although an important role for carotid
sinus control of contractility has been found by most
investigators (1-8), some studies have suggested that
this may not be the case (9, 10). Previous investigations
of this important subject have been conducted in anes-
thetized animals with open chests (1-10). However,
there is little information regarding the carotid sinus
control of the myocardial contractile state in the intact
conscious animal, in which all circulatory control mecha-
nisms are intact. We have previously observed that gen-
eral anesthesia radically alters the coronary, peripheral
vascular, and chronotrophic responses to carotid sinus
nerve stimulation (CSNS)* (11), and have also dem-
onstrated that it substantially depresses the myocardial
contractile state, resulting in an augmented response to

t Abbreviations used in this paper: BCO, bilateral carotid
artery occlusion; CSNS, carotid sinus nerve stimulation ;
D, diameter; dD/dt, rate of change of diameter; dP/dt,
rate of change of pressure; LV, left ventricular; Py, iso-
length systolic pressure; V, velocity of contraction; Vi,
isolength velocity of myocardial shortening.
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such inotropic agents as cardiac glycosides (12). Thus,
it is possible that surgical trauma, the open chest, and
the administration of anesthestic agents, which alter
the central nervous system’s regulation of circulatory
responses and depress the myocardial contractile state,
may also modify the extent of carotid sinus regulation
of cardiac contractility.

Accordingly, the present investigation was conducted
in normal, healthy, conscious dogs instrumented for the
continuous measurement of left ventricular (LV) pres-
sure, dimensions, rate of change of pressure (dP/dt),
velocity of myocardial shortening, and cardiac output.
The goal of this study was to characterize the extent
of carotid sinus reflex regulation of the myocardial con-
tractile state in the normal, conscious animal. The
effects of bilateral carotid artery occlusion (BCO) and
bilateral CSNS were studied when heart rate was
allowed to vary or was controlled, after autonomic
blockade, and after the effects of carotid hypotension or
nerve stimulation on peripheral resistance were mini-
mized by the prior administration of phenoxybenzamine.
Finally, the carotid sinus—induced effects on the LV
contractile state were compared with those of pharma-
cologic agents which elevated or reduced systemic ar-
terial pressure to similar levels as occurred with caro-
tid occlusion and CSNS.

METHODS

10 mongrel dogs, weighing between 17 and 27 kg were anes-
thetized with Na pentobarbital, 30 mg/kg. Through a
thoracotomy in the fifth left intercostal space, miniature
pressure gauges? were implanted within the left ventricle
through a stab wound in the apex; opposing ultrasonic di-
ameter transducers® were sutured to the epicardium of the
anterior and posterior walls of the left ventricle and stimu-
lator electrodes were sutured to the left atrium (10 dogs).
Electromagnetic flow probes were placed around the aortic
root (five dogs). Hydraulic cuff occluders were placed
around both common carotid arteries (seven dogs) and
were tested at operation to determine the volume of fluid
necessary to inflate the cuffs sufficiently to occlude the
vessel. Stimulating electrodes * were implanted on the carotid
sinus nerves (six dogs).

The LV pressure gauges (13), were calibrated in vivo
against a calibrated Statham P23 Db strain gauge manome-
ter® At autopsy their position within the ventricular cavity
was confirmed. A Medtronic pacemaker * was used for elec-
trical stimulation of the atrium. Aortic blood flow was mea-
sured with an electromagnetic flowmeter (Statham SP 2300).°
An improved ultrasonic transit time dimension gauge was
used to measure LV diameter;® its principle of operation is
similar to that of other ultrasonic gauges described pre-

2 Konigsberg P22, Konigsberg Instruments, Pasadena,
Calif.

3 Construction details available from authors.

* Medtronic, Inc., Minneapolis, Minn.

5 Statham Instruments, Los Angeles, Calif.

¢ Circuit diagrams available from authors.
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viously (14-16). This instrument measures the transit time
of acoustic impulses traveling at the sonic velocity of ap-
proximately 1.5 X 10® mm/sec between the 5 MHz piezo-
electric crystals sutured to the LV epicardium at opposing
sites. It was calibrated by substituting signals of known
time duration from a pulse generator which was referenced
to a quartz crystal controlled oscillator frequency. A volt-
age proportional to transit time was recorded and calibrated
in terms of crystal separation. In this manner a measure of
the external diameter was continuously recorded. At a con-
stant temperature the drift of the instrument is less than
0.15 mm/hr, and its frequency response is 0-60 Hz.

The experiments were conducted 2 wk to 2 months post-
operatively, when the dogs had recovered from operation and
were again vigorous and healthy and the discomforting side
effects of carotid occlusion sinus nerve stimulation, i.e. local
somatic irritations, were minimal. While the degs were rest-
ing quietly, control records of LV pressure (P), diameter
(D), the time rate of change of diameter (dD/dt), ie. the
velocity of myocardial shortening (V), dP/dt, cardiac out-
put, and heart rate were obtained. These variables were
continuously recorded during all interventions.

The common carotid arteries were occluded for 30-60-sec
periods by inflating the hydraulic cuffs. The experiment was
excluded from analysis if the dog moved or showed any
awareness of the occlusion. Terminally, the pressure in the
carotid artery distal to the occlusion was sampled with a
catheter and measured with a Statham P23 Db strain gauge
manometer® A 60 sec period of occlusion produced a sus-
tained decrease in mean and phasic carotid artery pressures
distal to the cuff. Mean arterial pressure distal to the carotid
cuffs was decreased by an average of 38 mm Hg during the
steady-state pressor response. Bilateral CSNS was carried
out with a device having a 0.3 msec pulse, and a rectangular
wave form, and a repetition rate of 50 pulses/sec. (17). The
amplitude was adjusted to between 2.5 and 5.0 v for each
dog at the beginning of the experimental day and was then
held constant. The strength of stimulus was the highest that
could be delivered without the dog presenting any evidence
of being aware of stimulation.

