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Forearm blood flow in normal human subjects
was found to decrease progressively during intra-
venous infusions of norepinephrine as the rate of
infusion increased (2). After 1 week of treat-
ment with chlorothiazide, the same subjects re-
sponded to the same doses of norepinephrine with
progressive increases in flow. This reversal of the
response might be interpreted as redistribution of
blood flow into the extremity because of relatively
greater vasoconstriction in other vascular beds.
It also could be the result of increased cardiac out-
put with the proportion of blood flow to the vari-
ous vascular beds remaining the same. The latter
hypothesis seemed more attractive.

The experiments to be reported here were done
on intact dogs to see if treatment with chlorothia-
zide alters hemodynamic responses to norepineph-
rine.

METHODSAND PROCEDURE

The experiments were done on 12 male, mongrel dogs
weighing 10 to 15 kg. Six were given daily intravenous
injections of chlorothiazide, 25 mg per kg for 7 days.
Six were untreated. All were given water ad libitum
and the same diet (based on body weight) of canned
commercial dog food for 7 days before the acute experi-
ments were carried out. A program was arranged so
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that treated and untreated animals were available for
study on the morning of the eighth day.

The dogs were lightly anesthetized with 10 mg thio-
pental sodium per kg and treated with 0.3 mg decame-
thonium bromide per kg. A cuffed endotracheal tube was
inserted immediately, and intermittent positive pressure
breathing was instituted with a Harvard respiratory
pump. Two cardiac catheters were introduced through
the external jugular vein so that their tips lay in the
main pulmonary artery and right atrium. Needles were
inserted into the left carotid and femoral arteries and
into a femoral vein. Pressures were recorded from the
femoral artery and right atrium with Statham strain
gauges. Drugs were given through the needle in the fem-
oral vein. The catheter in the pulmonary artery was
filled with indocyanine green dye and connected through
a three-way stopcock to a dye reservoir and injection
system. The needle in the carotid artery was connected
through small-bore, nylon tubing to the cuvet of a Gil-
ford densitometer. Dye curves were obtained by drawing
blood through the densitometer with a constant speed
pump after injections into the pulmonary artery. End-
expiratory CO2 concentration was monitored with a
Spinco CO2 analyzer. Dye curves, CO2 concentration,
and blood pressure were recorded with a Sanborn di-
rect-writing oscillograph.

Ventilation was adjusted by manipulating the controls
on the respiratory pump so that end-expiratory CO2
concentration, after it became stable, was about 4 per
cent. The rate and depth of breathing were not changed
after this initial adjustment. Repeated doses of 0.075 mg
decamethonium per kg were given at 20-minute intervals
to maintain skeletal muscle relaxation. After the ani-
mal was prepared, 15 to 20 minutes were allowed for
blood pressure and heart rate to become stable. Then
l-norepinephrine bitartrate was infused intravenously at
rates of 0.1, 0.2, and 0.4 Ag of norepinephrine base per kg
per minute. Each dose was repeated once in each ani-
mal. The doses were given in random order both in the
untreated and treated groups, using the same 6 X-6 Latin
square (3). Observations on cardiac output, heart rate,
and blood pressures were made immediately before and
at the end of 2.5 minutes of norepinephrine infusion. Ex-
actly 10 minutes were allowed between infusions. Elec-
trically integrated mean right atrial pressures were re-
corded throughout the inscription of each dye curve.
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Phasic systemic arterial pressure was registered as the
curve was obtained so that heart rate could be counted.
Fifty ml of blood was taken at the beginning of the ex-
periment for calibration of the densitometer. The blood
taken during each dye curve was returned to the dog
immediately after the inscription of the curve by revers-
ing the motor on the withdrawal pump. Appropriate pre-
cautions (4) were taken to avoid loss of color of the in-
dicator and excessive accumulation of background dye in
the blood.

Cardiac output was calculated from the dye curves
using the Stewart-Hamilton equations (5). Peripheral
resistance was calculated by dividing the difference be-
tween mean arterial pressure and mean right atrial pres-
sure (in millimeters of Hg) by cardiac output (in L per
minute); it is expressed in arbitrary units.

Dose-response regressions were computed according to
methods described by Snedecor (6). A response to a
given dose of norepinephrine was calculated as the differ-
ence between the observation made immediately before
each infusion of norepinephrine and at the end of 2.5
minutes of infusion. Parallel line bioassays were carried
out whenever the dose-response regressions for both
groups of dogs were linear and parallel and satisfied the
other requirements for such assays (7). These computa-
tions were done by regarding norepinephrine in untreated
animals as the standard preparation and norepinephrine in
treated animals as the test preparation. Since the abso-
lute doses of norepinephrine were the same in both groups,
the calculated potency ratio and its confidence limits serve
as a statistical expression showing a difference between
treated and untreated animals. Whenever the regressions
did not meet the requirements for a parallel line assay,
the two groups were compared by considering the sig-
nificance of the regression coefficients and the mean values
and confidence limits for the responses to all doses.

