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(Received for publication June 7, 1938)

This report is concerned with the effective renal
blood flow and rate of glomerular filtration in nor-
mal man, as determined by the diodrast and inulin
clearances (26) during diuresis and during the
action of phlorizin, adrenin, caffeine, nitrite, and
typhoid vaccine. The observations not only throw
light on the action of these agents, but also af-
ford information concerning the physiological
control of renal blood flow and glomerular activity.

Typical data are reported graphically. On the
assumption that the diodrast plasma clearance (in-
dicated by D in the figures) is a complete clear-
ance, this value is taken as equal to the effective
renal plasma flow, i.e., the flow of plasma to active
excretory tissue. To convert this figure to the
effective whole blood flow it is only necessary to
divide it by the per cent of plasma in the blood.
For brevity, the term “ effective ” will be omitted
from the discussion without, however, neglecting
the physiological distinction between the diodrast
clearance and the actual plasma flow which must
be somewhat larger than the former in conse-
quence of the inclusion of inert tissue. The fi-
tration rate has been measured by the inulin clear-
ance (IN). The filtration fraction (FF) (i,
the apparent fraction of the plasma cleared
through the glomeruli) is given directly by the
inulin/diodrast clearance ratio. The phenol red
clearance (PR) has been followed in all observa-
tions, the data immediately above the phenol red
clearance in the figures being the corresponding
phenol red/diodrast clearance ratio. (For the
significance of this ratio see the discussion of the
action of phlorizin.) This ratio has not been
corrected for the depression of the phenol red
clearance by diodrast, which was present in the
plasma in concentrations of 0.6 to 1.5 mgm. per
cent. D, PR, and IN are expressed as cc. per 1.73
sq. m. per minute. These data and FF are

plotted logarithmically, a convenient mode of ex-
pression since an equal variation up or down in
any one of the variables represents an equal per-
centage change. Blood pressure (BP) was taken
sphygmomanometrically. During acute phases of
circulatory disturbance, the blood pressure was
observed every two to three minutes, and at other
times at intervals of five to ten minutes. The fig-
ures are recorded in mm. Hg. The rate of urine
flow, V, is given in cc. per minute.

Inulin, diodrast, and phenol red were given by
constant intravenous infusion. The priming in-
fusion consisted of 12 grams of inulin, 1.5 cc. of
10 per cent phenol red, and 1.5 cc. of 35 per cent
diodrast solution in 100 cc. of 0.85 per cent saline,
given at the rate of 10 cc. per minute. The sus-
taining infusion consisted of 45 grams of inulin,
10 cc. of phenol red, and 12 cc. of diodrast in
1000 cc. of saline, given at the rate of 4 cc. per
minute. All details of technique were the same
as those reported in the general description of
methods given elsewhere (26).

Water diuresis

Figure 1 (Subject B. L., 1.83 sq. m., 52 per cent
plasma) presents observations on the plasma flow
and filtration rate during water diuresis in man.
After three control periods, water was adminis-
tered in four 250 cc. portions at five-minute in-
tervals in order to minimize any disturbance of
the systemic circulation. The urine flow, shown
graphically, rose from 1.8 cc. to 14.2 cc. per min-
ute. There was no change in the rate of glo-
merular filtration. The plasma flow decreased
slightly, but there is no reason to believe that this
circumstance was a result of the administration
of water, or that it was causally related to the in-
duction of diuresis. These observations are con-
sonant with the evidence, which has been fully re-
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viewed elsewhere, that water diuresis is entirely
referable to diminished tubular reabsorption and
does not involve a change in renal blood flow or
filtration rate (25).

Oil of juniper

(Figure 2, Subject R. D.,, 1.8 sq. m., 64 per
cent plasma.) This and other essential oils once
enjoyed a vogue as diuretics (1) and our exam-
ination was made with this fact in mind. In one
instance, 0.2 cc. of oil of juniper was given orally,
with no striking effect upon renal function except
for a transient diuresis (2.3 to 6.3 cc. per minute).
In the observations recorded in Figure 2 one cc.
of oil of juniper increased the urine flow from
1.5 to 84 cc. (In this and subsequent figures
the urine flow is recorded numerically at the bot-
tom of the graph.) It is doubtful if the increase
in plasma flow is physiologically significant, and
the filtration rate and filtration fraction remained
practically unchanged. In the absence of convinc-

ing evidence to the contrary, the diuresis could
well be attributed to a decreased excretion of the
antidiuretic hormone, perhaps in' consequence of
a centripetal stimulus from the gastro-intestinal
tract.

Figures 1 and 2 afford two series of control
observations which, with numerous other instances
that might be cited, warrant the conclusion that
under basal conditions the plasma flow, filtration
rate, and filtration fraction remain quite constant
under continuous observation.