The effects of carotid occlusion and CSNS were studied
after carotid sinus nerve section; in the animals with stimu-
lating electrodes the carotid sinus nerves were sectioned
cephalad to the electrodes. After carotid sinus denervation
neither occlusion nor stimulation produced any hemodynamic
alteration.

The effects of carotid occlusion and of CSNS were also
observed after beta adrenergic blockade with propranolol,”
10 mg/kg, cholinergic blockade with atropine, 0.1-0.2
mg/kg, and alpha adrenergic blockade with phenoxybenz-
amine?® 10.0 mg/kg. Atrial stimulation was employed to
maintain heart rate constant during carotid occlusion, while
heart rate spontaneously returned to control during CSNS.
ILv. norepinephrine, 0.5-1.5 ug/kg, and methoxamine, 40-300
ug/kg, were used to elevate LV pressure to levels identical
to those resulting from carotid occlusion, and the effects of
elevating pressure by each of these two agents were com-
pared with those produced by carotid occlusion. The dosage
of these two drugs necessary to elevate pressure to the levels
achieved during carotid occlusion varied among animals.
The effects of the same dosages of these drugs were also
examined after phenoxybenzamine. In addition, the dose of

7 Supplied by Ayerst Laboratories, New York, N. Y.
8 Supplied by Smith Kline & French Laboratories, Phila-
delphia, Pa.
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Figure 1 The average (*sem) percentage changes in a variety of
circulatory measurements during the peak steady-state response to
bilateral carotid artery occlusion. Changes in the control state are
compared for seven dogs both when there was sinus rhythm, i.e. when
heart rate was allowed to vary (left panel), and when heart rate was
maintained constant with atrial stimulation; in five dogs after beta
receptor blockade with propranolol and with heart rate constant (mid-
dle panel); and in six dogs after alpha receptor blockade with phe-
noxybenzamine and with heart rate constant (right panel).

norepinephrine which produced an inotropic response of
comparable magnitude as that which occurred with carotid
occlusion after alpha receptor blockade was determined.
Nitroglycerin, 10-40 ug/kg, was used to reduce LV systolic
pressure to the same level obtained with CSNS and the
effects on LV dynamics of these two methods of lowering
arterial pressure were determined.

Data were recorded on a multichannel tape recorder and
played back on a direct writing oscillograph at a paper
speed of 100 mm/sec. The results of three periods of carotid
occlusion and CSNS were averaged for each animal. A
cardiotachometer triggered by the signal from the pressure
pulse provided instantaneous and continuous records of heart
rate. An electronic RC filter was used to derive mean aortic
blood flow, i.e., cardiac output. In addition the area of posi-
tive flow was integrated by planimetry to confirm stroke
volume. Continuous records of dP/dt and dD/dt were de-
rived from the LV pressure and diameter signals using
Philbrick ® operational amplifiers connected as differentiators.
A triangular wave signal with known slope (rate-of-change)
was substituted for pressure and diameter signals to cali-
brate directly the dP/dt and dD/dt channels.

The effects of carotid occlusion, CSNS, norepinephrine,
methoxamine, and nitroglycerin on myocardial force-velocity
relations were assessed by determining their effects on the
velocity of shortening and intraventricular pressure (P) at
an identical ventricular diameter (D) by the technique de-

® Teledyne Philbrick Co., Dedham, Mass.

scribed in detail previously (12, 18). When, at any given
instantaneous myocardial diameter or length (isolength
point), the velocity of shortening (Visotengen, i.€., Viso) in-
creases, while intraventricular pressure (Pisotengtn, i.€., Piso)
rises or remains constant, a shift in myocardial force-velocity
relations reflecting a positive inotropic effect is considered
to have occurred. All isolength points were obtained during
the first one-third of ejection. In addition, the effects on
peak dP/dt and the quotient of dP/dt and developed pres-
sure, P (left ventricular minus end-diastolic pressure), i.e.
(dP/dt) /P, were examined. The same level of pressure
which occurred during isometric contraction, before and
after each intervention, was used for this calculation and
dP/dt and P were determined at that level of pressure. This
technique for evaluating the myocardial contractile state has
been described in detail previously (12, 19, 20).

RESULTS
Bilateral carotid artery occlusion

Control. In seven dogs studied in the control state,
when heart rate was maintained constant, LV systolic
pressure rose from 122 *+4 to a steady-state level of
172 £6 mm Hg, which occurred an average of 23 %7
SEM sec after the onset of carotid occlusion. At this
time Piso had increased from an average of 120 +4 to
163 +5 mm Hg (Fig. 1, Table I) while LV end di-
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TABLE I
Effects of Carotid

