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Abstract

Erythropoietin and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) stimulate the differentiation and prolif-
eration of erythroid cells. To determine the cellular mechanism
of action of these growth factors, we measured changes in in-
tracellular free calcium concentration (jCaJ) in single human
erythroid precursors in response to recombinant erythropoietin
and GM-CSF. [CaJ in immature erythroblasts derived from
cultured human cord blood erythroid progenitors was mea-
sured with fluorescence microscopy digital video imaging.
When stimulated with erythropoietin, [CaJ in the majority of
erythroblasts increased within 3 min, peaked at 5 min, and
returned toward baseline at 10 min. The percentage of cells
that responded to erythropoietin stimulation increased in a
dose-dependent manner. Additional stimulation with GM-CSF
in cells previously exposed to erythropoietin resulted in a sec-
ond [Ca¢J increase. Immature erythroblasts treated with GM-
CSF followed by erythropoietin responded similarly to each
factor with a rise in [Ck]. The source of transient calcium is
intracellular since erythroblasts were incubated in medium de-
void of extracellular calcium. Our observations suggest that
changes in [CaJ may be an intracellular signal that mediates
the proliferative/differentiating effect of hematopoietic growth
factors.

Introduction

The proliferation and differentiation of hematopoietic cells are
dependent on the presence of hematopoietic growth factors.
Two factors responsible for stimulating erythroid differentia-
tion have recently been identified and cloned: erythropoietin,
an obligatory factor required for the proliferation and differ-
entiation of more mature erythroid progenitors and precursors
(1, 2), and granulocyte-macrophage colony-stimulating factor
(GM-CSF),' which stimulates the differentiation of early ery-
throid progenitors in vitro (3, 4). The precise stages of ery-
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1. Abbreviations used in this paper: BFU-E, burst-forming unit, ery-
throid; [CaJ, intracellular free calcium concentration; GM-CSF, gran-
ulocyte-macrophage colony-stimulating factor; R, fluorescence inten-
sity ratio.

throid differentiation at which these factors exert their effects,
and the cellular mechanism of action are unknown.

The intracellular free calcium concentration [Cac] has been
shown to be an intracellular signal for many hormones and
growth factors (5-8). Because of the low yield of cells after
purification, measurements of [Caj have been technically dif-
ficult to make in erythroid progenitors and early precursors
since the fluorescent signals emitted by the small number of
fura-2-loaded cells are too low to be detectable by conven-
tional cuvette measurements. Technical difficulties have now
been overcome by the development of digital video imaging
system by which reliable measurements of [Caj] or pH can be
made on a single cell.

Here, we report the first measurement of basal [CaJ and its
changes in single normal immature erythroid precursors in
response to recombinant erythropoietin and GM-CSF.

Methods

Purification of erythroid progenitor cells. Cord-blood samples were
obtained from normal full-term newborn deliveries under a protocol
approved by The Milton S. Hershey Medical Center Committee on
Clinical Investigation. Cord-blood mononuclear cells were separated
on Ficoll-Paque (Pharmacia Inc., Piscataway, NJ) and adherent cells
were depleted by adherence to plastic as previously described (9).
Nonadherent cells were then labeled for 1 h at 4°C with optimal
concentrations of antibodies that recognize myeloid and lymphoid
cells to select for antigen-negative stem cells (9). Antibodies included
anti-Leu-l, anti-Leu-5b, anti-Leu-9, anti-Leu-10, anti-Leu-12,
of Peter Beverly, University College, London, England), and 10 F7 (gift
of Dr. William Bigbee, Lawrence Livermore Laboratory, CA). Mono-
nuclear cells were washed and then incubated for I h at 4°C on petri
dishes coated with affinity purified rabbit anti-mouse IgG, IgA, and
IgM. Nonadherent antibody negative cells were removed by swirling
plates gently. The frequency of cord-blood burst-forming units ery-
throid (BFU-E) present in nonadherent cells from this purification step
was 1-4%. The final cultured fraction contained < 1% lymphocytes
and 0-5% monocytes, thus reducing progenitor exposure to factors
produced by T cells and macrophages. Partially purified mononuclear
cells from cord blood were cultured in humidified 4%CO2at 37°C in
0.9% methycellulose media containing 30%FCS, 9.0 mg/ml deionized
BSA (fraction V; Sigma Chemical Co., St. Louis, MO), 1.4 X l0-4
mol/liter beta-mercaptoethanol, 2 U/ml erythropoietin (recombinant
erythropoietin, > 10,000 U/mg; Amgen, Thousand Oaks, CA), and
recombinant GM-CSF(gift of Dr. Steven Clark, Genetics Institute,
Cambridge, MA, 25 ng/ml final concentration) (10). The mass of
GM-CSF in transfection-conditioned media was determined by the
Genetics Institute (3). Concentrations of erythropoietin and GM-CSF
were selected for plateau stimulation of growth (4, 10).