Phlorizin

(Figure 3, Subject J. C, 1.73 sq. m., 58 per
cent plasma.) This glucoside produces incon-
stant but sometimes marked reductions in glo-
merular activity in all animals, and blocks the
tubular reabsorption of glucose, xylose, and su-
crose, and the tubular excretion of creatine and
creatinine (25). Shannon (24) reported no re-
duction of the phenol red/inulin clearance ratio
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in the phlorizinized dog, but Pitts’ data (18) sug-
gest that the drug may have some action on the
tubular excretion of phenol red in the chicken.
Our present observations demonstrate that, in
man, phlorizin reduces the phenol red clearance to
a much greater extent than the diodrast clearance,
the excess reduction of the phenol red clearance
being indicated in Figure 3 by the cross-hatched
area. This fact indicates that the drug interferes
with the tubular excretion of phenol red, and pos-
sibly also of diodrast. Since any clearance is ac-
ceptable as an index of renal plasma flow only so
long as the renal A-V extraction ratio remains
constant, or very nearly so, it follows that the
administration of phlorizin invalidates the use of
the phenol red clearance, and throws grave sus-
picion on the use of the diodrast clearance for this
purpose. The action of phlorizin raises the ques-
tion of whether other physiologically reactive sub-
stances (adrenin, theophylline, efc.) may not simi-

larly modify the extraction ratio of diodrast, and
thus invalidate the clearance method of following
the renal blood flow. This point is of such im-
portance that it requires full discussion before
applying this method further.

The data of Table II of our previous paper
(26) gave the phenol red/diodrast clearance ratio
in 6 normal subjects as 0.56. Further data now
available on 10 additional subjects leave this aver-
age at this figure, with the extreme variations of
0.46 to 0.73. In general, the ratio is very con-
stant in any one subject, as shown in Figures 1
and 2, but there is a tendency for the ratio to
fall when the diodrast clearance (plasma flow) is
high, and to rise when the diodrast clearance is
low. This same inverse relation is evident in in-
dividuals in whom renal ischemia® or hyperemia

1 The term, “renal ischemia,” is used here to denote
any decrease in renal blood flow below normal, in line

with the use of the term, “renal hyperemia,” to denote
any increase above normal.
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has been induced artificially. A further analysis
of this phenomenon will be made subsequently, but
an inverse relation between the phenol red/dio-
drast clearance ratio and the plasma flow is to be
expected in theory for two reasons. First, in-
creasing the renal blood flow increases the quan-
tity of both phenol red and diodrast presented to
the tubules per unit time; this circumstance would
have little or no effect upon the diodrast clearance,
since the extraction ratio of diodrast is indepen-
dent at these low plasma concentrations of the rate
of delivery to the tubules; but increased rate of
delivery of either substance would cause some
reduction in the extraction ratio of phenol red,
since this is limited in part by concentration fac-
tors within the excretory mechanism itself, and
consequently the phenol red clearance would not
increase proportionally to the blood flow. Second,
insofar as the phenol red extraction ratio is re-
duced below 100 per cent by the failure of phenol
red to diffuse out of the peritubular capillaries in

consequence of a reduction in diffusion gradient
by protein-binding, or insofar as the ratio is re-
duced by temporal delay in the process of tubular
excretion, prolongation of the renal circulation
time would cause the extraction ratio to rise. The
diodrast extraction ratio, being close to 100 per
cent, would be affected to a lesser extent, and so
long as the vascular bed remained constant the
phenol red clearance would approach the diodrast
clearance during renal ischemia and fall away
from it during hyperemia. It may fairly be ex-
pected that, after the administration of a drug
which brings about a change in renal plasma flow,
the phenol red/diodrast clearance ratio should not
deviate from its control value to a greater extent
than is observed during equivalent changes in dio-
drast clearance in subjects who have received no
medication.

