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A case of atypical hemolytic anemia, recently
investigated in the Strong Memorial Hospital,
furnished an unusual opportunity for determina-
tion of the in vivo maturation time and the fate of
tranfused human reticulocytes. The results of this
study aided in evaluating the usefulness of reticu-
locyte experiments in quantitative measurements
of hemoglobin metabolism.

PREVIOUS QUANTITATIVE ESTIMATES OF THE RATE

OF PRODUCTIONANDDESTRUCTION

OF ERYTHROCYTES

Pigment determinations
In normal animals, there is a fine balance be-

tween red cell formation and red cell destruction.
Each day as the oldest cells are broken down, their
place is taken by new cells which are constantly
being released from the bone marrow. Therefore,
it ought to be possible to estimate the pace of
erythropoiesis by determining the rate of destruc-
tion of erythrocytes. This has been admirably
accomplished in bile fistula dogs by measurements
of the discarded pigment radicles l which are ex-
creted quantitatively in the bile (1, 2). The aver-
age life of red cells in the dog, estimated in this
way (1), is approximately 124 days, which means
that less than 1 per cent of the erythrocytes are
destroyed and replaced daily.

Transfusion studies
This - figure corresponds very well with esti-

mates of the longevity of human red cells as de-
termined by transfusion experiments, in which
cells of one type are given to recipients of another
(but compatible) type. Earlier transfusion stud-
ies, carried out with the original Ashby technique
(3 to 5), yielded estimates ranging from 30 to

1 The destruction of 1 gram of hemoglobin is followed
by the excretion of approximately 35 mgm. of bilirubin.

113 days. However, more recent investigations
(6 to 12), employing improved technique and
more carefully selected recipients, have resulted in
agreement that the youngest of the transfused
cells survive for periods of 100 to 140 days, pro-
vided the recipient's "hemolytic mechanism" is
not abnormal (12).

Reticulocyte experiments
Attempts to measure the daily rate of red cell

regeneration and the longevity of erythrocytes
have also been made by attacking the problem at
the opposite end of the erythroid series; i.e., by
following the appearance and maturation of the
youngest non-nucleated red cells, the reticulocytes,
instead of observing the breakdown of the oldest
cells as is done in the pigment and transfusion
experiments. On the basis of observations of
reticulocytes in rabbits, the average life of red
cells has been placed at 8 days (13, 14), at 15
days (15), and at 42 days (16). Others (17)
have found that most of the reticulocytes from
human cases of anemia become mature within 48
hours. However, these authors estimate that
normal human reticulocytes mature within 24
hours and that their life span is 125 days. Baar
and Lloyd (18) studied the in vitro maturation
time of reticulocytes from human cases of hemo-
lytic anemia and from guinea pigs and rabbits
with phenylhydrazine anemia. These authors es-
timate that the average maturation time of reticu-
locytes is 7 hours but add that it may be longer
in cases with reticulocytosis. They (18) utilize
the equations of Heilmeyer and Westhauser (17)
and make the following calculations which are
based on the assumptions that all red cells enter
the circulation from the bone marrow as reticu-
locytes, that they are not destroyed until they be-
come mature, and that there are approximately
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0.7 per cent reticulated cells in the peripheral
blood of normal human beings:

(1) Percentage of total red cells destroyed and
replaced in 24 hours = (0.7 x 24)/7 =2.4 per
cent.

(2) Life span of red cells = 100/2.4 = 42 days.
These investigators also contend that the above

formulae can be applied to the calculation of the
average life span of the red cells of any individual,
regardless of whether the cells die of senescence
or are destroyed indiscriminately without respect
to age. An active case of acholuric jaundice is
cited as one of a number of examples. This pa-
tient had a reticulocyte count of 14 per cent, and
the life span of his cells is therefore estimated at
2 to 3 days and the "turnover" of the total red
cell mass at nearly 50 per cent per day (19).

At the time the observations of Baar and Lloyd
appeared, a very unusual case of atypical hemo-
lytic anemia was being investigated in the hemato-
logical laboratories of the Strong Memorial Hos-
pital. Month after month, the percentage of re-
ticulated cells in this patient's circulation remained
between 45 and 73 per cent. The formulae of
Baar and Lloyd were applied to this case and, to
be conservative, a reticulocyte maturation time of
14 hours-twice the average reported by these
authors-was assumed. It was then calculated
that this patient was destroying and replacing 77
to 120 per cent of her total red cell mass daily,
and that the life span of the erythrocytes was only
20 to 30 hours! These figures seemed totally un-
reasonable. They were even more unacceptable
when it was found that the patient's daily output
of urobilinogen in the feces was approximately
600 mgm.,2 which is only 3 to 10 times the amount
excreted by normal persons and is a modest figure
for an active case of hemolytic anemia (20).

Disputed maturation time of reticulocytes

Equally disturbing were the conflicting reports
of Pepper (21), Heath and Daland (22), Minot
and co-workers (23 to 25), and Riddle (26) on
the one hand, and Mermod and Dock (27) on the
other. Pepper found that reticulocytes could be

2 Some difficulty was encountered in the collection of
feces from this patient, but this difficulty was not suffi-
ciently great to alter the interpretation of the above
results.

demonstrated in rabbit or human blood as long
as 48 hours after the beginning of incubation at
370 C. Heath and Daland incubated sterile de-
fibrinated blood from rabbits with phenylhydrazine
anemia and from human patients with pernicious
anemia at the height of their reticulocyte re-
sponses; the human blood was also placed in the
pleural cavity of rabbits. When the percentages
of reticulated cells were plotted as ordinates and
time as abscissa, the results took the form of expo-
nential curves indicating that reticulocytes ma-
tured over a period of 4 to 5 days. The curves
were the same regardless of the source of the
blood and were similar to those later obtained by
Heilmeyer and Westhauser (17).