Measurement of [Cac] in early erythroid precursor cells. BFU-E
derived cells were removed from culture at day 8, when they were
beginning to hemoglobinize. Progenitor (BFU-E)-derived erythro-
blasts were labeled with plateau concentrations of anti-human j62-mi-
croglobulin, which recognizes nucleated cells, and then bound to
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anti-mouse Ig-coated glass coverslips by incubating them at 41C for I
h. The cells were incubated in PBSat 370C for 1l/2h with 6 MMfura-2
acetoxymethyl ester. Total time lapse from removal of cells from cul-
ture to completion of fura-2 loading was 4-6 h. Cells were visualized
with the digital imaging system described below, and treated with 0.02,
0.2, 2, or 10 U/ml recombinant erythropoietin or 0.25, 2.5, 25, or 125
ng/ml recombinant GM-CSFafter baseline [CacJ were obtained. For
consistency, concentrations of erythropoietin (2 U/ml) and GM-CSF
(25 ng/ml) identical to those of culture were chosen for time course
experiments.

Fura-2 is a fluorescent Ca2"-sensitive probe that can be introduced
into cells nondestructively. Whenchelated with Ca2', the fluorescence
intensity (detected at 5 10 nm) increases when excited at 340 or 350 nm
and decreases when excited at 380 nm(1 1). Unlike quin2, fura-2 has a
low affinity for Mg2" and its fluorescence is not affected by changes in
pH over the physiological range (I 1). By quantitating the fluorescence
intensity ratio (R) at 350/380 nm, small changes in [CaJ] can be de-
tected that are independent of local variations in cell thickness and dye
content. Changes in the 350/380 ratio of single cells were detected with
a computer-based digital video imaging system.

Our system was constructed using a SPEXdual wavelength fluori-
meter as the excitation source. Alternating excitation wavelengths (350
and 380 nm) were intermittently directed to the objective of a Zeiss
IM35 microscope via a dichroic mirror (FT 395; Zeiss, Inc., Thorn-
wood, NY). Cells adherent on coverslips were placed in a Dvroak-
Stotler chamber and viewed through Neofluar 63X/1.25 N.A. objec-
tive. Epifluorescence (505±20 nm; Ditric Optics Inc., Hudson, MA)
was monitored by a charge-coupled device video camera (3,000 F,
Fairchild Industrial Products Co., Winston-Salem, NC) optically cou-
pled to a wafer-type image intensifier (Varo, Inc., Garland, TX) and
displayed on-line on a high resolution analog RGBmonitor (PVM
127 IQ; Sony Corp., Long Island City, NY). Camera output was fed
into a digitizing/display board (EPIX SVPC-GRB-I MB) residing in an
IBM/AT personal computer. Video data was digitized and displayed at
8 bits/pixel, and 8 video frames (256 pixels X 480 lines) were sequen-
tially added to form an accumulated frame (16 bits/pixel) before
transfer to system (RAM) memory (6 megabytes). This improves the
signal-to-noise ratio of the averaged frame by a factor of VT-. To
permanently store the video data, a Bernoulli 20 + 20-megabyte hard
disk system (Iomega, Salt Lake City, UT) was used which allows low-
cost and high-capacity data storage.

Data were analyzed using custom-written software. Initially,
frames of appropriate background fluorescence (350 and 380 frames of
buffer with no cells) were subtracted pixel by pixel before calculation of
R. At current sensitivity settings, there was no difference between cell
autofluorescence and background fluorescence. The ratioed image was
displayed on an RGBmonitor, using a pseudocolor (rainbow pattern)
code such that red represented the lowest and purple the highest pixel
intensity (and hence [Ca]). Pictures of the ratioed image were taken
with a conventional 35-mm SLR camera (Topcon RE Super) on
Kodak color film (ASA 400).

