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Maximal Erythrocyte and Hemoglobin Catabolism
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From the Departments of Physiology (Graduate Division) and Medicine, School
of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104

A B S T R A C T A series of experiments were per-
formed on anesthetized dogs in which varying
quantities of normal canine erythrocytes damaged
by incubation with N-ethylmaleimide were injected
into the circulation. Cell sequestration and catabo-
lism of hemoglobin to carbon monoxide remained
normal after injections that contained from 0.058
to 0.154 g of hemoglobin per kg of body weight.

After administration of larger quantities of these
cells, from 0.154 to 0.364 g of hemoglobin per kg
of body weight, sequestration remained normal
but the rate of catabolism of hemoglobin to carbon
monoxide reached a maximum. Large quantities of
hemoglobin entered the plasma in these experi-
ments at a time when cell sequestration in the
reticuloendothelial system appeared to be virtually
complete. After injection of even larger quantities
of damaged erythrocytes, 0.545 and 0.552 g of
hemoglobin per kg, sequestration became slightly
delayed, but was complete.

These data appear to indicate that (a) the maxi-
mal rate of hemoglobin catabolism in normal anes-
thetized dogs averages approximately 0.07 g/kg of
body weight per hr; (b) hemoglobinemia can re-
sult from "overloading" the reticuloendothelial
system with damaged sequestered cells and, there-
fore, may not always indicate "intravascular" he-
molysis; and (c) the sequestering function of the
reticuloendothelial system appears not to limit
the maximal rate of catabolism of hemoglobin.
The limiting parameter or parameters were not
defined in these studies.
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INTRODUCTION

Techniques are now available for investigating the
relationships of several parameters of the reticu-
loendothelial system (RES) that are involved in
destruction of circulating erythrocytes and degra-
dation of hemoglobin; however, few measurements
have been made of these parameters in controlled
experiments. Ideally it would be desirable to study
RES function as it is related to the type and ex-
tent of damage to erythrocytes, as well as to the
quantity of damaged erythrocytes present in the
circulation. Previous studies have been concerned
with the sites of destruction of damaged erythro-
cytes as a function of the type of damage to the
cell membrane (1, 2), and with the effect of vary-
ing the quantity of injected nonviable cells on cell
sequestration and iron turnover (3). In the present
investigation we have studied the effects on sev-
eral parameters of RES function of varying the
quantity of cells damaged in an identical manner.
We have made measurements of erythrocyte se-
questration and CO production, an input and
output of the RES, after intravenous injections of
varying quantities of chemically induced sphero-
cytes into anesthetized dogs. These measurements
allowed us to separate the sequestering function of
the RES and other processes involved in erythro-
cyte and hemoglobin catabolism. In a previous
study (4) we injected chemically induced sphero-
cytes into the circulation of anesthetized dogs and
made measurements of rates of sequestration of
these cells and rates of CO production following
cell sequestration; however, the quantities of cells
administered in these experiments were not varied
over a wide enough range, in order for conclu-
sions to be made regarding the effects of changes
of "load" on RES function. In the present study
we have extended these data by injecting damaged
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cells containing as much as 0.56 g of hemoglobin/
kg of body weight. Data obtained in these experi-
mielits have allowed us to determine the quantity
of (lamaged erythrocytes that is sufficient to over-
load the RES function; and in addition, to study
RES functions uinder conditions where hemoglo-
b)in was ap)p)arenitly being catabolized at maximal
rates by these organs.

METHODS

Preparation of the injected erythrocytes. Erythrocytes
were prepared from blood drawn from each experimental
animal just before the experiment and the cells were
treated in an identical manner in each study. The washed
cells were incubated for 1 hr at 370C with a solution of
N-ethylmaleimide (NEM) in 0.9% NaCl, giving 64
Amoles of NEMper ml of erythrocytes (5, 6). Radio-
active chromate was also added to the incubate. The cells
were collected by centrifugation, washed twice with cold
physiological saline, resuspended, and then reinfused in-
travenously into the donor over a 5 min period. It has
been shown by others (5) that incubation of erythrocytes
with NEM in this manner blocks membrane sulfhydryl
groups and that after this, cation gradients across the cell
membrane are disrupted with resultant electrolyte and
water shifts and swelling of the cell. Incubation of eryth-
rocytes with NEMapparently does not influence elution
of the chromate label from intact human cells as judged
by in vitro studies performed over a 48 hr period in
plasma at 370C (6).