The work of Minot's group indicates that, in
the response to specific treatment of pernicious
anemia, the reticulocytes mature within 5 to 10
days and that the magnitude of the reticulocyte
response depends largely upon the severity of the
anemia. Riddle found that during response to
treatment of pernicious anemia the non-reticulated
red cells increased in a manner similar to the
total red cell count, but lagged behind by at least
2 days. The maturation time of the reticulocytes
is therefore estimated at 2 to 4 days.

Mermod and Dock, however, could demonstrate
no evidence of maturation of reticulocytes in de-
fibrinated rat and human blood incubated at 370
C. for periods of 24 to 72 hours. Furthermore,
these authors state that maturation of reticulo-
cytes in the circulating blood is not proved and
seems not to occur on any significant scale. Mer-
mod and Dock also found that reticulocytes are
readily destroyed in vivo and in vitro by various
substances, and they suggest that recovery from.
anemia occurs in spite of premature delivery of
fragile, short-lived reticulocytes, not because of it.

Consideration of these conflicting observations
and opinions furnished the impetus for carrying
out the experiments described in this paper. The
purposes of this study were:

1. To measure the in tivo maturation time of
the reticulocytes of the patient with atypical hemo-
lytic anemia when transfused in large quantity to
a small child with aplastic anemia;

2. To compare with the in zivo results, in vitro
maturation time of reticulocytes from the same
source;
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3. To determine, if possible, the fate of the
transfused reticulocytes;

4. To evaluate the usefulness of reticulocyte
experiments in the quantitative study of the for-
maton and destruction of red blood cells.

METHODS

Counting of reticulocytes
Two methods were used for the enumeration of

reticulocytes.
1. "Dry" method. A filtered alcoholic solution of bril-

liant cresyl blue dye (0.5 gram dye per 100 ml. of abso-
lute ethyl alcohol) was poured over one side of a clean
glass slide which was then tilted on end until dry. A
small drop of blood (either capillary or oxalated venous
blood) was placed in the center of a glass cover slip
which was immediately inverted on the slide. Spreading
of the. drop between the cover slip and the slide was pro-
moted by very light pressure. The cover glass was
sealed at once with vaseline and the preparation incubated
at 370 C. for 10 to 20 minutes before being examined.3

2. "Wet" method. Blood was drawn into the stem of
a Thoma white cell counting pipette to the 0.5 mark and
diluted to the 11 mark with a filtered saline solution of
brilliant cresyl blue (0.2 gram dye per 100 ml. of 0.6
per cent solution of sodium chloride in distilled water).
After being shaken for 30 seconds, the pipette was incu-
bated 10 to 20 minutes at 370 C. The pipette was then
shaken again for 30 seconds, several drops were dis-
carded into a piece of gauze, and a small drop of the
stained and diluted blood placed on a clean glass slide.
A cover slip was then placed over the drop which spread
quickly without any pressure, and the preparation was
ready for examination. Sealing with vaseline was found
unnecessary. This method offered 3 advantages: (1)
intimate mixture of dye and cells in the wet state, (2)
sufficiently thin preparation, and (3) absence of rouleaux.

Cells stained by either method were viewed slowly
through a small hole in a piece of cardboard inserted in
the ocular of the microscope. At stated intervals, 1 or
2 counts of 1000 cells each were made by each of the
2 methods; i.e., 2000 to 4000 cells were counted. There
was no significant difference in the counts made by the
2 methods.

Use of Simmers solution

In vitro studies of the maturation of reticulocytes were
carried out by a modification of the method of Baar and
Lloyd (18) which consisted of incubating blood in sterile,
citrated Simmel's (28) solution (NaCl 8.2, KCI 02,
MgC, 02, CaCI, 0.2, NaH2PO4 0.1, NaHCO, 0.05 grams
per liter of distilled water to which one-fifth part of 3.8

B Preliminary tests failed to show conclusively that
incubation was necessary; nevertheless, this was done be-
cause there was no opportunity for further investigation
of the necessity of this procedure.

per cent sodium citrate solution was added). One ml. of
Simmel's solution was placed in each of a number of
small, sterile, corked tubes and 4 drops of blood were
added to each tube. Whenever counts were made from
one of these the remaining tubes were shaken and re-
placed in the incubator. Staining with brilliant cresyl
blue was done by the same methods used for undiluted
blood, with the exception that the blood diluted with Sim-
mel's solution was drawn to approximately the middle of
the bulb of the white cell pipette instead of the 0.5 mark
on the stem. At each interval, 2 samples were taken
from one of the tubes and staining was carried out by
both the dry and the wet methods.