To obtain estimates of [Ca,] from R, the free acid fura-2 (5MuM) was
added to a buffer consisting of 120 mMKC1, 10 mMNaCl, 1 mM
MgCl2, and 10 mMHepes, pH 7.05, 22°C. The free Ca2' concentra-
tion of the calibration buffer was adjusted from < 10-8 Mto 1,500 nM
by the addition of EGTAor Ca2` (12). Paired 350 and 380 images of
thin films of the calibration buffer with different free Ca2` concentra-
tions were obtained and R was calculated.

Results

Response of immature erythroblasts to erythropoietin. The
changes in the fluorescence intensity ratio of individual eryth-
roblasts in response to recombinant erythropoietin are shown
in Fig. 1. Fig. 1 A shows the baseline ratioed image of a repre-

sentative group of four immature erythroblasts loaded with
fura-2. The same group of immature erythroblasts 3 min after
recombinant erythropoietin treatment (2 U/ml) is shown in
Fig. 1 B. The change from red to yellow-blue color indicates
that [Ca,] has increased in two of the cells. One other cell is
beginning to respond and one did not respond at 3 min, which
demonstrates temporally asynchronous responses. [Cak] in-
creased further in all responding cells at 5 min (Fig. 1 C). Fig. 1

D shows a decline of [Ca,] towards baseline at 10 min as indi-
cated by a return from blue to red color. To determine if cells
previously stimulated by erythropoietin were also capable of
responding to GM-CSF, recombinant GM-CSF(25 ng/ml)
was added to the same cells at 10 min posterythropoietin ad-
dition. Fig. 1 E shows that 3 min post-GM-CSF addition, a

second increase in [Ca,] occurred in the majority of cells. This
increase continued 5 min post-GM-CSF addition (Fig. 1 F).
Three experiments from different blood samples were per-

formed with similar results. Of the erythroblasts studied, 57%
responded to both erythropoietin and GM-CSF, 14% re-

sponded to erythropoietin only, and 29% responded to neither
hormone. There was heterogeneity in the amplitude of the
response between patients and among cells derived from a

single patient.
To quantitate the response to erythropoietin, the mean

pixel intensity of the ratioed image of individual responsive
erythroblasts before and after addition of growth factors was

used for estimates of [Ca] (Methods). Basal [Ca,] was 33±7
nM, increased to a peak of 137±23 nMat 5 min post 2-U/ml
erythropoietin addition, and decreased to 93±15 nM at 10
min (n = 6). Further addition of GM-CSFresulted in a second
increase in [CaJ to 163±13 nM.

The ability of immature erythroblasts to respond to differ-
ent concentrations of erythropoietin with an increase in [Ca,]
was determined. After stimulation of erythroblasts with 0.02,
0.2, 2, or 10 U/ml, the mean pixel intensity of the ratioed
images 5 min post stimulation showed a significant increase
over baseline at erythropoietin concentration of 0.2 U/ml or

greater (Fig. 2 A; P < 0.05 by one-way analysis of variance).
The percentage of cells that responded to erythropoietin stim-
ulation with an increase in [Ca,] was clearly dose-dependent
(Fig. 2 B). A response was defined as an increase in the mean

pixel intensity 2 10%of baseline, since cells treated with mock
Cos-cell supernatant had < 10% change over baseline during
10 min of observation.

Extracellular calcium was not necessary for the observed
[Ca,] increase since cells were superfused with PBS devoid of

Figure 1. Fluorescence intensity ratio (350/380) in four single pro-
genitor-derived erythroblasts stimulated with erythropoietin followed
by GM-CSF. (A) Baseline; (B) 3 min post erythropoietin (2 U/ml)
addition; (C) 5 min posterythropoietin addition; (D) 10 min post
erythropoietin addition; (E) 13 min post erythropoietin addition and
3 min post GM-CSFaddition; (F) 15 min post erythropoietin and 5

min post GM-CSFaddition. Pixel intensity of the ratioed image and
hence of [Caj] are quantitated and displayed at 256 discrete levels
(gray scale). Pseudocoloring with a continuous rainbow pattern (red,
lowest [Caj]; purple, highest [Ca,]) enhances the visual presentation
of changes in [Caj].
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Figure 3. Response of day 8 BFU-E-derived erythroblasts to 0.25,
2.5, 25, or 125 ng/ml recombinant GM-CSF. (A) Mean±SEof per-

cent increase of fluorescence ratio over baseline and (B) percentage
of cells that responded at each concentration.102

Figure 2. Response of day 8 BFU-E-derived erythroblasts to 0.02,
0.2, 2, or 10 U/ml recombinant erythropoietin. (A) Mean±SEof per-

cent increase of fluorescence ratio over baseline and (B) percentage
of cells that responded at each concentration.

calcium. This observation suggests that the source of calcium
must have been derived from intracellular stores.

