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ABSTRACT
This study explored the responses of the rhesus monkey in endotonin or
septic shock, to dopamine (3-hydroxytyramine) and documents metabolic and
respiratory effects of maintaining the cardiac output zbove control levels
In those animals. A decrease in cardiac output and systemic arterlal

pressure occurred In all animals following Infusion of endotoxin, Seven

were then studied during increasing Infusion rates of dopamine (0.5 to 10.0
mg/ﬁln) and 5 animals received similar volumeé of saline, Each increment
In dopamine dose resulted In increased cardléc output. Heart rate, right
atrial pressure, and systemic pressure were not altered significahf[y, but
the systemic resistance decreased with each increment in dopamine administered.
Two animals in shock after acdministration of live E. cofl organisms had a
similar response fto dopamine. These pafamefars were unchanged In the animals
that received saline, except at the highest Infusion rates.

in five animals the cerdiac output was ralsed from 107 to 213 mi/kg/min
by a constant infusion of 1.0 to 1.5 mg/min of dopamine. Maintenance of
the cardiac output above pre-shock levels did not reverse the metabolic
écidosls, hyperventilation or Increased alveoloarterial oxygeb gradients

which occurred during the shock perlod prior to tne dopamine infusion,
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INTRODUCT I ON
Complex illnesses involving multipie organ systems frequently prevent
Infcrprefafiog of pathophysiology documented in patients in shock. Thus,
the use of an animal ﬁodei provides distinct advantuges in exploring
mechanisms and defining respenses 1o therapy. As reviewed recently (8), the
primate has potential advantages over other animal specles as a shock model.

Shock due to administration of endotoxin or Iive organisms (E. cofl) in the

" rhesus monkey s associated with decreased peripheral resistance, decreased

or Increased cardiac output and low or normal right atrial pressure (8,11,18),
thus simulaeting the shock observed in many patients (10,17,24). Decreased
venous return Is an important mechanism of decreased cardiac output and
systemic pressure, following the administration of endotoxin in the dog (23).
Lansing and.Hinshaw demonstrated that pre-treatment with dopamine (3-hydroxy=-
tyramine) partially prevented the decrease in venous return in dogs (14).
in two recent clinical studies (15,21) the cardiac cutput increassed, and
peripheral resistance decreased during the infusion of dopamine in several
patlents with septic shock, The Increased cardlac ouiput, Increased venous
return and decreased peripheral resistance make dopamine particularly
promising as an agent to improve tissue perfusion in this form of shock.
Several studles have described the effects of dopamine on regional circulation,
however, no systematic énalysis of the response of the subhuman primate in
shock to dopamine infusion has been reported.

This study documents depamine dose-response relationships in the rhesus

monkey in endotoxin and septic shock, end explores the effect of hemodynamic
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Improvemen* during constant Infusion of dcpamine, on metabolic and respirate-v

abnormalities characteristic of the animals In shock.

METHODS

Fourteen rhesus ménkeys of both sexes, ranging in welght from 4,7 to
8.2 kgs, were selected for this sfudy.' The animals were captured in the
wild and uscd after appropriate Inspection to exclude transmissible disease.
All were in apparent good health. In each lnsfance the an!mai was given'

20 to 30 mg/kg of sodium pentobarbital Intravenously. Supplemental Intra-
venous pentobarbital was administered occaslicnally Qhen the animal showed
evidence ot rousing. The animal was placed In the Suplne poslflqn, and the
femoral artery and vein were isolated. A No. 6 NIH woven nylon Ea?hefer
was advanced to the right atrium under fluoroscoplic control and a tefion
needle introduced into the femoral artery. A cuffed endotracheal tube was
introduced into the upper trachea and the cuff inflated to permit collection
of expired gases. The endotracheal tube was connected to a breathing valve
with an 8 mi dead space, and explred gases were collected In a water-sealed
spirometer during at least a two minute period. Simultaneous determinations
of arterial PCOp, PO2 and pH were performed.