In order to evaluate the possibility that the 51Cr label
might be lost from dog-NEM-spherocytes before de-
struction of the cell, we mixed these cells with approxi-
mately equal volumes of plasma and agitated them in a
flask held at 370C in a water bath. At intervals of -1 hr
the entire cell suspension was centrifuged and the super-

cpm/g

% INITIAL

natant aspirated so that plasma-51Cr would be removed
Fresh plasma was then added again giving a hematocrit
of approximately 50%, and the suspension placed back iii
the flask. Aliquots were taken over a total time duration
of 216 hr, counted in a well scintillation counter and the
hemoglobin concentration determined. Results from three
experiments are shown in Fig. 1. There was no significant
decrease in cpm per gram of hemoglobin in any of these
experiments, suggesting that the "label" was not lost
from intact cells in significant amounts over the 2h6 hr
period. There was significant hemolysis of the NEM-
spherocytes (1-2%o/hr) and of course elution of 5"Cr
from hemolyzed cells.

Measurements of cell sequestration. Rates of se-
questration of the injected labeled NEM-spherocytes were
estimated from the rate of decrease in radioactivity inl
peripheral blood assuming that loss from the blood RBC
compartment was a result of sequestration in the RES.
Venous blood samples were drawn every 5-10 min after
injection of the prepared cells, centrifuged at 128 g for 20
min, the plasma aspirated and the cells reconstituted to a
hematocrit of approximately 50% with saline. This sus-
pension was counted in a well scintillation counter; the
hemoglobin content of the aliquot was determined and
radioactivity expressed as cpm per gram of hemoglobin.
Total intravascular hemoglobin was determined (7) and a
theoretical "initial RBC radioactivity" (in cpm per gram
of hemoglobin) by dividing the total injected radioactivity
by the total blood hemoglobin. We have expressed the
rate of loss of radioactivity from the blood RBC com-
partment in terms of a half-time, the time after inj ec-
tion when one-half of the injected radioactivity disap-
peared from the blood RBC fraction. It is noted that a
source of error in this method of estimating sequestra-
tion of the injected cells is loss of radioactivity from the
blood RBC compartment as a result of intravascular he-
molysis of the cells before thzir sequestration in the RES.
This will be discussed in a later section of the manuscript.
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FIGURE 1 Assessment of elution of radiochromate in canine NEM-
spherocytes. NEM-spherocytes labeled with 51Cr suspended in plasma
were agitated briskly in a flask at 370C in an effort to simulate the
in vivo environment of these cells in blood. Plasma was removed by
centrifugation every 30-60 min and replaced with fresh plasma. Ex-
periments were continued for 2Y-6 hr. Aliquots of cells were taken
periodically and radioactivity expressed as cpm per gram of hemo-
globin. Data suggest that elution of the radioactive label did not occur
from intact cells. Data from three experiments are shown here, plotted
as per cent of initial cpm per gram of hemoglobin.
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At the end of four of the experiments (Nos. 3, 6, 8, and
11) the liver and spleen were removed from the animal,
homogenized and diluted, and aliquots counted in a well
scintillation counter. These measurements were performed
in an effort to identify the sequestration organs in our
experiments. The limitations of this approach are dis-
cussed in a later section. Wealso made measurements of
plasma radioactivity and plasma volume at the time of
removal of these organs so that we could compare total
cpm in liver, spleen, and plasma with that injected.
Plasma volume was estimated from CO dilution and the
hematocrit in venous blood (7).

Measurement of the rate of hemoglobin catabolism.
The rate of hemoglobin catabolism was estimated from
measurements of the rate of endogenous CO production
(8). Excretion of CO from body stores was prevented
by having the experimental animal or subject breathe in a
closed system. The rate of COproduction was determined
from the rate of increase in body CO stores, which was
calculated from the rate of increase in blood carboxyhe-
moglobin per cent saturation. In 14-18 kg dogs the rate
of CO production (Vco) can be measured with a SD of
+ 0.02 ml/hr. Sources of error in the measurement of
Vco have been extensively discussed elsewhere (4, 8).
COhas been shown to be produced in nearly a molar ra-
tio to heme breakdown after injection of NEM-sphero-
cytes into normal man (9) and anesthetized dogs (4).
After production of CO in the RES the processes of dif-
fusion into blood and mixing in the body CO stores are
rapid (10), so that a delay between cell sequestration
and measured CO production appears to be an estimate
of time required for transport of hemoglobin intracel-
lularly and the processes involved in hemoglobin catabo-
lism to CO. In the present experiments, as in previous
studies, we have determined a base line Vco and then
subtracted this value from total CO production after cell
injection, thereby giving the quantity of CO produced as
a result of catabolism of hemoglobin in the injected cells.
This technique assumes that base line Vco remains con-
stant. Evidence that this is true was obtained in previous
experiments where damaged NEM-spherocytes containing
4C-labeled hemoglobin were injected into anesthetized

dogs (4) and it was found that 14CO and 'CO yields
were not significantly different.