Heart rate Pressure—peak systolic/systolict/end diastolic
. Carotid Carotid
Experiments Control occlusion* Control occlusion*
beats/min
Experiment 1
Spontaneous rhythm 84 90 109/106/6 144/140/80
Paced rhythm 100 100 111/109/6 143/138/8
Beta block, paced 100 100 111/109/7 145/139/10
Alpha block, paced 120 120 97/94/4 104/102/4
Experiment 2
Spontaneous rhythm 67 71 115/113/7 165/154/9
Paced rhythm 100 100 114/110/6 166/155/9
Beta block, paced 100 100 112/108/8 161/150/10
Alpha block, paced 100 100 106/101/5 116/113/5
Experiment 3
Spontaneous rhythm 61 69 131/128/8 184/178/10
Paced rhythm 100 100 136/134/5 182/176/8
Beta block, paced 100 100 134/131/7 181/173/10
Alpha block, paced 100 100 125/123/4 133/132/5
Experiment 4
Spontaneous rhythm 81 117 116/116/7 188/176/9
Paced rhythm 120 120 118/118/5 184/173/10
Beta block, paced 110 110 119/118/8 179/170/11
Alpha block, paced 124 124 111/108/4 120/118/4
Experiment 5
Spontaneous rhythm 89 124 135/129/17 193/181/9
Paced rhythm 124 124 124/123/4 173/173/9
Beta block, paced 120 120 130/124/7 189/182/11
Alpha block, paced 120 120 107/104/5 111/107/5
Experiment 6
Spontaneous rhythm 61 88 126/124/7 170/161/9
Paced rhythm 100 100 126/124/4 175/169/8
Alpha block, paced 100 100 108/106/4 118/117/4
Experiment 7
Spontaneous rhythm 78 94 124/121/6 161/153/7
Paced rhythm 120 120 128/124/4 165/158/17
Average +=SEM
Spontaneous rhythm 74 +4 95 +8 122 +4/120 +4/7 £1 172 £5/164 £5/9 =+1
Paced rhythm 109 109 122 +£4/120 £4/5 +1 169 £5/163 £5/9 =1
Beta block, paced 106 106 121 +£6/118 £6/7 +1 171 £9/163 £8/10 +1
Alpha block, paced 111 111 109 +3/106 +3/4 =1 117 +4/115 £4/5 =1

* Peak steady-state results.

1 Isolength.

astolic pressure had risen from 5 %1 to 9 =1 mm Hg.
End diastolic diameter increased slightly, by 0.8 *0.3
mm from a control of 63.4 £1.2 mm, while end sys-
tolic diameter increased by 0.6 =0.2 mm from a con-
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trol of 57.0 £0.8 mm. Viso decreased by 12 +29, from
a control of 60 *2 mm/sec, as did (dP/dt)/P by 8
+19, from a control of 44 2 sec™. Cardiac output
and stroke volume showed little change, but peak aortic



Occlusion

Peak dP/dt (dP/dt)/P Diameter—end diastolic/end systolic Velocity}
Carotid Carotid Carotid Carotid
Control occlusion* Control occlusion* Control occlusion* Control occlusion*
mm Hg/sec sec™t mm mm/sec
4070 3550 51 42 64.3/57.3 64.3/57.4 61 49
4020 3690 50 46 63.9/57.4 64.1/57.8 57 50
3540 2920 44 35 64.3/57.9 64.6/58.2 49 43
3800 3990 46 51 59.8/56.3 59.8/56.3 49 50
3940 3940 38 34 65.8/58.8 66.0/59.0 54 49
4260 4260 39 35 63.9/517.6 64.2/57.8 53 48
3540 3540 33 28 65.0/58.6 65.4/58.8 47 41
3770 4060 34 37 62.2/56.2 62.2/56.2 44 44
4410 4760 41 36 61.8/53.4 62.2/54.1 77 67
4760 4760 44 39 58.2/53.4 59.2/54.1 68 .62
3530 3530 32 27 61.4/55.6 62.4/56.3 62 50
3930 4400 36 40 56.9/52.0 56.9/52.0 62 62
3330 4070 40 38 64.0/58.7 64.2/59.0 58 46
3510 4280 42 40 60.8/55.6 61.3/55.9 58 47
2670 3150 23 21 63.4/517.6 63.7/51.9 44 35
3150 3710 38 45 60.0/55.8 60.0/55.4 47 52
4330 4970 42 42 64.8/57.8 65.0/58.8 63 50
4760 4760 39 37 62.6/56.6 65.0/58.6 58 50
3470 3890 33 27 64.0/58.2 66.9/59.2 54 41
3110 3450 30 33 61.1/57.6 61.2/57.8 44 49
3480 3650 44 44 68.6/60.1 68.6/60.3 68 58
3650 3480 46 42 67.0/59.3 67.3/59.6 68 63
3190 3190 40 40 66.5/59.3 66.5/59.3 65 65
3330 3500 42 40 68.2/59.0 68.2/59.5 53 49
3660 3660 46 41 67.4/59.0 68.0/59.8 59 49
3740 +410 4070 4460 44 32 40 +2 65.4 +.9/57.9 +£0.8 65.7 +.9/58.3 +0.8 62 +3 53 £3
4090 210 4130 +=190 44 +2 40 2 63.4 +£1.2/51.0 £0.8 64.2 +1.2/57.6 +0.8 60 32 53 £3
3380 100 3400 +140 33 2 28 +2 63.6 £.6/57.6 +£0.5 64.8 +.8/58.1 +0.5 51 &2 42 +2
3490 160 3800 160 37 &2 41 +2

61.1 +£1.3/56.2 +£1.0 61.1 £1.3/56.2 £1.0 52 +4 54 +4

flow velocity decreased by 16 +39, from a control of
12.7 liters/min (Fig. 2).
When heart rate was allowed to vary in these 7 dogs,

within the first 5 sec of carotid occlusion and during
the steady state of the maximal pressor effect, heart
rate had returned toward control but still remained

the maximal increase in heart rate generally occurred elevated by 22*79, above a control of 74 *+4 beats/
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Ficure 2 The average (*sEm) percentage change in car-
diac output, stroke volume, and peak aortic flow velocity to
carotid occlusion (BCO) both when heart rate was main-
tained constant (broken line) and when it was allowed to
vary (solid line) (left panel) and to carotid sinus nerve
stimulation (right panel).

min (Fig. 1, Table I). When heart rate was permitted
to rise, BCO increased Piso and decreased Viso and
(dP/dt) /P to levels which were comparable to those
noted when heart rate was maintained constant (Fig. 1,
Table I), but the increase in end diastolic diameter (0.2
*+0.1 mm) was less and while cardiac output again re-
mained constant, stroke volume decreased by 13 =29
(Figs. 2, 3). Thus, in the healthy, conscious dog when
heart rate was allowed to vary or was held constant,
BCO increased systolic pressure significantly but pro-
duced little detectable alteration in the contractile state.