Differential agglutination
The survival of transfused erythrocytes was followed

by use of the Ashby technique (3) as modified by Dacie
and Mollison (10). The only deviation from this method
was that of preparing an initial 1 in 101 suspension of
the recipient's blood instead of a 1 in 51 suspension. Each
mixture of serum and cells was prepared in duplicate and
a separate count (5 small squares on the improved Neu-
bauer ruling) of the unagglutinated cells in each tube
was made by each of 2 persons. The final count recorded
was therefore the average of 4 separate counts of each
mixture of serum and cells.4 Total red blood cell counts
were likewise made in duplicate by 2 persons and the
average of the 4 counts recorded.

The extremely potent B serum employed was prepared
by vaccination of a B donor with A and B specific sub-
stances and titrated with A1, A,, A1B, A,B, and A,B
cells as described elsewhere (29). When this serum,
which was used undiluted, was mixed with a pretransfu-
sion sample of the recipient's A, cells, there were approxi-
mately 15,000 unagglutinated cells per c.mm. The anti-M
serum was supplied by Dr. A. S. Wiener and diluted 1: 3
with saline before being mixed with cell suspensions.
When this serum was added to a pretransfusion sample
of the recipient's blood, there were 10,000 unagglutinated
cells per c.mm.

Total red cell counts, differential agglutination studies,
hemoglobin (photoelectric), and hematocrit (Wintrobe)
determinations were made with venous blood drawn with-
out stasis into a mixture of potassium and ammonium
oxalate (30) at 37° C. Counts from these tubes were
likewise made at frequent intervals by the methods de-
scribed, and in this way the in vitro and in vivo matura-
tions of reticulocytes from the same source were compared.

The average figures for percentage of reticulocytes in
the recipient's blood are plotted as ordinate and time as

4Control tubes containing 1:201 dilutions of blood in
saline were always prepared along with the mixtures of
cell suspension and serum. Counts made from these "sa-
line" tubes were nearly always higher than those made
from the Thoma standardized diluting pipette. Therefore,
the count of unagglutinated cells was always corrected by
multiplying this figure by the count from the Thoma
pipette and dividing the product by the count from the
control tube of saline.
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FIG. 1. PERCENTAGEOF RETICULOCYTES IN CIRCULATION OF CHILD WITH APLASTIC ANEMIA
BEFORE AND AFTER TRANSFUSION OF RED CELLs FROM ADULT PATIENT WITH HEMOLYTIC
ANEMIA

The in vivo maturation of reticulocytes is compared with the in vitro maturation of cells from
the same source when incubated in Simmel's solution.

abscissa in Figure 1. An exponential curve is readily
drawn through these points, and it is apparent that the
in vivo and in vitro results are almost identical except
for appreciably lower in vitro counts during the first few
hours of the experiment. Hemolysis of the cells in Sim-
mel's solution was not detectable until after the fourth
day. The last reliable in zitro counts were made 93 hours
after the beginning of incubation of the tubes. During the
period of observation, there was not only a gradual de-
crease in the number of reticulocytes but also a diminution
in the amount of vitally staining substance present in the
remaining reticulocytes. Moreover, in the incubated cells,
there was some degree of replacement of filaments by
granules, similar to those described in the in vitro studies
of others (22, 11, 18).

In vivo destruction of transfused reticulocytes following
their maturation

The blood group of the patient with atypical hemolytic
anemia was OMNRh+; that of the child with aplastic
anemia was A2MNRh+. When B serum was added to
suspensions of the child's red cells after transfusion, the A
cells were agglutinated, while the donated 0 cells were

left unagglutinated and could be counted with accuracy
by the method described. In this way, it was possible to
determine quantitatively the rate at which the transfused
cells, most of which were reticulocytes, disappeared from
the recipient's' circulation.

Calculation of the values for total donated cells, donated
reticulocytes, and donated mature (non-reticulated) cells
at each interval can be summarized as follows:

I. Total number donated cells = number cells not ag-
glutinated by B serum minus 15,000.

II. Number donated reticulocytes =total number do-
nated cells X (total percentage reticulocytes minus

2.5 per cent).
III. Number donated mature cells = total number do-

nated cells minus number donated reticulocytes.

In formula I, 15,000 cells per cmm. are subtracted be-
cause this was the count of unagglutinated cells prior to
transfusion. Formula II is based on the assumption that
approximately 2.5 per cent of the reticulocytes present at
any given time were the recipient's own cells. All do-
nated red cells are arbitrarily divided into reticulated
(immature) and non-reticulated (mature) forms in for-
mula III.

It can be seen in Figure 2 that the total number of
donated cells remained nearly constant during the first 2
days after transfusion, and that during this period, there
was a marked decrease in reticulocytes and a correspond-
ing increase in mature cells. In the following period of
4 days, there was a rapid fall in the total number of
donated cells, and the remaining reticulocytes became
mature. The few donated cells remaining at the end of
6 days were free of reticulum and were eliminated during
the seventh and eighth days, as demonstrated by further
differential agglutination studies.

