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Fig. 3. (A) Relationship between the integral of
Ic, (abscissa) and the integral of Ina.ca (ordi-
nate). Each point represents measurements from a
different cell. Under apparent steady-state condi-
tions, successive trials on each cell were signal-
averaged. (B) The integral of I, was obtained by
integrating the nifedipine sensitive current as this
was assumed to reflect Ca>* entry. Nifedipine (10
M) sometimes caused a very small change in
holding current (Ca** channel blockers are
known to effect outward current) (24), which was
neglected during the integration procedure. (C)
The Ina.ca Was integrated for 2 s beneath the
broken baseline. This typically included all the
transient exchange and was assumed to reflect
Ca®* extrusion.

dependent current is a nonspecific current
that is activated when [Ca?"]; is elevated,
since the available evidence indicates that
nonspecific currents are just as effectively
carried by Li*, which we used as a replace-
ment ion (18, 19). It is only when Nag is
added in the presence of elevated [Ca®*];
that Ina-ca can be activated. Our integral of
INa.ca Was obtained by subtracting the sta-
ble current that was present after the tran-
sient exchange when the cell had mechani-
cally relaxed. Whatever the origin of this
stable current, it is unlikely to contain mea-
surable inward Ina.ca at resting values of
[Ca®*]; (that is, <153 nM) (10). Provided
this stable current does not change signifi-
cantly with [Ca®*];, our integral should
provide a reliable estimate of Ca** extrusion
via Na*-Ca?* exchange. Our approach sug-
gests that transient Ca** entry (Ic,) and exit
(INa-ca) can be separated. This approach
does not, however, allow us to separate
steady-state Ca®* entry (leak) from steady-
state extrusion by the exchanger although,
as we have already mentioned, some results
suggest that the latter may be small (10).
Our results suggest that rapid perfusion
methods may be used to separate Ic, and
transient In,.ca in ventricular cells. They
also support earlier suggestions that pro-
longed Ca®* current measurements in the
presence of an inwardly directed Na™ gradi-
ent (when [Ca®"]; is elevated) will be con-
taminated by contributions from Ina.ca (20~
23). In addition to its importance in under-
standing transsarcolemmal Ca®* extrusion, a
clear separation of Ic, and Iy,.ca is likely to
be of value in any attempt to investigate
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possible “triggers” for Ca**-induced Ca?*
release that might underlie excitation con-
traction coupling in heart (24).
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Erythropoietin Retards DNA Breakdown and Prevents
Programmed Death in Erythroid Progenitor Cells

MARK J. KOURY AND MAURICE C. BONDURANT

The mechanism by which erythropoietin controls mammalian erythrocyte production
is unknown. Labeling experiments in vitro with [*H]thymidine demonstrated DNA
cleavage in erythroid progenitor cells that was accompanied by DNA repair and
synthesis. Erythropoietin reduced DNA cleavage by a factor of 2.6. In the absence of
erythropoietin, erythroid progenitor cells accumulated DNA cleavage fragments
characteristic of those found in programmed cell death (apoptosis) by 2 to 4 hours and
began dying by 16 hours. In the presence of erythropoietin, the progenitor cells
survived and differentiated into reticulocytes. Thus, apoptosis is a major component of
normal erythropoiesis, and erythropoietin controls erythrocyte production by retard-
ing DNA breakdown and preventing apoptosis in erythroid progenitor cells.

RYTHROPOIETIN (EPO), A GLYCO-

protein produced in the mammalian

kidney and liver, controls erythro-
cyte production by acting directly on ery-
throid progenitor cells in the hematopoietic
organs. Possible modes of Epo action in-
clude stimulation of mitosis, induction of a
program of terminal differentiation, or
maintenance of cellular viability. Eaves et al.
(1) speculated that Epo maintains the viabil-
ity of late-stage erythroid progenitors. Stud-
ies with purified, late-stage erythroid pro-
genitor cells indicate that they require Epo
for survival, notwithstanding any effects on
mitosis or differentiation (2, 3). The Epo-
dependent period extends from at least the
colony-forming unit—erythroid (CFU-E)
stage (4) to the stage at which hemoglobin

Division of Hematology, Vanderbilt University Medical
Center and Veterans Administration Medical Center,
Nashville, TN 37232.

synthesis begins (2).

