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E RYTHROPOIESIS is stimulated by ascent to high altitude and suppressed

after return to sea level. The resulting changes in the erythron have been

previously described.1’2 The present study was undertaken to characterize the

role of erythropoietin in mediating this marrow response.

MATERIALS AND METHODS

Vohunteer subjects participating in this study were inhabitants of Lima and Morococha.

Group I was composed of 7 healthy males between the ages of 18 and 30 living in the
sea-level city of Lima, where baseline studies were performed. The group was then trans-
ported by car over a 4 hour period to Morococha ( 4530 meters above sea level ) . They

remained there for 7 days, confined to living quarters in the building where further

measurements were made. All these subjects experienced some disability for the first 48
hours at high altitude and subjects B, C, and E were sufficiently symptomatic to be con-

fined to bed for the first day.

Group ii was composed of male inhabitants of Morococha between the ages of 20 and

39. They were first studied at high altitude and then transported to Lima where the ob-
servations were continued over the following week. One individual ( L ) suffered contusions
from a car accident on the second day in Lima.

The procedure for collecting, processing and assaying urinary erythropoietin has been

described elsewhere.3 All urine specimens were refrigerated at once after voiding at 4 C.
A 25 per cent aliquot of the preceding day’s collection was dialyzed within 24 hours,

concentrated to less than 100 ml., and frozen. At the time of altitude change 8 hour collec-

tions were processed. All aliquots were further concentrated in Seattle to 25 ml. and

assayed in polycythemic protein-starved female, Swiss-Webster mice, 1 1 to 12 weeks old.
The assay procedure was identical to that previously reported except that urinary con-

centrate was injected twice daily for only 2 days. Results were calibrated against a known

erythropoietin standard#{176} and the activity was expressed as units/24 hours.

Plasma iron turnover (PIT) measurements were made between 9 and 11 am. in each

subject. 59Fe citrate (2 to 5 soc. and less than 1 jog. of iron) was injected intravenously

and 4 samples were taken beginning at 10 minutes after injection and at intervals of 15 to
30 minutes depending on the anticipated rate of disappearance of radioiron. Activity was

measured in a liquid scintillation vial counter to an accuracy of less than ± 2 per cent.
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Fig. 1.-Erythroid response to high altitude anoxia. Mean value of the seven
subjects is shown by the solid line; shaded area indicates 1 standard deviation.

Urinary erythropoietin levels increased within 12 hours of high altitude exposure
and became maximal at 24 hours. Plasma iron turnover increased maximally within

24 hours of the increase in erythropoietin and showed no further increase over the

following 4 days. Reticulocytes increased threefold, but half of this increase would
appear to be related to the prolongation in maturation time. Hematocrit values re-
mained constant over the 7 day period.

PIT was calculated by the following formula:

Plasma iron (�ng. %) x 100 - Hct X 0.9

T 1/2 (mm.) X 100
On a different date for each subject, 55Fe citrate (15 soc.) was injected intravenously so

that the marrow transit time as well as plasma iron turnover could be determined. Samples

were then drawn every 12 hours for 4 days and at the end of 2 weeks for digestion,

electroplating and differential counting.4 The marrow transit time was calculated as the

interval after injection required for 50 per cent of the 14 day red cell radioactivity to

appear in circulation.

All samples for erythropoietmn, isotope and iron determinations were shipped in the

frozen state from Lima to Seattle where the analyses were carried out. Plasma iron was

measured by the method of Bothwell and Mallet,5 iron binding capacity by a modifica-

tion of the method of Morgan6 and by the immunodiffusion technic.7 Reticulocyte smears
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670 FAURA ET AL.

Table 1 .-Ferrokinetic Measurements of Group I

Plasma Iron dis- Plasma iron
Subject Time iron �ppearance turnover0_____ (hrs.) (jg.%) (T 1/2-mm.)