The comparatively slow destruction of transfused normal
cells

Because the length of time the child could remain in
the hospital was limited, it was necessary to give her 250
ml. of normal red cells on the fifth and again on the sixth
day after the transfusion of reticulocytes. It is clear from
Figure 1, however, that the percentage of reticulocytes
in the recipient's circulation had returned nearly to the
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FIG. 2. FATE OF RED CELLS FROM ADULT PATIENT

WITH HEMOLYTIC ANEMIA AFTER TRANSFUSION TO

CHILD WITH APLASTIC ANEMIA
The few mature cells remaining at 140 hours were de-

stroyed during the next 2 days (Table I). The graph

was not extended to show this destruction because large
errors are involved in cell counts below 100,000.

original level before the transfusions of normal cells were

given. The blood group of the normal cells was

ONRh+. It was therefore possible to follow the sur-

vival of these cells by the use of anti-M serum which
agglutinated the cells of the recipient (type MN). Calcu-
lation of the distribution of cells in the child's circulation
was then carried out as follows:

I. Number ON cells from normal donors = number
of cells not agglutinated by anti-M serum minus
10,000.

II. Number of OMNcells from patient with hemolytic
anemia=number of cells not agglutinated by B
serum minus 15,0000 minus number of ON cells.

The calculated number of OMNcells was less than
20,000 per c.mm. on the seventh day after the transfusion
of these cells, and subsequent examinations during the
next 37 days confirmed the fact that all of these cells
had been eliminated from the child's circulation. During
this period, it was shown (Table I) that the count of
normal ON cells, which was 2,800,000 on the first day
after the last transfusion, had decreased to 2,140,000 in
17 days and to 1,300,000 in 38 days. It was necessary to
terminate the study on the thirty-eighth day, and there-
fore the length of time required for the complete destruc-
tion of the normal ON cells cannot be given. However,
it appears that, although these cells were destroyed more

slowly than the OMNcells, the rate of their elimination
was possibly more rapid than that of normal cells in the
circulation of recipients with normal hemolytic mecha-

TABLE I

Detailed hematologic observations on blood of child with aplastic anemia before and after
transfusion of reticulated OMNcells and normal ONcells

Red blood cells

Date Hour Reticulo- Hema- Hemo-
cyltes tocrit globin Total Reticu- Mature

Total AMN OMN lated OMN ON
I ~~~OMN

gramS
per cent per milions per c. mm.

Oct. 3-44 1:30 p.m. 3.1 17.0 6.5 1.85 1.85
Oct. 4 11:00 a.m. 3.3
Oct. 5 10:00 a.m. 2.1
Oct. 5 10:00 a.m. Transfusion 150 ml. OMNcells, 73 per cent reticulated
Oct. 5 11:00 a.m. 19.4 22.2 8.4 2.02 1.60 0.42 0.34 0.08
Oct. 5 12:00 n. 18.8 23.0 8.9 2.09
Oct. 5 4:00 p.m. 17.0 22.8 8.2 2.29
Oct. 5 8:00 p.m. 15.7 21.2 7.6 2.06
Oct. 6 8:00 a.m. 12.9 22.3 7.8 2.15 1.70 0.45 0.22 0.23
Oct. 7 8:00 a.m. 8.8 21.5 7.9 2.02 1.62 0.40 0.13 0.27
Oct. 9 8:00 a.m. 4.2 18.0 6.9 1.84 1.65 0.19 0.03 0.16
Oct. 10 8:00 a.m. 3.3 17.7 6.8 1.72 1.60 0.12 0.01 0.11
Oct. 10 1:00 p.m. Transfusion 250 ml. ONcells (Normal)
Oct. 10 3:00p.m. 28.3 11.3 1 2.84 1.22 1 0.11 1.51
Oct. 11 8:00a.m. 2.0 28.2 11.3 2.87 1.30 | 0.10 | 0 | 0.10 1.40
Oct. 11 11:30 a.m. Transfusion 250 ml. ONcells (Normal)
Oct. 12 8:00 a.m. 0.8 38.0 14.6 4.29 1.47 0.02 0 0.02 2.80
Oct. 13 8:00 a.m. 0.6 38.0 14.6 4.35 1.39 0 0 0 2.96
Oct. 28 9:30 a.m. 1.0 30.7 12.7 3.46 1.32 0 0 0 2.14
Nov. 18 9:30 a.m. 0.9 24.0 10.0 2.58 1.28 0 0 0 1.30

Figures for percentage reticulocytes after transfusion were obtained from curve shown in Figure 1. The relatively
small increase in total red cell count produced by the transfusion of OMNcells was due to the fact that the mean cor-
puscular volume (MCV) of these cells was 138 c.pu. These cells were loosely packed when the 150 ml. volume was meas-
ured. The MCVof the ONcells was presumably normal.
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nisms (6 to 12). It is therefore possible that there was
a small hemolytic element in the anemia of the child
whose disease had been labelled "aplastic anemia." Un-
fortunately, quantitative determination of fecal urobilino-
gen could not be obtained in order to settle this issue.

A second determination of the maturation time of reticu-
locytes in vitro

On October 17, 1944, 20 ml. of blood were drawn from
M. G., the patient with atypical hemolytic anemia. A 10
ml. portion was defibrinated by gentle shaking with a
small number of glass beads in an Erlenmeyer flask, after
which, 1 ml. of the defibrinated blood was placed in each
of 8 small, sterile, tightly-stoppered tubes. No grossly
detectable hemolysis was produced by this procedure.
The remainder of the whole blood was distributed among
tubes of Simmel's solution by the method previously de-
scribed. All but one of the tubes of each type were incu-
bated at 370 C.