On the other hand, if the tubular excretion of
phenbol red and diodrast has been impaired, or in-
terfered with by a competitive solute, there are
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reasons to expect the phenol red clearance to be
depressed to a greater extent than the diodrast
clearance, in which case the clearance ratio would
of course fall. We have previously shown that
diodrast and hippuran, which have very high tubu-
lar clearances, have a marked depressive action on
the phenol red clearance, while phenol red has but
a slight depressive action on’ its own clearance or
on the diodrast clearance (26). And it has been
shown elsewhere that iopax and neoiopax like-
wise specifically depress the phenol red clearance
more than they depress their own clearance (27).
These relationships, which are quantitative, re-
versible, and reproducible, indicate that phenol red
is a much more sensitive indicator of the presence
of a solute which competes for the tubular mech-
anism than is diodrast. We now add to this list,
phlorizin, which probably depresses tubular ac-
tivity for reasons other than those that specifically
limit the excretion of phenol red, diodrast, etc.,
when in competition for the normal mechanism of
transfer. Here again the phenol red clearance is
more sensitive to adverse action than is the dio-
drast clearance. It is, of course, conceivable that
some drug may be found which depresses the
diodrast and phenol red clearances in precisely
the same degree, but in the absence of knowledge
of such a substance, and in the light of the above
observations, we believe that the phenol red/dio-
drast clearance ratio is a sensitive index of inter-
ference on the part of any agent (drugs, hor-
mones, etc.) with tubular excretion, it being ex-
pected that such interference will be revealed by a
fall in ratio when the diodrast clearance is de-
creased, contrary to the expectation that during a
decrease in this clearance in consequence of true
renal ischemia the ratio should rise. With the
knowledge gained from the action of phlorizin
and the other evidence cited, we are in a position
to interpret the action of other substances with
greater certainty.

The abnormal depression of the phenol red/
diodrast clearance ratio in Figure 3, invalidating
as it does the use of both clearances as indices of
plasma flow, leaves us in’ the position of being un-
able to say with any certainty what effect phlorizin
has upon the renal circulation. The rise in the
““ apparent,” filtration fraction is in keeping with
the idea that the tubular excretion of diodrast has
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been slightly impaired. The action of phlorizin
has been examined in one other individual, with
results qualitatively the same as those shown in
Figure 3.

Adrenin

(Figure 4, Subject P. V., 1.7 sq. m., 57 per cent
plasma.) In 1922 Richards and Plant showed
that when the perfused rabbit kidney is supplied
with blood at a constant rate of flow, adrenin
causes a rise in the perfusion pressure and at the
same time swelling of the kidney, an observation
confirmed in eviscerated rabbits and dogs (21,
22). Richards and Plant interpreted the paradox
of simultaneous vasoconstriction with renal ex-
pansion by suggesting that adrenin acts preferen-
tially to constrict the efferent arterioles, thus caus-
ing distension of the glomerular and preglomerular
vessels. This interpretation has been affirmed by
Winton (35, 36) from observations on the heart-
lung-kidney. Thermostromuhr measurements on
anesthetized, decerebrate dogs show that adrenin
consistently reduces the renal blood flow (10, 28,
31), though the threshold of the renal vessels in
such animals is about 100 times as high as the
threshold of the vessels of the muscles and skin
(10).

We believe that observations on such prepara-
tions as are discussed above should be transferred
to the normal organism with caution. However,
in this specific instance, our observations on nor-
mal man are in agreement with the conclusions
reached from the above evidence. As seen in
Figure 4, 1 mgm. of adrenalin given subcutane-
ously, with massage for two or three minutes im-
mediately afterwards, caused a reduction in plasma
flow from 680 cc. (1192 cc. of whole blood) to a
minimum of 373 cc. (654 cc. of whole blood) per
minute. The filtration fraction increased from
16 per cent to a maximum of 29 per cent. If the
reduction in plasma flow were owing to constric-
tion of the afferent arterioles or of vessels proxi-
mal to these, it is to be expected that this constric-
tion would reduce the effective glomerular pres-
sure and therefore the filtration fraction, and a
reduced filtration fraction and reduced plasma flow
would lead to a reduction in the filtration rate.
But if constriction occurs at the efferent arterioles
(with or without dilatation of the efferent arteri-
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oles),? it is to be expected that the effective glo-
merular pressure, and therefore the filtration frac-
tion, would be raised more or less pari passu with
the reduction in plasma flow ; the increased filtra-
tion fraction would tend to offset the decreased
plasma flow and to maintain the filtration rate at

2 Though the point is not established, one presumes
that equilibrium between filtration pressure and the op-
posing osmotic pressure of the plasma proteins and the
capsular pressure is reached by the time the plasma
emerges from the glomeruli. If equilibrium is not
reached, then, of course, the time during which the
plasma remains in the glomeruli, and therefore the vol-
ume of the glomerular capillaries and the rate of blood
flow, must be considered along with the filtration pres-
sure as determinants of the filtration rate. This con-
sideration would not, however, alter the above statement.

It appears unnecessary to postulate that adrenin dilates
the afferent arterioles, as does Winton (36). If the
osmotic pressure of the plasma proteins is taken to be
25 mm. Hg and this is raised by filtration to 30 mm.,
and if the capsular pressure is taken to be 15 mm., the
total pressure opposing filtration will be 45 mm. Taking

a constant level. The action of adrenin is wholly
consonant with the latter view.