Beta receptor blockade. In five dogs, propranolol,
1.0 mg/kg, caused slight increases in end diastolic pres-
sure and diameter and end systolic diameter and slight
decreases in Vi and (dP/dt)/P but did not signifi-
cantly affect LV systolic pressure or heart rate. In
this situation, with heart rate held constant by means
of atrial stimulation, BCO caused similar increases in
Pi:o, end diastolic and end systolic diameters and end
diastolic pressure (Fig. 1, Table I). The reductions in
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Ficure 3 A typical record of a response to BCO in one of the experimental
animals in the control state. The instantaneous record of L'V diameter, veloc-
ity, systolic pressure, diastolic pressure, dP/dt, aortic flow velocity, cardiac
output, and heart rate are shown at fast and slow paper speeds. In this case
heart rate was allowed to vary and only a slight tachycardia resulted from
BCO. The sinus arrhythmia is characteristic of the healthy, unsedated, con-

scious dog.
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Viso (Fig. 4) and (dP/dt)/P (Fig. 5), were similar to
those which were noted in the control state. Thus, beta
receptor blockade had little influence on the response
to BCO, indicating that beta receptor activation in the
myocardium is not an important feature of the re-
sponse to carotid occlusion.

Alpha adrenergic blockade. In six dogs, in order to
separate the effects of BCO on LV contractile function
from those associated with the induced change in sys-
temic arterial pressure, phenoxybenzamine was given.
This drug had a slight negative intotropic effect; it
lowered LV systolic and diastolic pressures and di-
ameters, Viso, and (dP/dt)/P. Under these circum-
stances, and with heart rate maintained constant, BCO
did not alter end diastolic pressure or diameter or end
systolic diameter, and Piso increased only slightly but
significantly (P <0.01), by 8 %19, from a postphen-
oxybenzamine control of 106 =3 mm Hg (Fig. 1, Table
I). In contrast to the results in the control state or after
beta receptor blockade, BCO now slightly increased
Vise by 4 29, (P <0.01) (Fig. 4) from a control of
52 +4 mm/sec and increased (dP/dt)/P by 1029,
(P<0.01), from a control of 37 +2 sec™ (Fig. 5).
Thus, when alpha blockade limited the changes in
peripheral resistance, BCO produced a minor increase
in the contractile state. However, this slight change
failed to increase contractility even to the level which
existed before phenoxybenzamine administration.

Cholinergic blockade. After atropine (0.1 mg/kg) in
three dogs with heart rate maintained constant, BCO
produced effects similar to those observed in the dogs
in the control state; Pio increased by 369 from an
average of 117 mm Hg, end diastolic diameter increased
by 0.9 mm, while Viso decreased by 149, from 58 mm/
sec and (dP/dt)/P decreased by 109, from an average
of 42 sec™. Thus, parasympathetic activation probably
played little role in the response to BCO.

Responses to methoxamine and norepinephrine (seven
dogs). Control levels before drug administration were
similar to those before BCO. In all seven dogs when
LV systolic pressure was raised with methoxamine to
the level attained during BCO, changes similar to those
which occurred during BCO were noted, i.e. Piso rose,
Viso decreased reciprocally (Fig. 4), while (dP/dt)/P
decreased slightly (Fig. 5). After phenoxybenzamine
a similar dose of methoxamine (average dose= 200
rg/kg) had only a negligible effect on Piso, and no de-
tectable effect on Vi, (Fig. 4). Thus, methoxamine,
a drug which does not exert a direct myocardial effect
and elevates arterial pressure by systemic vasoconstric-
tion, produced almost no detectable inotropic response,
an effect almost indistinguishable from that of carotid
occlusion.

In contrast to the responses to BCO and methox-
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Ficure 4 Average (*sEm) pressure-velocity relations for
the responses to BCO, norepinephrine, and methoxamine in
the control state shown in the left panel, and after phenoxy-
benzamire, shown in the right panel. The response to BCO
after beta receptor blockade is shown on the left but is
slightly below the other responses. All pressure and velocity
measurements in the same dog were made at a constant
length both during control and response, and the changes
thereafter reflect changes in the force-velocity relation (12,
18, 23).

amine, norepinephrine, an agent known to elevate ar-
terial pressure but also to stimulate myocardial con-
tractility through its action on beta adrenergic recep-
tors, in an average dose of 1.25 ug/kg, while exerting a
similar pressor action, substantially increased Viso by
36 5%, while raising Puso by 36 39, (Fig. 4) and
(dP/dt)/P by 56 +79% (Fig. 5). After phenoxybenz-
amine the same dose of norepinephrine increased Piso
by only 19 *49% but increased Vi by 81 99 and
(dP/dt)/P by 118 £129. Thus, norepinephrine in con-
trast to BCO and methoxamine produced a powerful
inotropic response. A much smaller dose of norepi-
nephrine, 0.01-0.02 ug/kg, after phenoxybenzamine,
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FIGURE 5 Average (=*sem) values for (dP/dt) /P, an
index of myocardial contractility (12, 19, 20) during control
and response to BCO, norepinephrine and methoxamine in
the control state (left panel), after alpha blockade (middle

papel), and the response to BCO after heta receptor blockade
(right panel).
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TasBLE 11
Effects of Carotid

