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The metabolism of human nucleated red blood
cells has not previously been determined because
of difficulties in procuring material. In most
anemias the number of nucleated erythrocytes in
the blood is so small in relation to the number of
non-nucleated erythrocytes that the metabolism
of the former is obscured by that of the latter.
Moreover, it is impossible without damaging their
very sensitive metabolic reactions to separate in
sufficient amount the nucleated from the non-
nucleated red blood cells and from the leukocytes.

The opportunity recently presented itself
through the kindness of the Department of Pedi-
atrics of examining at intervals of from three to
five months the blood of a patient with erythro-
blastic anemia who had an extremely high pro-
portion of nucleated red blood cells, 130,000 to
364,000 erythroblasts to 1.8 to 3.5 million non-
nucleated erythrocytes in 1 c.mm. of blood. The
patient was an eight year old boy of Greek par-
entage. One sister died at 2 years with symp-
toms similar to the patient's. Parents and a 3
year old brother are in good health. Since 1932
the patient has been given blood transfusions for
his anemia regularly every few months. Splenec-
tomy in 1933 was not followed by any evident im-
provement. At the time this study was begun
there were 245,000 erythroblasts and 3.25 million
non-nucleated red blood cells in 1 c.mm., that is, a
percentage of 7 per cent of erythroblasts in his
total red cell count. The percentage of reticu-
locytes was below 1 per cent. The leukocytes
varied between 5,000 and 7,000 per c.mm.

METHOD

To determine the exact metabolism of animal
cells in vitro it is imperative to avoid injury and
changes in the physiological environment by
physical and chemical factors. Allowing the
blood to stand (anaerobiosis), cooling, centri-
fuging, washing with salt solutions, dilution, sub-
stitutions for the normal plasma constituents,
changes in pH, in 02 and CO2 tension, etc., must

be avoided. The error due to neglect of these
precautions does not merely consist in the fact
that the absolute metabolic values obtained are
incorrect; respiration is also qualitatively changed,
as for example, in its effect upon lactic acid fer-
mentation or in the way it is influenced by HCN
or CO. In dealing with sensitive cells, therefore,
the metabolism must be measured in the un-
changed blood, plasma, exudate, etc., though this
makes the experiment more difficult, and as soon
as possible after the cells are taken from the body.

The erythroblastic blood was taken in heparin
(5 mgm. in 20 cc.) from the cubital vein, im-
mediately saturated at 37.5° C. with a mixture of
5 per cent CO2 and 20 per cent 02, shaken gently
with glass beads for five minutes and filtered
through gauze. Then, avoiding cooling of the
blood, 6 cc., 3 cc. and 3 cc. respectively were
pipetted into three Warburg manometer vessels
(plain rectangular vessels with side bulbs of 17
cc. capacity) (1). The side bulbs of the vessels
contained 0.2 cc. of an M/40 solution of lactic
acid, the exact concentration of which was de-
termined manometrically. While shaking at 150
oscillations per minute, the vessels in the thermo-
stat were again saturated at 37.5° with a mixture
of 5 per cent CO2 and 20 per cent 02. Then the
determination was begun in the aerobic manom-
eter vessels 1 and 2. To obtain entirely anaerobic
conditions vessel 3, containing 3 cc. of blood,
was saturated for ten minutes with 2 liters of a
mixture of 5 per cent CO2 in CO (2), since in
erythrocytes a saturation with 5 per cent CO2 in
nitrogen is not sufficient to produce complete
anaerobiosis, because of the great amount of oxy-
gen in combination with the hemoglobin. After
the experiment the retention of lactic acid was
determined (3) by tipping the 0.2 cc. lactic acid
solution containing 112 c.mm. = 0.45 mgm. lactic
acid, from the side bulb of the vessel into the
blood. The retention of carbon dioxide was de-
termined in a special vessel which contained 2 cc.

of blood in the central space and 2 cc. of bicar-
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bonate-Ringer solution in the outer space, by
tipping the same amount of lactic acid into the
bicarbonate-Ringer solution.

The metabolism, that is, 02 consumption, CO2
formation, aerobic and anaerobic lactic acid for-
mation (glycolysis) was calculated according to
the Warburg formulae (1). The dry weight was
determined by Peschel's (4) method after cen-
trifuging in special centrifuge tubes appropriate
volumes of blood and drying at 1000 C.

RESULTS

Table I shows the metabolism of the blood of
a normal six year old child and of the blood of
the patient with erythroblastic anemia. Calcu-
lated per milligram of dry weight of cells, the
respiration of the erythroblastic blood is 19 times
as great, the anaerobic glycolysis 7 times as great
and the rate of aerobic glycolysis about 4 times
as great as in normal blood. The ratio of aerobic
glycolysis to respiration is 2.3 in erythroblastic
blood and 10 in normal blood. This means that
not only are the absolute metabolic values of
respiration and glycolysis considerably greater,
but through the greater increase in respiration
the ratio of splitting metabolism to respiration
metabolism in the erythroblasts has shifted de-
cidedly in favor of the respiration metabolism.

