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1968.—Twelve dogs that ran well on a motor-driven treadmill
were vagotomized and sympathectomized from T3-T; plus
L.—Ls and subjected to either unilateral adrenalectomy and
contralateral adrenal demedullation (SN-A) or denervation
of cranial mesenteric and common hepatic arteries (SN-MH).
After recovery, cardiac output determinations (direct Fick)
and continuous recording of mean aortic blood pressure, heart
rate, and oxygen consumption were made at rest and during
exercise at 7.5 km/hr—109, gradient. Heart rate increased
from 113 to 126 beats/min in the medulloadrenalectomized
dogs and from 98 to 147 beats/min in dogs with hepatomesen-
teric denervation. Mean blood pressure did not vary substan-
tially with exercise in either series of animals, averaging at
rest 89 mm Hg in dogs with adrenal medullectomy and 128
mm Hg in dogs with intact adrenals. The resting cardiac
index was similar in both groups (2.61 liters/min per m?) and
increased about 2009 during exercise in medulloadrenalec-
tomized animals as compared with 3309 in dogs with hepato-
mesenteric denervation. During exercise, energy cost was
essentially similar although peripheral resistance decreased
about 759%, in both groups.

autonomic denervation; exercise and hemodynamics; sym-
pathicoadrenal system during exercise; heart denervation and
exercise; autonomic control of circulation

IN PREVIOUS INVESTIGATIONS from this laboratory, it has
been shown that a marked limitation of several circula-
tory functions takes place in the exercising conscious
vagotomized dog with complete or extensive removal of
the sympathetic chains (2, 3). Thus, during muscular
work, the range of cardiac acceleration was restricted to
very narrow limits, a decrease in blood pressure also
being observed. However, when sympathetic ablation
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was made leaving the lower thoracic level intact (T7-Tis)
(in order to spare the innervation of the mesenteric
organs and adrenal glands) the hemodynamic response
was greatly improved being fairly similar to that of the
normal dog (1).

Substantial evidence exists that the sympathicoadrenal
system is involved in the circulatory response to several
stressing agents such as anesthesia, fright, emotional
factors, hypoxia, hypotension, and also muscular activity,
and plays a relevant role in maintaining a normal cardio-
vascular function. Also, circulating catecholamines can
influence both cardiac and smooth muscle fibers of the
resistance vascular bed, increasing heart rate and eliciting
constrictor effects (4, 9, 14, 17-19, 21, 25). Furthermore,
there are indications that during exercise, substances
released from the adrenal medulla can act at a distance
to stimulate cardiovascular effectors (4, 7, 20, 26). Never-
theless, such substances are reported to induce less
effective vascular responses than those determined by
direct sympathetic innervation of blood vessels (9).

In order to delineate the function of the two main
interacting factors at the splanchnic level which could
have played a role in the hemodynamic changes elicited
by exercise in the denervated dog, experiments were
conducted to evaluate the significance of the innervation
of the mesenteric vascular bed and of the adrenal medul-
lary hormones on the cardiovascular response to exercise.

METHODS

Experiments were carried out in 12 mongrel dogs of
either sex weighing 6~16.5 kg which were prepared and
studied as reported in earlier papers (1, 3).

All animals were carefully trained to perform standard
exercise on a motor-driven treadmill at 7.5 km/hr—10 %
gradient. Dogs were only chosen for surgery after having
performed at least ten 30-min trials of exercise, freely and
unleashed, over a period of several days.

They were then separated in two groups according to
to the following surgical program:

Group SN-A, medulloadrenalectomized (6 dogs). One-stage
removal of both thoracic sympathetic chains from T;-T',
with right thoracic vagotomy and bilateral lumbar sym-
pathectomy, was performed as previously described
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(1, 2). Surgery was completed with left adrenal medul-
lectomy. Seven days later the right adrenal gland was
removed and the left vagus nerve and left carotid artery
were explanted subcutaneously into a skin tube in the
neck. Postoperative care consisted of a single supporting
dose of 20 IU of ACTH, 3 mg of cortisone, and 1.5 mg
of Doca. Both water and saline were given ad lib.

