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The site of destruction of normal red cells and
the subsequent fate of the liberated hemoglobin
prior to its degradation is not known. Intravascu-
lar red cell rupture or phagocytosis of the red
cells by the reticuloendothelial cell system or a
combination of these mechanisms are the possibili-
ties usually considered. There is some evidence
to show that in some hemolytic disorders at least
part of the destruction of the red cells occurs by
phagocytosis. This is suggested by histological
demonstration of erythrophagocytosis, the specific
uptake of red cells in certain organs and the
effect of splenectomy in many cases.

There are reasons to believe that the hemoglobin
molecules are not reutilized to any great extent
(1-4) and, since the days of Aschoff, Whipple
and Mann, the reticuloendothelial cells have gen-
erally been held responsible for the breakdown of
the heme moiety of the hemoglobin molecule. The
chief organ site of hemoglobin breakdown is not
known, although liver, spleen and bone marrow
have been shown to produce bile pigments. The
problem has recently been reviewed by With (5).

Hemoglobin is probably normally present in
plasma in small amounts, but the turnover of the
plasma hemoglobin pool is not known. Since
about 1 per cent of the circulating hemoglobin
mass is renewed daily, one should expect the
turnover of the plasma hemoglobin to be about
the same, or 6 to 7 Gm. per day, if the destruction
of red cells only takes place intravascularly. The
same result should be expected if the red cell
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breakdown occurred extravascularly and the liber-
ated hemoglobin had to be processed at sites
other than those of liberation, although this latter
possibility is less likely. On the other hand, if
the plasma hemoglobin turnover is found to be
negligible compared to 6 to 7 Gm. per day, then
the possibility of intravascular breakdown cannot
be seriously considered.

The present work is an attempt to define quan-
titatively the kinetic properties of the plasma
hemoglobin pool and to evaluate the importance
of this "intermediate" as a pathway in normal
hemoglobin metabolism. We shall be concerned
with the properties of the pool only when its
hemoglobin content is below the haptoglobin bind-
ing capacity. Laurell and Nyman (6) and Jandl,
Jones and Castle (7) have recently published data
on the disappearance of hemoglobin from plasma
in man. Their data will be discussed in the light
of the present work.

THEORETICAL CONSIDERATIONS

We shall assume that the plasma hemoglobin com-
partment represents a pool interposed between an inflow
of hemoglobin, Jin. and an outflow, J.ut. The concen-
tration of hemoglobin in plasma is c and the volume of
the plasma is V. The stationary condition is then given
by:

dcV =
V

i.-J.,t = O.dt 1)

A stationary state obeying Equation 1 can exist for any
number of values of c. There will also exist a number
of nonstationary states for which we have:

dcV= Ji.-Jt id 0.dt 2)

Our purpose is then to evaluate the outflow for vari-
ous values of c. Wemay reasonably suspect that the in-
flow, Jh, is independent of the concentration, c. This
will provide a complete phenomenological description of
the kinetics of the pool. During the course of the analy-
sis, a specific model will be treated. The observed ex-
perimental data are in accordance with this model.
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The simplest case, where we assume that the outflow is
directly dependent on the concentration is:

dt kc+Ji. 3)

which can be ruled out on the basis of the data of
Laurell and Nyman, who found an almost constant rate
of elimination of injected hemoglobin between concentra-
tions of 100 to 20 mg. per 100 ml. plasma. Jandl, Jones
and Castle performed similar studies and followed the
plasma concentrations down to lower values. Their data
indicate a relatively constant rate of elimination at high
levels, but at low levels the transfer rates decreased.

The simplest model consistent with these reported
data is one in which it is assumed that the hemoglobin,
during the processes responsible for its removal, enters
into a series of reactions where the steady state overall
reaction rate approaches a limit as c increases. From
measurements of the overall reaction rate in the stationary
state (Jout) and the concentration c, little can be learned
about the details of the mechanism of the removal. How-
ever, since it will be shown that the data obtained are
consistent with one rather reasonable and not too gen-
eral model, this will be treated below. The hemoglobin
molecules are supposed to enter into a reaction with a
component or catalyst that is conserved, i.e., regenerated
in some later reaction step. This first reaction may be one
of physical adsorption or chemical complexing, perhaps on
the surface of cells responsible for the removal. After
an arbitrary number of consecutive reversible reaction
steps, there follows a reaction that is practically irreversi-
ble and in which the hemoglobin is disposed of and where
the catalyst is regenerated. In such a situation it can be
shown (8) that the steady state overall reaction rate,
in this case Jou.t will depend on the concentration, c, in
the following simple manner:

out k2 +c)
where k1 and k2 are constants which in a complicated
way (see Reference 8) contain the concentrations of all
reactants and products, and the rate constants for their
formation and degradation.