TABLE I

Metabolism of erythroblastic blood and of normal blood

I Qm Qm Inhibi- Aerobic
Qo2 c.MM. C.MM. tion lactic

C.MM. lactic lactic of acid
oxgnacid acid lcioxgn- formed formed lciforma-

l hour * 1lhour *
per cent

By 1 mgm. blood cells of 0.94 2.17 4.08 47 2.3
the patient with ery-
throblastic anemia

By 1 mgm. blood cells of 0.05 0.5 0.58 13.8 10
a normal 6 year old
child

I c.mm. = 0.004 mgm. lactic acid.

From the ratio of the metabolism figures of
erythroblastic blood to those of normal blood,
with the same number of leukocytes and throm-
bocytes one can obtain an approximate estimate

of the metabolism of the erythroblasts themselves
as distinguished from the metabolism of normal
red blood cells (Table II). It must be remem-
bered, however, that blood containing numerous
young non-nucleated erythrocytes has a greater
respiration rate than normal blood, as Warburg
(5) demonstrated in the blood of young rabbits
and Morawitz et al. (6, 7) in the blood of anemic
patients with marked blood regeneration.

TABLE II

Cakiation of the metabolism figures for I mgm. erythroblasts

02 co IV V
I.m Mc m Inhibi- Aerobic

C.Mm. C.Mm. tion lactic
C.mm. lactic lactic Of acid
oxygen acid acid lactic forma-

con- formed formed acid tion:
sumed under under forma- respimr-

in aerobic anae- tion tion
I orcondi- robic by I11 or tions condi- bxygein tions in oye

I hour* I hour*

per cent
1 mgm. blood cells of pa- 0.940 2.17 4.08 47 2.3

tient with erythroblas-
tic anemia (7 per cent
nucleatedredcellsand
93 per cent normal
blood cells)

minus
0.93 mgm. normal blood 0.047 0.47 0.54 13.8 10

cells (93 per cent of
the cells of erythro-
blastic blood)

0.07 mgm. erythroblasts 0.893 1.70 3.54
(7 per cent of the cells
of erythroblastic
blood)

1 mgm. erythroblasts 12.8 24.3 50.6 52 1.9

* 1 c.mm. = 0.004 mgm. lactic acid.

Damble (8) repeated the experiments of Mora-
witz with the newer Warburg methods, determin-
ing quantitatively the oxygen consumption of
anemic blood in different forms of anemia and
comparing it with the number of reticulocytes.
In pernicious anemia and in secondary anemias
with a non-reactive bone marrow he found the
respiration of the erythrocytes less than in normal
blood, whereas in secondary anemias with reactive
bone marrow and high reticulocyte count the
respiration was markedly increased. The high-
est value, an oxygen consumption for erythro-
cytes two and a half times that of normal blood,
he found in a case of posthemorrhagic anemia in
a young patient in the stage of blood regeneration,
with a reticulocyte count of 10.2 per cent (eryth-
rocytes 2.5 million, hemoglobin 51 per cent).
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With a decreasing content of reticulocytes the
respiration returned to normal.

The anaerobic glycolysis of the erythrocytes of
anemic patients was quantitatively determined for
the first time by W. Burger (2). He found the
anaerobic lactic acid formation increased in about
45 per cent of his anemic patients compared with
that of the erythrocytes of normal people. In
one patient with pernicious anemia he found the
anaerobic blood glycolysis increased four times.
Unfortunately, counts for reticulocytes and for
nucleated red blood cells are not given so that no

relationship can be established between the num-

ber of nucleated red blood cells and reticulocytes
and the glycolytic activity of the blood.

Since our patient, in contrast to most of the
cases of erythroblastic anemia described in the
literature (9, 10), showed no increase of reticu-
locytes in the blood, the reticulocyte count at the
time of the experiment being below 1 per cent, we

have no reason to use the metabolism figures of
anemic blood for the metabolism of his non-

nucleated blood corpuscles, but the calculations
must be based on the metabolism figures of normal
non-nucleated blood cells. The respiration of
erythroblasts, however, is of such a different order
of magnitude compared to the respiration of non-

nucleated red blood cells, including those of re-

generative anemic blood, that even if one used
for basic figures twice the highest respiration rate
found in anemias, with a large number of retic-
ulocytes, the respiration value of the erythro-
blasts would not be appreciably decreased.

Table II shows the calculation of the metabo-
lism figures for 0.07 mgm. of erythroblasts. In
1 mgm. of erythroblasts an oxygen consumption
of 12.8 c.mm. per hour results, aerobic glycolysis
of 24.3 c.mm. (= 0.098 mgm. lactic acid) and
anaerobic glycolysis of 50.6 c.mm. (= 0.203 mgm.

lactic acid). The ratio of respiration to aerobic
glycolysis, which is 1: 10 in normal blood, is
here 1: 1.9. If one applies the highest respira-
tion rates found by Damble in severe anemias
with 10 per cent of the reticulocytes, instead of
the respiration rates of normal non-nucleated
blood cells and, as stated before, there is no rea-

son to do this in the case of our patient since he
has a normal reticulocyte count, one would find

a Q02 of 11.5 for the respiration of erythroblasts
instead of a Q02 of 12.8. If one applies five
times the respiration rate of normal blood cells
which is twice the highest figure found in anemic
blood, the respiration rate of erythroblasts would
only be changed from 12.8 to 10.1.