To study the mechanism of Epo action,
we used a homogeneous population of ery-
throid progenitor cells in the Epo-depen-
dent period of development; the cells were
isolated from spleens of mice infected with
the anemia-inducing strain of Friend leuke-
mia virus (FVA cells) (5). The Epo depen-
dence and Epo-mediated differentiation of
FVA cells in vitro were similar to those of
CFU-E from normal, uninfected mice (2, 5).
In earlier work, we observed no difference in
DNA synthesis rates, but we did find a
differential DNA breakdown in FVA cells
cultured with Epo and those cultured with-
out Epo (2). FVA cells cultured without
Epo contained broken DNA, which was
detected by 8 hours and was a prominent
component by 16 hours. Because DNA
breakage in Epo-deprived cells was observed
only after 8 hours of culture, no conclusions
could be drawn as to whether DNA break-
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age caused cell death or was merely an
indicator of prolonged Epo deprivation.

We now present evidence that DNA
cleavage is a characteristic of late erythroid
progenitor cells and that Epo retards this
cleavage. Because Epo retards DNA break-
age and prevents cell death in cultured FVA
cells, we suggest that Epo controls erythro-
cyte production by retarding DNA cleavage,
thereby altering the course of erythroid pro-
genitor cells toward death.

Labeling was done with [*H]thymidine,
and size analyses of the labeled cellular DNA
were performed after various periods of
subsequent culture. Labeled cells were
washed and recultured with 20 wM thymi-
dine (dT) plus 20 M deoxycytidine (dC)
(to prevent further incorporation of labeled
material) or with 500 pM dT alone. Under
the former conditions, DNA synthesis con-
tinues in FVA cells, while, at 500 wM dT or
greater, DNA synthesis is inhibited via the
thymidine block mechanism (6).

The survival of the cells under the various
culture conditions reflected the fate of their
DNA. In the presence of 500 pM dT, FVA
cells, whether cultured with or without Epo,
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failed to differentiate and died, similar to
unlabeled cells cultured without Epo (2).
With 20 pM dT plus 20 pM dC, DNA
synthesis was not inhibited and cells cul-
tured with Epo differentiated and proliferat-
ed normally. FVA cells recultured without
Epo showed a loss of labeled, high molecu-
lar weight DNA and an accumulation of
labeled low molecular weight DNA frag-
ments of 5000 bases or less (Fig. 1, B and
D). Breakdown of labeled, high molecular
weight DNA was also found in FVA cells
cultured with Epo (Fig. 1, A and C), but it
was less than in cultures lacking Epo.

With 20 uM dT plus 20 pM dC, FVA
cells cultured without Epo had only 25% of
labeled DNA remaining in uncleaved, high
molecular weight form by 20 hours, where-
as cells cultured with Epo had 66% of
labeled DNA in this uncleaved form (Fig.
1E). These distributions of high and low
molecular weight forms of DNA are similar
to those found in unlabeled DNA from
FVA cells cultured with and without Epo
(2). When DNA synthesis was inhibited by
500 pM dT (Fig. 1E), the DNA breakdown
was faster. However, the retardation of

