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Recent reports have provided evidence for the
separation of red cells and plasma within the kid-
ney (1-3). Pappenheimer and Kinter have pro-
posed an ingenious theory of plasma skimming to
explain this phenomenon (2). According to these
authors the energy for the separation is derived
from the arterial pressure. Hence, there should
be less separation at low pressure, and more at
higher pressure. To test the validity of this hy-
pothesis, simultaneous red cell and plasma transit
times through the kidney were measured at nor-
mal and at low arterial pressures in 12 mongrel
dogs.

METHODS

Dogs weighing 8 to 12 Kg. were anesthetized with
sodium pentobarbital, 25 mg. per Kg. intravenously. The
left kidney was exposed and the renal artery and vein
dissected free. Renal nerves were sectioned in all cases.
A ligature was placed around the renal artery and tight-
ened for a few seconds. During this time, the renal vein
was incised and a polyethylene catheter (2.5 mm. inside
diameter) was tied into the renal segment. The free
end of the catheter was rapidly connected to a similar
catheter that had previously been inserted in a femoral
vein. When the renal artery occlusion was released,
blood was seen to surge out of the kidney into the fem-
oral vein. Flow through the catheters was unrestricted,
all connections having internal diameters the same as
the polyethylene tubing. In effect, the procedure had
established a long exteriorized renal vein (Figure 1).

In all experiments aortic pressure was continuously
monitored using a strain-gage transducer and direct-
writing oscillograph.

Five ml. of a saline suspension of the dogs' red cells
previously labeled with 100 microcuries of Cr51, and
washed free of any extracorpuscular Cr51 activity, was
mixed with 20 microcuries of I" tagged human serum
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albumin. One-half ml. of this mixture was inj ected into
the renal artery over a period of 2 to 5 seconds. Just
prior to injection, the renal venous catheter was dis-
connected from its coupling to the femoral venous catheter
and permitted to drain freely. From the start of injec-
tion until 60 seconds later, total renal blood flow was
continuously collected at 2 or 5 second intervals into
paraffined test tubes containing dried heparin solution.

Seven of the animals were then bled from the femoral
artery until the blood pressure was reduced and stabilized
at about one-half of the control level. During the bleeding
and stabilization period, the renal venous catheter was
reconnected to the femoral vein. The renal arterial in-
jection of isotope mixture was then repeated with total
renal venous blood collection at the low arterial pres-
sure for 120 seconds. The blood pressure frequently
fell further or rose slightly at the start of this collec-
tion period. However, only those cases in which the
pressure was constant after the isotopes were injected are
reported. In two additional experiments, hydralazine
(1 mg. per Kg.) was used to lower the blood pressure
after the control measurement, and in one experiment,
norepinephrine was continuously infused to raise the pres-
sure after the control run. In two other experiments
good control results were obtained, but as a result of
technical difficulties low pressure curves were not ob-
tained. However, these cases are included in the con-
trol series. In one further experiment the control blood
samples were inadvertently contaminated with radioiso-
topes. but the low pressure (posthemorrhage) data are
included.

Following collection of the samples, 0.5 ml. aliquots
of whole blood were pipetted into glass vials. These
were centrifuged and the red cells were washed three
times with normal saline solution. The Cr51 activity of
these washed aliquots was counted in a well-type scintil-
lation counter. Their activity was expressed as Cr1
counts per ml. of whole blood.

The remaining blood in the collection tubes was cen-
trifuged, and 0.5 ml. aliquots of the supernatent plasma
were counted in a similar manner. Plasma activity was
expressed as I' counts per ml. whole blood, after cor-
recting for the hematocrit obtained by centrifugation of
at least three representative specimens (2,000 X G for 60
minutes).

From the Crp counts per ml. in each sample, and its
time of collection (corrected for delay in the collecting
system catheter and using the midpoint of the injection
period as zero time), the mean circulation time of the
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FIG. 1. DIAGRAMOF PROCEDUREUSED TO OBTAIN SAMPLESFOR TRANSIT
TIME CALCULATIONS

red cells was determined. Similarly, from the I' albu-
min counts the plasma mean circulation time was calcu-
lated. Curves were integrated to the time where the
concentration had fallen to less' than 1 per cent of the peak
value (Figures 2 and 3).

Intrarenal hematocrits were calculated from the formula

Tr

HCTKID. = Tr 1-HCTL.V.

Tp HCTL.v.
where HCTKID. and HCTL.v. are the symbols for intra-
renal hematocrit and arterial hematocrit, and Tr and Tp
are the mean transit times of red cells and plasma, re-

spectively (3).

Renal resistance was determined from the recorded
pressure and measured flow. The peripheral resistance
unit (PRU) was defined as the arterial pressure in mm.