Experimental procedures. 17 mongrel dogs weighing
14-18 kg were lightly anesthetized with intravenous pen-
tobarbital. A balloon cannula was placed in the trachea
and attached to a rebreathing system, similar to that de-
scribed previously (4), which absorbed CO2 and added
02 as needed. The oxygen tension in the rebreathing sys-
tem was maintained at approximately 150 mmHg. A
catheter was placed in the external jugular vein for in-
fusion of saline or dextrose and for blood sampling.
Base line Vco was determined over the first 2 hr and the
prepared cells containing 0.058-0.56 g of hemoglobin per
kg of body weight were injected slowly over a 5 min
period through the external jugular catheter. Serial
blood samples were taken for the measurements of eryth-
rocyte radioactivity, plasma hemoglobin, and blood car-

boxyhemoglobin per cent of saturation. The experiments
were continued for 4-5 hr post injection.

In two experiments hemoglobin solutions were injected
intravenously into the anesthetized animals. In experiment
16, 0.146 g of hemoglobin per kg of body weight were in-
jected and in experiment 17, 0.38 g/kg were given. These
solutions were prepared by lysing erythro-ytes by freez-
ing and thawing, followed by centrifugation at 3000 g for
1 hr.

Vital statistics and base-line data from each experi-
ment are listed in Table I. It is noted that several of the
animals in each group were anemic. The etiology of the
anemia in these animals was not investigated hematologi-
cally; however, base line Vco and plasma hemoglobin
concentrations were normal in most of these animals.
The data found in the anemic animals were consistent
with those found in "normal" animals.

Analytical measurements. Plasma hemoglobin concen-
trations were determined with the method of Crosby and
Furth (11). Normal values in our dogs averaged 1.5 ±
0.5 mg/100 ml. Blood carboxyhemoglobin percent of satu-
ration was determined with the method of Coburn, Daniel-
son, Blakemore, and Forster (12).

TABLE I
Vital Statistics and Base Line Data

Hemo-
globin Rate

concen- CO Plasma
Experi- tration produc- hemo-
ment Weight in blood tion globin

kg g/100 ml ml/hr ml/100 ml

Group A experiments
1 16.8 10.6 0.16 1.0
2 15.6 15.4 0.21 < 1
3 17.2 7.04 0.17 2.1
4 15.4 12.1 0.17 1.5
5 18.1 14.8 0.20 1.1
6 21.8 9.3 0.27 1.1

Group B experiments
7 12.3 14.3 0.33 4.3
8 17.0 14.1 0.22 1.1
9 16.8 11.7 0.15 1.3

10 19.0 11.2 0.10 0.4
11 14.5 15.1 0.36
12 18.1 14.8 0.17 3.2
13 14.1 9.3 0.11 0.3

Group C experiments
14 13.6 10.8 0.25 4.1
15 16.4 11.5 0.21 0.6

Hemoglobin solution experiments
16 13.8 9.34 0.27 0.6
17 12.2 12.2 0.15 0.8
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RESULTS

We have divided the data on the basis of the
quantity of hemoglobin in the injected NEM-
spherocytes. Group A, 0.058-0.139 g/kg of body
weight; Group B, 0.154-0.364 g/kg; and Group C,
0.544-0.552 g/kg. Data from experiments per-
formed in each group are listed in Table II.

Data obtained in the Group A experiments were
identical with those obtained previously in normal
man (9) and in anesthetized dogs (4). The in-
jected NEM-spherocytes disappeared exponen-
tially from the blood with an average half-time of
9.1 + (SE) 1.2 min. Less than 1%o of the injected
radioactivity could be detected in circulating
RBC's after 2 hr postinjection; therefore, the
injected cells appeared to be almost completely
removed from the circulating blood in this time pe-
riod. COwas produced in excess of base line for an
average of 170 + (SE) 14 min (tj 93 = (SE) 8.2
min) after injection. Less than 4% of the hemo-
globin in the injected cells appeared in the plasma;
this occurred in the 1st hr after cell injection and

TABLE I I
NEM-Spherocyte Injection Experiments

Hemo- Peak Highest
globin rate COproduc- plasma

Experi- injec- Sequestration COpro- tion half- hemo-
ment tion half-time duction time globin

g/kg min ml/hr min mg/100 m
Xkg

Group A experiments
1 0.137 7.5 0.096 100 8.0
2 0.113 10 0.058 90 8.0
3 0.061 7 0.032 80 5.2
4 0.084 12 0.070 80 3.4
5 0.058 0.045 105 5.5
6 0.064 0.047 105 9.2

Average and SD 9.1 i 1.15- 93 i 5.2

Group B experiments
7 0.364 8 0.81 100 107
8 0.228 10 0.074 110 22
9 0.287 12 0.125 120 29