Group SN-MH, hepatomesenteric denervation (6 dogs). In
these animals, removal of the thoracic (T;-T7) and
lumbar (L;-Lg) sympathetic chains and right vagotomy
were performed as above. Thereafter, denervation of the
cranial mesenteric artery was carried out by extirpation
of the cranial mesenteric ganglion and severance of the
branches that constitute the corresponding perivascular
plexus, which was also removed together with the aorti-
corenal and splanchnic ganglia. The common hepatic
artery was similarly denervated by removal of the
surrounding connective tissue containing the perivascular
nerve plexus. In this manner, the sympathetic nerve
supply to the abdominal organs (large intestine, proximal
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Fic. 1. Comparison of heart-rate values at rest and during the
last minute of exercise in dogs with chronic cardiopulmonary
denervation in which mesenteric innervation and the sympathico-
adrenal mechanism was left intact (SN, stippled area). Dogs after
adrenal demedullation: SN-A, horizontal dash; or after hepato-
mesenteric denervation: SN-MH, oblique dash. R: rest (recum-
bent), E: exercise. Values are means =+ SE.

colon, pancreas, duodenum, stomach, liver, gall bladder,
cystic duct, and spleen) was eliminated. The adrenal
glands were left intact and the carotid artery and left
vagus nerve prepared as above.

All animals were studied on the 17th day after the
first operation. Minor surgery in the neck under local
anesthesia (procaine 2 %) prepared the dog for blood
vessel cannulation and tracheal intubation. The left
vagus nerve was severed in the neck and wounds care-
fully sutured to prevent bleeding. A dose of 330
IU sodium heparin/kg body wt was given initially, and
thereafter 330 IU every hour.

Standard work consisted of a 10-min bout of exercise
every 50 min at 7.5 km/hr—10 % grade. Cardiac output
was determined by the direct Fick method at rest and
during the last 2 min of work. For this purpose,
a no. 8F radioopaque catheter was introduced into
either jugular vein and its tip placed in the main pul-
monary artery or in the right ventricle under pressure
control. A similar catheter was introduced into the left
carotid artery down to the aortic arch for pressure re-
cording and sampling for blood gas assay.

During rest determinations and exercise, dogs breathed
pure oxygen from a light bell spirometer connected by a
potentiometric circuit to the recording system.

Blood pressure was monitored by means of a Statham
model P23Gb pressure transducer. Heart rate per 10
sec was counted from the pressure tracings and instant
changes were also recorded with a tachometer. All
recordings were simultaneously obtained with a multi-
channel photorecorder model PR7, Electronics for Med-
icine. Blood gas determinations and other procedures
were as described previously (1, 3).

Statistical significance was evaluated with the Student
¢ test. Differences were considered significant if P < 0.05.

RESULTS

The present paper deals with the experimental results
obtained in two groups of dogs with cardiopulmonary
denervation in which either the adrenal medullary com-
ponent or the direct innervation to the mesenteric vas-
cular bed had been left intact. The observed hemo-
dynamic responses were compared with values obtained
in a group of previously studied animals in which cardio-
pulmonary denervation had been performed as above,

TABLE 1. Percent change of cardiovascular functions elicited by exercise

Mesenteric Innervation and Sympathicoadrenal System Condition

Intact (SN) Adrenal demedullation (SN-A) Hepatomesenteric denervation (SN-MH)

Rest , Exercise Increment Rest Exercise Increment Rest Exercise Increment
Heart rate 1406 179+9 -+28 11345 1265 +11 98+13 147415 +50
Cardiac index 4.441.3 | 11.6x1.6 +161 2.64+0.4 | 8.1+0.5 4207 2.640.3 | 11.0£1.1 +330
Stroke volume 205 3946 496 1442 3443 +146 941 265 +179
Mean blood pressure 10844 1315 —+21 8949 9546 +7 1283 12843 0
Total peripheral resistance 2.24+0.5 | 0.9+0.1 —61 2.2+0.4 | 0.7£0.1 —66 3.440.5| 0.740.1 —80

Tabulated values are arithmetic means =+ SE.
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TABLE 2. Summary of hemodynamic changes in medulloadrenalectomized series
(SN-A) of dogs at rest and during exercise at 7.5 km/hr—10 % grade