RESULTS

The dose-response curves for heart rate, mean
blood pressure, cardiac output, and peripheral re-
sistance are plotted in Figure 1. A statistical sum-
mary of the data relating to these functions as well
as to the stroke volume is given in Table I.

The dose-response regressions and the means of
all the responses show very well the differences in
the effects of norepinephrine on cardiac output and
peripheral resistance in the two groups of animals.
In untreated dogs the chainges in output were
small, statistically insignificant, and unrelated to
the dose of norepinephrine (Table I). In treated
dogs output increased significantly and the in-
creases were linearly related to the dose. Periph-
eral resistance increased progressively with in-
creasing doses of norepinephrine in untreated ani-
mals, whereas in treated dogs the increases were
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FIG. 1. DOSE-RESPONSE CURVES FOR HEART RATE
(A HR), MEANARTERIAL BLOODPRESSURE(A BP.), CAR-
DIAC OUTPUT (A CO), AND PERIPHERAL RESISTANCE
(A PR). Where the regression coefficient was not sig-

nificant (Table I), a line was drawn parallel to the ab-
scissa through the mean value for the response. U re-
fers to data obtained from dogs which were not treated
with chlorothiazide. T refers to data obtained from
treated dogs. The regression equation is: y = y + b
(x - x). The computations were done after transforming
the dose of norepinephrine to log2 (actual dose X 20).
Other transformations are shown on the ordinates.

smaller, statistically insignificant, and unrelated to
the dose.

The effects of norepinephrine on heart rate,
mean blood pressure, and stroke volume could be
compared by means of the bioassay. Analysis of
variance revealed that for these parameters the
data fulfilled the requirements outlined by Finney
(7). It was found (Figure 2) that 1 U of nor-
epinephrine was required to produce the same de-
crease in heart rate in treated dogs that 0.62 U
produced in untreated animals. More norepineph-
rine, however, was required to produce the same
increases in mean blood pressure and stroke vol-
ume in untreated dogs. In other words, a given
dose of norepinephrine was less effective in re-
ducing heart rate in treated animals, even though
the same dose caused greater increases in blood
pressure and stroke volume.

The experiments were not designed to com-
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TABLE I

Parameters of the regression equations for responses to norepinephrine in untreated dogs ( U)
and in those treated with chlorothiazide (T) *

Item Group b Limits Limits

Heart rate (beats/min)-1 U 18.67 7.55 29.79 36.56 27.47 45.65
T 12.42 4.69 20.15 26.17 19.86 32.48

Mean blood pressure (mm Hg) U 5.50 2.66 8.34 9.30 7.08 11.52
T 8.68 5.09 12.27 13.67 4.33 23.01

Cardiac output (ml/min) X 10-2 U -0.38 -0.85 0.09 -0.06 -0.45 0.33
T 1.20 0.02 2.38 1.70 0.73 2.67

Peripheral resistance (units) U 5.50 1.20 9.80 6.94 3.43 10.45
T -0.08 -4.36 4.20 3.25 -0.26 6.76

Stroke volume (ml X 10) U 14.75 5.33 24.17 26.94 19.25 34.63
T 31.00 16.02 45.98 49.08 36.86 61.30

* See legend for Figure 1. The limits include the upper and lower values for the 95% confidence intervals. A re-
sponse to norepinephrine, g, or the slope, b, of a regression equation is considered to be statistically significant if zero is
not included within the 95% confidence interval.

pare the effects of chlorothiazide on resting hemo-
dynamic parameters. There were only 6 "resting"
observations (observations made before any nor-
epinephrine was given) in each group. The mean
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FIG. 2. COMPARISONOF EFFECTS OF NOREPINEPHRINE

ON STROKEVOLUME(A SV), MEANARTERIAL BLOOD PRES-

SURE (A BPm), ANDHEARTRATE (A HR) IN UNTREATED
DOGS AND IN DOGS TREATED WITH CHLOROTHIAZIDE. The
comparison was made by using the technique of a parallel
line assay (see text). This was done by regarding
norepinephrine in treated animals as the test preparation
and norepinephrine in untreated animals as the standard
preparation. R refers to the potency ratio and its 95
per cent confidence limits. The other abbreviations and
transformations are described in the legend for Figure 1.

values and the upper and lower limits for the 95
per cent confidence intervals for these items are
included in Table II to show the distribution of
the observations. The confidence limits suggest
that there is no significant difference between the
groups with respect to resting cardiac output,
mean arterial pressure, peripheral resistance, heart
rate, and stroke volume. Caution should be em-
ployed, however, in extending this interpretation
beyond the limits of the present experiments be-
cause of the limited number of observations and
the variability among dogs.