Inserting this expression for Jout in Equation 2 we
obtain:

dcV -k1c
dt k2+c 5)

and, with the assumption that J,. is independent of c, us-
ing Equation 1;

dcV
=

k1-c. ki-c
dt k2+ cn k2+c 6)

where Cn is the normal concentration.
Equation 6 can be integrated to yield measured values

of c with respect to time in terms of the constants. If
c. and V are known or measured, the constants can be
evaluated by experiments in which hemoglobin is in-
jected and its concentration determined at various time
intervals. Although this approach will, in principle, be

sufficient for a determination of the constants k1 and k,
and thus for a complete kinetic description of the system,
it is clear from the integrated form of Equation 6 that
the values of the constants will be critically dependent on
differences between measured values of c and c.. These
differences become small when the normal concentration
is approached and their error can be expected to be large.

Another way of evaluating the constants is by way
of a tracer experiment using labeled hemoglobin. In
principle, this has the advantage of being more accurate
at low concentrations. Assuming that no interfusion
occurs, the tracer equation is:

1 dc'V kl c
Cc' dt k2 + c

where c' is the concentration of the labeled hemoglobin;
giving

dlnc' 1 k1 Alnc' 1 k 8
dt V k2+ and - at V k2 +C

where Ca is the average concentration during At. The
latter integration is valid for Ac'>> Ac. In a true tracer
experiment, c is, of course, constant and dlnc'/dt =con-
stant.

It should be noted that the expression,

Alnc'- V Cat 9)

is a measure of the flow Jout at the particular value of
c = ca and that this measure is independent of any pro-
posed model for the system.

Although, in general, either the nonstationary approach
or the tracer approach should suffice for a complete de-
scription, it will be shown that the data are too variable
to obtain the information by using one method alone.
Using both approaches, however, reasonably accurate
estimates of the constants can be obtained.

MATERIALS AND METHODS

Twelve healthy, adult subjects between 20 and 30
years of age, 11 male and one female, were injected in-
travenously with a known amount of an in vivo labeled
hemoglobin solution and venous blood samples were sub-
sequently drawn for determination of radioactivity. The
experiments were performed in the morning and the sub-
jects were not fasting. They were allowed to move
freely about between samplings.

Preparation of in vivo labeled hemoglobin solution. A
32 year old white male with polycythemia vera and in
good general condition was injected twice intravenously
with a ferric citrate solution containing a total amount
of about 0.7 mg. of iron and about 1.2 mc. of Fe'. Three
to five weeks after the injection venous blood was with-
drawn and hemoglobin solutions were prepared by freez-
ing and thawing. The hemolysates were diluted and
Seitz-filtered. The final solutions used for injection into
the recipients contained 22 to 38 mg. per ml. of hemo-
globin and 20,000 to 30,000 cpm per ml. of Fe59. The
amount of hemoglobin given was 1.3 mg. per Kg. body
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weight of hemoglobin in nine subjects and 3.5 mg. per
Kg. body weight in three subjects. Aliquots of the solu-
tions were taken and counted with the samples. The
hemoglobin was determined spectrophotometrically as
oxyhemoglobin by the Evelyn photoelectric calorimeter.

Estimation of plasma hemoglobin radioactivity. The
plasma hemoglobin was isolated by precipitation of the
proteins in acid solution, which leaves essentially all of
the transferrin iron in the supernatant. To 8 to 10 ml.
of plasma, 4 ml. of 2 N HCl and 4 ml. of 20 per cent
trichloracetic acid were added and the mixture stirred
with a thin glass rod. The precipitate containing hemo-
globin and the supernatant containing transferrin iron
were separated by centrifugation. Each was wet-ashed
in Kjeldahl tubes with sulphuric acid and perchloric acid.
After digestion, the samples were electroplated accord-
ing to the method of Peacock and associates (9). Count-
ing was performed using a helium-filled Geiger-Muller
tube. Recovery experiments revealed that about 1 per
cent of added hemoglobin activity was lost to the super-
natant. About 3 per cent of added radioactive transferrin
was lost to the precipitate. Corrections for inefficient
precipitation and coprecipitation were performed using
these figures.

RESULTS

The results of the measurements of the plasma
hemoglobin radioactivity as a function of time are
shown in Figure 1. It is evident that the disap-
pearance of the tracer follows relatively closely a
first order reaction over the range thatwas observed.
As the labeled hemoglobin was not injected in a
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FIG. 2. THE RELATION BETWEENTHE FLOWOF HEMO-
GLOBIN OUT OF PLASMA, Jont, AND THE PLASMA HEMO-
GLOBIN CONCENTRATIONC

0 and A from data of Laurell and Nyman (6); 0
from data of Jandl, Jones and Castle (7); 0, present ex-
periments. Curves represent Equation 4 with values of
constants as given in text.

true tracer dose, the slope of the disappearance
curve should be slightly larger for smaller values
of the hemoglobin concentration. A tendency for
this can be seen in Figure 1 and is substantiated
by the fact that there is a significant negative cor-
relation (coefficient of correlation = -0.62) be-
tween the individual values of A lnc'/At and ca.
The values of ca were obtained from the number
of cpm found in the plasma and the known number
of cpm per mg. hemoglobin injected and a value
of 0.0042 mg. per ml. added as representative for
the normal hemoglobin concentration (see below).