There appears to be only one alternative to the
above interpretation : if glomerular hemodynamics
and the permeability of the glomerular membranes
are such that a rigidly constant volume of fluid is
filtered per unit time, regardless of glomerular
pressure, then of course the filtration rate will re-

the mean normal glomerular pressure as 60 per cent
of the mean arterial pressure, the effective filtration pres-
sure in the above subject would be 66 —45 or 21 mm.
Under the action of adrenin the emergent blood would
have an oncotic pressure not exceeding 38 mm.; at a
constant filtration rate, and therefore a constant cap-
sular pressure, the total pressure opposing filtration would
be 38+ 15 or 53 mm. Taking the mean glomerular
pressure as 90 per cent of the mean arterial pressure, the
effective filtration pressure would be increased to 99 — 53
or 46 mm., enough to double the filtration fraction. An
increase of 100 per cent is the largest we have observed
in the normal subject before and after the administration
of the adrenin.
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main constant and independent of plasma flow,
and the filtration fraction will vary inversely as
plasma flow. This alternative explanation, how-
ever, is very suspect. First, it is not in harmony
with the evidence that the separation of capsular
fluid in the glomeruli is effected by an uncondi-
tioned process of filtration, rather than by a con-
ditioned process of transudation, and this is too
substantial to be lightly rejected (25). Any mem-
brane which conditions the rate of passage of
water regardless of hydrostatic pressure must, we
believe, possess differential permeability to the
electrolytes and other constituents of the plasma.
Second, the alternative explanation is contrary to
the fact that the filtration rate does, under certain
circumstances, increase or decrease through a
range of — 50 to -+ 100 per cent (see also Figures
3, 5, and 6).

We therefore reject the alternative explanation,
and present the data in Figure 4 as substantiation
of Richards and Plant’s thesis for the normal
human kidney (21, 22). These data further
demonstrate that, in the normal kidney, the degree
of efferent arteriolar tone, and therefore the ef-
fective filtration pressure, are submaximal and
can be caused to approach maximal values by ad-
renin. Presumably sympathetic activity has this
same action on the efferent arterioles.?

During the period of renal ischemia the phenol
red/diodrast clearance ratio rises above its control
values, as is to be expected in theory; the fact
that this ratio is not reduced during the period
of ischemia is evidence that adrenin has not spe-
cifically impaired the excretory activity of the
tubules, and that the diodrast clearance is a valid
indication of changes in blood flow.

It has been our experience and the experience
of others that adrenin may cause a marked oli-
guria. It is quite possible that this oliguria is
central in origin, i.e., release of antidiuretic hor-
mone from the pituitary gland, since Rydin and

8 The rise in blood pressure immediately after the in-
jection of adrenin is, in this instance, exaggerated by
the massage used to facilitate absorption. In other cases,
this pressure rise has been less marked. It is typical of
the action of moderate doses of adrenin in man that,
while the systolic pressure is slightly increased, the dias-
tolic pressure is reduced. It would seem that this is
caused by the reduction of the mean peripheral resistance
by dilatation of the skeletal muscle and coronary arteries,
simultaneously with an increase in the cardiac output.
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Verney (23) have shown that the inhibition of
water diuresis which is associated with emotional
stress and exercise is explicable on this basis. In
anticipation of oliguria, the observations in Figure
4 were made on the descending limb of water
diuresis, and 2.0 per cent Na,SO, was incor-
porated in the infusion fluid in order to maintain
the urine flow. For this reason the data on urine
flow have no special significance.

The action of adrenin has been examined in five
other subjects with results qualitatively similar
to those given in Figure 4. One of the most
notable features in the action of this hormone is
that the filtration rate remains remarkably con-
stant in spite of relatively great changes in renal
plasma flow. This has been noted in every sub-
ject examined, and it suggests an important recip-
rocal relation between the diameter of the lumen
of the efferent arterioles, the blood flow, and the
effective glomerular pressure. If the renal blood
flow is controlled primarily by variations in the
efferent arteriolar tone, wide variations in this’
tone would leave the filtration rate relatively un-
changed.

Theophylline and caffeine

(Figure 5, Subject B. L., 1.83 sq. m., 55 per
cent plasma.) Caffeine causes an increase in the
number of active glomeruli and engorgement of
the glomerular vessels of the amphibian kidney
when the latter is exposed for microscopic exam-
ination (25), but such observations do not have
a conclusive bearing on the action of the drug in
the mammalian kidney; with the exception of the
rabbit, normal glomerular activity appears to be
more constant and more nearly maximal in the
mammals than in the lower vertebrates (6, 25).