10 0.154 0.085 105 52
11 0.260 9 0.091 90 80
12 0.254 13 0.058 85
13 0.211 10 0.104 90 17.5

Average and SD 10.6 ± 0.8 107 ± 6.4

Group C experiments
14 0.552 22 0.096 120 180
15 0.544 15 0.103 120 73

presumably resulted from mechanical lysis of cells
before their sequestration. The peak rate of CO
production occurred during the 2nd hr after cell
administration; this peak \f co measured over an
hour period was found to be proportional to the
quantity of hemoglobin injected in the NEM-
spherocytes (r = 0.83). CO yields were calcu-
lated in the experiments in this group by dividing
the total quantity of CO produced in excess of
base line by the quantity of heme injected, both
expressed in jumoles. Average yield was 0.91 ±
(SD) 0.075. Data from a typical experiment are
depicted in Fig. 2. The relationships of peak Vco
to the quantity of NEM-spherocytes injected are
shown in Fig. 3.

In the Group B experiments the injected NEM-
spherocytes were sequestered with an average
half-time of 10.6 ± SE 0.8 min, a value not sig-
nificantly different than that found in the Group
A experiments (P > 0.05). As found in the Group
A experiments, virtually all of the injected cells
disappeared from the circulating blood within 2
hr. The total time duration in which the \Vco was
significantly elevated above base line averaged
200 (SE) 14 min. This was significantly longer
than found in the Group A experiments (P <
0.05). t1 of COproduction averaged 102 ± SE 4.2
min. CO production increased to a peak value
during the 2nd hr, as in the Group A experiments,
but remained at this rate for 2-3 hr. Although the
plasma contained less than 4% of the injected
hemoglobin 1 hr postinjection when most of the
cells had been removed from the blood, hemo-
globin entered the plasma during hours 2-5 after
injection and reached values ranging from 17.5 to
107 and averaging 56 mg/100 ml. The circulating
erythrocyte radioactivity did not increase during
hrs 2-5, suggesting that sequestered cells were not
escaping back into blood and that the hemoglobine-
mia was not a result of hemolysis of escaped cells.
The per cent of injected hemoglobin ultimately
found in plasma in the experiments in this group
varied from 5 to 21%, averaging 13.1%.

The findings in the two experiments listed in
Group C were identical with those of Group B,
except that sequestration of cells was significantly
prolonged, (average t4 18.5 min), but sequestra-
tion was virtually complete, in that venous blood
erythrocyte radioactivity decreased to less than
1 o of the initial value after 2 hr. Plasma hemo-
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PEAK CO
PRODUCTION

ml/min/kg

Q05

0.025/

0 QI Q2 0.3 0.4 Q5 06

HEMOGLOBIN INJECTED g/kg

FIGURE 3 The peak rate of CO production in NEM-spherocyte injection experiments. Peak rate of
CO production was defined as the highest rate of COproduction over an hour time interval after cell
injection. This figure illustrates that the peak rate of CO production is proportional to the quantity
of cells injected over the range approximately 0.06-0.14 g of hemoglobin per kg of body weight, and
appears to reach a maximal rate with injections greater than 0.14 gm/kg. The lines through data where
the quantities of injected cell were less than or greater than 0.14 gm/kg are least square regression
lines. The regression line through data obtained in experiments where the cells injected contained more
than 0.14 g/kg has a slope of 0.01 ml/min per g which is not significantly different from zero. The
open circles denote data obtained in experiments on anemic dogs (blood hemoglobin < 10 g/100 ml;
x represents the normal rate of CO production.

globin levels reached 75 and 95 mg/100 ml at the
end of 3 hr in these experiments, and accounted
for 20 and 10.8%o of injected hemoglobin. COwas
produced for an average of 240 min (tj 120 min)
after cell injection.

The peak Vco in the Group B and C experi-
ments appeared to be independent of the quantity
of the hemoglobin injected in the NEM-sphero-
cytes, as illustrated in Fig. 3, and is not propor-

tional to the quantity of hemoglobin injected, as
found in the Group A experiments. A regression
line drawn through the data obtained in Group B
and C experiments (Fig. 3) has a slope which is
not significantly different from zero (P > 0.50).
The peak Vco in Group B and C experiments
averaged 0.091 ± (SE) 0.005 ml/kg per hr (1.50
ml/hr).

