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A B S T R A C T Previous studies of red cell structure
and metabolism during the aging process have relied
upon in vitro techniques of cell separation into various
age populations. Probably the most common approach
is to isolate the older red cells with the assumption that
they are more dense. This may lead to a number of in-
consistencies in observations, and may certainly raise
questions about possible cell changes secondary to ma-
nipulative procedures. For this reason, an experimental
system was devised where a normal red cell population
could be studied, while aging, in an in vivo environment.
The initial red cell mass of a large number of inbred
rats was transferred repeatedly into an ever smaller
number of animals, making it possible to follow an
aging population of red cells up to 48 days while pre-
venting contamination with newly produced cells by
suppression of erythropoiesis with transfusion-induced
polycythemia. During this period, samples of progres-
sively older red cells could be obtained for measurements
of red cell constant. It was noted that the normal rat
red cell undergoes both volume reduction and significant
hemoglobin content loss with aging. In addition, the
hemoglobin concentration within the cell demonstrated
an early rise after a return to nearly normal values.
These findings are noteworthy in that they help to ex-
plain the characteristics of life-spans of cohort labeled
red cell populations in small animals, and provide a
possible example of a cell's remodeling process within
the spleen.

INTRODUCTION
A number of investigators have attempted to describe
the morphologic and metabolic changes which erythro-
cytes undergo during the aging process (1-18). For
such studies, a method for separating red cell popula-
tions according to age is required. Several techniques
have been employed including separation by differential
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agglutination (14, 15), osmotic fragility (16), in-
duction of anemia (13), marrow damage by irradiation
(17) or drug administration (19), and transfusion of
red cells into patients with aregenerative anemia (18).
The most common methods used, however, have been
a variety of centrifugation techniques (1-11). This ap-
proach not only assumes that older red cells are more
dense but also that they are not,-altered significantly by
the in vitro separation procedure. Naturally, these as-
sumptions would be of less concern if consistent and
reproducible data were forthcoming from these methods.
However, even in respect to measurements of cell size
and hemoglobin content, there has been little agreement
among investigators. For example, in recent studies,
a reduction (10, 17), increase (8), and constancy (11)
of mean corpuscular volume have been recorded.

In view of these conflicting results, an effort was
made to devise an experimental system which permits
the study of aging red cell populations in an in vivo
environment. Although other investigators have made
attempts to study cells in vivo (13, 17-19), this is, to
our knowledge, the first description of a model which
permits the study of normal red cells during more than
80% of their life-span while circulating in a healthy
animal. By applying the previously described technique
of transfusion-induced erythroid marrow depression
(20), a normal red cell population was observed in rats
for a period of 43-48 days without significant contami-
nation by newly produced cells. It was apparent that the
aging red cell undergoes both a volume reduction and
significant hemoglobin loss-changes which have previ-
ously been described only in anemia induced macrocytes
(20).

METHODS
Experimental model. In two separate experiments, 120-150 highly inbred rats were initially divided into donor, re-

cipient, and control groups (Fig. 1). Study A, performed inZurich, Switzerland, used female Osborn-Mendel rats,weighing 250-300 g, and study B, performed in Seattle,Washington, used male Simonson Albino rats, weighing
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FIGURE 1. Study A. Experimental model for concentra-
tion of a progressively older population of normal rat red
cells in an ever smaller number of animals. Red cell mea-
surements were performed on study rats at points E1 to E6;
control rats were chosen at random from the initial group
and studied at points C1 to C3. Study B differed only slightly
in terms of the timing of recipient transfusions: E2, 15th
day; El, 27th day; E4, 36th day; and E5, 43rd day.