The widespread opinion that caffeine and other
purine derivatives typically induce hyperemia in
the mammalian kidney rests upon four methods of
observation: measurements of arterial or venous
flow by a mechanical stromuhr, measurements of
the size of a kidney by the oncometer, measure-
ments of the rate of flow in the perfused heart-
lung-kidney, and measurements of blood velocity
by a thermostromuhr attached to the renal artery
or vein in an anesthetized or conscious animal.
(For the early literature on this subject see 2 and
4.) Methods involving the use of perfused kid-
neys or eviscerated, anesthetized animals can be
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held to have only a remote bearing upon the nor-
mal organism. By the oncometer it is impossible
to distinguish enlargement of the kidney caused
by vasodilatation, diuresis, or glomerular disten-
sion (2, 21, 25). Gremels (8) occasionally, and
Verney and Winton (32) almost invariably, ob-
tained an increase in the perfusion rate of the
heart-lung-kidney after the addition of caffeine,
theophylline, etc. It is known, however, that the
heart-lung-kidney is definitely unphysiological;
normal, concentrated urine cannot be obtained,
and at a constant perfusion pressure the blood
flow may increase spontaneously 100 per cent in
consequence of changes in the tonus of the renal
vessels (7). Shed blood rapidly develops power-
ful vasoconstrictor power (12): these “ vasoto-
nins ” are supposed to be removed by perfusion
through the lungs (3, 11, 29), yet when a freshly
isolated kidney is perfused by the animal’s own
circulation vasotonic substances are given off into
the systemic blood (5). One may on the above

evidence question the basal vasomotor tone and
the responses to drugs of the heart-lung-kidney.
The same criticism applies to the pump-kidney
(17). Using a thermostromuhr applied to the
renal artery of anesthetized dogs, Janssen and
Rein (14) obtained renal hyperemia after 3 mgm.
per kgm. of caffeine per os, but the details of their
experiments showing how long the hyperemia
lasted are not available, and the observation needs
confirmation on unanesthetized and untraumatized
animals. The only available observations on un-
anesthetized animals are those of Walker, Schmidt,
Elsom, and Johnston (33), which were made by a
thermostromuhr applied to the abdominal aorta of
rabbits with suitable ligations to restrict the blood
flow to one kidney. The observations were made
a few hours after operation. These investigators
found that theophylline injected intravenously in
doses of 12 mgm. produced, in seven out of ten
experiments, an increased blood flow which was,
however, transient, lasting on the average only 9
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minutes. Thereafter, the blood flow returned to
or below its former level. In two of the four ex-
periments which these investigations report graph-
ically the blood flow was at a reduced level after
the administration of the drug. But again we call

attention to the uncertainty of transferring ob-

servations on glomerular hemodynamics from the
rabbit to the dog or man.

From the above, it will be seen that there is no
certain evidence on which to conclude that xan-
thine derivatives in therapeutic doses induce renal
hyperemia in the normal animal. On the con-
trary, we conclude from a study of the diodrast
clearance that theophylline and caffeine consistently
reduce the blood flow through the normal human
kidney. In the observations recorded in Figure
5, 0.72 gram of theophylline ethylenediamine given
intravenously reduced the diodrast clearance from
its mean control value of 875 cc. per minute to a
minimal value of 670 cc. per minute. Simultane-
ously, the filtration rate was increased from 123
to a value above 150 cc., and the filtration fraction
increased from 14.2 per cent to a value above 20
per cent. After the administration of theophyl-
line the phenol red/diodrast clearance ratio, if it
changed significantly, increased, as is to be ex-
pected during a period of renal ischemia. From

- this fact we feel confident that the reduction of
the diodrast clearance is not due to an interfering
action of the drug upon the excretory activity of
the tubules, but to an actual reduction in plasma
flow.

We have examined the action of theophylline in
four other instances, and the action of caffeine
sodium benzoate in two instances. Theophylline
ethylenediamine was given intravenously in doses
of 096, 1.05 and 1.2 grams, and once by con-
stant intravenous infusion at the rate of 17 mgm.
per minute. Caffeine sodium benzoate was given
subcutaneously in a dose of 450 mgm., and a half
hour later an additional dose of 450 mgm. was
injected intravenously. On another occasion 300
mgm., which is essentially a minimal effective dose
so far as cerebral effects are concerned, were given
orally. In every case, the results were qualita-
tively the same as those shown in Figure 5, except
that with larger doses the reduction in plasma flow
and increase in filtration fraction were much more
marked. The largest doses of theophylline de-
creased the plasma flow from 450 cc. to a mini-
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mum of 255 cc., and raised the filtration fraction
from 17.5 per cent to a maximum of 35 per cent;
300 mgm. of caffeine decreased the plasma flow
from 630 to 540 cc. per minute and increased the
filtration fraction from 18 to 22 per cent.