At intervals of 7 to 26 hours during the next 6 days,
one tube of defibrinated blood and one tube of blood di-
luted with Simmel's solution were removed from the
incubator for examination, and the remaining tubes were
shaken and replaced in the incubator. Both "'wet" and
"dry" preparations were made with brilliant cresyl blue
and the reticulocytes counted as before. During the first
48 hours of incubation, the percentage of reticulated cells
in the defibrinated blood was not significantly different
from that of the cells suspended in Simmel's solution.
The average of the counts from both tubes at each in-
terval is therefdre recorded in Figure 3. After 48 hours,
however, there was considerable hemolysis of the defibri-
nated blood and counts made from the defibrinated sam-
ples after that time were considered unreliable. The re-
mainder of the graph shown in Figure 3 is therefore
based only upon the counts of the reticulated cells in
Simmel's solution in which there was but slight hemolysis
on the fifth and sixth days. In spite of the fact that the
reticulocytes were enumerated at relatively long intervals
and that the defibrinated blood proved unsatisfactory, this
rather crude in vitro experiment served to confirm the
previously obtained results.

At the time blood was drawn for this experiment, the
percentage of reticulocytes in the patient's blood had
decreased to 29.6, presumably as a result of the trans-
fusion given 12 days previously. However, the expo-
nential curve showing the maturation of reticulocytes
during a period of 6 days is very similar to that obtained
as a result of the earlier combined in zivo and in vitro
study.

DISCUSSION

In the case presented in this paper, the child's
reticulocyte count was raised by nearly 17 per cent
as a result of transfusion, and the gradual decline
in the percentage of reticulated cells took place
over a period of approximately 140 hours, or
roughly 5 to 6 days. Baar and Lloyd (18), who

- 20 40 60 80 100 IZO 140
HOUR5OF INCUBATION AT 37° C.

FIG. 3. IN VITRO MATURATIONOF RETiCULOCYTESFROM
PATIENT WITH HEmOLYTICANEMIA4

performed the only previous experiment of this
type, produced an increase of 5.4 per cent in the
reticulocyte count of an infant by transfusing
blood from a patient with acholuric jaundice.
The in vitro maturation time of reticulocytes from
this patient is recorded by these authors as 6
hours, which is approximately the time required
for the in znvo maturation of the transfused reticu-
locytes in the circulation of the infant.

There are 3 possible explanations for the
marked discrepancy in these 2 estimates of matu-
ration time.

1. The experimental error in the counting of
reticulocytes is known to be large; this is particu-
larly true when dealing with numbers as small as
5.4 per cent. Heath and Daland (22) admit that
no conclusions can be drawn from their own trans-
fusion experiments in which the reticulocyte
counts of rabbits were raised by only 3 to 6 per
cent.

2. Baar and Lloyd (18) determine maturation
time by extrapolation of the initial steep slope of
the maturation curve to the ordinate zero. It is
difficult to follow the reasons given by these au-
thors for using this procedure which, if applied to
the -reticulated cells of Figures 1 and 3, might
yield estimates as low as 20 to 40 hours. It seems
more reasonable to consider the interval between
the beginning of the experiment and the hour at
which the base-line is first reached, as the matura-
tion time of the youngest reticulocytes.
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3. The length of time required for a reticulated
cell to lose its vitally staining substance may vary
somewhat depending upon its source. Baar and
Lloyd suggest that this period may be relatively
long in cases with reticulocytosis and short in
cases of pernicious anemia. Heilmeyer and West-
hiiuser (17) found that maturation curves vary
somewhat depending upon the source of the blood,
but in all cases, the general trend is the same.
Riddle (26) believes it likely that in normal and
less anemic individuals, the reticulocytes are re-
tained longer in the marrow and developed nearer
to maturity before release, and may therefore re-
quire less time in the circulation to lose their
reticulum.

Comparison of in vivo and in vitro studies of the
maturation of reticulocytes
Among those who have compared the in vivo

and in vitro maturation of reticulocytes (18, 22),
there is general agreement that the results are
essentially the same by either method. Not only
are similar estimates of maturation time obtained,
but the same sort of exponential maturation
curve can be plotted with figures obtained in either
way. This can also be said of the data presented
in this paper. It should be emphasized, however,
that the in tivo observations recorded here were
obtained by utilizing a case that was far more ad-
vantageous than any previously investigated. The
correlation of the in vivo and in vitro results in
this case is therefore of special interest.

Fate of transfused reticulocytes
It has already been pointed out that during the

first 2 days after the transfusion, the total count
of donated cells fell but little, while there was a
marked decrease in percentage of reticulocytes
(Figure 2). It can therefore be concluded that
during this interval many of the reticulated cells
became mature. During the first 2 days, there
was a preponderance of maturation and a mini-
mumof red cell destruction, but during the next
4 days, after most of the cells had become mature,
the reverse was true. These findings are sufficient
to disprove the contention of Mermod and Dock
(27) that reticulocytes do not mature in the circu-
lating blood. These investigators argue that the
reticulum merely becomes more difficult to stain
and that these cells do not really mature with in-

cubation. They attribute the results of Heath
and Daland (22) to the use of "dry" staining tech-
nique. However, in the present study both wet
and dry techniques were used with nearly identi-
cal results.

The observations shown in Figure 2 support
the opinion of Baar and Lloyd (18) that reticulo-
cytes are not destroyed until they become mature
and they are also in keeping with Cruz' observa-
tion that reticulocytes are not destroyed by acetyl-
phenylhydrazine (32). At present, it is possible
only to speculate on the explanation for this pe-
culiar immunity to destruction.