Heart rate Pressure—peak systolic/systolict/end diastolic Peak dP/dt

Experiments Control CSNS* Control CSNS* Control CSNS
Experiment 1 et/ e i a5

Control state 89 87 119/116/6 121/99/5

4060 3320

Beta block 87 85 120/118/8 100/98/6 3460 3250

Alpha block 111 108 99/96/4 97/94 /4 3880 3700
Experiment 2

Control state 64 64 125/123/8 103/101/6 3850 3200

Beta block 61 61 125/123/10 104/102/8 3110 2940

Alpha block 106 101 115/113/5 110/108/5 3660 3420
Experiment 3

Control state 82 85 122/121/7 108/105/6 3700 3380

Beta block 76 75 123/119/8 107/104/6 3140 3010

Alpha block 116 114 116/114/5 112/111/5 3480 3380
Experiment 4

Control state 78 76 124/120/7 100/97/6 4240 4070

Beta block 76 74 122/118/8 99/96/8 3350 3120

Alpha block 112 109 112/112/5 109/109/5 3440 3160
Experiment 5

Control state 102 97 130/127/7 111/109/7 3740 3160

Alpha block 119 111 107/104/4 101/100/4 3270 2910
Experiment 6

Control state 86 84 119/115/8 107/104/7 3230 2980
Average +=SEM

Control state 84 £6 83 £6 123 +£3/120 £3/7 1 108 £2/105 £2/6 =1 3800 180 3350 =170

Beta block 75 £6 74 £6 123 £3/119 £3/9 1 103 £2/100 £2/7 £1 3270 £90 3100 240

Alpha block 113 £5 109 +5 110 £3/108 £3/5 =1 106 2/104 £2/5 +1 3550 +=100 3310 140

* Peak steady-state results.
t Isolength.

was found to produce an inotropic response equivalent
to the small one produced by BCO after alpha block-
ade, in terms of the force-velocity and (dP/dt)/P re-
lationships, the latter parameter rising by an average
of 12 =29,

Carotid sinus nerve stimulation

Control. In six dogs studied in the conscious state,
CSNS resulted in a prompt reduction in heart rate
which returned to control levels during the time of
maximal pressure reduction, i.e. 15-20 sec after the
onset of stimulation, as has been noted in detail previ-
ously (11, 21, 22). Peak LV systolic pressure declined
from 125 %4 to 108 =3 mm Hg. Piso decreased by an
average maximum of 15 +29, from a control of 120 =3
mm Hg (Fig. 6, Table II). End diastolic diameter de-
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creased slightly by 0.4 =1 mm from a control of 67.0
*+1.4 mm, and end systolic diameter remained essen-
tially unchanged. LV end diastolic pressure decreased
from 7 *1 mm Hg to 6 *1 mm Hg. Vi. increased
slightly, by 11 =29, from a control of 652 mm/sec
(Fig. 7), while (dP/dt)/P showed little change, 43
*1 to 42+1 sec™ (Fig. 8). The small reductions in
Piso, accompanied by reciprocal elevations in Viso and
little change in (dP/dt)/P, indicate that CSNS pro-
duced no significant change in the inotropic state. Car-
diac output and stroke volume remained essentially
constant, while peak aortic flow velocity increased by
8 =29, (Fig. 2). Thus, CSNS, like BCO, altered sys-
temic arterial resistance, and therefore LV systolic
pressure, but produced little detectable effect on con-
tractility.
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Sinus Nerve Stimulation

(dP/dt)/P Diameter—end diastolic/end systolic Velocity}
Control CSNS* Control CSNS* Control CSNs*
sec™1 mm mm/sec
46 45 72.2/63.9 71.9/63.9 64 67
40 40 73.4/64.9 73.0/64.7 55 61
43 40 69.3/64.3 69.3/64.3 64 61
42 40 62.0/56.4 61.2/55.6 57 62
38 38 63.0/58.2 62.4/517.0 52 . 59
39 36 59.8/55.9 59.8/55.9 47 46
44 44 67.5/59.2 67.2/59.2 74 84
39 38 67.8/59.5 67.5/59.2 65 74
41 40 65.9/59.2 65.9/59.2 60 58
49 48 68.6/60.2 68.4/60.2 62 69
32 32 69.2/60.9 69.0/60.7 49 58
33 30 65.4/59.8 65.3/59.1 52 48
40 37 65.5/59.5 65.2/59.5 63 69
35 31 62.2/59.0 62.3/59.1 51 47
38 38 66.4/58.3 66.2/58.2 68 75
43 +1 42 +1 67.0 1.4/59.6 +1.2 66.7 £1.5/59.4 +1.3 65 +2 72 +£3
37 +2 37 2 68.4 £1.7/60.9 +1.5 68.0 £2.2/60.4 +1.6 55 +2 63 +£3
38 +£2 35 £2 64.5 +1.6/59.6 +1.3 64.5 £1.6/59.5 +1.3 55 £3 52 +3

Beta receptor blockade. In four dogs after propra-
nolol, 1.0 mg/kg, CSNS produced similar changes in
ventricular diameter as in the control state. Also a
reduction in Piuo (average=—16+*19) was asso-
ciated with a similar increase in Vi, 14 19, while
(dP/dt)/P remained constant at 37 +2 sec™ (Figs.
6-8). Thus, the similarity of the results of CSNS be-
fore and after beta blockade indicates that withdrawal
of cardiac sympathetic tone does not contribute sig-
nificantly to the response to CSNS in the control state.