The explred gases and arterial blood were analyzed on an Instrumen-
tation Labora?ofles blood gas analyzer andva electrode. Plasma blcarbonate
was calculated from the Siggaard-Andersen nomogram (19), Minute ventilaticn,
tidal volume, oxygen consumption, carbon dioxlde production, respiratory

exchange ratio, physiological dead space, and alveolar POy were calculated

using this data (6). Alveolar PCOz was assumed equal to arterial PCO5.
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The cardiac output was measured during the expired gas collection by the
indicator diilution technique. Indocyznine green (1.0 mg) was injected
into the right atrium with sampling from the femoral artery. The blood
was withdrawn by a Harvard infusion pump at the rate of 23 mi/min through
3 Gilford densitometer cuvette and the blood was reinfused. The volume
withdrawn during each dye curve was less than 20 ml and was associated
with a mean systemic pressure drop of less than 10 mm Hg. The area under
the curve was determined by the semllogarithmic ploff?ngifechnlque or a
Gilford model 104 Dye Curve Computer. At least duplicate determinations

were made In each instance. Pressures were recorded from catheters in

the right atrium and femoral artery by means of Statham P23 Db pressure
transducers. A Sanborn 350 Series ultraviolet photographic recorder was

. emp loyed.

¢ - Baseline hemodynamic, ventllatory and arterial blood analyses were

performed. Twelve animals were then glven Intravenous infuslons of

4 mg/kg of E. coli endotoxin (Difco) over a 3 to 5 minute period. Two

- animals were given 4 to 8 x 109 organisms per kg of live E. coli, prepared
as previously described (12). The studies were repeated when the systemic

arterial pressure decreased at least 30 mm Hg from control values. Folliowing

¥ the assessment in the hypotensive period, infusion of dopamine’

was begun

in seven animals of the endotoxin group, and both of the E. cold animals.
- A dose response curve was carried out at infusion rates of 0.5, 1.0, 1.5,
2.0, 5.0 and 10.0 mg dopamine per minufez. The dopamine was reconstituted
in a saline solution in a concentratlon of 1.0 mg/ml and infused by a Holter

,1 Infusion pump. Flve conlrol animals received similar volumes of isotonic
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saline, A% léasf 5 minutes of infusion preceeded the hemodynamic measure-s-+s
g |
curve, 5 of tHese animals In the endotoxin group were given a constant infusicn
of 1.0 to 1.5 m!/min of the dopamine solution (1-1.5 mg/min) for 60 minutes
and the 5 control animzls received 1.5 m!/min of saline. Measurements wers
performed at Siminufes, 30 minutes, and 60 minutes of infusion. The data
i

was analyzed b? the T test.

[
1 RESULTS
Al anlmafs given endotoxin or Vive E, coli organisms developed severe

hypotension whﬂch was assoclated with a decreased cardiac output.

Hemod?namlc Response to Increasing Doses of Dopamine

Figure 1 1ilustrates the changes in cardiac output observed during
Infusion of dopém!ne and saline 0 - 2.0 ml/min into animals In shock. The
increase In caréiac output was significant (p<.05) at each increment in
dopamine dose aﬁd did not occur in the animals given saline only. Since
there was no sfénificanf increase In heart rate, the increase In cardiac
output was due fo increased stroke volume. At doses of 5 and 10 ml/minute,
the cardiac oufp@f increased In the saline and the dopamine treated animals.
The right atrial pressure did not change significantly up to 2.0 mg/minute
but Increased at higher Infusion rates in both the dopamine and saline
+reated animals, perhaps related to the volume of Infusion.

The mean syéfemlc pressure demonstrated no significant change over the
entire dose rang%. Thus, systemic vascular resistance (Figure 2) décreased
progressively wl#h each Increment in dopamine dose, but was unaltered in the

animals receiving saline. Changes in systemic resistance were significantly

|
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t‘ ﬁ different from the pre-drug shock value at all doses greater than 1.0 mg/min
{p<.05), No arrhythmias occurred throughout the dose range evaluated.

The mean velues for the two animals given live E. cold are listed in
Table 1. The cardiac oufpuf increased with each increment in dopamine dose.