A. Basal 113 65 1.02

14 91 69 0.72

36 64 39 1.00

60 49 33 0.88

132 44 30 0.85
B. Basal 80 79 0.60

14 42 45 0.55

36 76 48 0.95

60 58 40 0.87

132 42 40 0.64

C. Basal 64 53 0.76

14 43 31 0.86

36 79 34 1.37

60 54 26 1.24
132 42 25 1.01

1). Basal 79 58 0.80

14 103 60 1.05

36 87 51 1.00
60 63 37 1.01

132 75 33 1.31

E. Basal 83 74 0.66

14 95 78 0.70

36 161 78 1.22

60 59 38 0.87

132 55 33 0.93

F. Basal 53 55 0.54

14 141 85 0.96

36 139 77 1.07

60 174 92 1.14

132 79 40 1.09
C. Basal 114 110 0.63

14 72 90 0.47

36 107 80 0.81

60 131 67 1.07
132 98 52 1.14

Average Basal 84 71 0.715

14 84 65 0.917

36 102 58 1.06

60 84 48 1.01

132 62 36 0.995

0 mg./100 ml. whole 1)100(1/day.

were coded and 4000 cells counted blind. Hemoglobin was determined by the cyanmethemo-

globin method and the packed cell volume by the Wintrohe technic.

RESULTS

I. Ascent to High Altitude

The effect of altitude on erythropoiesis in Group I is summarized in Figure

1 and Table 1. Over a 7 day period at high altitude, the mean hematocrit

changed little despite the removal of approximately 400 ml. of blood. Retic-

ulocytes showed an increase from a mean value of 1.5 to 4.2 per cent with
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Fig. 2..-Marrow transit time of subjects exposed to high altitude. The ordinate
indicates the duration of marrow transit of radioiron (time between injection and ap-
pearance of 50 per cent of activity in the red cell mass). The horizontal line also
indicates by its beginning the time when radioiron was injected and by its end
the time when 50 per cent of the red cell activity had appeared in circulation. Each
measurement is in a different subject. The mean value for normal subjects is 90
hours.

Hours

Fig. 3.-Urinary erythropoietin response to low altitude. High altitude dwellers
were moved to sea level. Original erythropoietin levels were not significantly ele-
vated in 4 of the 6 subjects. In the two individuals with elevated levels, there was

an unexplained increase at or just before the descent. In all subjects erythropoietin
decreased rapidly after descent.

the greatest increase occurring during the second and third day after exposure

to anoxia. The PIT increased abruptly from 0.76 at 12 hours of high altitude

exposure to 1.06 at 36 hours; thereafter it fell slightly. Mean erythropoietin

output did not change during the first 6 hours at high altitude from the base-
line of about 7 units per day, but by the second day, it had risen to 20 units

per day. Over the subsequent 3 days, it fell to a level of between 10 and 15

units per day. Marrow transit time (Fig. 2) shortened progressively when

subjects were at high altitude. The shortening occurred whether the iron was

injected before ascent (subject A) or immediately before descent (subject C).

II. Descent to Low Altitude

Hematologic values of the second group were more heterogeneous than the
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Subject Tune
(hrs.)

Hematocrit
(%)

H.

Corrected
reticulocyte

(%)
Plasma

iron
(�ig.%)

Iron dis-.
�ppearance

(T 1 /2-mm.)

Plasma iron
turnover0

Erythropoietin
(units in pre-

ceding 24 hr.)

Basal 54 1.9 68 48 0.72 7
16 53 1.5 55 38 0.75 2

40 53 1.4 58 45 0.67 < 1

64 51 2.0 83 56 0.79 < 1
88 48 2.3 94 78 0.68 < 1

I. Basal

16

40
64
88

72
72

70
70
67

2.2
1.9

2.2
1.5
1.6

40
88
56

138
212

14
18
24

50
101

0.94
1.70
0.86
1.05

0.82

18

27
3
2

< 1
j. Basal

16

40
64

88

54
57

55
55

48

3.6
3.0

3.2
2.3

1.7

89

92

160
73

128

41

38

38
41

77

1.03
1.18

2.13
0.93

0.94

7
9

< 1
< 1

< 1

K.f

L.