350-4C0 g. On day 0 and 1, 40 recipient animals were hy-
pertransfused (65-75% hematocrit values) by tail vein in-
je-tions (9-12 ml) of pooled heparinized whole blood ob-
tained by cardiac puncture from 80 or more donor animals.
The length of time the cells spent outside the circulation
was kept below 30 min. Subsequently, the hematocrit value
of the hypertransfused recipients remained above 50%o for
the next 14 days. At this time, half the group was used as
donors to maintain the hypertransfused state in the re-
maining 20 rats. This procedure was repeated in study A
on days 28 and 38 until five animals were left (E1 - E5,
Fig. 1). On day 48 of study A, and day 43 of study B, the
experiment was terminated when the last five animals were
sacrificed for determination of their red cell life-spans. 30
rats selected at random from the initial animals were em-
ployed as controls. They were sacrificed in groups of 10 on
days 2, 22, and 45 (C1 - C3, Fig. 1) for cell constant mea-
surements and life-span determinations.

Normnal red cell measurements. At the time of each hy-
pertransfusion (E1 - E5), donor blood from each of 5 to
10 animals was used to determine both the mean cell con-
stant and the volume frequency distribution of the circu-
lating red cells. All measurements were performed in tripli-
cate. Hematocrits were determined by the microhematocrit
method; hemoglobins were assayed by the cyanmethemoglo-
bin technique. Red cell counts were performed on either
a Model F or Model B Coulter counter (Coulter Elec-
tronics, Inc., Hialeah, Fla.) using isoton as diluent. Red
cell volume distribution plots (study A) were determined
on the Model B Coulter counter, equipped with a 100 ,
aperture tube, and the Model J size distribution plotter (11,
21-23). For sizing, the cell concentration was adjusted to
approximately 10,000/ml, the aperture current switch set at
I (1 ma), and the amplification at 1. Five plots were regis-
tered using separate dilutions of each sample studied, and
an average volume distribution was calculated. In study A,
hematocrits and mean corpuscular volumes (MCV)' were
also measured with the corresponding Coulter computers.

1 Abbreviations used in this paper: ACD, acid citrate dex-
trose solution; MCH, mean corpuscular hemoglobin; MCHC,
mean corpuscular hemoglobin concentration; MCV, mean
corpuscular volume.

There was good agreement between the measurements ob-
tained by the conventional methods and the Coulter instru-
ments over the full range studied (hematocrit, r = 0.97;
MCV, r = 0.83). Consequently, average values were used.
Both the accuracy of these measurements, when performed
repeatedly on a single sample, and the constancy of the
control animals' values during the 7 wk of the study are
summarized in Table I. Suppression of red cell production
by hypertransfusion has been documented using reticulocyte
counts and radioiron incorporation (20). In these studies,
continued suppression of red cell production was monitored
with repeated reticulocyte counts. After supravital staining
with new methylene blue, the number of reticulocytes among
5000 red cells was enumerated using five different cover-
slips. Whereas the normal control rats demonstrated mean
reticulocyte counts of 1.0 to 1.5 X 105/mm3, the hypertrans-
fused animals maintained an average count of 0.13 X 10'/mm3,
ranging from 0.05 to 0.19 X 10'/mm3. Marrow production
was thus reduced to less than 10% of normal. Reticulocyte
counts were always recorded on the days of transfusion,
when hematocrits were at lowest levels. It would be ex-
pected that marrow depression was even greater on the
days immediately after hypertransfusion.

The red cell population of each of the remaining hyper-
transfused rats (E5), and the control rats sacrificed on day
45 (C3) were labeled with 51Cr and their survival deter-
mined in normal and splenectomized recipients (24, 25).
1 ml of whole blood from each study animal was incubated
with 50 uCi 51Cr in (ACD) acid citrate dextrose solution
for 15 min at room temperature, washed three times with
five volumes of rat plasma, and an equal portion injected
into the recipients using the tail vein route. Samples were
taken from the tail vein at 2 hr, 2 days, and at 1-2 day in-
tervals thereafter. 0.02 ml was pipetted into 2 ml distilled
water and counted on a Nuclear-Chicago GammaWell Type
Scintillation Counter (Nuclear Corp., N. J.) to 10,000
counts above background for ±+l% accuracy.