The xanthine derivatives increase the cardiac
output and decrease the peripheral resistance (13,
15, 30), showing that they dilate some arterioles
in normal man; it may be that they dilate the af-
ferent glomerular arterioles and thus contribute
to the elevation of filtration pressure effected by
efferent constriction. This would explain the cir-
cumstance that the filtration rate, which is rela-
tively unaffected by adrenin, may in some in-
stances be markedly increased by theophylline and
caffeine, as in Figure 5; and, if afferent dilatation
preceded efferent constriction in time, it would
explain the fact that in three instances, including
the subject reported in Figure 5, the renal plasma
flow was increased during the first period after
the administration of the drug. But if afferent
dilatation occurs, it is overshadowed by efferent
constriction with, in the mean, a reduction in renal
blood flow.

Whether the xanthine derivatives act locally
upon the renal vessels or through the central nerv-
ous system is not known.

The diuretic action of these compounds is no-
toriously uncertain. In the observations recorded
in Figure 5 the urine flow rose from 1.8 cc. to a
maximum of 9.9 cc. Here, and in some other
instances, the increased urine flow is correlated
with an increased filtration rate, but evidence has
been presented that this is not the essential mech-
anism of xanthine diuresis (25). In interpreting
this diuresis the possible influence of these sub-
stances upon the central nervous system and the
nervous control of the pituitary gland must not be
overlooked.

Typhoid vaccine pyrexia

(Figure 6, Subject D. W., 1.63 sq. m., 58 per
cent plasma.) We have noticed during the course
of the reaction elicited by pyrogenic infusions that
the renal plasma flow may rise to values consider-
ably above normal. Since pyrexial reactions in-
duced by the intravenous injection of vaccines of
the typhoid group are widely used in the therapy
of chorea, thrombo-angiitis obliterans, and other
diseases, we present in Figure 6 what seems to be
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a fairly typical reaction.* The signs of reaction
are lacking during the first thirty minutes or so
after the injection of the vaccine, and this interval
in Figure 6 may be taken as a control period.
The first objective sign appears generally to be a
distinct rise in the diastolic and then the systolic
pressure; shortly afterwards the subject begins
to feel chilly, or experiences a definite chill, with
headache, nausea, and malaise. The rise in blood
pressure reaches its peak during the chill, and as
the pressure falls the pulse rate and temperature
(the solid line in Figure 6) begin to rise.

Ranson (19), reviewing the literature and dis-
cussing typhoid pyrexia in cats, suggests that the
reaction consists of alternate stimulation of the
sympathetic mechanism promoting conservation
of heat, and then of the parasympathetic mech-
anism promoting heat loss. Probably the antago-

4 Three-hundredths cc. of a mixture containing one bil-
lion B. typhosus and seven hundred and fifty million each
of B. paratyphosus A and B per cc.

nistic mechanisms are stimulated simultaneously,
first one and then the other predominating. In
the cat, the phase of rising temperature is accom-
panied by excitement, dilatation of the pupils, cu-
taneous vasoconstriction, and occasionally erection
of hair, while the phase of falling temperature
is accompanied by pupillary constriction, cutaneous
vasodilatation, defecation, and occasional urination
and penile erection. ’

Our observations show that at the onset of the

‘rise in blood pressure the renal plasma flow is de-

creased and the filtration fraction is increased, in-
dicating efferent arteriolar constriction (sympa-
thetic activity). The decrease in renal plasma
flow is sometimes more marked than in the data
shown in Figure 6. After the blood pressure has
reached its peak and started to fall, the renal
ischemia gives way to hyperemia, and the filtration
fraction falls to subnormal levels. The average
plasma flow in the first three periods in Figure 6
was 693 cc. (1195 cc. of whole blood), the minimal
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plasma flow, 535 cc. (922 cc. of whole blood),
and the maximal plasma flow 1085 cc. (2045 cc.
of whole blood), 71 per cent above the control
level. Grollman (9) has shown that there is a
marked increase in the cardiac output when ty-
phoid vaccine is given subcutaneously, and a simi-
lar increase probably occurs here and makes pos-
sible a renal hyperemia of this magnitude. How-
ever, it must be noted that this hyperemia is not
to be explained wholly by either increased cardiac
output or dilatation of the afferent arterioles.
Neither factor could operate alone to produce
hyperemia without increasing the glomerular pres-
sure and therefore the filtration fraction; the fact
that the hyperemia is accompanied by a fall in the
filtration fraction demonstrates that efferent dila-
tation is a major factor, whatever the contributions
of increased arterial pressure and afferent dilata-
tion. Whether or not afferent dilatation is pres-
ent cannot be said, nor can a quantitative appraisal
be given at the present time to the increased ar-
terial pressure. But if these factors are func-
tionally significant, they must operate in the direc-
tion of maintaining the filtration pressure and the
filtration fraction at levels higher than would
otherwise obtain.