In Fig. 4 we have shown sequestration half-

CELL 25
SEQUESTRATION20

t11/2 15

10
MINUTES

5

0

0

0 0.2 0.3 Q4 0.5

HEMOGLOBININJECTED g/kg

FIGURE 4 Rate of sequestration of the injected NEM-spherocytes.
Sequestration rate is expressed in terms of a half-time, which was the
time in which one-half of the injected radioactivity disappeared from
the blood. There is no change of significance in tj in the experiments
where cells containing 0.058-0.364 g of hemoglobin of kg of body
weight were injected. In the two experiments where 0.552 and 0.559
g/kg were injected in the NEM-spherocytes, t, became significantly
prolonged.
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FIGURE 5 Hemoglobin solution injection experiment. This plot il-
lustrates the small increase in the rate of COproduction that occurred
after injections of solutions of hemoglobin into the circulation.

times plotted vs. the quantity of hemoglobin in-
jected in the spherocytes. This plot demonstrates
that cell sequestration did not become prolonged
until loads in excess of about 0.5 g of hemoglobin
per kg were administered.

It was determined from measurements of liver
and spleen radioactivity that approximately all of
the injected radiochromate could be recovered
from liver and spleen in the Group A experiments.
(In experiments 3 and 6, 102.4 and 101.6%o of
injected radioactivity was found in these organs.)
The partition between liver and spleen was 90.5
and 92.3%, and 11.9 and 9.3%, respectively. In
the Group B experiments (Nos. 8 and 11), less
than 100%o of the injected radiochromate was
recovered in liver and spleen; however, it was
shown that the radioactivity of liver and spleen
plus plasma was nearly equivalent to that injected
in the NEM-spherocytes. In the two experiments,
liver and spleen rodioactivities were 91.2 and 95.6,
and 6.1 and 9.8, respectively, of injected minus
total plasma radioactivity.

Although the plasma hemoglobin became ele-
vated in the Group B and C experiments, urine
remained free of hemoglobin, as determined by
inspection, in all of these experiments except No.
14 where plasma hemoglobin levels reached 190
mg/100 ml.

In the two experiments where hemoglobin solu-
tions were injected, the initial plasma hemoglobin

concentrations were 115 and 363 mg/100 ml. In
the former experiment (Fig. 5), plasma hemo-
globin decreased at a rate of 12 mg/100 ml per hr,
corresponding to a loss of 90 mg of hemoglobin
per hr from plasma. Vco increased 0.10 ml/hr
above base line. No hemoglobin was detectable in
the urine. In the latter experiment the urinary
threshold was exceeded; plasma hemoglobin de-
creased approximately 30 mg/100 ml per hr. In
this experiment Vco increased 0.15 ml/hr above
base line Vco and remained at this rate as the
plasma hemoglobin level decreased from the initial
value of 363 mg/100 ml to 140 mg/100 ml at the
end of the experiment.

DISCUSSION

Previous studies on anesthetized dogs (4) have
indicated that NEM-spherocytes containing as
much as 0.12 g of hemoglobin per kg of body
weight can be injected intravenously without
changes in the rate or extent of sequestration in the
RES, the yield of CO production, or the kinetics
of CO production after sequestration. Further-
more, plasma hemoglobin did not increase except
during the time period when the cells had not been
completely removed from the circulating blood.
The present experiments have indicated that the
RES of the anesthetized dog is able to sequester
injected NEM-spherocytes and catabolize their
hemoglobin without evidence of overloading the

Maximal Erythrocyte and Hemoglobin Catabolism 1441



system even at loads as great as 0.14 g of hemo-
globin per kg, a quantity that represents over 40
times the normal hourly rate of erythrocyte hemo-
globin in our dogs. Sequestration of the injected
cells occurred at a rate consistent with complete
clearing of the cells during blood flow through the
liver and spleen (6). NVco was increased for an
average of 170 min and minimal or no hemoglobin
appeared in the plasma after sequestration of the
injected cells. In these experiments the peak NVco
increased proportionately to the quantity of hemo-
globin injected in the NEM-erythrocytes.

In experiments where larger quantities of cells
were injected, evidence was obtained that the
maximal rate of CO production by the RES had
been reached. Not only did peak NVco remain con-
stant for 2-3 hr in individual experiments, sug-
gesting that a maximal rate was achieved, but also
in these experiments the peak NVco did not increase
further as the quantity of injected cells increased.
We have termed the peak Vco in these experi-
ments "N/conax." It is very likely that "N/COmax"
resulted from a maximal rate of hemoglobin ca-
tabolism in the Groups B and C experiments. It is
remotely possible that the yield of CO relative to
heme catabolism might have decreased in these
experiments and that NVcomax was limited by the
oxidation of the heme alpha methine carbon atom,
under conditions where a maximal rate of hemo-
globin catabolism was not occurring. In most of the
experiments, however, all of the injected hemo-
globin could be accounted for at the end of the
experiments either as that catabolized to CO (in
which a yield of 0.91 is assumed) or as hemoglobin
in plasma, supporting the concept that Vcomax
actually resulted from a maximal rate of hemo-
globin catabolism.