Fig. 1. Effect of Epo on the rate of
1 DNA cleavage in FVA cells. Sple-
| nic erythroid progenitor cells (FVA
cells) were isolated from CD,F,
mice infected with the anemia-in-
ducing strain of Friend leukemia
virus and were cultured in liquid
medium as described (2, 5). After
30 min, [*H]thymidine (0.2
pCi/ml; 6.7 C/mmol) was added
to the medium and the cells were
incubated for a further 30 min. The
cells were washed twice and recul-
tured in fresh medium with 20 pM
unlabeled dT plus 20 M dC or
with 500 pM dT alone. At the time
of reculture, pure recombinant hu-
man Epo (150 milliunits/ml) was
added to half of the cultures.
Balb/3T3 cells in log phase growth
were similarly labeled. At various
times after reculture, the cells were
harvested and their DNA was ex-
tracted (2). The DNA was electro-
phoretically separated on alkaline,
0.6% agarose gels (16). Gel lanes
were cut into 5-mm fractions be-
ginning at the origin, and the ra-
dioactivity in each fraction was ex-
pressed as a percentage of the total
radioactivity in each lane. The dis-
tribution of [*H]thymidine in
DNA is shown for FVA cells cul-
tured for 8 hours (A) with Epo plus

20 pM dT and 20 wM dC, (B) without Epo plus 20 M dT and 20 .M dC; (C) with Epo plus 500 pM
dT; and (D) without Epo plus 500 wM dT. Numbers across the top of the figure indicate the migration
of DNA marker fragments of the number of kilobases shown. (E) The percentage of [*H]thymidine in
high molecular weight, uncleaved DNA in FVA cells at various times of culture with Epo plus 20 pM
dT and 20 pM dC (@), without Epo plus 20 pM dT and 20 pM dC (O); with Epo plus 500 wM dT
(A); and without Epo plus 500 pM dT (A). The results with Balb/3T3 cells plus 500 wM dT (O) were
the same as those with Balb/3T3 cells plus 20 wM dT and 20 pM dC. The combined percentages of
[*H]thymidine in fractions 1 and 2 of alkaline agarose gels were considered to be the uncleaved
percentage at each time. Data are +1 SD from three separate experiments.
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breakdown by Epo was still present, indicat-
ing that the effect of Epo is on cleavage rate
and not on the rate of repair. A comparison
of the DNA cleavages over the first 8 hours
in culture with 500 wM dT (Fig. 1E)
showed that the DNA cleavage was 2.6
times greater without Epo than with it.
Thus, under conditions permissive for DNA
synthesis, FVA cells without Epo have a rate
of DNA cleavage in cultures that is suffi-
ciently rapid to lead to net DNA break-
down, whereas in cultures with Epo the rate
is retarded such that the majority of high
molecular weight DNA is maintained intact.
Under conditions of DNA synthesis inhibi-
tion, DNAs of cells with or without Epo
suffer net breakdown but Epo still retards
the cleavage rate.

To demonstrate that DNA breakdown is
not an artifact of treatment that would occur
with any cells, we used labeled mouse 3T3
cells (Balb/3T3). These cells have a doubling
time and S-phase duration that are similar to
those of FVA cells cultured in the presence
of Epo (2, 6, 7). High molecular weight
DNA was stable in Balb/3T3 cells in the log
phase of growth even in the presence of 500
wM dT (Fig. 1E).

To determine whether the *H-labeled,
lower molecular weight DNA fragments
observed in alkaline denaturing gels were
the result of single- or double-stranded
cleavages and to determine more precisely
their size range, we separated the DNAs
from FVA cells on neutral, nondenaturing
agarose gels 8 hours after they were labeled
(Fig. 2, A to D). Much of the labeled DNA
migrated as low molecular weight frag-
ments, with apparent sizes between 100 and
5000 bp. The sizes of these lower molecular
weight DNA fragments were unchanged
after digestion with S; nuclease, which spe-
cifically cleaves single-stranded DNA (6).
These results indicate that the small DNA
fragments were present intracellularly as
double-stranded fragments.