Heart rate did not change significantly, systemic pressure increascd minimally

with Increased dopamine infusion, and right atrial pressure did not rise
excep+ at infusion rates of 5 and 10 mi/min, These changes are al! simitar
to those seen In the animals given endotoxin,

Effects of Constant tnfusion of Dopzmine

' at the highest dopemine dosage, systemic resistance decreased progressively ;

Taﬁle 2 lists the hemodynamic characteristics of the animals before
endotoxin, in shock, and during the continuous Infusion .n the group of
animals receiving dopamine or s3iine. During the control period, the mean
initial cardiac output was lower in the szline than the dopamine group, but
o this difference was not significant. The cardiac output decreased in both
groups during shock. Ouring the continucus infusion, the mean éardiac.oufpuf
was malntained above contro! levels in the dopamine group, but remained
1 below control levels in the saline group. The hypotension which developed in
. both groups was sustalned during the infuslon of dopamine or saline. The
! mean éysfemlc resistance was decreased during the shock perled In both groups,
and decreased significantly in the dopamine group during the ccntinuous
infusion., Althnugh the heart rate Increased during the shock period in both
groups, the mean values were unchanged during dopamine Infusion and decreased

- during saline infusion, so that the vzlues during the constant Infusion were

signiticantily different (p<.05),
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The defabolic, ventilatory and blood gas exchange‘dafa for animals

receiving saline and dopamine infusions are listed in Table 3. Oxygen

consumption was similar in +he two groups during the initial control period

~and during shock. The mean oxygen consumption increased during the dopamine

infusion, and although the change in oxygen consumption did not reach levels
of statistical significance, the difference between saline and dopamine

groups was significant (p<.05). Minute ventilation Increased in both groups

" during shock, ang continued to increase during the Infusion of dopamine,

but demonstrated nc change during the Infuslon of sallne. The mean arterial
PO, decreased during fhé shock pericd in both grOUbs, and remained low during
the continuous Infusion. Since all thc animals were hyperventilating, the
defecf In oxygen franspof+ Is better Iliusfrafed by fhe caiculated alveolo-
arterial (A—a) gradient. The mean A-a gradient increased during shock in
both groups and remained elevated during the infusion of saline or dopamine.
As suggested by +he increase In minute ventiiation, the arterlal PCO2
dec}eased during shock and remained low fhroughouf;fge study. The mean pH

il
il

decreased In both groups throughout the siudy, suggesting a metabo Ic

acidosis; this Is further reflected by the decreas
|

l

The initial, pre-shock bicarbonate values were significantly different in

' the 2 gfoupéwf6;<féésons which are not apparent, but the values were more

nearly comparable during the shack perlod,

DISCUSSION
Before treatment, the monkeys In this study developed the hemodynamic

changes previous!y described In endotoxin or E. coli Induced shock (8).

These include a sustained decrease in cardliac output and mean arterial pressure,

metabolic acidosis, hyperventilation, and Increased alveolo-arterial oxygen

gradients.

in calculated blcarbonate.
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ln%eresf in correcting *he hemodynamlc d2rangemeni in endotoxin or
septic %hock has prompted the usc of numerous agents, ISOproferénol has
reversed the hemodynamic and pulmonary alterations in sheep (9), and
Improved the Hemodynamic status and survival rate of the dog (20). Studies
in paf?én+s (13,16,21) also suggested salu#ary effects of isoproterenol
!nfusion% Anderson, James, Bredenbery and Hardaway (2) reported pafienf;
In sepTiL shock trezted with phenoxybenzamine and observed substantial
cl'nlcal:and hemodynamic improvement. Similar results have been obtained
In endof@xtn‘shock in the rhesus monkey (22). Recently, the hemodynamic
responses to ddpamine have been documerited In séveral studies. Dogs In
hemorrhagic shock (5) increased their sys+eﬁic pressu}e and cardlac output
during the Infusicn of dopamine. Renal and coronary blood flow wa§ increased
but peripheral resistance was unchanged. Several paftients with sevare
hypotension (15,21} demonstrated increased cardiac output, decﬁeaséd peribherai
resls+anc§ and Increased urlne output, during dopamine infusion. Furthernmore,
ventricular arrhythmias were less troublesome in some patients given dopemine,
than during isoproterenol infusion (15)., This may be related tc the improve-
ment in coranary blood fldw which has been demunstrated with dopamine infusion
(4,5). }