RESULTS

Mean cell constants. The changes in mean cell con-
stants during in vivo aging are summarized in Fig. 2.
The MCVfell in a nearly linear fashion with a 13-16%
reduction in volume by the 40-45th day. At the same
time, the mean corpuscular hemoglobin (MCH), dem-
onstrated a reduction of 11-13% of the original hemo-
globin content of the cell. There was, however, no
change in the MCHfor the first 2 wk in the aging
study.

The early fall in MCVdid correlate with a rise in
mean corpuscular hemoglobin concentration (MCHC).
There was a 4-7% rise in MCHCduring the first 25
days of the study. Interestingly, this increase was not
maintained. The MCHCreturned towards normal after
the 25 day until the value barely exceeded the original
and control measurements.

Volume distribution studies. As the cell population
aged, the volume frequency distribution curve was sig-
nificantly shifted towards smaller cell volumes (Fig. 3).
This phenomenon appeared to involve every cell since
the original asymmetry of the curve remained unaltered
with the shift to the left.
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TABLE I

Accuracy of Red Cell Measurements

Red cell count Hemoglobin Hematocrit

X106/mm' g/100 ml %
Repeated determinations on a single sample (mean :411 SE) (n*, 15) 7.03 40.09 13.2 1:0.21 43.1 40.08
Control animal measurements C1, C2, and C3, Fig. 1, (mean :11 SD)

(n*, 28) 6.95 4-0.43 14.6 1:0.7 42.6 1:2.4

* n, number of observations.

Red cell survival studies. The half clearance time
(ti) of normal rat erythrocytes labeled with 51Cr are
summarized in Table II and Fig. 4. The mean 'ICr tf for
normal rat red cells injected into normal recipients was
14.5 days for study A, and 18.5 days for study B. When
cells were injected into splenectomized recipients in
study A, the mean 'Cr ti was 19.5 days. Meanwhile, the
recovered red cells from the hypertransfused rats sacri-

65

60

1'1

ULU0 50

45

ficed on day 48 (study A), had a tmCr ti of 4.5 days in
normal recipients, and 8.2 days in splenectomized re-
cipients. The cells recovered on day 43 in study B had
a '1Cr ti of 6.2 day in normal recipients. In addition, the
5"Cr survival curves of the study A recipients appeared to
demonstrate a biphasic disappearance. Beyond day 6, the
rate of elimination was accelerated, fitting exponentials
with ti's of 3.2 and 4.8 days for nonsplenectomized and
splenectomized recipients respectively.

DISCUSSION

A study of macrocyte populations released into the cir-
culation of rats stimulated by anemia revealed that the
individual macrocyte can lose both cell water and a
portion of its hemoglobin while in circulation without
impairment of continued viability (20). By this mecha-
nism, macrocytes can attain, essentially, normal MCV,
MCH, and MCHCvalues within a few days of their
release from the erythroid marrow. Normal values

0 10 20 30 40 50 were defined as those observed in adult animals of the
same strain that had not been bled. Subsequently, these
cells appeared to undergo only minor changes in size
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FIGURE 2 Changes in red cell constants (mean ±1 SE) over
the 43 to 48 day study period. Control animals-solid dots,
broken line; study A-solid dots, solid line; study B-open
circles, broken line. It will be noted that the animals used
in study B had cells of smaller sizes.
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FIGURE 3 Study A. Volume frequency distribution of red
cell populations of different age composition. Three patterns
are shown: control animals (solid line), pooled blood of
five donor animals at day 0 (fine dotted line), and blood
from the animals sacrificed on day 48 (broken line).
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TABLE I I

51Cr Life-span (t*) of Normal and Hypertransfused
Recipients at the End of the Study

6"Cr tj

Mean SE

Control rats

Study A, 5*
Normal
Splenectomized

Study B, 3*
Normal

Hypertransfused rats

Study A, 5*
Normal
Splenectomized

Study B, 4*
Normal

days

14.5 A 1.5
19.5 i 1.5

18.5 1 1.0

4.5 A 0.5
8.2 1 0.6

6.2 i 0.5

* Number of recipients used in experiment.