It must also be admitted that under certain
conditions reticulocytes may be destroyed as read-
ily, or perhaps more readily, than mature cells.
Rhoads et al. (33) produced hemolytic anemia
with indol in dogs fed deficient diets and at-
tributed the lack of reticulocytosis to rapid de-
struction of immature cells. Dock (34) found
doses of saponin which on injection into rabbits
destroyed circulating reticulocytes with negligible
effect on mature cells, and Dock and Mermod
(35) demonstrated a reticulocyte lysin in the se-
rum of active cases of pernicious anemia. It has
been suggested that such a lysin is responsible for
increased pigment excretion and lack of reticulo-
cytosis in this disease before specific therapy is
given.

Defectiveness of reticulocytes

The red cells of the patient with atypical hemo-
lytic anemia are destroyed rapidly, not only in her
own body but after transfusion to a child whose
circulation retains normal erythrocytes for much
longer periods. These facts indicate that the cells
of M. G.5 are abnormal, but there is uncertainty
as to whether they are structurally defective in
the same sense as spherocytes and sickle cells, or
defective merely because they happen to be re-
leased from the marrow in the reticulated form.
It is reasonable to suspect that in certain anemias,
the marrow is working under difficulties and
therefore turns out cells with defective stroma, as

5Normal ON cells were transfused to patient M. G.
on 2 separate occasions. The donated erythrocytes sur-
vived 114 days after the first transfusion, and 790,000
donated cells per c.mm. were counted 39 days after the
second transfusion (31).
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suggested by Whipple (36). There is no proof,
however, that such defectiveness is limited to cells
which leave the marrow in the reticulated stage.
There is also no evidence that under normal con-
ditions cells entering the circulation in this earlier
stage of development have any shorter life expec-
tancy than those leaving the marrow without
vitally staining substance.

It is virtually impossible to study the behavior
of reticulocytes from normal human beings and
lower animals because they are present in the
blood in very small numbers. All published ob-
servations on reticulocytes, including those de-
scribed in this report, have been made with blood
drawn from abnormal mammals or normal mam-
mals subjected to abnormal conditions. Great
caution must therefore be taken in applying these
results to the behavior of the normal erythron.

Use of reticulocyte experiments in the study of
hemoglobin metabolism
It is of interest to compute the life span of the

red cells of patient M. G. by using the formulae
of Heilmeyer and Westhauser (17) and Baar and
Lloyd (18). If the reticulocyte count is 73 per
cent 6 and the maturation time 140 hours, then
the daily rate of regeneration of red cells is
(73 x 24)/140 = 12.5 per cent and the average
life span of the cells is 100/12.5 = 8 days.

This figure coincides with the 8-day period of
survival actually observed after transfusion of the
cells into the child. This correlation indicates that
in the case of M. G. nearly all of the cells were
leaving the marrow in the reticulated stage and
were not destroyed until they had matured. It
will be recalled that these were the assumptions
on which the above formulae were based.

Prior to the transfusion experiment the body
weight of patient M. G. was 67 kgm., estimated
blood volume approximately 6000 ml., hemoglobin
9.5 grams per 100 ml., and total circulating hemo-
globin 570 grams. If the entire red cell mass was
being broken down and replaced every 8 days,
then the calculated rate of hemoglobin "turn-
over" is 71 grams per day. This figure is approxi-

6 The percentage of M. G.'s cells that are reticulated
is 80, if calculated from the data shown graphically in
Figure 2. However, this figure is obviously less accurate
than the direct count of 73 per cent made just before the
blood was transfused.

mately 10 times that (7.2 grams per day) calcu-
lated for a normal person of the same body weight
but with 15 grams of hemoglobin per 100 ml. of
blood and with a red cell longevity of 125 days.

If 35 mgm. of bilirubin are formed from the
breakdown of each gram of hemoglobin, the calcu-
lated rate of bilirubin excretion from the common
bile duct of patient M. G. is 2485 mgm. per day,
as compared with 252 mgm. per day in the normal
individual of the same body weight. The quanti-
tative elimination of bilirubin in bile fistula dogs
has been amply demonstrated (1, 2), but the ratio
between output of bilirubin in the bile and excre-
tion of urobilinogen in the feces has never been
accurately determined. No doubt this ratio is
subject to considerabale variation under normal
as well as abnormal conditions. According to
Watson (20), the fecal urobilinogen excretion of
normal adults varies from 40 to 280 mgm. per day
(usually 100 to 200 mgm.), while in cases of
hemolytic anemia, values ranging from 300 to
4000 mgm. per day (usually 600 to 2000 mgm.)
are recorded.

In June 1944, when the reticulocyte count was
62 per cent, urobilinogen was excreted in the feces
of M. G. at the rate df 600 mgm. per day. How-
ever, the fecal collections were rather unsatisfac-
tory and this figure is probably much below the
true value. The need for accurate determinations
of fecal urobilinogen excretion in conjunction with
transfusion experiments of the type reported in
this paper is apparent.

If the maturation time of all reticulocytes is
approximately 140 hours, as previously suggested,
and the normal average reticulocyte count in hu-
man beings is 0.7 per cent, then the normal
average daily rate of red cell regeneration is
(0.7 x 24)/140 = 0.12 per cent and the average
life span of the cells is 100/0.12 = 833 days.