ASHKAR, STEVENS, AND HOUSSAY

. . . Mean Aortic | Total Peripheral
. iy [0:C tion, | A-V O. Diff, | Cardiac Index, |Stroke Volume, 2
Dog No., Wt, Surface Area Heart Rate/min |~° :’rﬁ?‘:ﬁg ion m?/llgi?elr E lit:g /!l:if_‘ ;erex,ilz mnfl /b%:tme Bloggn Pﬁegss, l}{{eglss;gl;clfynil‘ffgl
1, 11.5 kg, 0.60 m*
Recumbent 120 100 5.5 3.05 16 88 1.76
Exercise 140 302 9.3 5.70 24 118 1.22
2, 16.5 kg, 0.75 m?
Recumbent 120 186 15.7 1.58 10 78 2.95
Exercise 145 900 11.4 10.60 54 75 0.60
3, 11.5 kg, 0.58 m?
Recumbent 115 70 6.7 1.80 10 105 3.50
Exercise 125 590 12.9 8.00 35 130 0.98
Recumbent 115 110
Exercise 130 780 13.9 9.70 43 110 0.68
Recumbent 120 103
Exercise 125 620 11.9 9.00 42 105 0.70
4, 11.0 kg, 0.5¢ m?
Recumbent 150 115 10.0 2.00 8 65 1.95
Exercise 160 520 12.7 7.60 25 73 0.58
5, 9.5 kg, 0.53 m?
Recumbent 110 105 6. 3.30 16 99 1.80
Exercise 135 480 12. 7.50 29 84 0.67
Recumbent 120 105 4. 4.10 19 77 1.10
Exercise 137 520 12. 70 30 72 56
Receumbent 130 89
Exercise 135 320 8.3 7.20 35 73 0.61
6, 8.2 kg, 0.50 m?
Recumbent 100 160 8. 4.00 20 99 1.48
Exercise 100 400 12, 6.60 33 75 68
Recumbent 110 160 100
Exercise 120 320 8.9 7.20 30 90 0.75
1ok Effects on heart-rate response to exercise. Figure 1 shows
T =oor heart-rate values at rest and during the last minute of
_ler 8 [ exercise in all three series. In this and subsequent figures,
§ ok F40f the horizontal stippled area represents the resting and
2 g r exercise values of dogs which served as reference of both
‘:{ e 2 30t experimental groups (SN-A and SN-MH) which are
2 St depicted in separate paired columns.
g°r g 20k As Fig. 1 and Tables 1-3 indicate, adrenal medul-
T 4b A — lectomy restricted the degree of exercise tachycardia to
3 T = ® ok E= very narrow limits, but this was not the case when the
2 E | adrenal medullary component was spared as can be seen
TETE , o Eniei in the SN dogs and the animals in which hepato-
© SN-A SN-MH SN-A SN-MH mesenteric denervation was performed. Although the

F1G. 2. Comparison of cardiac index (left panel) and of stroke
volume (right panel) in the three considered groups. Symbols as
in Fig. 1.

but sparing the sympathicoadrenal mechanism (and
consequently with both splanchnic nerves and adrenal
glands intact). These animals will be designated the
reference (SN) group for both experimental series.* Thus,
group SN-A differed from SN in that the hormonal
component was eliminated by unilateral adrenalectomy
and contralateral adrenal demedullation. Conversely,
SN-MH dogs differed from the reference dogs in that the
nervous component was suppressed by denervation of the
hepatomesenteric bed.

4 Data was taken from a previous paper with written permission
of the editors.

average heart rate during exercise of the latter group
(SN-MH) was lower than that of the reference animals,
this difference was not significant. However, when com-
parison was made between reference and medullec-
tomized groups, cardiac acceleration of the former was
significantly higher (P < 0.001).

Cardiac output and stroke-volume changes during exercise.
The left panel of Fig. 2 and Tables 1-3 show that the
cardiac output (cardiac index) of dogs with either
hepatomesenteric denervation or medulloadrenalectomy,
averaged 2.60 liters/min per m? body surface. This value
is similar to the predicted basal index (3.1 liters) but
lower than that observed in the reference group (4.45
liters). This difference may be due to the higher resting
heart-rate values of these dogs.