Basal

16

40

64
88
Basal

16
40

64
88

64

64

61
61

56

73

71
74

74

70

2.8

2.8

1.8
1.7
2.2

3.0

3.2
2.6

3.0

2.3

128

101
144
127

128
64

118
197
157

349

50

48

48

62

16

15
37
41

99

0.99

0.89
135

1.02

1.30

2.84

1.78
1.38

1.30

4

< 1
1

<1

< 1
13

21
2

< 1

< 1

M. Basal

16

40

64
88

60

60

59

59
55

2.8

2.8

2.8

2.3

2.4

216
97

113

130

234

78
59

83

88
145

1.14
0.76

0.64

0.70

0.81

4
3

< 1

1
1

Average Basal

16
40

64

88

63

63
62

62

58

2.7

2.5
2.3

2.1

2.1

101

92

121
118

191

41

36
46

55

94

1.05

1.11

1.17
0.98

0.98

9

11

1

< 1

< 1

0 mg./100 ml. whole blood/day.

f This subject traumatized on the first day at sea level.

first. Two subjects had basal hematocrits of 72 and 73 per cent and elevated

erythropoietin levels. The other four subjects had initial hematocrits between

54 and 64 and erythropoietin levels similar to those of Group I. The effect of

moving the inhabitants of Morococha to sea level is shown in Figure 3 and

Table 2. During the two days at high altitude and four days at sea level, ap-

proximately 450 ml. of blood were removed and their mean hematocrit fell

from 63 to 58 per cent. Reticulocytes decreased from 2.6 to 2.1 per cent. The

mean PIT of 1 mg./100 ml. of whole blood per day at high altitude actually

rose during the first 42 hours at low altitude and thereafter decreased. The

rise was largely attributable to subjects I, J, and L who showed increases in

erythropoietin on the preceding day. During the following three days PIT

672 FAURA ET AL.

Table 2.-Hematologic Measurements of Group II
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ALTITUDE AND ERYTHBOPOIESIS 673

showed a minimal fall. Erythropoietin levels fell very rapidly after descent to

sea level and were undetectable within 12 hours.

There was an increase in iron binding capacity as measured by both char-

coal and immunologic methods from a mean value of 361 to 392 in Group I

and a decrease in Group II from 376 to 359 ,�g. per cent.

DiscussioN

Previous studies by Huff et al.’ and Reynafarje et al.2 have defined the

general response of the erythroid marrow to changes in altitude. The meas-

urements of myeloid : erythroid ratios, reticulocytes, and erythroid iron turn-

over indicate an augmentation of blood production to approximately twice

normal when sea level dwellers moved to high altitudes, whereas erythro-

poiesis decreased to about one-third normal when high altitude dwellers move

to sea level.

This study was focused on the erythropoietin output and its immediate

effect on erythropoiesis with such altitude changes. Upon exposure to altitude

anoxia, there was a lag period of about 6 hours, followed by a marked in-

crease in erythropoietin output over the next 24 hours and then a decline to

twice basal levels. These results are consistent with previous data on erythro-

poietin response in animals, which have been shown to have a peak response

at 8 to 18 hours, and a fall to normal after 48 to 72 hours.8-14 The more limited

studies in man also indicate demonstrable erythropoietin activity in plasma

only during the first 3 days at increased altitude.1517 The reason for the initial

exaggerated response and secondary fall is not clear. The slight increment in

marrow activity makes the speculation of marrow utilization less likely. A

more likely possibility is the reduction in anoxia by another mechanism such

as the shift in the oxygen dissociation curve which occurred during the first

2 days.18

In subjects in Group II, who were transported from high to low altitude,

response occurred immediately, so that erythropoietin was not measurable

within 12 hours. This rate of disappearance is more rapid than would be ex-

pected from some clearance studies in man.19 The conspicuous rise of

erythropoietin observed in two subjects at the time of descent and the in-

crease in plasma iron turnover in all subjects during the first 2 days at low

altitude is unexplained; it is possible that the increased oxygen supply actually