In Figure 2, the flow Jout is plotted against the
concentration c. The tracer data were obtained
from Expression 9 with a plasma volume of 3,000
ml. The data of Laurell and Nyman (6) and
Jandl, Jones and Castle (7) were used to give
flows for average concentrations by calculating the
quotient:

Ct, - ct2 for J0,,t and the
t2 -tf

expression ct, - ct, for c.2

10 20 30 40
Minutes

FIG. 1. THE TIME COURSE OF

FROM FE' HEMOGLOBIN INJECTED
SHOWN

50 60
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The dose was 1.3 mg. of hemoglobin per Kg. body
weight (0) and 3.5 mg. per Kg. body weight (0).

It is evident from the figure that the relation
between the outflow and the concentration is
similar to one predicted by the theory. The
curves are drawn by using the following values of
the constants in Equation 4: upper curve -k
10, k2 = 0.04; middle curve -k1 = 10, k2 =

0.07; lower curve - k -10, k2 = 0.14.
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DISCUSSION

The most important findings are those related
to the quantitative description of the kinetics of
the plasma hemoglobin pool at hemoglobin con-

centrations closely approaching normal. The flow
rates which can be calculated from the tracer data
are to a great extent independent of the validity of
the details of the proposed model. However, the
assumption that no interfusion occurs must be con-

sidered; i.e., that isotopic mixing between the in-
travascular and extravascular hemoglobin is neg-

ligible compared to the net movement of the hemo-
globin. This phenomenon can be evaluated by a

comparison of the disappearance kinetics of hemo-
globin and albumin. Studies on the latter com-

pound have revealed (10) that less than about 5
per cent will have left the plasma one hour after
the injection. This figure is a maximum estimate
for interfusion disappearance of albumin; since

the haptoglobin-hemoglobin complex is consider-
ably larger than the albumin molecule, the inter-
fusion disappearance of the former must be even

smaller. Thus, interfusion does not play a signifi-
cant role in the disappearance of labeled hemo-
globin from plasma and it is reasonable to assume

that specific cellular mechanisms exist for the
transfer.

The present data, covering plasma concentra-
tion values down to the normal range, are of par-

ticular interest in connection with the problem of
the normal turnover of plasma hemoglobin. Hanks
and Chaplin (11), using a modified benzidine
method, have recently found the normal value of
the plasma hemoglobin concentration to be 0.42
mg. per 100 ml. (range 0.25 to 0.58 mg. per 100
ml.), substantially lower than earlier estimates.
If this value is accepted, the present data (Figure
2 and Equation 4 with its constants) indicate that
normally only about 0.8 Gm. of hemoglobin flows
in and out of the plasma compartment each day.
This value corresponds to only slightly more

than 10 per cent of the overall red cell hemo-

globin breakdown and indicates that only a small

part of the normal red cell destruction occurs

intravascularly.
In a variety of hemolytic disorders Crosby and

Dameshek (12) found values considerably above

the normal value as accepted at that time. Pro-

vided that the capacity to remove hemoglobin

from plasma is essentially normal in these cases,
quite a considerable intravascular hemolysis must
have occurred. Thus, in a patient with acquired
hemolytic anemia, where the destruction is about
six to eight times normal and the plasma hemo-
globin level about 15 mg. per 100 ml., approxi-
mately twice the normal overall destruction would
occur intravascularly and about three to four
times the normal overall destruction would occur
extravascularly. It is of considerable interest to
note that the recent investigations concerning the
behavior of the haptoglobin (6, 13, 14) in various
conditions are probably best interpreted in favor
of increased intravascular hemolysis in hemolytic
disorders.

The data presented here suggest that an ad-
sorption process, whether the binding energy is
small as in "physical" adsorption or large as in
"chemical" adsorption, is intimately linked with
the removal process. It should, however, be
pointed out that the fact that the data are in ac-
cordance with the proposed simple model does not
imply that this model necessarily exists. Several
different, but physically more complicated, models
might fit the data as well or better. It is, however,
felt that as long as the simplest model fits the
data within their accuracy, this model should be
retained as a working hypothesis.

SUMMARY

The theoretical relationship between plasma
hemoglobin concentration and the flow of hemo-
globin out of the plasma pool has been developed
for the situation in which the rate controlling step
for the outflow is limited through a series of reac-
tions involving complex formation. The tracer
equation for this case has been given.

The disappearance kinetics of labeled hemo-
globin from the plasma in nearly tracer amounts
has been measured. The data obtained from these
measurements as well as those obtained from the
behavior of larger amounts of hemoglobin, as

reported in the literature, are in good accordance
with the proposed model. The constants for the
prediction of the outflow of hemoglobin from the
plasma for various concentrations of plasma hemo-
globin are given.

The data indicate that the plasma hemoglobin
is a relatively unimportant pathway in normal
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hemoglobin metabolism and that a few red cells
die intravascularly.
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