This estimate is 7 to 8 times greater than those
based on pigment studies and transfusion experi-
ments, the results of which are not acceptable to
Baar and Lloyd for reasons that are difficult to
follow (19, 37). These authors, however, place
the average life span of normal erythrocytes at
42 days which is nearly 20 times lower than the
figure of 833 days computed with their formulae.

There are 3 possible explanations for the fail-
ure of these calculations to provide a reasonable
estimate of the longevity of red cells:
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1. Determinations of the maturation time of
reticulocytes may be erroneous. The 140-hour
figure has already been defended and nothing
more tan be added here.

2. Reticulocytes may be destroyed before they
become mature. However, it is unlikely that this
takes place in normal individuals and it is reason-

ably certain that this did not occur in the case

which formed the basis for this report.
3. By far the most important reason for the in-

congruity of the figures calculated according to
the equations of Baar and Lloyd, and for the fail-
ure of reticulocyte experiments to measure the
tempo of hemoglobin metabolism, is that not all
red cells enter the circulation in the reticulated
form.

This belief is supported by the classic observa-
tions of Minot's group who conclude that only in
the more anemic patients with pernicious anemia
can the initial increase in total red count be at-
tributed entirely to the production of reticulocytes
following specific therapy. These investigators
add that since the total red cell count continues to
rise after the percentage of reticulocytes has
reached a peak and returned again to a normal
level, it must be concluded that enough time has
elapsed so that most of the erythrocytes are ma-

ture when released from the marrow. Moreover,
in less anemic patients, even the initial increase
in total red cells is due largely to the release of
erythrocytes which are already mature when they
enter the circulation.

Additional evidence is furnished by the obser-
vations of* Rioch and Robscheit-Robbins (38)
who found no correlation between reticulocyte
formation and output of hemoglobin in standard
anemic dogs.

In view of these facts, it is likely that, under
normal conditions, only a small percentage of the

red cells delivered from the marrow contains de-
tectable ampunts of vitally staining substance.
This is the chief reason for the distinctly limited
usefulness of retictlocyte experiments in estimat-
ing the daily rate of red cell regeneration and the
life span of erythrocytes.

SUMMARY

1. Approximately 150 ml. of red cells, 73 per

cent of which were reticulated, were removed
from a patient with atypical hemolytic anemia and

transfused to a child with probable aplastic anemia.
The number of reticulocytes in the child's circula-
tion was thus raised by 17 per cent.

2. The transfused reticulocytes gradually ma-
tured over a period of about 140 hours. A similar
maturation curve and estimate of maturation time
were obtained by in vitro incubation of the same
blood in Simmel's solution.

3. All of the transfused cells were destroyed in
approximately 8 days, but it was demonstrated
that the reticulocytes were not destroyed until
they had become mature. It is emphasized that
these cells were abnormal and that for this reason
the results of this experiment must be applied with
great caution to the behavior of the normal
erythron.

4. It is concluded that reticulocyte experiments
have only limited usefulness in estimating the
daily rate of red cell regeneration and the life
span of erythrocytes because:

a. The maturation time and fate of reticulocytes
may vary, depending upon the conditions
under which they are produced;

b. Under certain circumstances, reticulocytes
may be destroyed before they become
mature;

c. Under normal conditions and in some phases
of the response to anemia, most of the red
cells probably enter the circulation in the
non-reticulated form.

The authors are indebted to Miss Helen Zimmerman
and Miss Leah Schwendler for technical assistance,and
to Dr. William B. Hawkins for many helpful suggestions
during the preparation of this report.

BIBLIOGRAPHY

1. Hawkins, W. B., and Whipple, G. H., The life cycle
of the red blood cell in the dog. Am. J. Physiol.,
1938, 122, 418.

2. Cruz, W. O., Hawkins, W. B., and Whipple, G. H.,
Acetylphenylhydrazine anemia. 2. Bile pigment
elimination and new hemoglobin reconstruction in
the bile fistula dog. Am. J. M. Sc., 1942, 203, 848.

3. Ashby, W., Determination of length of life of trans-
fused blood corpuscles in man. J. Exper. Med.,
1919, 29, 267.

4. Ashby, W., Study of transfused blood. 2. Blood de-
struction in pernicious anemia. J. Exper. Med.,
1921, 34, 147.

5. Wearn, J. T., Warren, S., and Ames, O., Length of
life of transfused erythrocytes. Arch. Int. Med.,
1922, 29, 527.

562



MATURATIONAND DESTRUCTIONOF HUMANRETICULOCYTES

6. Wiener, A. S., Longevity of the erythrocytes. J. A.
M. A., 1934, 102, 1779.

7. Wiener, A. S., and Schaefer, G., Limitations in the
use of preserved blood for transfusion. Med. Clin.
North America, 1940, 24, 705.

8. Denstedt, 0. F., Osborne, D. E., Stansfield, H., and
Rochlin, I., The survival of preserved erythrocytes
after transfusion. Canad. M. A. J., 1943, 48, 477.

9. Denstedt, 0. F., Osborne, D. E., Stansfield, H., and
Rochlin, I., The survival of preserved red cells
after transfusion. Anesthesiology, 1944, 5, 237.

10. Dacie, J. V., and Mollison, P. L., Survival of normal
erythrocytes after transfusion to patients with fa-
milial haemolytic anaemia. Lancet, 1943 1, 550.