Alpha adrenergic blockade. In five dogs, after phen-
oxybenzamine (10.0 mg/kg), CSNS did not alter
ventricular diameter or reduce Piso. Under these condi-
tions, Viso fell slightly, by 5=*1¢9 from a control of
55+3 mm/sec, and (dP/dt)/P decreased by 7*19,

from a control of 38 +2 sec (Figs. 6, 8). These
changes are consistent with a slight depression of the
inotropic state. Thus, the relatively minor negative ino-
tropic effects of CSNS were only apparent after the
effects on peripheral resistance had been prevented by
alpha blockade.

Nitroglycerin. In order to determine the effects on
LV dynamics of the reduction of LV systolic pressure
which occurred with CSNS, nitroglycerin was adminis-
tered to six dogs. When LV systolic pressure decreased
to the same level that occurred with CSNS and with
heart rate maintained constant, Pie. fell by 15 %29,
Viso increased reciprocally by 14 *+3%, while (dP/
dt)/P remained essentially constant (Figs. 7, 8). Thus,
nitroglycerin, an agent which reduces arterial pressure
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FiGure 6 The average (*SEM) percentage changes of a
variety of measurements during the steady-state maximal
depressor response to CSNS. Changes are compared during
the control state in six dogs (left panel), after beta re-
ceptor blockade in four dogs (middle panel), and after
alpha blockade five dogs (right panel).

by lowering systemic resistance and which is practi-
cally devoid of inotropic action, produced a similar
response to that of CSNS.

Cholinergic blockade. After atropine, 0.2 mg/kg,
was administered to three dogs, CSNS produced simi-
lar results as in the control state; Piso decreased by
139, end diastolic diameter decreased by 0.2 mm, while
Viso increased by 99, and (dP/dt)/P remained essen-
tially constant. Thus, parasympathetically mediated ef-
fects did not contribute significantly to the response
to CSNS in the conscious dog.

Anesthesia and hemorrhage. In three dogs after
pentobarbital Na, 30 mg/kg, and with respiration con-
trolled, CSNS decreased Piso slightly less than in the
control state (129;) but in contrast to the conscious
state, Viso decreased slightly (5%) as did (dP/dt)/P
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Ficure 7 Average (=*sem) pressure-velocity relations for
the response to CSNS in the control state, to nitroglycerin
in the control state, and to CSNS after beta receptor
blockade.
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Ficure 8 Average (*seM) values for (dP/dt)/P before
and during CSNS and nitroglycerin in the control state
(left panel), the response to CSNS after alpha blockade
(middle panel), and the response to CSNS after beta re-
ceptor blockade (right panel).

30-

(15%) (Figs. 8, 9), indicating that in the anesthetized
state CSNS did depress contractility. After 500 cm® of
blood had been removed from each of the three anes-
thetized dogs, CSNS again reduced Pisoc by 10%, but
now decreased Viso (15%) and (dP/dt)/P (32%),
to a greater extent than in the anesthetized state before
blood loss (Figs. 8, 9).
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Ficure 9 The individual responses to CSNS of three dogs
represented by the separate symbols studied in the conscious
control state (left panel), after anesthesia with Na pento-
barbital (middle panel), and after anesthesia plus hemor-
rhage (right panel). The changes in force-velocity relations
are depicted in the upper graphs and changes in (dP/dt)/P
are shown in the lower graphs.
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DISCUSSION

The present investigation was conducted in intact un-
anesthetized dogs instrumented for direct and continu-
ous measurements to evaluate the force-velocity-length
and (dP/dt)/P relationships, which are currently ac-
cepted indicators of the myocardial contractile state
(12, 19, 20, 23). The classical studies of A. V. Hill
demonstrated that the inverse relationship between the
force generated and the velocity of shortening is an
important property of skeletal muscle (24). This rela-
tionship has subsequently been extended to the isolated
papillary muscle preparation (25, 26) and this tech-
nique has been further extended to studies in the intact
ventricle of anesthetized dogs (27, 28). It has also been
utilized to characterize the myocardial contractile state
in intact, unanesthetized man (18). Similarly, dP/dt
has been employed as an indicator of myocardial con-
tractility and the relationship between dP/dt and de-
veloped pressure (dP/dt)/P has recently been demon-
strated to be a more useful index since it is relatively
insentive to changes in preload and afterload (19, 20).
Both of these indices (force-velocity relation and (dP/
dt)/P) have been demonstrated to be useful in charac-
terizing inotropic effects in the conscious animal (12)
and accordingly were employed in this study to reflect
induced changes in the myocardial contractile state.
These indices are sensitive enough to reflect positive
inotropic changes when agents known to increase con-
tractility such as norepinephrine (Figs. 4, 5) and car-
diac glycosides are administered (12), and they reflect
well the negative inotropic effect produced by agents
known to depress the contractile state, i.e., propranolol
(Figs. 4, 5) (12) and pentobarbital anesthesia (Fig.
9) (12).

Previous studies conducted in open-chest anesthetized
animal preparations indicated that the regulation of
myocardial contractility is one of the important func-
tions of the carotid sinus reflex (1-8). In the present
investigation conducted in normal, healthy, conscious
dogs, the extent of control of the myocardial contractile
state by the carotid sinuses was determined to be rela-
tively minor. Bilateral common carotid artery occlusion
substantially increased LV pressure and produced a re-
ciprocal reduction in the velocity of LV shortening,
and in the peak aortic ejection velocity, but did not
alter (dP/dt)/P or cardiac output. This effect on the
force-velocity relationship and (dP/dt)/P appeared
similar to responses predicted from interventions which
primarily increase afterload without having direct ino-
tropic action (18, 19, 23, 28). Had carotid hypotension
produced the expected augmentation of contractility,
along with the rise in ventricular pressure, velocity of
shortening would also have risen, or at least would

have remained constant, while (dP/dt)/P would have
risen.

