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The evidence that extracorpuscular hemoglobin
is reabsorbed by renal tubular cells after filtration
through the glomerulus is based principally upon
morphological studies. In a variety of animal
species hemoglobin or its metabolic derivatives can
be demonstrated in tubular epithelium during or
following spontaneous or induced hemoglobinemia
(1-6).
~ Although these histological observations sug-
gest that hemoglobin enters tubular cells as a
result of reabsorptive activity, attempts to dem-
onstrate such activity in the intact animal by
physiological methods have been equivocal. Con-
ventionally, inferences regarding hemoglobin re-
absorption have been made in one of two ways:
on the basis of a demonstrable threshold level of
excretion (5, 7) or by demonstrating a difference
between the rate of filtration of hemoglobin and
its rate of excretion (7, 8). However, neither of
these methods has proved satisfactory or conclu-
sive in recent studies in man (9) and the dog
(10), in which it has been shown that the threshold
results largely from plasma protein binding and
that the differences between rates of filtration and
excretion are small or negligible.

In the present study an attempt was made to
demonstrate reabsorptive activity in the intact
animal (the dog) in another way: by the use of
stop flow analysis (11). This method is based
on the principle that, when urinary outflow is
suddenly obstructed, the composition of urine
trapped in metabolically active tubular segments
is altered, owing to continued tubular reabsorp-
tive or secretory activity, the effect of such al-
terations becoming apparent on restoration of
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flow. In effect, tubular activities are exaggerated
during the period when flow is stopped. This
method may, therefore, be used to demonstrate
(and localize) certain tubular transport activi-
ties when such activities are too small or difficult
to demonstrate by other means (12-14). It was
for this reason that stop flow analysis was applied
to an investigation of renal hemoglobin transport
in the present study.

METHODS

The stop flow method as described by Malvin, Wilde
and Sullivan (11) and modified by Pitts, Gurd, Kessler
and Hierholzer (12) was used. Anesthetized female
dogs, weighing 12 to 30 kg, were given infusions of 20
per cent mannitol (containing 0.85 per cent NaCl), para-
aminohippurate (PAH), creatinine and hemoglobin.
Autogenous hemoglobin, prepared by hemolysis of whole
blood in distilled water (15), was used in all experi-
ments. A priming dose of approximately 4 g of hemo-
globin was given intravenously in order to saturate
plasma hemoglobin-binding capacity and to induce hemo-
globinuria. Hemoglobin was added to the sustaining
infusion containing PAH and creatinine and was given
at a rate of approximately 6 mg per minute throughout
the experiment. A relatively constant plasma level of
free hemoglobin in excess of 100 mg per 100 ml (range
115 to 370 mg per 100 ml) was obtained.

Urine for stop flow analysis was collected from a
polyethylene catheter inserted into the right ureter.
Bladder urine from the left kidney was drained by ure-
thral catheter. Blood was collected at appropriate in-
tervals from a femoral artery. After hemoglobin had
appeared in the urine and urine flow from the right kid-
ney had attained a minimal rate of 8 to 10 ml per minute,
three 3-minute control periods were obtained and the
flow from the right kidney was stopped for a period of
4 or 8 minutes by clamping the polyethylene catheter.
One minute before release of the clamp 10 ml of inulin
was injected intravenously. After restoration of flow,
25 to 40 samples of urine of approximately 1.0 ml vol-
ume each were collected over a period of 4 minutes.
Following this, three 3-minute recovery periods were
obtained.
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In 5 additional experiments urine flow was stopped
by clamping the main renal artery rather than by ob-
structing ureteral outflow (16). In all other respects
these experiments were performed in a manner similar
to that described above for the ureteral stop flow ex-
periments. An incision was made in the right flank and
a catheter was inserted in the ureter. The renal artery
was approached retroperitoneally and exposed by gentle
dissection with minimal manipulation of both artery and
kidney. A ligature was left lying loosely around the
artery for purposes of identification and the skin incision
was closed with metal clips. After urine flow was es-
tablished and the control collection periods obtained,
the incision was quickly opened and the main renal ar-
tery was clamped tightly with rubber-tipped forceps.
Four minutes later the forceps was released and urine
was collected from the ureter in the usual manner.