11. Mollison, P. L., The survival of transfused erythro-
cytes in haemolytic disease of the newborn. Arch.
Dis. Childhood, 1943, 18, 161.

12. Brown, G. M., Hayward, 0. C., Powell, E. O., and
Witts, L. J., The destruction of transfused erythro-
cytes in anaemia. J. Path. and Bact., 1944, 56, 81.

13. Eaton, P., and Damren, F. L., A method for deter-
mining the life duration of the erythrocyte. South.
MK J., 1930, 23, 311.

14. Eaton, P., and Damren, F. L, The rate of red cell
production after hemorrhage. South. M. J., 1930,
23, 395.

15. Schulten, H., t)ber den Verlauf der Blutregeneration
nach Anamien. Folia Haemat., 1930, 42, 158.

16. Kurtz, P. L., An experimental index of erythropoietic
function in rabbits. Am. J. Physiol., 1937, 119, 24.

17. Heilmeyer, L., and Westhauser R., Reifungsstudien
an uberlebenden Reticulocyten in vitro and ihre
Bedeutung fur die Schatzung der tiglichen Haemo-
globin-produktion in vivo. Ztschr. f. klin. Med.,
1932, 121, 361.

18. Baar, H. S., and Lloyd, T. W., Studies in the anemias
of infancy and early childhood. Part XII. The
regeneration rate of haemoglobin and the life span
of erythrocytes in normal and pathological condi-
tions. Arch. Dis. Childhood, 1943, 18, 1.

19. Baar, H. S., and Lloyd, T. W., Studies in the anemias
of infancy and early childhood. Part XIV. The
fate of transfused erythrocytes. Arch. Dis. Child-
hood, 1943, 18, 124.

20. Watson, C. J., The bile pigments. New England J.
Med., 1942, 227, 665 and 705.

21. Pepper, 0. H. P., Observations on vitally stainable
reticulation and chromatic granules in erythrocytes
preserved in vitro. Arch. Int. Med., 1922, 30, 801.

22. Heath, C. W., and Daland, G. A., The life of reticulo-
cytes; experiments on their maturation. Arch. Int.
Med., 1930, 46, 533.

23. Minot, G. R., Murphy, W. P., and Stetson, R. P.,
The response of the reticulocytes to liver therapy:
particularly in pernicious anemia. Am. J. M. Sc.,
1928, 175, 581.

24. Minot, G. R., Cohn, E. J., Murphy, W. P., and Law-
son, H. A., Treatment of pernicious anemia with
liver extract: effects upon the production of im-
mature and mature red blood cells. Am. J. M. Sc.,
1928, 175, 599.

25. Cohn, E. J., Minot, G. R., Alles, G. A., and Salter,
W. T., The nature of the material in liver effective
in pernicious anemia. II. J. Biol. Chem., 1928, 77,
325.

26. Riddle, M. C., Pernicious anemia. Blood regeneration
during early remission. Arch. Int. Med., 1930, 46,
417.

27. Mermod, C., and Dock, W., Fragility and maturation
of reticulocytes. Arch. Int. Med., 1935, 55, 52.

28. Simmel H., Die Prufung der osmotischen Erythrocy-
tenresistenz. Ergebn. Inn. Med. Kinderheilk., 1925,-
27, 507.

29. Young, L. E., and Witebsky, E., Studies of the sub-
groups of blood groups A and AB. II. The ag-
glutinogen A3; its detection with potent B serum
and an investigation of its inheritance. J. Immu-
nol., in press.

30. Heller, V. G., and Paul, H., Changes in cell volume
produced by varying concentrations of different
anticoagulants. J. Lab. and Clin. Med., 1934, 19,
777.

31. Young, L. E., and Lawrence, J. S., Atypical hemo-
lytic anemia, with special reference to the use of
transfusions in the study of hemolytic mechanisms.
In preparation.

32. Cruz, W. O., Acetylphenylhydrazine anemia. 1. The
mechanism of erythrocyte destruction and regenera-
tion. Am. J. M. Sc., 1941, 202, 781.

33. Rhoads, C. P., Barker, W. H., and Miller, D. K.,
The increased susceptibility to hemolysis by indol
in dogs fed deficient diets. J. Exper. Med., 1938,
67, 299.

34. Dock, W., The importance of hemolysis in the patho-
genesis of macrocyctic anemia. Medical Papers
Dedicated to Dr. Henry A. Christian. Waverly
Press, Baltimore, 1936, page 545.

35. Dock, W., and Mermod, C., Hemolysins to which
reticulocytes are especially vulnerable in the plasma
of primary anemia. Proc. Soc. Exper. Biol. and
Med., 1934, 32, 373.

36. Whipple, G. H., Pigment metabolism and regenera-
tion of hemoglobin in the body. Arch. Int Med.,
1922, 29, 711.

37. Baar, H. S., Studies in the anemias of infancy and
early childhood. Part XIII. Experiments on
blood regeneration and their significance for the
life span of erythrocytes. Arch. Dis. Childhood,
1943, 18, 65.

38. Rioch, J., and Robscheit-Robbins, F. S., The response
of reticulocytes to potent diets in severe experi-
mental anemia due to hemorrhage. Am. J. M. Sc.,
1932, 184, 304.

563