To test the hypothesis that carotid occlusion pro-
duces alterations primarily in peripheral resistance while
having little effect on the myocardial contracti{e state,
the response to this stimulus was compared with t'hat
produced by equal pressor responses of norepinephrine,
a drug that possesses both strong inotropic and vaso-
constrictor properties, and of methoxamine, a drug
that has virtually no inotropic action but raises pressure
almost entirely by increasing peripheral resistance.
Norepinephrine demonstrated classical iontropic proper-
ties; while increasing pressure to the same level as
attained by carotid occlusion, it substantially augmented
velocity (36%) and (dP/dt)/P (56%), i.e., the effect
anticipated had carotid occlusion resulted not only in
systemic vasoconstriction but improvement in myocar-
dial contractility as well. This finding demonstrates that
the technique employed in this study is clearly capable
of recognizing an improvement of the contractile state
in the conscious dog in the face of vasoconstriction. On
the other hand, methoxamine, a drug without inotropic
action, produced a response very similar to that of
carotid occlusion; the increase in pressure being ac-
companied by a reduction in velocity (Fig. 4) and of
little change in (dP/dt)/P (Fig. 5). Thus, the simi-
larity in responses to carotid occlusion and methoxa-
mine and the dissimilarity between the responses to
carotid occlusion and norepinephrine supports the hy-
pothesis that carotid sinus hypotension has little ino-
tropic effect in the conscious dog and that its main cir-
culatory action is to elevate systemic vascular resistance.

Further evidence for this concept was derived from
the results after beta receptor blockade. If the response
to carotid occlusion involves an increase in neural or
humoral sympathetic cardiac stimulation, then pro-
pranolol should block this effect and the response to
carotid hypotension after beta receptor blockade should
be substantially different from that in the unblocked
state in terms of the force-velocity relation and of
(dP/dt)/P. However, if the response to carotid occlu-
sion involves mainly alterations in peripheral dynamics,
then propanolol should have little effect on the response ;
the latter turned out to be the case.

To confirm the finding that carotid occlusion produces
only minor changes in the inotropic state, the extent of
the myocardial response to carotid occlusion was de-
termined when the peripheral vasoconstrictor effects
were minimal; the latter being prevented by the prior
administration of an alpha adrenergic receptor blocking
drug, phenoxybenzamine. In this situation carotid oc-
clusion produced only a slight elevation of LV systolic
pressure and a very slight increase in velocity and
(dP/dt)/P (10%). This small increase in contractility
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was far less than the strong inotropic response elicited
by norepinephrine either before or after alpha blockade
(Figs. 4, 5). As an additional comparison of inotropic
responses, the dose of norepinephrine was determined
which would produce a similar increase in contrac-
tility to carotid occlusion after phenoxybenzamine, It
was found to be only 0.01 to 0.02 ug/kg, approxi-
mately 19, of that required to raise systolic arterial
pressure by 30 to 40 mm Hg.

It has been suggested that carotid hypotension might
result in hypoxia of the central nervous system, which
could mask the effects of baroreceptor stimulation (9,
10). This possibility was tested in this study by ob-
serving the response to carotid occlusion in a conscious
dog after recovery from carotid sinus denervation. Be-
fore denervation this animal exhibited a typical pressor
response, but after section of the carotid sinus nerve,
BCO for periods up to 1 min resulted in no change in
LV pressure, velocity, (dP/dt)/P or heart rate. This
indicates that the carotid sinus hypotension produced by
carotid occlusion resulted in cardiovascular changes
mediated by the carotid sinus reflex and not through
cerebral ischemia.

We concluded from these observations that in the
conscious dog carotid sinus hypotension does not aug-
ment myocardial contractility substantially. However,
the possibility was considered that the reverse, i.e.
carotid sinus hypertension or its physiologic analogue,
electrical stimulation of the carotid sinus nerve, might
be able to reduce sympathetic neural or humoral stimu-
lation to the heart significantly and thereby to reduce
myocardial contractility. Accordingly, the second part
of this study was designed to test this possibility. CSNS
in the conscious dog produced opposite results from car-
otid occlusion; a reduction in LV pressure, and an in-
crease in velocity of shortening and peak aortic flow
occurred without a significant effect on (dP/dt)/P or
cardiac output. This response of the force-velocity re-
lationship, as in the case of carotid hypotension, ap-
peared to reflect primarily the alterations in peripheral
resistance that also must have occurred. To test this
hypothesis, nitroglycerin, a drug without inotropic
action, was administered to reduce LV pressure to the
same level as did CSNS. Like nerve stimulation, nitro-
glycerin, while decreasing pressure, also slightly in-
creased velocity (Fig. 7) and did not have a significant
effect on (dP/dt)/P (Fig. 8). Thus, it appeared in this
case as well that the effects on myocardial contractility
were only minor and were overshadowed by the more
powerful effects on peripheral resistance. Studies in the
presence of autonomic blocking agents were then con-
ducted. After beta receptor blockade, CSNS produced
reductions in pressure and increases in velocity similar
to those in the unblocked state, again indicating that
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withdrawal of resting myocardial sympathetic tone is
not an important mechanism in the response to CSNS.
When the peripheral response to CSNS was attenuated
by the prior administration of phenoxybenzamine, it
was apparent that CSNS caused only a reduction in
contractility, albeit a slight one. In this situation, LV
pressure, velocity, and (dP/dt)/P decreased minimally.
It could be argued that the techniques employed are
not sensitive to reductions in the level of the contractile
state. This does not appear to be the case since agents
known to depress myocardial contractility, such as pro-
pranolol or pentobarbital, did so in the present in-
vestigation (Figs. 5, 9) and in a previous study uti-
lizing similar techniques (12).