Urine and plasma were analyzed for total hemo-
globin content by the benzidine method of Crosby and
Furth (17); for free hemoglobin by the paper electro-
phoretic method of Lathem and Worley (15); for so-
dium in an internal standard flame photometer; and for
creatinine (18), para-aminohippurate (19) and inulin
(20) by conventional methods.
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RESULTS

Ureteral stop flow. Twelve experiments were
performed. The data from two representative ex-
periments are presented in Figures 1 and 2. The
values for hemoglobin, sodium, and PAH are
expressed as U/P ratios relative to the U/P ratio
for creatinine, shown at the bottom of the figure,
in order to correct for changes in concentration
resulting from the reabsorption of water. The
concentration of inulin in urine is expressed in
milligrams per 100 ml. The averages of the
three control periods (U,, U,, and U,) and the
three recovery periods (U,, U,, and U,) appear
as lines at the left and right of the figures, re-
spectively. The values in between, shown in the
form of curves, were obtained during the imme-
diate four-minute period after release of the
catheter and restoration of flow. The first of the
serial samples collected appears at the left of the
curve. Urine derived from the more distal part
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sion for four minutes.

of the nephron, therefore, appears toward the left
and is identified by a fall in the U/P ratio for
sodium ; urine derived from more proximal por-
tions appears toward the right and is identified by
a rise in the U/P ratio for PAH (11, 12). The
volume of each sample collected during the im-
mediate postocclusion period is represented hori-
zontally on the curves and may be obtained by
reference to the cumulative volume scale at the
bottom of the figures. The rising inulin concen-
tration curve identifies the appearance of new
filtrate.

The U/P ratios for hemoglobin relative to cre-
atinine appear at the top of the figures. The val-
ues plotted are for free, unbound hemoglobin
only; protein-bound hemoglobin was not ex-
creted at any time, either before or after ureteral
occlusion. In all experiments the U/P ratio for
free hemoglobin was reduced in urine derived
from the more proximal part of the nephron. This

Occlu-

reduction coincided with the increase in the U/P
ratio of PAH. However, in most experiments
the maximal fall in hemoglobin concentration *
(relative U/P ratio) was displaced somewhat
distally from the maximal rise in PAH concen-
tration. From the point of maximal depression,
the concentration of hemoglobin increased pro-
gressivly and returned to but did not exceed con-
trol free flow values.

In all but three experiments an additional re-
duction in the relative hemoglobin U/P ratio oc-
curred in urine derived from the more distal part
of the nephron. The change in concentration in

1 The term concentration is used interchangeably here
and subsequently with the U/P ratio of the substance
under discussion relative to that of creatinine. A change
in concentration occurring independently of water reab-
sorption is implicit in a change in the relative U/P ratio,
and it is in this sense that the term concentration is
used.
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these samples was small as compared with the
more proximal reduction and involved fewer
samples of urine. The maximal reduction in con-
centration in this area was displaced somewhat
distally from the maximal fall in sodium concen-
tration.

The U/P ratio for hemoglobin relative to cre-
atinine of urine samples intermediate between
those in which hemoglobin concentration was re-
duced approximated control values in six studies
(Figure 1) and exceeded control values in six
studies (Figure 2). In no instance, however,
did the U/P ratio for hemoglobin relative to cre-
atinine exceed 1.0.

No significant difference was noted in the
curves obtained following ureteral occlusion for
four or eight minutes.
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Renal artery occlusion. The results of one
illustrative experiment are presented in Figure 3.
Clamping the main renal artery resulted in com-
plete and immediate cessation of urine flow. On
release of the clamp, urine flow returned immedi-
ately but at a slower rate than during the control
periods, averaging approximately 60 to 70 per
cent of control values during the immediate post-
occlusion period. In this respect arterial occlu-
sion differed from ureteral occlusion, following
which urine flow returned promptly to control
levels. This difference is reflected in the smaller
cumulative volume in the arterial stop flow experi-
ments (Figure 3) as compared with ureteral
stop flow (Figure 1).