The experimental finding of Vcomax was asso-
ciated with a flux of hemoglobin into plasma. Al-
though the slight increase in plasma hemoglobin
that occurred during the 1st hr in all of the experi-
ments could possibly be explained by mechanical
lysis of cells before their sequestration, the rapid
rise in plasma hemoglobin in the Group B and C
experiments during hr 2-5 could not be explained
on this basis, since virtually all of the injected
cells had apparently been sequestered at this time.
Furthermore the per cent of total injected hemo-
globin that entered the plasma in these experi-
ments was much greater than in the Group A

experiments. Since the circulating erythrocyte ra-
dioactivity remained at levels less than 1% of the
"initial RBC radioactivity" it seems unlikely that
sequestered spherocytes were escaping from the
RES into circulating blood, although it is possible
that this was occurring and that circulating sphero-
cytes were being lysed very rapidly, These data
suggest that hemoglobinemia can occur as a result
of failure of the RES to handle large quantities
of sequestered damaged cells. Classically, hemo-
globinemia has been thought to be secondary to
"intravascular hemolysis" and the REShas appar-
ently not been considered to be a factor.

Although the experimental data appear to indi-
cate that overloading the RES with damaged
NEM-spherocytes resulted in a maximal rate of
hemoglobin catabolism and that this was associ-
ated with a flux of hemoglobin into plasma, it has
been difficult to determine the limiting RESparam-
eter to erythrocytes and hemoglobin catabolism.
Wehave made measurements of the input of the
RES system and an output, but have no data on
the intermediate processes involved. The fact that
these processes, like the process of sequestration,
are not well understood at the present time adds
confusion to the issue. Presumably sequestered
cells are incorporated into RES phagocytes and
hemoglobin is catabolized inside these cells. The
evidence that erythrocyte sequestration per se
does not occur by phagocytosis either in spleen or
liver has been reviewed recently (13-15). This
apparently is also true with sequestration of in-
jected carbon and other particles (16). Wehave
used the term "sequestration" to indicate the RES
process or processes by which damaged cells are
removed from the circulation, and have considered
that it is not synonymous with destruction of
erythrocytes.

The data obtained in these experiments seem to
indicate that sequestration of the injected NEM-
spherocytes did not limit the rate of hemoglobin
catabolism under the conditions of our experi-
ments. Sequestration of these cells was very rapid
so that most of the cells were removed from the
blood within 45-60 min after injection. The rate
and extent of removal of the cells from circulating
blood apparently did not vary even after injection
of cells containing over 0.36 g of hemoglobin per
kg and NVcoma, occurred after much smaller in-
jections of NEM-spherocytes. Our estimates of
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cell sequestration were in error to the extent that
hemolysis of the cells occurred in the vascular
compartment before sequestration, since this would
result in loss of radiochromate from the blood
erythrocyte compartment. In all groups of experi-
ments, approximately 5% of injected cells were
apparently hemolyzed intravascularly in the 1st
hr after injection during the period when the in-
jected cells were being removed from the blood
RBCcompartment. However, if this hemolysis was
proportional to the quantity of cells remaining in
the blood RBCcompartment at any time, our cal-
culated tj would not be influenced. Even if all of
the hemolysis occurred immediately after cell in-
jection, it is expected that the effect on our calcu-
lated tj would be the same in all groups of experi-
ments and not influence the finding that sequestra-
tion was not delayed in experiments where VCOmax
occurred.

It is, of course, possible that there are "sites" in
the RES where damaged cells were sequestered
which did not have access to processes involved in
degradation of erythrocytes. In this hypothetical
situation the number of effective sequestration
"sites" could be considered to be limiting. Ana-
tomical studies of spleen have demonstrated that
erythrocytes are sequestered in the marginal zone
and adjacent areas of the red pulp, and that macro-
phages may have to travel relatively great dis-
tances to reach the sequestered cells (15), so there
may be more desirable "sites" in terms of prox-
imity to macrophages in this organ. This may also
be true in the liver. It was observed in the present
study that the efficiency of sequestration did de-
crease when cells containing over 0.5 g of hemo-
globin per kg were injected since the rate of se-
questration decreased (ti increased). Even in
these experiments, removal of cells from the cir-
culation was complete at the time when most of
the hemoglobin appeared in the plasma.

It was not possible in our experiments to be
certain that the pattern of sequestration of the
NEM-spherocytes was the same in all groups of
experiments. Although the percentage of injected
minus plasma radiochromate recovered in liver
and spleen at the end of the experiment did
not change significantly in the Group B experi-
ments (compared with Group A experiments) it
is possible this partition may have been influenced
by uptake of labeled hemoglobin-haptoglobin and

possibly free hemoglobin. It is, however, suggested
that the major sites of cell sequestration in these
experiments were the liver and spleen, since almost
all of the injected radioactivity could be recovered
in these organs at the end of the experiments. It is
possible that bone marrow, kidney, or other organs
were involved to a small extent in sequestration of
the injected cells and that the pattern may have
varied in these organs as a function of the quan-
tity of cells injected.