in +ﬁis study we have defined the hemodynamic resporse of the rhesus
monkey In %ep?lc shock to dopamine infuslion. The increase In cardiac output
and decrea%e In systemic vascular resisfan&e observed with dopamine was not
observed I% the animals glven saline Infusions, or In twelve animals
previously studied in this manner (8). Eievated right atrial pressures

observed at doses of 5 and 10 mg/minute (1-2.5 mg/kg/min) were probably

related to the volume of fluid Infused since saline Infusion resulted In
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similar elevations of pressure. Since the systemic resistance uniformily
decreased during the Infusion of dopamine, the alpha adrenergic effects
emphasized in the dog (7) may be of less significance In this preparation.
Furthermore, the dose required to produce hemodynamic effecfs In these
studies Is more than 10 times as great on a body welght basis, than that
previously reported in dogs (5) of humans (21). Even at the very high

dose of 2.0 mg/kg/minute, no vasoconstrictor effect was obfalned. This may
reflect a species difference in the rhesus monkey.

Metabolic acidosis asscclated with lactic aclid accumulation has been
previously demonstrated. in the monkey (8}, and Is commonfy recognized
clinlcally. Whether this occurs as a result of poor tissue perfusion or
a primary cellular effect of endotoxin has not been established. Bell
and Schloerb (3) assessed extracellular and Intracellular hydrogen ion
changes in dogs with comparable degrees o7 hypotension due to hemorrhage
and endotoxin. The endotoxin group developed a much more severe intra-
cellular acidosis. Although this might be explained by different effective
tissue perfusion in the groups of hypotensive animals, tissue toxicity was
not excluded. Anas, Neely and Hardy (1) documented a dramatic decréase In
oxygen consumption In dogs in endotoxin shock. This Impaired oxygen uptake
did not closely paralle! the cardiac output, although it was improved when
the cardlac output was increased by fluld administration. Starzecki and,
Spink (20) restored the cardiac index in dogs with endotoxin shock to greéfer‘
than pre-shock levels, by lnfustng‘isoprofereno!, but the lactic acid levels
and acidosis persisted for several hours. Thus the precise interrelationship

of oxygen consumption, tlssue perfusion, cardiac output and metabolic acidosis
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Is not defined. |In our animals, the oxygen consumption during shock was not

. altered significantly from the control period., Although the mean oxygen

consumpi?'on Increased with the dopamine infuslion, this was not statistically
significant. Since the metabolic acidosls was not decreased even though
cardiac output was increased during dopamine infusion, it is possible that
effective tissue perfuslon was not increased. On the other hand, this may
support evidence reviewed by Zwelfach and Janoff (25), suggesting primary
éellu!ar metabollc effects of endotoxin unrelated to tissue perfusion,

improvement In cardiac output during dopamine infusion did not improve
pulmonary blood gas exchange as indicated by fhevalveolo~arferlal oxygen
tension gradlents. Since the oxygen content of venous blood was not
measured,'+he degree of ihfrapuimonary shunt was not calculated. The
increase In cardiac output In response to dopamine would probably increase
the venous oxygen content, thus one would predict a decrease in A-a gradient.
This did not occur,_suggesfing that the Intrapulmonary shunt was écfual!y
Increased despite Improved cardiac output. ‘

The possibility that hemodynami?ieffecfs and tissue perfusion in

i

response to a drug may be related to istage of shock must be entertained.

The time of drug administration in +th study was selected on the basis of
significant hypotension. Respirafcry and metabolic changes were thus well
established. Earlier institution of dopamine Intuslon, or hlgher doses of

continuous Infusion were not evaluated,
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% g Table 1. Hemodynamic responses to Increasing doses of Dopamine. Mean
T‘ l values of two animals in shock following Infusion of E. coll organisms.
: l Shock Dopamine Infusion (mg/min)
1.0 2.0 5.0 10.0
] ' Card’ac Output 161 211 228 275 336
Eoo {ml/kg/min)

; |  Heart Rate 207 220 219 220 209
E (per min)

P ' '

'\ Systemic Pressure 65 52 62 67 73
; {mm Hg)

%‘I Systemic Resistance 6740 . 3990 4154 3696 3340
¢ (dynes-sec-cm?)