Although alkaline agarose gels (Fig. 1)
provided good separations of high and low
molecular weight DNA, they were unable to
provide adequate resolutions of DNA frag-
ments below 2 kb in length. The neutral
agarose gels (Fig. 2, A to D) showed that
fragments between 0.1 and 1 kb were pres-
ent in the cells. For more precise size deter-
mination, polyacrylamide-urea gel separa-
tions were performed (Fig. 2, E and F).
These gels showed a periodicity in the size
of labeled cleaved DNA. The lowest molec-
ular weight fragments were between 150
and 200 bases long, with multiples of the
smallest unit being evident in larger frag-
ments. The size of this smallest unit is
consistent with the length of DNA associat-
ed with nucleosomes (8). The size and distri-
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bution of labeled cleaved DNA fragments in
FVA cells cultured with Epo were similar to
those in cells cultured without it. The only
difference was the faster conversion to low
molecular weight fragments in FVA cells
cultured without Epo. DNA from unlabeled
FVA cells cultured for 20 hours with or
without Epo had similar patterns of break-
down (Fig. 2F).

To ensure that the observed DNA insta-
bility was not due to Friend leukemia virus
infection, we cultured enriched erythroid
progenitor cells from the spleens of anemic
uninfected mice with and without Epo.
Pulse-labeling experiments in these cells
showed that Epo decreased DNA break-
down (Fig. 3). The rates and extent of
labeled DNA breakdown in the uninfected
cells were less than those found at the same
times in the corresponding FVA cell cul-
tures (compare Fig. 3 with Fig. 1E). These
differences most likely occur because the
uninfected cell population contains signifi-
cant percentages of nonerythroid cells and
of erythroid progenitor cells that were devel-
opmentally either before or after the Epo-
dependent stages. Also, these anemic mice

have thousands of milliunits of Epo per
milliliter of serum (9), whereas FVA-infect-
ed mice have 16 milliunits/ml, and normal
mice have 35 milliunits/ml (10). The high
Epo levels in the anemic mice are sufficient
to saturate Epo receptors on the splenic
erythroid cells in vivo, and thus an effect of
residual endogenous Epo on these cells may
alter their DNA cleavage rates compared to
FVA cells. An immunological response to
the FVA cells is another possible cause for
the observed differences. However, this is
less likely because the culture medium,
which contains heat-inactivated fetal bovine
serum, lacks functional complement pro-
teins that are needed for antibody-mediated
cytotoxicity, and the FVA cell population,
of which 95% or more is made up of
erythroblasts (5), has few cells that can
function as cytotoxic effector cells.

The increased rate of DNA breakdown in
FVA cells cultured without Epo preceded a
series of events that included accumulation
of small DNA fragments, the absence of cell
division, unresponsiveness to Epo, and,
eventually, cell death (2). By trypan blue dye
exclusion, some FVA cells cultured without
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Fig. 3. DNA clea in spleen erythroid cells
from mice with shg'tgftcrm gncmu CD,F; mice
had their hematocrits reduced from the normal 49
to 50% to 20 to 23% by bleeding 0.6 ml at 40
and 36 hours before they were killed (9). The
splenic cells were then separated by velocity sedi-
mentation at unit gravity in the same manner as
FVA cells (5) to further enrich the erythroid

rs. Wright-stained trifuge -
Tmﬁmhom“ﬁia 0 s‘%ﬁ?m m;c‘ig%

were crythroid. Proerythroblasts an

philic erythroblasts were predominant among the
erythroid cell populations. These cells were cul-
tured and labeled as described in the legend to
Fig. 1. The DNA was extracted and separated on
alkaline gels, and [*H]thymidine in un-
cleaved DNA was plotted as a function of time as
described in Fig. 1E; (@) cells cultured with Epo
plus 20 uM dT and 20 pM dC; (O) cells cultured
without Epo plus 20 uM dT and 20 uM dC; (A)
cells cultured with Epo plus 500 pM dT; and (A)
cells cultured without EPpo plus 500 pM dT.