reduced blood flow and led to tissue anoxia.2#{176}

Information concerning the mode of action of erythropoietin on the

erythroid marrow is provided by the ferrokinetic measurements. Radioiron

taken up by the erythroid marrow is known to be incorporated within minutes

into hemoglobin.21’22 Thus, radioiron uptake by the marrow is assumed to

represent the hemoglobin synthesizing capacity of that organ. In the stimulated

erythropoiesis of high altitude, the amount of iron going to the erythroid

marrow and appearing in circulating red cells increases from about 80 per

cent at sea level to 90 per cent or more.2 There is then an increase in both

the proportion of iron turnover concerned with erythropoiesis and the absolute

amount. This increase in PIT occurred in the Group I subjects between 12

and 36 hours after altitude exposure or within 24 hours of the erythropoietin
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674 FAURA ET AL.

response. The same time relationship was observed in the two subjects of

Group II who were most polycythemic: a temporary increase in erythropoietin

at the time of descent was followed by an increase in PIT. Such an effect on

marrow iron uptake is too rapid to be related to stem cell proliferation; the

maximum effect of stem cell differentiation and proliferation of normoblast

progeny requires several days.� The rapid increase in PIT must then be

taken as evidence of a direct action of erythropoietin on hemoglobin synthesis

by the existing erythroid cells. This is in agreement with in vitro studies which

have indicated an enhancement of hemoglobin synthesis within 24 hours

through the action of erythropoietin on DNA-dependent RNA synthesis.2428

Another effect of erythropoietin is to shorten the marrow transit time of

radioiron.29 The time relationships of this effect are illustrated in Figure 2.

When radioiron was administered at sea level and the subject later moved to

a high altitude, transit time was shortened from the normal of 90 hours to 84

hours, suggesting a slight effect on marrow cells labeled with iron before

anoxic stimulation. The shortening of marrow transit time also persisted in the

subject injected at high altitude but moved 8 hours later to sea level, sug-

gesting that the action of erythropoietin on marrow transit time did not re-

quire continued erythropoietin stimulation.

The removal of the erythropoietin stimulus in Group II did not inter-

fere with completion of maturation of those cells already synthesizing hemo-

globin. PIT and reticulocytes remained near normal levels over the following

3 days. This response resembles the wave of erythropoiesis in the poly-

cythemic animal given a single injection of erythropoietin, where cells con-

verted to the stage of hemoglobin synthesis by the injection continue to

mature despite the absence of further erythropoietin.3#{176}

This short study permits only an approximation of the rate of erythropoiesis

which followed erythropoietin stimulation. However, it appears from the in-

crease of reticulocytes to 1.6 times normal#{176} and the plasma iron turnover to

1.4 times normal that production was only moderately increased and that the

iron going to the marrow may actually have decreased after the second day

at high altitude. The red cell balance cannot be calculated in the absence of

blood volume measurements; however, considering the decrease in plasma

volume which usually occurs,31 the stable hematocrit with removal of 400 ml.

of blood over a week also suggests a production rate of less than 2 times nor-

mal. Any of these estimates falls far short of the production rate expected in

hemolytic anemia. It has been suggested that the reason for this difference

may be the limitation of iron supply to the bone marrow in nonhemolytic

states.32 In the present study (Group I) the decrease in mean plasma iron to

62 �sg. per cent and the fall in mean clearance time of radioiron from 71 to 31

minutes are consistent with a restricted iron supply.

SUMMARY

Measurements were made to characterize the relationship between erythro-

poietin output and erythropoiesis in two groups of subjects, one moved from

#{176}Theabsolute increase of three times normal in reticulocytes should be reduced to 1.6

by a factor of 47/90 to correct for the longer maturation time of “shift” reticulocytes.32
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ALTITUDE AND ERYTHROPOIESIS 675

a sea level habitat to high altitude, and the second moved from a high altitude

habitat to sea level. In the first group, there was a latent period of 6 hours

followed by a rapid increase in erythropoietin, and a secondary fall to a level

of approximately twice normal. The increased erythropoietin stimulus was also

reflected in a shortened marrow radioiron transit time. In the second group,

there was an initial unexplained rise, after which erythropoietin fell within 8

hours to undetectable amounts.