Table III contains mean values and confidence
limits for all the observations made immediately
before each norepinephrine infusion. There are
36 observations in each group. Of these, six are
the resting observations in Table II. The remain-

TABLE II

Resting hemodynamic observations in treated
and untreated dogs *

Item Group v Limits

Heart rate (beats! U 177.0 137.1 216.9
min) T 133.0 94.4 171.6

Mean blood pressure U 123.2 104.2 142.2
(mm Hg) T 144.1 100.9 144.1

Cardiac output (ml/ U 16.8 11.4 22.2
min) X 102 T 21.4 12.9 29.9

Stroke volume U 102.7 69.3 136.1
(ml X 10) T 158.3 129.8 186.8

Peripheral resistance U 82.0 46.8 117.2
(units) T 64.0 36.2 91.8

* Observations before any norepinephrine was given.
The number of observations in each group is 6. See foot-
notes to Table I and the legend for Figure 1.
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TABLE III

Initial hemodyamic observations in treated
and untreated dogs *

Item Group y Limits

Heart rate (beats/ U 173.1 156.5 189.7
min) T 145.0 135.1 154.9

Mean blood pressure U 116.9 111.0 122.8
(mm Jig) T 117.2 111.5 122.9

Cardiac output (ml/ U 16.7 15.3 18.1
min) X 10-2 T 21.3 18.7 23.9

Stroke volume U 106.4 91.2 121.6
(ml X 10) T 148.9 137.3 160.5

Peripheral resistance U 73.9 65.9 81.3
(units) T 59.0 52.7 65.3

* Observations made immediately before norepinephrine
infusions. The number of observations in each group is
36. See footnotes to Table I and the legend for Figure 1.

ing 30 were made 10 minutes after a previous infu-
sion. These might be called "recovery" observa-
tions. The responses described in Table I were
calculated from these 30 recovery observations and
the six resting observations. The data in Table
III, therefore, show the distribution of the 36 "in-
itial" observations from which the responses were
calculated.

DISCUSSION

In these experiments there was no increase in
cardiac output in response to norepinephrine in
dogs which had not received chlorothiazide. This
observation is in agreement with the generally ac-
cepted view that norepinephrine does not increase
output in intact dogs or normal men (8-13). In-
creases in cardiac output with norepinephrine have
been reported in men and dogs, however, when the
regulatory reflexes mediated over the vagi are in-
hibited (9, 14). In our experiments cardiac out-
put did increase with increasing doses of norepi-
nephrine in treated animals, suggesting that the
sensitivity of these cardioregulatory reflexes may
have been altered by the chlorothiazide.

The carotid sinus and aortic arch baroreceptors
are sensitive to changes in stroke volume as well
as to changes in mean blood pressure (15). Un-
der ordinary circumstances the increases in blood
pressure caused by norepinephrine would stimulate
these baroreceptors and cause reflex bradycardia.
In our experiments on untreated animals, norepi-
nephrine caused appreciable reductions in heart
rate. After treatment with chlorothiazide, the

same doses of norepinephrine caused significantly
smaller reductions in heart rate, even in the pres-
ence of greater increases in mean blood pressure
and stroke volume at each dose. Thus, for greater
baroreceptor stimulation there was a smaller brady-
crotic response. It might be argued that this is
not really a smaller response, since it originated
from a lower resting heart rate (Table III). In
this connection, it should be pointed out that the
percentage change in heart rate (as well as the
absolute change) also was smaller in treated ani-
mals.

Norepinephrine and sympathetic stimulation in-
crease the work output of the heart ( 16-18),
whereas stimuli mediated over the vagi decrease
it by decreasing the force of atrial contraction
(19). If the regulatory reflexes are intact, there-
fore, one would expect the positive inotropic ef-
fect of norepinephrine on the heart to be modified
by the negative inotropic effect of the sympathetic
inhibition and by the vagal discharge triggered by
the rise in arterial pressure. Stroke work may be
expressed roughly as the product of stroke volume
and mean arterial pressure. Wedid not include
this calculation, but it is obvious from inspection of
the data in Table I that there was a far greater in-
crease in stroke work in response to norepineph-
rine in animals treated with chlorothiazide. The
increase in cardiac output, the greater increase in
stroke work, and the smaller decrease in heart
rate with norepinephrine in treated animals lead
us to the hypothesis that chlorothiazide decreases
the sensitivity of the regulatory reflexes which
originate in the arterial baroreceptors.