Epo began to die between 12 and 16 hours,
although most of them survived for 24
hours (2). In contrast, FVA cells cultured
with Epo survived and differentiated into
reticulocytes within 48 hours (2, 5). The
mechanism whereby Epo modulates the rate
of DNA cleavage and consequent break-
down in erythroid progenitors is unclear.
This modulation does not depend on adeno-
sine triphosphate concentrations, which are
the same in FVA cells cultured with Epo as
in those cultured without Epo for at least 6
hours (11). A newly synthesized or a short-
lived protein may be involved in the Epo
modulation because the protein synthesis
inhibitor cycloheximide retards the break-
down of DNA in FVA cells (6). '
Intranucleosomal cleavage of DNA, inhi-
bition of such cleavage by cycloheximide,
maintenance of intracellular energy and im-
permeability to trypan blue are characteristic
of cells undergoing programmed cell death
(apoptosis) (8, 12). Thus, during terminal
differentiation, mammalian erythroid pro-
genitor cells undergo a process of DNA
cleavage that has several characteristics of
apoptosis. In the absence of sufficient Epo,
this process is rapid and the cells die. In the
presence of sufficient Epo, the process is
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retarded and the progenitor cells survive and
subsequently develop into erythrocytes.
Studies in vivo showed that low Epo
concentrations led to decreased CFU-E
numbers and high Epo concentrations led to
increased CFU-E numbers, but the percent-
ages of CFU-E in DNA synthesis were
similar at all Epo levels (13). Studies in vitro
showed that maximum CFU-E growth re-
quires Epo concentrations which are several
times higher than those of normal serum
(14) and that almost all CFU-E are lost after
a few hours in culture without Epo (15).
Our data and these previous studies support
a model of erythrocyte production in which
Epo facilitates survival of progenitor cells.
In this model, erythroid progenitor cells
have a period during development in which
they require Epo to prevent their death.
This Epo-dependent period includes at least
the stages of CFU-E and their immediate
descendants, the proerythroblasts. The
model predicts that during normal erythro-
poiesis, Epo levels in vivo are insufficient for
the survival of a majority of the Epo-depen-
dent progenitors. Thus, a minority of the
Epo-dependent erythroid progenitors are
responsible for normal erythrocyte produc-

tion. When Epo levels are increased because
of anemia or hypoxia, many of the Epo-
dependent progenitors that would ordinari-
ly die in the presence of normal Epo levels
will survive, differentiate, give rise to reticu-
locytes, and thereby increase erythrocyte
production. Conversely, when Epo levels
are decreased below normal as a result of
hypertransfusion, some of the relatively
small percentage of Epo-dependent progen-
itors that would survive in the presence of
normal Epo levels will die because of inade-
quate Epo supply, and thus erythrocyte pro-
duction will be reduced.
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1990

AAAS Philip Hauge Abelson Prize

The AAAS Philip Hauge Abelson Prize of $2,500, estab-
lished by the AAAS Board of Directors in 1985, is awarded
annually either to:

® g public servant, in recognition of sustained exception-
al contributions to advancing science, or

® a scientist whose career has been distinguished both for
scientific achievement and for other notable services to the
scientific community.

AAAS members are invited to submit nominations now
for the 1990 prize, to be awarded at the 1991 Annual
Meeting in Washington, DC. Each nomination must be
seconded by at least two other AAAS members.

Nominations should be typed and should include the
following information: nominee’s name, institutional affili-
ation and title, address, and brief biographical resume
(please do not send lengthy publications lists); statement of
justification for nomination; and names, identification, and
signatures of the three or more AAAS member sponsors.

Nominations should be submitted to Faye Adams, AAAS
Directorate for Science and Policy Programs, 1333 H Street,
N.W., Washington, D.C. 20005, for receipt by 1 August
1990.

The winner will be selected by a seven-member selection
panel. The award recipient is reimbursed for travel and hotel
expenses incurred in attending the award presentation.
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