During exercise, cardiac output was lower in medullo-
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adrenalectomized than in SN dogs or in animals with
hepatomesenteric denervation, although the wide scatter
of these data obscured the significance of the observation.
This situation also appeared to be reflected in the stroke-
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F1G. 3. Comparison of mean aortic blood pressure in the three
considered groups. Symbols as in Fig. 1.
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volume changes to muscular work as indicated in Fig. 2,
right panel, and Tables 1-3. However, account must be
taken of the fact that dogs which lacked their adrenal
medulla showed negligible exercise tachycardia and
therefore higher stroke-volume averages than their
counterparts with hepatomesenteric denervation.

Effects on arterial blood pressure. Figure 3 and Tables 1-3
show that mean systemic blood pressure increased signifi-
cantly from rest to exercise in the reference group
(P < 0.001), while not undergoing important changes
in either experimental series. In these series, the effect
on blood pressure levels was dependent on whether the
neural or hormonal factor had been suppressed.

Thus, in the SN-MH dogs (which had intact adrenal
medulla), blood pressure levels were 44 % higher than
in dogs with medulloadrenal ablation (SN-A) (P <
0.001). In addition, it is interesting to note that the
higher blood pressure values of the former group were
similar to those seen in the exercising SN animals.

Total peripheral resistance and oxygen uptake. The left
panel of Fig. 4 and Tables 1-3 show that the over-all

TABLE 3. Summary of hemodynamic changes in dogs with hepatomesenteric

denervation (SN-MH) at rest and during exercise at 7.5 km/hr—10% grade

) ; R : Stroke Mean Aortic Total Peripheral
Dog No., Wt, Surface Area Heart Rate/min |02 Col:llsul"zligu""’ ]‘3‘“}/’ ?n’l%gﬁ:r li(i:ll:?l'l:i(;l I;ge;;, ]Yltl)}lll)[;;ee Bl;):;ll I;I§SS, II{{?S%;D;%’ nrlrij_rln

1, 6 kg, 0.36 m*

Recumbent 115 42 4.6 2.50 8 130 3.12

Exercise 170 515 14.5 9.85 21 115 0.70

Recumbent 130 130

Exercise 165 500 14.3 9.70 22 120 0.74
2, 7 kg, 0.40 m?

Recumbent 95 42 4.0 2.61 11 127 2.91

Exercise 150 420 11.1 9.50 25 137 0.87

Recumbent 90 147

Exercise 200 375 13.1 7.20 14 135 1.12

Recumbent 85 127

Exercise 175 518 12.3 10.70 24 141 0.79

Recumbent 110 87

Exercise 160 518 13.0 10.10 25 109 0.64
3, 11.5 kg, 0.65 m?

Recumbent 180 46 4.4 1.60 6 128 5.62

Exercise 220 880 10.4 13.10 39 140 0.64

Recumbent 190 133

Exercise 230 880 10.3 13.10 37 140 0.64
4, 7.4 kg, 0.40 m?

Recumbent 76 115

Exercise 116 750 12.4 15.00 52 122 0.49

Recumbent 72 137

Exercise 136 520 11.2 11.60 34 122 0.63

Recumbent 72 126

Exercise 98 720 11.7 15.20 62 137 0.54

Recumbent 84 130

Exercise 142 560 9.3 15.00 42 122 0.48

Recumbent 70 130

Exercise 120 480 9.4 12.75 42 133 0.63
5, 9.3 kg, 0.50 m?

Recumbent 120 80 5.4 2.95 12 125 2.52

Exercise 140 720 8.4 17.00 60 122 0.43

Recumbent 130 128

Exercise 150 800 9.5 16.80 56 118 0.42
6, 6 kg, 0.36 m*

Recumbent 92 55 5.0 3.22 10 147 2.72

Exercise 155 380 10.2 9.40 24 128 0.82
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¥ic. 4. Comparison of total peripheral resistance (left panel)
and oxygen consumption (right panel) in the three considered
series. Symbols as in Fig. 1.

peripheral resistance during exercise, expressed as the
ratio of mean systemic blood pressure (in mm Hg) to
cardiac index (in ml/sec per m?) fell 75% to similar
values in the three series.

In dogs in which the hormonal component had been
spared (SN-MH), resting peripheral resistance was
55% higher than in animals with innervated hepato-
mesenteric bed (SN-A). Since the resting cardiac index
was similar in both groups, the observed differences in
blood pressure must be attributed to the corresponding
differences in total peripheral resistance.