(20). However, using albumin density gradients for
separation of cohort labeled rabbit red cells, Piomelli,
Lurinsky, and Wassermann (10) were able to demon-
strate a continuous increase in MCHCand a fall in
MCVas cells aged. Moreover, a decrease in MCHwith
age was reported by Sondhaus (26) more than a decade
ago. Using microspectrophotometry, he found signifi-
cantly smaller amounts of hemoglobin in cells recovered
from the bottom of a centrifuge tube in comparison to
the younger cells localized in the top section.

In view of our experience with the rat macrocyte, the
previously described in vivo technique for the study of
red cell maturation was adapted to the study of normal
rat red cell populations during the aging process. The
circulating red cells of 120-150 highly inbred rats were
repeatedly transfused into an ever smaller number of
recipients, maintaining their hematocrits above 50% so
as to suppress erythropoiesis and thereby prevent con-
tamination of the original population with newly pro-
duced cells. Absence of significant contamination by
newly produced cells was confirmed both by repeated
measurements of reticulocyte production, and by the
performance of 'Cr life-spans on the cell populations
recovered after the 43rd day. Assuming a 60 day life-
span of rat erythrocytes (24, 25), the mean red cell age
was 30 days at the beginning of the experiment. At days
14, 28, 38, and 48, when specific investigations were
carried out (Study A), the mean age had progressed
to 37, 44, 49 and 54 days respectively. This model, there-
fore, permitted repeated observations of cell constants
as the original normal age distribution of a relatively
large pool of circulating cells shifted to a progressively

older and more uniform age population. Moreover, it
avoided many of the problems of possible environmental
damage and extravascular manipulation that have
plagued other studies (1-17).

Using this system, two complete separate studies
were performed. In both, erythrocyte aging was asso-
ciated with distinct changes in the red cell constant. As
reported by Piomelli et al. there was a significant fall
in the MCV, and an increase in the MCHCduring the
first 25 days of the study. It thus appears that volume
reduction by cell water loss is experienced both by
reticulocytes and the younger portion of the circulating
adult red cell population. As shown in Fig. 5, this loss
would tend to be most rapid as the reticulocyte enters
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FIGURE 4 Study A. Survival of '1Cr-labeled red cells of
control and experimental animals sacrificed at day 48 in
normal and splenectomized recipients. The upper two curves
were seen with normal cells, the lower curves were typical
of the aged cells. A double exponential curve was apparent
in the case of the aged cells. The explanation for this find-
ing, and the apparent difference in survival in normal
versus splenectomized recipients was not clear.
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circulation and would then gradually taper off during
the early part of the circulating red cell's life span.

The oldest cells did not show a continuous rise in
MCHC. Instead, late in their life span, the cells dem-
onstrated a steady decrease in their MCHwhich was
from then on the major cause of a continued decrease
in the MCV. From the 25th to the 43rd-47th day, the
MCH fell continuously until 11% reduction had oc-
curred. At the same time, the MCHCreversed its upward
trend, and began to fall, suggesting that proportion-
ately, more hemoglobin than cell water and electro-
lyte was being removed from the cells. This observa-
tion must raise some doubts about studies which used
density gradient techniques to identify older red cells
(1-11).