Right Atrial Pressure 1.2 1.7 1.9 2.5 3.6
P (mm Hg)

i
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Table 2, Hemodynamic characteristics of animals prior to endotoxin,

In shock, and during infusion of dopamine or saline

Dopamine Infusion

S min

213

(10)

130

(27)

59
(2.8)
59

(8.0}

3150*
(218)
6725

(2000}

209*
(1
168

()

Control  Shock
Cardiac Output D Mean 174 107
(ml/kg/min)
: SE (18) (7)
S Mean 140 98
SE (22) (29)
Systemic Pressure D Mean 128 61
(mm Hg)
SE (6.3) (5.8)
S Mean 113 £7
SE  (2.8) (11.6)
Systemic Resistance 0 Mean 8620 6640
(dynes-sec-cm?)
' ‘ SE (703) (870)
S Mean 11720 7015
SE  (1400)  (3040)
Heart Rate D Mean 192 206
(per min)
SE (8) (15)
S Mean 155 185
SE (16) an
D = values for 5 animals receiving dopamine
S = values for 5 animals receiving saline
»

controls

30 min

206*
(26)
124

(26)

57
(4.2)
68

(7.1

3350%*
(784)
8170

(2350)

204*
(12)
168

(9)

Indicates mean values significantly different {p<.05) from

60 min

180
(8)
130
- (26)

61
(4.6)

73

(18.0)

4020*
(551)
8525

(2450)

207*
(11
169

(73

saline
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Table 3. Ventilation and blood gas exchange prior to endotoxin,

In shock, and during infusion of dopamine or saline

Oxygen Consumption
{ml/kg/min)

Minute Ventilation
(ml/kg/min)

Pals
~{mm Hg)

Alveolo-Arterial
Oxygen Gradients
{mm Hg)

Mean
- SE
Mean

SE

Mean
SE

‘Mean

SE

Mean
SE
Mean
SE

Mean
SE
Mean
SE

Control

7.6
(0.6)
6.3
(1.6)

216
(16)
196
(42)

76
(3.6)

89
(5.6)

(2.7
9.0
(4.5)

Shock

7.3
(0.8)
6.5

(1.9)

260
(25)

277
(67)

71
(6.4)

64
(6.7

26
(8.9)

40
(6.7

Dopamine Infusion

5 min

9.6
(0.7
7.1
(.7

314
(26)

259
(45)

74
(5.8)

69
(10.00

16
(7.9)

25
(10.0)

30 min

9.8%
(0.6)

6.0
(0.9)

357
(26)
260
(42)

73
(8.3)

73
(10.0)

25

(9

34
(12.5)

60 min

10, 1%
(0.8)
7.3
0.7

343
(53)
283
(22)

75
(7.4)

67
(8.2)

25
(12)

(11.0)

15



Table 3, (cont)

Ventilation and blood gas exchange prior to endotoxin,

In shock, and during infusion of dopamine or saline

Pa CO,
{rm Hg)

pH
{units)

HCO3
{meq/L)

D Mean
. SE
$ Mean

D Mean
SE
S§ Mean
SE

D Mean
SE
S$ Mean
SE

Control

45

(1.4)  (1.9)

40
(5.8)

7.44

(0.02) -

7. 38
(0.02)

30.0%

(0.9)

23.0
(.1

Shock

34

35
(2.9)

7.42

(0.02)
7.38 -

(0.02)

22.0
(0.7
19.8
(1.1

Dopamine Infusion

5 min

38
(2.3)

35
(3.2)

7.2

(0.03) (0.04)

7.34
(0.02)

18.9
(0.5)
18.5
(1.6)

values for 5 animals receiving dopamine

D=
S = values for 5 anima
* indicates values si
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