Right panel of Fig. 4 and Tables 2 and 3 show that
average oxygen consumption during exercise in the
reference doz was 413 ml/min (se =+ 39), 496 £ 59
ml/min after adrenal demedullization, and 596 + 42
ml/min following hepatomesenteric denervation. No sig-
nificance was found between series indicating that the
energy cost for dogs of the three groups was essentially
similar.

DISCUSSION

The hemodynamic pattern in the vagotomized dog
with upper thoracic and lumbar sympathetic innerva-
tion removed following adrenal medullectomy differs
from that following hepatomesenteric denervation in that
systemic blood pressure is low and cardiac acceleration
negligible following medullectomy whereas blood pres-
sure is high and cardiac acceleration maintained follow-
ing hepatomesenteric nerve exclusion.

These facts indicate that the enhanced vascular tone
and the elevated cardiac acceleration rates are primarily
linked to the adrenal medullary component. Therefore,
the hormones from the adrenal medulla appear to play a
dominant role.

If the acceleration in heart rate observed during exer-
cise in the dog with cardiac denervation and the sym-
pathicoadrenal system intact (SN dogs) had been due to
a direct action of norepinephrine released at the sym-
pathetic postganglionic nerve endings (12, 24, 27, 28), a
similar response in heart rate should have been evidenced
in the dog with adrenal demedullation. The failure of
dogs with adrenal demedullation to enhance cardio-
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acceleration and the marked acceleratory response in the
dog with intact adrenals indicate that acceleration is not
related to norepinephrine released at postganglionic
nerve endings. This was so despite the fact that
denervated hearts show supersensitivity to norepine-
phrine (10, 13).

The slight increase in cardiac acceleration in the
medullectomized dog is similar to that seen in the exer-
cising vagotomized-sympathectomized dog (2, 3) and is
in accordance with previous observations on cats with
chronic cardiac denervation subjected to unilateral
adrenalectomy and contralateral demedullation (5, 6),
on chronic atropinized-sympathectomized dogs (T1-T7)
following bilateral splanchnicectomy (25), or on chronic
dogs with cardiac denervation after adrenal medulla
inactivation (4).

Thus, in the animals reported in this study, the increase
in heart rate can be primarily ascribed to the release of
adrenal catecholamines (16, 21, 23, 29). No mechanism
as yet can be described for the residual increase in heart
rate seen during exercise in the denervated or medul-
lectomized dog with cardiac denervation (2, 12).

The augmented blood pressure which is observed in
the reference dogs (SN) during exercise, deserves further
consideration. It did not occur in the dogs subjected to
hepatomesenteric denervation and was not significant in
the medullectomized animals. Whether the increase in
blood pressure is due to the summation of the nervous
and humoral factors of the sympathicoadrenal mech-
anism remains to be determined. However, the finding
by Celander (9) that the adrenal sympathetic secretory
nerves, when appropriately stimulated, are capable of
provoking ““a clear cut reinforcement of the neural com-
ponent which could be related to the medullary
catechols” would harmonize with this posibility.

A possible explanation of the enhancement in vascular
tone seen in dogs with adrenals intact, would be based
on: a) the resulting supersensitivity of denervated vessels
to catecholamines (8), b) the increased blood pressure
during bilateral splanchnic nerve stimulation which was
suppressed by adrenalectomy (14), ¢) the constriction of
abdominal vessels and augmented release of adrenal
catecholamines following splanchnic nerve stimulation
(11, 21, 22, 26, 28), and d) the splanchnic nerves
increased rate of firing under stress situations (15).

On the contrary, the effects of medullectomy or
hepatomesenteric denervation on cardiac output and
total peripheral resistance were of no significance as
compared to those seen in the reference dog (SN). How-
ever, a reduced cardiac output response to exercise in
medullectomized dog is perhaps to be envisaged and,
when added to the hemodynamic picture of these
animals, could merit further studies.

From the present experiments it can be suggested that
the observed cardiovascular response of dogs with cardiac
denervation and sympathicoadrenal mechanism intact,
was due rather to the adrenal medullary effects than to
the direct neurogenic action on the abdominal vessels
which was less evident.
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