Apart from the recorded data, the only signs
of autonomic activity which we have noted are
peripheral vasoconstriction during the chill, as in-
dicated by a fall in the temperature of the toe,
and marked rectal stimulation during the height
of the fever. But our results are in keeping with
the conclusion of Ranson that there is alternation
of sympathetic and parasympathetic activity dur-
ing the prefebrile and febrile phases of the py-
rexial reaction. Whether dilatation of the ef-
ferent glomerular arterioles is an invariable con-
comitant of parasympathetic activity cannot be
said.

In the evaluation of these observations it must
be recognized that the elevation of body tempera-
ture (+ 6° F.) probably increased to some degree
the specific excretory activity of the renal tubules;
if so, and if the diodrast extraction ratio is less
than 1.0 during the control periods, this ratio may
rise towards 1.0 during the fever, and thus con-
tribute to the increased clearance. It is, however,
quite unlikely that an increase of 70 per cent in
the diodrast clearance can be explained on this
basis ; moreover, the phenol red/diodrast clearance
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ratio falls during the fever, as is to be expected
in consequence of an increased velocity of blood
flow.

Our observations on pyrexia indicate that the
renal blood flow is normally limited by tonic con-
striction of the efferent glomerular arterioles,
which also serves to maintain the filtration pres-
sure at a relatively high level. This tonic con-
striction is released during the febrile phase of
the reaction. To what extent the elevation of
systemic pressure or dilatation of the afferent
glomerular arterioles contributes to the renal hy-
peremia is undetermined, but if these are not given
much weight it appears that within certain’ limits
there is a reciprocal relationship between blood
flow and filtration pressure such as to maintain the
filtration rate at a relatively constant value.

Sodium nitrite

(Figure 7, Subject R. D., 1.80 sq. m., 65 per
cent plasma.) Wilkins, Haynes, and Weiss (34)
have shown that sodium nitrite acts predominantly
by dilating the venous system and reducing the
venous pressure; the consequent reduction of the
arterial pressure, acting through the carotid sinus,
induces vasoconstriction of the peripheral arteri-
oles. The resulting circulatory picture closely re-
sembles the early stages of shock, prior to vaso-
motor collapse. Although Starr et al. (30) find
that the cardiac output is slightly increased with
oral doses of 0.14 gram of sodium nitrite, it must
be supposed that in circumstances such as those
obtaining in Wilkins, Haynes, and Weiss’ observa-
tions, and in the observations reported here, the
cardiac output is appreciably reduced by the reduc-
tion of venous pressure.

We have administered amyl nitrite by inhalation
and sodium nitrite by continuous intravenous in-
fusion, the latter technique proving to be amenable
to better control. In the observations given in
Figure 7, the stronger infusion reduced the blood
pressure but caused no circulatory disturbances in
the recumbent position except an increase in heart
rate. 'When, at the conclusion of the last period,
the subject was raised in bed to 45 degrees, the
blood pressure fell to 66/44 and he complained
of vertigo, demonstrating circulatory inadequacy.
The plasma flow and filtration rate were decreased,
the latter to a slightly greater extent. In the last
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few periods there was marked oliguria, perhaps
attributable to the reduced filtration rate. The
phenol red/diodrast clearance ratio rose slightly
as the plasma flow was reduced, indicating that
the drug did not impair tubular activity.

Observations of the above type have been made
in three other subjects; once sodium nitrite was
infused at a rate of 0.05, once at 0.042, and once
at 0.05—0.1 mgm. per kgm. per minute. In all
cases the results have been qualitatively similar
to those shown in Figure 7, although the sensi-
tivity of different individuals appears to vary
considerably.

Perhaps the most significant feature of the ac-
tion of nitrites is the absence of evidence of renal
participation in the vasomotor responses induced
by this drug. Efferent arteriolar constriction
would elevate the filtration fraction, afferent con-
striction would reduce this fraction, while simul-
taneous constriction on both the efferent and af-
ferent side might leave the filtration fraction un-

changed. The latter is the only possibility that
accords with our data. But in view of the fact
that there is a reduction in systemic pressure ade-
quate to account for the observed slight reduction
in renal blood flow, it appears unnecessary to sup-
pose that such simultaneous constriction occurs.
The slight reduction in renal blood flow coupled
with a slight reduction in filtration fraction, also
attributable to the decreased systemic pressure,
leads to a reduction in filtration rate. Our results
are consonant with the conclusions of Wilkins,
Haynes, and Weiss that nitrite acts predominantly
on the venous system.