Changes in hemoglobin and sodium U/P ratios
(relative to creatinine) similar to those elicited by
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ureteral obstruction were obtained following ar-
terial occlusion. The U/P ratio for hemoglobin
fell in samples of urine derived from the more
proximal part of the nephron and the U/P ratio
for sodium fell in urine derived from the more
distal part of the nephron. However, the con-
centration of hemoglobin in urine derived from
the more distal part of the nephron did not change.
The appearance of new filtrate was associated
with an increase in hemoglobin U/P ratios above
control values, presumably the result of an in-
crease in glomerular permeability secondary to
cessation of blood flow and ischemia. The con-
centration of sodium returned toward control
values but remained reduced throughout the post-
occlusion period. The changes in sodium concen-
tration were similar to those described by others
(16).

The U/P ratio for PAH did not change, as
might be expected in the absence of blood flow,
until late in the curve when it began to increase
in association with the appearance of new filtrate.
The creatinine curve did not differ significantly
from that obtained following ureteral obstruction.

DISCUSSION

The demonstration of renal tubular hemoglobin
reabsorption was readily achieved in the present
study by the use of the techniques of stop flow
analysis. Under the conditions of urinary out-
flow obstruction and stasis, the concentration of
free hemoglobin in urine was reduced, an effect
attributable to tubular reabsorption according to
the principles of stop flow analysis (11, 12).

The ability to demonstrate reabsorptive activity
in the intact animal under these circumstances,
but not by conventional free flow methods (10,
21), may be explained by assuming that the ca-
pacity for reabsorption is small and that only
when contact is prolonged by stasis is hemoglobin
removed from the urine in amounts sufficient to
detect. This view presupposes that the property
of hemoglobin reabsorption is not induced by the
special circumstances of ureteral obstruction but
rather, that the effects of an intrinsic, physiological
reabsorptive mechanism are enhanced by these cir-
cumstances and become apparent.

The production of similar effects by renal artery

occlusion supports this hypothesis. The static
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conditions imposed by clamping the renal artery
may be assumed to operate in a manner similar to
that of ureteral obstruction in reducing hemo-
globin concentration by prolonging contact be-
tween trapped urine and metabolically active re-
absorptive segments of the nephron. Although it
has been suggested (16) that factors other than
stasis may contribute to the changes elicited in
urinary composition during both arterial and ure-
teral occlusion, there is no evidence that such fac-
tors confer upon the tubule properties not inherent
therein.

“In response to stasis, whether elicited by ureteral
or arterial occlusion, non-uniform changes were in-
duced in the concentration of hemoglobin in
trapped urine, thus permitting an approximation
of the site of reabsorptive activity. The reduction
in concentration elicited was most clearly evident
in urine presumably derived from the more proxi-
mal part of the nephron. Reabsorption in a proxi-
mal site may, therefore, be inferred. Since precise
localization is not possible by stop flow analysis,
the anatomical segments of the nephron involved
cannot be identified. However, the demonstration
of a proximal site is in accord with morpho-
logical studies of hemoglobin reabsorption in
which this substance or its derivatives have been
identified in proximal tubular epithelium (2, 3,
6, 22, 23). Neither the present experiments nor
histological studies provide conclusive evidence
of reabsorption in distal parts of the nephron.
Although there were suggestive distal changes
noted in the present study, these were small and
of uncertain significance.

The mechanism and significance of the increase
in hemoglobin concentration above control values
noted following ureteral obstruction in half of the
present experiments (Figure 2) are not clear. An
increase in concentration may suggest tubular
secretion when U/P ratios relative to creatinine
are in excess of 1.0. However, such ratios were
not observed and would not be expected with a
large molecular substance like hemoglobin, even
in the presence of secretion, owing to restricted
diffusion across the glomerulus. The same cri-
teria for secretion as for freely diffusible sub-
stances cannot, therefore, be applied. Whether the
observed changes reflect tubular secretion or re-
sulted from diffusion or other unknown factors
cannot be evaluated from the present data alone.
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Other studies have failed to provide evidence of
tubular secretion of hemoglobin (24, 25).

SUMMARY

Renal tubular reabsorption of free hemoglobin
was demonstrated in the dog by the technique of
stop flow analysis. The sequential changes in
urinary hemoglobin concentration following ure-
teral obstruction and stasis were indicative of re-
absorption in a proximal part of the nephron.
Similar changes were elicited by transient occlu-
sion of the main renal artery. Reabsorption dur-
ing both ureteral and arterial occlusion was at-
tributed to an intrinsic tubular mechanism, the
effects of which were enhanced by the static con-
ditions imposed.
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