Of particular interest are the mechanisms re-
sponsible for the increases in blood pressure in the
two groups of dogs during infusion of norepineph-
rine. In untreated animals norepinephrine caused
blood pressure to increase only because of active
vasoconstriction, since there was no increase in
cardiac output. In treated animals the increases
in pressure may be attributed chiefly to increases
in cardiac output, since there was little increase
in peripheral resistance. The data from these ex-
periments are in agreement with previously re-
ported data from blood pressure and blood flow
studies which demonstrated that chlorothiazide re-
duced the responsiveness of human forearm blood
vessels to the constrictor effects of norepinephrine
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(2). The greater blood pressure responses to a
given dose of norepinephrine in our treated dogs
would appear to be in disagreement with the re-
duced blood pressure responses to norepinephrine
observed in normotensive and hypertensive hu-
man subjects after treatment with chlorothiazide
(20-23). In our minds there is no essential
disagreement. The general interpretation drawn
from these decreased pressor responses in humans
is that vascular responsiveness to the vasocon-
strictor effect of norepinephrine is reduced by
chlorothiazide. We draw a similar interpreta-
tion from the results of these experiments in dogs
in which both pressure and flow were measured in
response to norepinephrine.

To our knowledge there are no other measure-
ments of cardiac output during infusions of nor-
epinephrine in human subjects or experimental
animals treated with chlorothiazide. It is inter-
esting to note, however, that the cardiac output
increased appreciably in response to exercise in
two normal subjects after they had received
chlorothiazide (24).

The work of several investigators suggests that
resting cardiac output in hypertensive humans is
unchanged or reduced by treatment with chlorothi-
azide (24-27). To our knowledge there are no
measurements of resting cardiac output in dogs
before and after administration of chlorothiazide.
The mean values and the confidence limits for rest-
ing cardiac output in Table II suggest that there
is no significant difference between treated and
untreated dogs. Caution should be employed in
considering this finding in connection with the re-
ported observations on resting output in hyper-
tensive human subjects (24-28). The experi-
ments are not comparable, and ours were not de-
signed to show differences in resting hemodynamic
parameters.

The data in Table III suggest that there are sig-
nificant differences between initial observations in
treated and untreated dogs with respect to heart
rate, cardiac output, peripheral resistance, and
stroke volume. Again, caution should be em-
ployed in extending these interpretations beyond
the context of the present experiments. Of the
36 initial observations in each group, 30 were made
10 minutes after an infusion of norepinephrine was
discontinued. It was apparent during several of
the experiments that some norepinephrine effect

remained at the end of 10 minutes. If this were
appreciable, the observations made immediately
before each infusion in treated animals would rep-
resent the results of an interaction between the
residual effects of norepinephrine and the effects
of chlorothiazide, and the differences would con-
vey the same sort of information as the responses
to the infusions. This "carry-over" effect of nor-
epinephrine was present in both groups of dogs,
and it would tend to reduce rather than to exag-
gerate the calculated responses. This would serve
to minimize the apparent differences between the
two groups of animals. For this reason a carry-
over effect, even if it were significant, would not
alter the conclusions. Comparison of the data of
Table III with those in Table I reveals that the
responses in cardiac output to norepinephrine
were greater in treated dogs even though initial
outputs were higher, and that responses in periph-
eral resistance were less in treated animals even
though initial values were lower. Similarly, the
responses of stroke volume to norepinephrine were
greater in treated dogs even though the initial
values for stroke volume were higher.

The relatively high initial heart rate in un-
treated dogs (Table III) must be ascribed to two
animals in the untreated group which had very
rapid rates during rest. The changes in rate in
these two cases were proportional to the changes
seen with norepinephrine in other dogs. This is
apparent from the significance of the regression
coefficient for the responses in heart rate (Table
I). Since no other explanation is available, the
high initial values must be ascribed to variability
among animals. It should be mentioned, however,
that the heart rate of dogs given barbiturates may
be quite variable and that unusually high rates are
not uncommon.

SUMMARY

Hemodynamic responses to intravenous infu-
sions of norepinephrine were studied in control
dogs and in dogs treated with chlorothiazide. In
these experiments chlorothiazide reduced the re-
sponses of peripheral blood vessels to the vaso-
constrictor effects of norepinephrine. It also modi-
fied the effect of norepinephrine on heart rate and
cardiac output. The data suggest that chlorothia-
zide alters the sensitivity of cardioregulatory re-
flexes.
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