Response of immature erythroblasts to GM-CSF. In a sec-

ond series of experiments, the ability of immature erythro-
blasts to respond to different concentrations of recombinant
GM-CSFwith changes in [Cak] was determined. Results after
stimulation with 0.25, 2.5, 25, or 125 ng/ml GM-CSFare

shown in Fig. 3. 5 min after GM-CSFaddition, a significant
increase in free intracellular calcium was observed with 25 and
125 ng/ml GM-CSFcompared with 0.25 and 2.5 ng/ml (Fig. 3
A, P < 0.002). The percentage of cells that responded was

dose-dependent and approached plateau at 25-125 ng/ml (Fig.
3 B).

Changes in the fluorescence intensity ratio of day 8
BFU-E-derived erythroblasts in response to 25 ng/ml recom-
binant GM-CSFare shown in Fig. 4. Fig. 4 A shows the base-
line ratioed image of four cells treated in one representative
experiment. In three of these cells [Caj increased at 5 min
after stimulation with GM-CSF(Fig. 4 B). Similar to the re-

sponses of cells to erythropoietin stimulation, their [Caj] re-

sponses to GM-CSFaddition were temporally asynchronous.
In the responsive cells, [Cak] returned toward baseline at 10
min (Fig. 4 C). Stimulation at 10 min with erythropoietin (2
U/ml) resulted in a second rise in [Cak] in two of the cells
within 1-3 min (Fig. 4 D). Three experiments were performed
with similar results.

In this series of experiments, basal [Cak] was 70±18 nM.
Addition of 25 ng/ml GM-CSFincreased [Caj] to 167±26 nM

by 5 min (n = 5) in those cells that responded. Elevation of
[Ca¢j was not sustained but declined to 145±46 nMat 10 min
post-GM-CSF addition. Further addition of erythropoietin to
GM-CSF-treated cells resulted in a second rise of [Caj to
247±98 nM.

Two control groups of cells treated with mock Cos-cell
supernatant (inactive) showed no change in [CaJ] after 10 min
of observation.

Discussion

Erythropoietin is an obligatory factor required for the prolifer-
ation and differentiation of more mature erythroid progenitors
(CFU-E) (2, 13-15) and stimulates the proliferation of pro-
erythroblasts and basophilic erythroblasts (16). Whether the
earliest committed erythroid progenitor (BFU-E) can respond
to erythropoietin is uncertain. GM-CSFhas GM-CSA, burst-
promoting activity for BFU-E, and stimulates colonies derived
from multipotent (mixed) progenitors in vitro (3, 4). Both
erythropoietin and GM-CSFare important biologically since
both have activity in vivo (17, 18). The mechanism of action of
these growth factors, however, remains unknown.

Previous work suggests involvement of ionic fluxes in the
regulation of cell growth and differentiation (5-7). In particu-
lar, a transient rise in [Ca] was observed in sea urchin eggs

undergoing division (8) as well as during anaphase of Pt K,
cells (19). Studies in normal and leukemia cell lines have im-
plicated a role for intracellular Ca2" in the mechanism of ac-

tion of erythropoietin. Erythropoietin-induced murine ery-
throid colony growth was enhanced by the ionophore A23 187
but inhibited by treatment with EGTA, a nonspecific chelator
of Ca2" (20). Other indirect evidence implicating [Cak] in con-

trol of erythroid cell growth and differentiation include (a) the
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Figure 4. Fluorescence intensity ratio (350/380) in four single progenitor-derived erythroblasts stimulated with GM-CSF, followed by erythro-
poietin. (A) Baseline; (B) 5 min post GM-CSFaddition; (C) 10 min post GM-CSFtreatment; and (D) 13 min post GM-CSFand 3 min post
erythropoietin treatment. Pseudocoloring code is identical to Fig. 1.

demonstration that an increase in Ca2l influx is an early neces-
sary step in the commitment to maturation of murine erythro-
leukemia cells (21); and (b) erythropoietin treatment of Friend
virus-infected erythroid cells results in rapid changes in trans-
membrane Ca2" flux (22). Using flow cytometry, Mladenovic
and Kay have also demonstrated an increase in intracellular
free calcium in a select population of normal bone marrow
mononuclear cells and membrane depolarization of benzi-
dine-positive nucleated marrow cells in response to erythro-
poietin (23, 24). Our current study clearly demonstrates that a
transient rise in [Cak] occurs rapidly in early erythroid precur-
sors exposed to erythropoietin or GM-CSF. Taken together,
our data, as well as previous observations (20-24), strongly
suggest that elevation in [Caj is an intracellular signal that
mediates the effect of these hematopoietic growth factors.