The finding that the time duration of CO pro-
duction after cell injection increased only slightly
following large NEM-spherocyte injections sug-
gests that the life span of sequestered erythrocytes
might limit Vcomax. As mentioned above, at the
end of 4 hr after injection of cells, virtually all of
the injected hemoglobin was either catabolized to
CO, or found in plasma, and there could not have
been a significant fraction of the cells remaining
in the RES. It is suggested that there is a critical
time during which sequestered cells can be metabo-
lized without loss of hemoglobin from the RES.
Vcomax, could not have been limited only by the life
span of sequestered NEM-spherocytes since it
occurred during the 2nd hr postinjection, when
all of the injected cells were sequestered in the
RES. It seems very possible that the time dura-
tion of hemoglobin catabolism to CO after cell
sequestration and the degree of hemoglobinemia
could have been determined by the survival time
of sequestered cells in the RES. This may be re-
lated to the degree of cell damage at the time of
sequestration. NEM-spherocytes hemolyze spon-
taneously at rates of only about 2-3% per hr in
acid citrate dextrose (ACD) solution in a con-
stantly rotated tonometer at 370C; however, it is
possible that the environment of the RES is more
deleterious to sequestered erythrocytes than was
our tonometer (15).

It is very likely that catabolism of plasma hemo-
globin contributed only a relatively small portion
of \vcomax. Previous data obtained in experiments
where hemoglobin solutions (with the hemoglobin
labeled with 14C) were injected intravenously
and 14CO production determined have suggested
that the rate of catabolism of hemoglobin-hapto-
globin is relatively slow and can augment the rate
of CO production only approximately 0.1 ml/hr.
The two additional hemoglobin solution injection
experiments included in the present study were
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performed to obtained data where the rate of CO
production was determined directly. (In the previ-
ous study CO production was calculated from
rates of production of 14CO.) CO production in-
creased 0.10 and 0.15 ml/hr compared with con-
trol rates in the two experiments, and it is sug-
gested that catabolism of plasma hemoglobin in the
Groups B and C NEM-spherocyte injection ex-
periments probably contributed less than 10% of
Vcomax. Direct evidence in support of this concept
was obtained in most of the Groups B and C ex-
periments where it was observed that the rate of
CO production decreased to near control rates
4 hr after cell injection at a time when plasma
hemoglobin levels were still elevated and plasma
hemoglobin presumably being catabolized. Al-
though the relationships of hemoglobin-hapto-
globin complex and erythrocyte hemoglobin ca-
tabolism have not been completely clarified, the
large difference in the maximal rates in the two
cases is evidence against the possibility that intra-
erythrocyte hemoglobin is catabolized as hemo-
globin-haptoglobin complex.

It seems most likely that the RES function that
apparently is limiting the rate of catabolism of
erythrocyte hemoglobin is related to the quantity
of RES cells capable of phagocytosis, or enzyme
reactions involved in catabolism of hemoglobin;
however, our data do not give evidence in regard
to either possibility.

There are several factors in our experiments
that may have influenced the measurements of
Vcomax, cell sequestration and the behavior of the
system during maximal hemoglobin catabolism.
The use of pentobarbital as the anesthetic agent
may have caused changes in splenic function as a
result of pooling of blood in this organ (17).
Since our measurements were primarily of liver
function (90% of the injected cells were appar-
ently sequestered in this organ), this should not
markedly influence the data. The use of NEMin
damaging the injected erythrocytes introduces the
possibility that our data cannot be applied to
states where erythrocytes are damaged physio-
logically; however, NEM-spherocytes are con-
sidered to be very similar to physiologically aged
erythrocytes (4, 5) and it seems likely that mech-
anisms studied in the present investigation are
similar to those in operation during destruction of
physiologically damaged erythrocytes. The limita-

tion of our study to one type of damaged cell had
the advantage that this variable was held constant,
but also the disadvantage that our measurements
may not apply to other types, or varying ex-
tent of cell damage. It has been shown by others
that the pattern of sequestration is a function of
the type and extent of cell damage (1, 2, 6) and it
is expected that \Tcomax would be less if the num-
ber of sequestration "sites" available to a damaged
cell population is decreased. The fact that NEM-
spherocytes are sequestered so rapidly (and avail-
able information about the patterns of sequestra-
tion of these cells (6)) suggests that most or all
of the RES tissue available for erythrocyte se-
questration is utilized and that, in this sense,
Vcomax determined here is a true maximal rate.
The advantages of the use of NEMin this study
are that it was relatively easy to keep cell damage
constant and that the cells were so rapidly seques-
tered that it facilitated measurement of the kinetics
of COproduction.