Hg divided by the flow in ml. per second.

RESULTS

Mean circulation time

In all studies the mean transit time for red cells
was slightly shorter than that of the plasma. In
the control group the ratio of red cell to plasma
transit times averaged 0.82 0.06 (S.D.) (Table
I). In the group of dogs whose blood pressure

TABLE I

Red cell and plasma (albumin) mean transit time at normal arterial pressure

HCTKID./
Dog Pressure Flow Resistance Tr* Tpt Tr/Tp HCTL.v. HCTKID.t HCTL.v.

no. mm. Hg ml./sec. PRU sec. sec.
0830 125 1.70 74 8.4 9.9 0.85 50.0 45.9 0.92
1002 90 0.81 111 9.2 10.7 0.86 43.3 39.2 0.91
1017 130 1.10 118 5.9 6.7 0.88 40.5 37.3 0.92
1121 96 1.00 96 7.5 9.2 0.82 52.0 47.1 0.91
1128 100 1.38 72 9.1 11.1 0.82 52.9 47.9 0.91
1205 125 1.47 85 1.9 2.9 0.66 45.5 35.8 0.79
1101 125 1.00 125 8.1 9.6 0.84 28.2 24.8 0.88
1024 135 1.04 130 9.3 11.7 0.79 48.4 42.6 0.88
0208 125 1.50 83 7.5 8.8 0.85 42.9 35.3 0.82
0415 110 1.06 104 8.3 10.1 0.82 45.0 40.2 0.89
0416 110 2.00 55 4.9 5.9 0.83 51.3 46.6 0.91

Average 1.28 0.82 45.5 40.2 0.89

S.D. ±0.06 40.04

* Tr, mean transit time of red cells.
t Tp, mean transit time of plasma (albumin).

HCTKID. is calculated from formula given in text (see reference 3).
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HIGH ARTERIAL PRESSURE LOW ARTERIAL PRESSURE
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FIG. 2. TIME-CONCENTRATIONCURVESOBTAINED FOL-
LOWING INJECTION OF CR1 LABELED RED CELLS AND I
LABELED ALBUMIN INTO THE RENAL ARTERY

Zero time is taken as the midpoint of the injection pe-
riod. Concentrations of samples are plotted at the mid-
point of their collection period minus the catheter delay
time. Catheter delay time was calculated from the vol-
ume of the collecting system in ml. divided by the flow
rate in ml. per second. The ratio of transit times is
0.82.

was lowered by hemorrhage this ratio averaged
0.79 + 0.06 (Table II). Following lowering of
the arterial pressure with hydralazine, the transit
time ratios were 0.88 and 0.72 in the two animals
studied. In the dog whose blood pressure was
elevated by norepinephrine infusion the ratio was
0.88 (Table II).

Intrarenal hematocrit

The calculated intrarenal hematocrit in the con-
trol group was found to average 89 + 4 per cent
of the arterial hematocrit (Table I). This was not
significantly altered by hemorrhage (86 +4 per
cent) or by hydralazine (93 and 82 per cent)
(Table II). Norepinephrine raised the arterial
hematocrit from 51.3 to 56.0 but the ratio of cal-
culated intrarenal to large vessel hematocrit was

Tr a 18.3 sec.

Tp a 22.4 sec.

Tr
g .82

Tp

INJECTION

DOG *1121 TI ME (seconds)

FIG. 3. TIME-CONCENTRATIONCURVEFROMTHE SAME
KIDNEY AS IN FIGURE 2 FOLLOWINGREDUCTION IN AR-
TERIAL BLOODPRESSUREBY BLEEDING

Note the transit time ratio remains 0.82.

not significantly altered (0.91, control; 0.94 after
norepinephrine) (Tables I and II).

Renal resistance
In the six animals in whom control and post-

hemorrhage runs are reported, the renal resistance
(P/F) rose from an average of 93 PRU to 146
PRU (Tables I and II). In spite of the rise, no
significant alterations occurred in intrarenal hem-
atocrit. In the hydralazine treated dogs, there
was a fall in calculated resistance but no significant
change in intrarenal hematocrit. In the norepi-
nephrine infused animal the renal resistance rose
markedly from 55 to 825 PRU but the transit
times ratio and hematocrit ratio were not sig-
nificantly altered.