The metabolism rates of human erythroblasts
as compared with those of human leukocytes (4,
11) and of the nucleated red blood corpuscles of
geese and alligators, which we examined by the
same method at 37.5° C. in their own plasma are
given in Table III. Similar values for the me-
tabolism of blood cells of geese in bicarbonate-
Ringer solution and for the oxygen consumption
of alligator blood cells were found by Negelein

TABLE III

Metabolism of nudeated blood cells

II I-I

os QCO IV V
I ~M 0M Inhibi- Aerobic

Qo2 C-MM. C.MM. tion lactic
c.mm. lactic lactic of acid

Cell species c.mm.e acid acid lactic forma-ogn- formed formed acid tion:
con- under under forma- respira-

su12edaTpaerobic anae- tion tion
I nr condi- robic by II

tions condi- -xyenin tions inoxygen ma
I hour* I hour*

per cent
Human erythroblasts 12.8 24.3 50.6 52 1.92
Human exudate leuko-

cytes (1)22.8 16.8 57.8 71 0.74
Humian leukemic lymph-

ocytes (4) .... 5.8 0 11.1 100 0
Red blood cells of nor-

mal geese.... .0.54 0 0.51 100 0
Red blood cells of ane-

micgeese.d 1.06 0.16 1.9 92 0.1 5
Red blood cells of alli-
gators..0.28 0.11 0.65 83 0.39

*1 c.mm. = 0.004 mgm. lactic acid.

(12) and Tipton (13). The respiration of
human erythroblasts is seen to be 45 times greater
than the respiration of the nucleated red blood
corpuscles of alligators; about 24 times greater
than the respiration of red blood cells of normal
geese and about 12 times greater than the respira-
tion of the erythroblasts of anemic geese. The
metabolism of leukemic lymphocytes is consid-
erably less than that of the erythroblastic cells.
The ratio of aerobic glycolysis to respiration is
in human erythroblasts 1.92, in human exudate
leukocytes 0.74, in human leukemic leukocytes 0.
The anaerobic glycolysis of humian erythroblasts is
26 to 100 times greater than that of the nucleated
red blood cells of geese and alligators and nearly
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as great as the anaerobic glycolysis of leukocytes
in inflammatory exudates.

In Table IV is given a comparison of the
metabolism of erythroblasts with the metabolism
of animal tissue cells. Human erythroblasts are
among the cells with the highest anaerobic gly-
colysis, being of about the same order of magni-
tude as the glycolysis of embryonic tissue.

TABLE IV

Metabolism figures for human and animal tissue cells

II
QN2 or CO
c.mm. lactic

Qo2 acid formed
c.mm. oxygen under anaerobic
consumed in conditions

Cell species 1 hour in 1 hour *

Human erythroblasts ............ 12.8 50.6
Smooth muscle of human stomach

(14) . ............... 1.3 2.3
Adrenals of guinea pig (15) ....... 6 3
Human liver (embryo -4th month)
(16). 6.3 9.7

Human kidney (cortex) (16) (17).. 10 10.8
Humanmalignant tumor (1).. 5 28
Spermatozoa of steer (18) .. 9 28
Rat embryo (0.9 to 3.1 mgm.) (19) 12 25
Embryonic chicken heart (4 days

old) (20) . ............ 30 52
Rat retina (21) (22) ............ 31 88

* 1 c.mm. = 0.004 mgm. lactic acid.

SUMMARY

The metabolism of human nucleated red blood
cells has been measured manometrically in the
blood of a patient with erythroblastic anemia.
The erythroblasts show very high oxidative and
fermentative metabolism. The respiration is ap-

proximately 200 times greater than that of normal
non-nucleated human red blood cells (12.8:0.05),
100 times greater than the respiration of blood
cells of anemic patients with a great number of
reticulocytes (12.8: 0.12), and about 20 times
greater than that of the nucleated red blood cells
of geese (12.8: 0.54). In erythroblasts, as in
human inflammatory exudates, in leukocytes and
in non-nucleated red blood cells, respiration is not

sufficient to cause the lactic acid formed to dis-
appear, but the ratio of respiration metabolism to
glycolytic metabolism as compared to that of non-

nucleated red blood cells, is shifted decidedly in

favor of the respiration metabolism (1: 1.9 as
against 1: 10).

The anaerobic lactic acid formation of erythro-
blasts is about 90 to 100 times greater than that
of normal human blood cells and of normal eryth-
rocytes of geese (50.6: 0.58 and 0.51), and 25
times greater than that of erythrocytes of geese
with marked anemia. The anaerobic lactic acid
formation is of the same order of magnitude as
that found in youngest embryonic tissue.
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