It is possible that Vcomax might vary if the
"load" of damaged erythrocytes were presented to
the RES at a constant rate, rather than as ad-
ministered in the present experiment. A single
injection of cells had the advantage that the time
course of CO production and influx of hemoglo-
bin into plasma could be determined serially after
complete sequestration of injected cells.

There must certainly be error in extrapolating
the data obtained in the present studies to normal
or pathological man. It is noted that rates of se-
questration, the time duration of elevated COpro-
duction, and yield of CO production, after injec-
tions of small quantities of NEM-spherocytes are
identical in the anesthetized dog with data ob-
tained in experiments performed in normal un-
anesthetized human subjects (9), suggesting that
results obtained in the present study may be ap-
plicable to man.

The average maximal Vco found in the present
experiments, 1.5 ml/hr, or 0.092 ml/hr x kg of
body weight, is equivalent to a rate of hemoglobin
metabolism of approximately 0.07 g/hr x kg. This,
in turn, is equivalent to a rate of hemoglobin ca-
tabolism in a 70 kg man of about 5.0 g/hr or
maximal \Vco of 6.7 ml/hr. The largest Vco mea-
sured in our laboratory to date is 3.56 ml/hr in a
patient with sickle-cell anemia in a steady state
(18). If Vcomax in man is computed on the basis
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of relative liver weight, an even smaller value is
found. Because of this, and since the computed
\Vconax in man is less than two times greater than
measured rates of COproduction in patients in a
steady state, it seems likely that maximal rates of
erythrocyte and hemoglobin catabolism are en-
countered in patients with acute hemolysis.

It is possible to estimate the number of "se-
questration sites" that appear to be available to
NEM-spherocytes in the RES of the anesthetized
dog. This value is a minimal value since the data
indicated that the capacity of the RES to bind the
NEM-spherocytes was not exceeded even at the
highest "loads" used in our experiments. Wehave
assumed that one sequestered erythrocyte oc-
cupies one sequestration "site" and have come up
with a value of 1.8 X 105/kg of body weight. This
corresponds to a value of 1.3 x 107 for a 70 kg
man.

The present experiments appear to represent
the first demonstration of the maximal rate of he-
moglobin catabolism in any species. Noyes, Both-
well, and Finch (3) studied the effect in normal
man of administering varying quantities of 59Fe-
labeled nonviable cells, prepared by storage at
40C for 24-28 days, and observed that the t4 of
cell sequestration appeared to increase significantly
as cell injections increased from 0.03 to 0.27 g of
hemoglobin per kg of body weight. There was no
evidence given that a maximal rate of erythrocyte
destruction was occurring in these experiments,
nor could the kinetics of hemoglobin catabolism be
accessed from measurements of 59Fe turnover.
Plasma hemoglobin levels were markedly elevated
in all of these experiments, but due to the rela-
tively slow sequestration of these cells it was not
possible to determine if this was secondary to in-
travascular hemolysis or a mechanism similar to
that found in the present study. In the same study,
virtually all of the erythrocytes in rabbits were
made nonviable by injection of acetylphenylhydra-
zine. Erythrocytes were removed from the vascu-
lar compartment at average rates of approximately
1%per hr. Extrapolated to man or dog this would
be equivalent to rates of destruction of cells of
about 35 times the normal rate. It seems possible
that a maximal rate of erythrocyte catabolism, and
perhaps hemoglobin catabolism, was occurring in

these latter experiments. The calculated rate is
similar to that found in the present study.

Although our experiments imply that hemoglo-
binemia may result from RES "overload," there
seems little doubt that intravascular hemolysis
occurs. Jandl and Kaplan have clearly related he-
moglobinemia to the degree or rapidity of mem-
brane damage (2). It seems likely that the patho-
genesis of hemogloblinemia in hemolytic anemia
may include alterations in a multitude of variables.
The variables that may be involved include (a)
rate and extent of erythrocyte membrane damage,
(b) the quantity of cells involved, (c) hazards in
the circulation for damaged erythrocytes, (d) rate
of blood flow through RES, (e) RES organs in-
volved in sequestration, (f) number of sequestra-
tion "sites," (g) affinity of the bond between se-
questered cells and RES, (h) number, accessi-
bility and activity of phagocytic cells, and (i)
quantity and accessibility of enzymes needed for
degration of hemoglobin.

It is of interest that Vcomax were not signifi-
cantly different in the group of animals that were
anemic, compared with nonanemic animals. Al-
though the anemia in these animals was not ex-
plained, apparently anemia per se does not alter
the limiting parameter or parameters to maximal
hemoglobin destruction.
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