DISCUSSION

The observations described above afford a basis
for the semiquantitative description of renal
blood flow and glomerular hemodynamics in the
normal human kidney. The renal blood flow ap-
pears to be quite constant in any one individual
under basal conditions. That the efferent arteri-
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oles are not normally constricted to a maximal
extent is demonstrated by the fact that at an
essentially constant arterial pressure adrenin
causes a decreased blood flow and an increased
filtration fraction. That the efferent arterioles
are not normally dilated to a maximal extent is
demonstrated by the fact that during the pyrexia
induced by typhoid vaccine, the renal blood flow is
increased while the filtration fraction falls. It
may be inferred, without excluding the possibility
of changes in afferent tone, that physiological
changes in renal blood flow are mediated primarily
by changes in efferent arteriolar tone.

Accepting the thesis that the fraction of plasma
filtered through the glomeruli is roughly propor-
tional to the effective filtration pressure in the
glomeruli (i.e., the hydrostatic pressure—oncotic
pressure and capsular pressure), it follows from
the circumstance that the control of renal blood
flow is on the efferent side of the glomeruli, that
this filtration fraction will increase as the renal
blood flow is decreased, and decrease as the renal
blood flow is increased; and, therefore, that the
filtration rate will tend to remain constant in spite
of wide variations in renal blood flow. Were the
renal blood flow controlled on the afferent side
of the glomeruli, the filtration pressure would in-
crease during renal hyperemia and decrease during
renal ischemia, and therefore the filtration rate
would vary in the same direction and as some
power of the blood flow. We suggest that the
notable constancy of the filtration rate in any one
individual and in different individuals (26) is at-
tributable in large part to the hemodynamic rela-
tionships which issue from the predominance of
efferent over afferent arteriolar tone.

Thirty-four observations on fifteen normal sub-
jects indicate an effective renal blood flow ranging
from 1050 to 1680 cc., or 595 to 916 cc. of plasma,
and average 1339 cc. and 772 cc. respectively, per
1.73 sq. m. per minute. The filtration fraction
ranges from 15.3 to 21.8 per cent, and averages
17.7 per cent. This series is not large enough to
treat statistically at the present time and will be
expanded as opportunity permits.

For the sake of completeness, we may relate
briefly the above facts to the excretion of water.
The maximal urine flow, which ranges from 8 to
21 cc. per minute in different individuals, is de-
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termined by the circumstance that a large fraction
of the water in the glomerular filtrate is reab-
sorbed by the tubules under all conditions (see
obligatory reabsorption (25) p. 231). The mini-
mal urine flow (about 0.3 cc. per minute in the
normal subject) is determined by the opposition
which the urinary constituents offer to the re-
absorption of the water. Variations in urine flow
between these extremes (facultative reabsorption)
are, at least in part, controlled by the antidiuretic
hormone of the posterior pituitary gland. Since
the secretion of this hormone is variable, and since
numerous factors in the composition of the urine
modify the maximal reabsorption of water, varia-
tions in urine flow rarely reflect variations in renal
blood flow, filtration fraction, or absolute filtra-
tion rate.

Observations on the dog indicate that the renal
vascular bed does not participate in the vasomotor
reflexes which are concerned with the maintenance
of arterial pressure, and which are mediated
through the carotid sinus (16, 20, 31). Such an
interpretation might be placed upon our failure to
find evidence of vasomotor response in the kid-
neys during the action of nitrite, but the question
whether the renal circulation in man enjoys com-
plete isolation from the carotid sinus reflexes can-
not be answered without further examination.
It may be anticipated that the reflex pattern in
man will differ in significant respects from the
pattern in the dog, since in the human pattern
postural reflexes and the regulation of heat loss
through the skin play rather more important roles.

SUMMARY

The diodrast, phenol red, and inulin clearances
have been followed in normal man during a variety
of experimental conditions. Evidence is pre-
sented that so long as the phenol red/diodrast
clearance ratio varies inversely with the absolute
clearances, it can be assumed that tubular activity
is normal and that the clearance method of meas-
uring the effective renal blood flow is valid.

Data are presented which throw light on the
physiological regulation of the renal blood flow
and the rate of glomerular filtration. These data
are drawn from observations on water diuresis and
the action of oil of juniper, adrenin, theophylline,
caffeine, and sodium nitrite, and during the py-
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rexial reaction induced by the intravenous admin-
istration of typhoid vaccine.

The renal blood flow appears to be controlled

predominantly by the efferent glomerular arteri-
oles, these arterioles being normally partially con-
stricted. Since, with such efferent control, an in-
crease or decrease in renal blood flow is accom-
panied by an inverse change in filtration pressure,
the filtration fraction varies inversely to, and the
filtration rate tends to be independent of, the
renal blood flow.

10.
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12,

13.
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