At least two mechanisms of rat red cell shrinkage may
be identified. The first, loss of cell water occurs early
in the life-span and may well accompany the degrada-
tion of ribosomes and ribonucleic acid proteins. Thus,
it would be more marked in the reticulocyte stage, and
then would gradually decrease during the first weeks
of life. In contrast, the second, a loss of hemoglobin of
individual red cells can occur at two specific times in the
life span of the rat erythrocytes. Anemia-induced macro-
cytes show as much as 15% loss of cell hemoglobin
within 10 days of their release into circulation (20).
This hemoglobin loss is accompanied by a major loss in
cell membrane,' suggesting a mechanical remodeling of
macrocytes without an apparent reduction in viability
(28). Such a phenomenon would help to explain the
early-labeled bilirubin pigment fraction observed when
anemic rats are labeled with the heme precursor gly-
cine-2-"C (28).

Once the red cell approaches a normal volume, this
process seems to cease. Only in the later part of the
red cells' life-span does the process of cell hemoglobin
loss resume. At this time, a 13% or better reduction
in cell volume and hemoglobin occurs. Theoretically,
this apparent remodeling of the red cells could be caused
by a loss of a specific population of large cells with in-
creased hemoglobin content; although not directly ex-
cluded, this possibility seems unlikely in view of the
symmetry of the cell volume distribution curve with
aging. The shape of the cell volume pattern on the 48th
day was identical with that found in control animals,
exhibiting the typical skew toward the right. If larger
red cells were being destroyed preferentially, it would
seem likely that the minor population of big cells would
have disappeared, thereby changing the shape of the
right side of the curve.

These findings are of significance in at least two
areas. First, they may help to interpret small animal
red cell lifespan data. Using cohort labeled populations,

2Robinson, S. H. Personal communication.
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FIGURE 5 Theoretical plot of the changes in MCV, MCH,
and MCHCduring the life-span of a rat red cell. To the
left of day 0, the marrow reticulocyte, as estimated from
studies of anemia induced macroreticulocytes (20), demon-
strates a rapid reduction in size and an increase in hemo-
globin concentration. The latter continues during the early
part of the cells' life-span, perhaps in conjunction with the
last degradation of ribonucleic acid and ribosomes. Later
cell shrinkage becomes even more rapid as cells lose hemo-
globin content. This appears to be associated with a simul-
taneous fall in MCHC.

a gradual loss of up to 15-20% of the label is seen in
the later half of life-span curves. This has been at-
tributed to a random loss of red cells (24, 25). The
present study would indicate that this may not be the
correct explanation. Rather, the loss of amino acid-'4C
or '"Fe activity would be a reflection of the reduction in
cell hemoglobin. Secondly, in view of Weed and Reed's
work on spleen red cell interaction (27), it is of interest
to see a fall in MCHCaccompanying the MCHre-
duction. The latter phenomenon could be cited as an
example of splenic removal of a portion of individual
cell membrane and content without destruction of cellular
integrity. On anatomical grounds, Weiss and Tavassoli
visualize a progressive fragmentation of aged erythro-
cytes in the course of repeated splenic passage (29).
Interpretation of the MCHCchange is more difficult.
This present study implies that the processes of hemo-
globin and cell water loss are unequal and result in an
apparent gain in cell water as the cell volume decreased.
At least two explanatory theories might be advanced.
First, there may be a specific change in membrane perme-
ability to water and electrolyte associated with the aging
process, resulting in a gradual fall in hemoglobin concen-
tration within the cell, irrespective of the loss of cell mem-
brane and hemoglobin. A second theory would connect
the two processes. It could be postulated that the concen-
tration of hemoglobin near the red cell membrane in-
creases with age because of water and electrolyte loss
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through a leaky membrane or denaturation of hemo-
globin. If the latter were true, the splenic removal of
a piece of membrane and a small portion of hemoglobin
content would have to result in a decrease in hemo-
globin concentration, since more hemoglobin than wa-
ter would be lost in this fragment. This theory is some-
what more attractive for it not only explains the results
of this study but also provides a potential reason for the
initiation of splenic remodeling; that is, an increase in
cell rigidity secondary to the higher concentration of
normal denatured hemoglobin just inside the membrane.
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