In order to reconcile the findings of the present in-
vestigation with those of earlier workers who reported
that CSNS or carotid sinus hypertension reflexly re-
duces myocardial contractility (1-8), the effects of
CSNS were also studied in the anesthetized state and
in the hypovolemic anesthetized state. Under these con-
ditions, which resemble those of the acute preparations
classically employed, the results were similar to those
observed by others, i.e. a reflex reduction of contrac-
tility occurred (Fig. 9), presumably because the resting
sympathetic tone to the heart had been augmented and
could be withdrawn by sinus nerve stimulation.

The discrepancy between the responses to CSNS in
the conscious and anesthetized, hypovolemic states may
have clinical relevance. CSNS does not substantially
decrease contractility in normal, healthy conscious dogs
which appear to have a low resting level of sympathetic
tone. However, in patients with cardiac disease this
resting level of sympathetic tone may be much greater
and the response to CSNS may involve a significant
reduction in myocardial contractility as occurred in
the anesthetized, hypovolemic dogs.

Additional evidence for the concept that the carotid
sinus mechanism is of little importance in the control
of the contractile state in the conscious dog can be
derived from examination of the results of aortic blood
flow. If the carotid sinus exerted a significant inotropic
effect on the heart, then increases in cardiac output,
stroke volume, and peak aortic flow velocity would be
expected with carotid occlusion and decreases in those
variables with CSNS. In point of fact, the reverse
actually occurred (Fig. 2) ; when heart rate was allowed
to vary, carotid occlusion resulted in decreases in stroke
volume and peak aortic flow, while CSNS produced the
opposite results (Fig. 2). In both cases cardiac output
did not vary significantly, a finding in the conscious
dog that we previously reported for CSNS (22) and
which was noted by Fronek for carotid occlusion (29).

While this study has found that the carotid sinuses
appear to exert little effect on the myocardial contrac-
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tile state in the conscious dog, it should not be inter-
preted to indicate that other receptors, such as those
in the aortic arch, the left ventricle, and “low pressure
receptors” in the atria, lungs, and great veins do not
exert such effects. Indeed, studies in our laboratory
(22) and by others (30) have shown that the aortic
baroreceptors play a more important role than the caro-
tid sinuses in the control of the chronotropic state of
the heart, and similar consideration may apply to the
inotropic state as well.

The technique of CSNS can be criticized: first, in
that the carotid sinus nerve is a mixed nerve and
chemoreceptor stimulation may result; and secondly,
that during the maximal depressor response after auto-
nomic blockade heart rate was slightly depressed. It is
unlikely that significant chemoreceptor effects occurred
since we have previously measured arterial blood gases
and found no significant change in Pos;, Pco., and pH
with CSNS (21). Furthermore, chemoreceptor stimu-
lation is considered to cause no change (31) or to de-
crease myocardial contractility (32), and therefore
could not have masked the observed response. The
slight bradycardia that occurred with CSNS after
alpha blockade should not significantly affect the results,
and furthermore, bradycardia is thought to diminish
myocardial contractility (33-35). Thus, bradycardia
or chemoreceptor stimulation would tend to intensify
any negative inotropic effects. Since only slight negative
inotropic effects could be elicited even after the changes
in peripheral resistance were minimized, it is unlikely
that either of these two influences introduced serious
error.

Another criticism to this technique has been the
question of the adequacy of coronary blood flow. We
have previously shown that coronary flow is main-
tained in the conscious dog during CSNS when pres-
sure declines and that a significant coronary vasodilata-
tion occurs (21). Feigl has found that coronary blood
flow increases with carotid occlusion (36) and this was
confirmed for the conscious dog in two experiments in
the present study. Thus, coronary blood flow is main-
tained in either of the experimental situations,

The finding in this study that CSNS does not in-
volve a substantial inotropic response mediated by the
sympathetic nervous system in conscious animals is in
accord with a previous work from this laboratory (11)
and that of Scher and Young (37) which showed the
chronotropic changes that occur with elevation of ar-
terial pressure (37) or with CSNS (11) to be medi-
ated primarily by an increase in vagal restraint and
to a much lesser extent by a reduction in sympathetic
tone. In the latter study when the animals were tested
after general anesthesia, the vagal component was mini-
mal and a profound sympathetic component appeared

(11). These findings that baroreceptor-induced cardiac
slowing is primarily parasympathetically mediated have
been extended to conscious man as well (38).

The previous studies demonstrating that the carotid
sinus reflex is an important regulator of myocardial
contractility have been conducted in anesthetized, open-
chest preparations (1-8). It is possible that recent
surgical manipulations and the administration of a
general anesthetic agent could alter the myocardial con-
tractile state, the level of resting cardiac autonomic
tone, and the central nervous system’s regulation of the
circulation response to the carotid sinus reflex. There
is increasing evidence that the central nervous system
does modulate the circulatory responses of the carotid
sinus reflex (39-43), and we have previously demon-
strated a profound difference in the response to CSNS
before and after general anesthesia (11). We have also
recently demonstrated the extent to which the myocar-
dial contractile state is depressed by an anesthetic agent
and how this can radically alter the response to an ino-
tropic agent, such as a cardiac glycoside (12). Thus, it
is probable that the carotid sinus reflex does play an
important role in the regulation of myocardial con-
tractility in anesthetized open-chest preparations, How-
ever, in the normal conscious animal the carotid sinus
reflex regulates the circulation primarily through alter-
ations in peripheral vascular resistance and produces
only minor changes in the myocardial contractile state.
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