The source of cytosolic Ca2+ increase is most likely derived
from intracellular sources since our experiments were deliber-
ately conducted in the absence of extracellular Ca2'. In anal-
ogy with many other Ca2"-dependent hormones, a unifying

hypothesis is that hematopoietic growth factors, on binding to
their receptors, stimulate membrane phosphoinositide turn-
over with a resultant increase in [Ca] from intracellular stores
and cytoplasmic alkalinization (25-28). The relative impor-
tance of intracellular Ca2" and pH signals in promoting cell
division and differentiation is at present poorly understood.

Our current observations demonstrate temporal heteroge-
neity in [Caj responses to growth factor stimulation (Fig. 1, B,
C, and D). Despite the fact that our progenitor-derived pre-
cursors are relatively homogeneous in stage of differentiation
and basal [Ca], the time to peak [Caj] increase was clearly
different among cells of the same preparation. This temporal
asynchrony as well as variability in absolute amplitude of [Caj]
changes in response to growth factors among single cells may
be responsible for the large standard errors in [Caj] changes in
the dose-response relationships of erythropoietin or GM-CSF
(Figs. 2 A and 3 A). Nevertheless, a dose-dependent response to
growth factor stimulation clearly exists since the percentage of
cells that elevate [Ca] increase with increasing concentrations
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of erythropoietin (Fig. 2 B) or GM-CSF(Fig. 3 B). Another
unexpected feature revealed by digital imaging is the possible
presence of spatial heterogeneity of [Ca] in responsive cells
(blue-purple vs. red-orange pseudocoloration can be discerned
in different regions of cells in Figs. 1, Band C, 4, Band D). The
reasons for the spatial-temporal heterogeneity in [Ca] are not
obvious but may be related to differences in receptor density
and intracellular Ca2" mobilization/sequestration mecha-
nisms in different regions of cells. Approximately 1/3 of cells
failed to respond to either growth factor except at extremely
high concentrations of erythropoietin. These cells were judged
to be viable as indicated by trypan blue exclusion and by their
ability to maintain [CaJ] at resting levels. The reasons for the
failure of response in these cells are presently unknown.

The ability of erythroid progenitors cells to respond to
GM-CSFhas been previously demonstrated (4), but the pre-
cise stage of differentiation at which cells respond to GM-CSF
is unknown. Here, unexpectedly, erythroid precursors re-
sponded to GM-CSFwith changes in [Cac] similar to those
seen with erythropoietin. This observation demonstrates that
erythroid cells can interact directly with GM-CSFat later
stages of maturation than previously recognized.

Calculation of [Cac] from fluorescence ratio R of single
cells is problematic. Williams et al. (29) showed that calibra-
tion curves obtained in calibrating solutions (similar to the
ones used in this study) are close to those obtained in single
amphibian smooth muscle cells in which [Ca] is controlled
with ionomycin. Using our calibrating solutions, we obtained
basal [Cak] values in erythroblasts of 60±9 nM (n = 24). We
wish to emphasize that this value represents the lower bound-
ary of [Cac] estimates since recent observations on fura-2-
loaded human polymorphonuclear leukocytes indicate the
presence of intracellular Ca2"-insensitive forms of fura-2 (30).
Interference of fluorescence measurements (mostly at 380 nm)
by the Ca2+-insensitive fura-2 species will have the net effect of
underestimating [Cac] as well as artifactually attenuating the
magnitude of [CaJ] transients. However, these caveats do not
detract from the major conclusion of our study, which is that
erythropoietic growth factors induce a transient increase in
[Cac] in erythroblasts.

In summary, this observation is the first measurement of
free intracellular calcium in single normal erythroblasts. The
data demonstrate that early erythroid precursors respond to
hematopoietic growth factors with changes in intracellular free
calcium concentration.
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