DISCUSSION

The method of sample collection and catheter
delay correction could result in an error in mean
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TABLE II

Red cell and plasma (albumin) mean transit time after pressure alterations

HCTIKID./ Method of
Dog Pressure Flow Resistance Tr Tp Tr/Tp HCTL.v. HCTKCID. HCTL.V. altering- B. P.

no. mm. Hg mi/1sec. PRU sec. sec. %
0830 90 0.46 196 31.1 36.6 0.85 54.4 45.5 0.84 Hemorrhage
1002 70 0.29 241 21.4 25.9 0.83 42.4 37.9 0.89 Hemorrhage
1017 30 0.36 83 15.2 19.8 0.77 36.0 30.2 0.84 Hemorrhage
1121 60 0.49 122 18.3 22.4 0.82 54.1 49.1 0.91 Hemorrhage
1128 45 0.47 96 29.3 37.5 0.78 53.0 46.7 0.88 Hemorrhage
1205 30 0.22 136 10.5 16.0 0.66 45.5 35.5 0.78 Hemorrhage
0920 70 0.23 304 17.0 20.8 0.82 37.6 33.1 0.88 Hemorrhage

Average 0.79 46.1 39.7 0.86

S.D. 4-0.06 =10.04

0208 70 1.33 53 8.3 9.4 0.88 44.0 40.9 0.93 Hydralazine
0415 50 0.52 96 10.5 14.5 0.72 45.0 37.1 0.82 Hydralazine
0416 165 0.20 825 10.0 11.4 0.88 56.0 52.7 0.94 Norepinephrine

transit time determinations as large as one sec-
ond, but would affect the red cell and albumin data
identically. For this reason, no attempt was made
to calculate the intrarenal blood volume from the
transit time data. However, errors of one sec-
ond affecting both red cells and albumin would
not produce significant changes in the ratio of
transit times at the ranges found in this study.

The plasma skimming theory of Pappenheimer
and Kinter (2) predicts a change in the ratio of
red cell to plasma transit times and a rise in in-
trarenal red cell concentration with alterations in

1.0 -

HCT kid.
HCT I~v.

.4-

.2 -

K ..-..-G

blood pressure. In spite of marked reductions in
velocity of blood flow through these kidneys from
an average of 1.3 ml. per second at normal pres-
sures to 0.36 ml. per second at low pressure fol-
lowing hemorrhage, the transit time ratio was not
significantly changed. In addition, no rise in cal-
culated intrarenal hematocrit was observed. Simi-
larly, hydralazine or norepinephrine, though mark-
edly affecting blood pressure, did not alter the
transit time relationships significantly. Thus it
appears that the intrarenal hematocrit is inde-
pendent of blood pressure (Figure 4). Almost
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FIG. 4. EFFECT OF ARTERIAL BLOOD PRESSUREON HEMATOCRIT

Ordinate, ratio of intrarenal hematocrit (HTQKID) to large vessel hematocrit

(HCTL. V. ); abscissa, arterial blood pressure during sample collection period. The

dotted line would be the relationship expected from the hypothesis proposed by Pap-

penheimer and Kinter (2).
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identical results have been reported by Ochwadt
in studies with isolated blood-perfused kidneys
(4). The changes in renal resistance that occurred
following hemorrhage or drug administration must
have resulted from vascular tone changes, rather
than viscosity alterations due to intrarenal red
cell concentration changes.

The transit times for red cells are somewhat less
than that for plasma albumin at both high and low
blood velocity. This observation argues against
axial streaming or plasma skimming as the mecha-
nism for the intrarenal red cell shunt. Some ana-
tomic arrangement in the kidney must permit some
red cells to traverse shorter paths than albumin
entering at the same time. It is suggested that a
long circuit pathway exists that permits mainly
plasma or albumin to enter, and excludes red cells
because of a very small entrance diameter. Re-
cent observations reported from this laboratory
provide evidence for an extravascular albumin
space in the kidney which is rapidly equilibrated
with the blood plasma (5, 6). Electron micro-
scopic studies of the vascular bed of the rat kidney
have demonstrated that both glomerular and
peritubular capillaries are fenestrated with pores
capable of permitting the passage of albumin (7).
It seems likely that the long circuit albumin path-
ways are in reality part of the extravascular spaces
in the kidney. The true intravascular hematocrit
of the kidney may well be very close to that of the
arterial blood. Further studies employing macro-
molecules as plasma indicators are now in progress
to determine this.

SUMMARY

Simultaneous red cell and plasma albumin
transit times through the kidney were measured
in 12 mongrel dogs at normal arterial pressure and
after pressure alteration by bleeding or drug ad-
ministration (hydralazine, norepinephrine). In

spite of marked changes in velocity of blood flow,
no significant alterations in relative red cell to
plasma transit times were observed. Calculated
intrarenal hematocrits before or after acute bleed-
ing were almost identical, and averaged 88 per
cent of the arterial hematocrit. This study fails to
support the plasma skimming theory of renal au-
toregulation. The evidence suggests the existence
of long circuit plasma or albumin paths through
the kidney which, at either normal or low pres-
sure and velocity of flow, are too narrow at their
entrance to permit passage of red cells.
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