Elevated erythropoietin was associated in Group I with an increased

iron uptake within 24 hours of the stimulus, suggesting a direct action

of erythropoietin on hemoglobin synthesis by the existing marrow popula-

tion. Limitation in erythropoiesis to a rate of less than twice normal

was tentatively explained by a restricted iron supply. In the second group,

marrow activity continued for 3 days despite a marked fall in erythropoietin,

indicating that cells in the maturation phase completed their normal de-

velopment.

SUMMARIO IN INTERLINGUA

Esseva effectuate mesurationes pro characterisar le relation inter le rendimento de
erythropoietina e le erythropoiese in duo gruppos de subjectos, i.e. , un gruppo que habeva

essite transferite ab domicilios al nivello del mar ad un ambiente de grande altitude e un
secunde gruppo que habeva essite transferite ab domicilios in grande altitudes ad un am-

biente al nivello del mar. In le prime gruppo, un periodo latente de 6 horas esseva notate,

sequite de un rapide augmento in le erythropoietina e un declino secundari a un nivello

de approximativemente duo vices le norma. Le augentate stimulo erythropoietinic esseva
etiam refiectite in un reducite tempore de transito medullari de sero radioactive. In le

secunde gruppo, un inexplicate augmento initial esseva notate, sequite de un declino de
erythropoietina intra 8 horas ad nivellos non plus detegibile.

Elevate nivellos de erythropoietina esseva associate in Cruppo I con us augmentate ac-

ceptation de sero intra 24 horas post le stimulo, suggestionante un effecto directe de
erythropoietina super le synthese de hemoglobina per le existente population medullan.
Le reduction del erythropoiese a un intensitate de minus que duo vices le norma esseva
tentativemente explicate como effecto de un restringite provision de ferro. In le secunde

gruppo le activitate medullari continuava durante 3 dies in despecto de un marcate declino
in erythropoietina, indicante que cellulas in le phase de maturation completava br dis-
veloppamento normal.

ACKNOWLEDGMENT

We would like to thank Dr. John Adamson for his assistance in the erythropoietin

calculations.

REFERENCES

1. Huff, R. L., Lawrence, J. H., Sin, 4. Peacock, W. C., Evans, R. D., Irvine,

W. E., Wasserman, L. R., and Hennessy, J. W., Jr., Good, W. M., Kapp, A. F.,

T. G.: Effects of changes in altitude on Weiss, S., and Gibson, J. C.: The use of two

hemopoietic activity. Medicine 30:197, 1951. radioactive isotopes of iron in tracer studies

2. Reynafanje, C., Lozano, R., and Val- of erythrocytes. J. Clin. Invest. 25:605,

divieso, J.: The polycythemia of high alti- 1946.

tudes: Iron metabolism and related aspects. 5. Bothwell, T. H., and Mallett, B.: The

Blood 14:433, 1959. determination of iron in plasma or serum.

3. Adamson, J. W., Alexanian, R., Marti- Biochem. J. 59:599 1955.
nez, C., and Finch, C. A.: Erythropoietin

excretion in normal man. Blood 28:354, 6. Morgan, E. H., and Carter, C.: Plasma

1966. iron and iron-binding capacity levels in

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/33/5/668/574737/668.pdf by guest on 19 M

ay 2023



676 FAURA ET AL.

health and disease. Aust. Ann. Med. 9:209,

1960.

7. Cook, J. D. : Unpublished data.
8. Prentice, T. C., and Mirand, E. A.:

Effect of acute liver damage plus hypoxia on

plasma erythropoietin content. Proc. Soc.

Exp. Biol. Med. 95:231, 1957.

9. Erslev, A. J. : Observations on the

nature of the erythropoietic serum factor.

II. Erythropoietic activity of serum and bone
marrow after time limited exposure to

anemia. J. Lab. Clin. Med. 50:543, 1957.

10. Jepson, J. H., and Lowenstein, L.:

Effect of hypoxic guinea pig plasma upon

erythropoiesis in the polycythemic mouse
and polycythemic guinea pig. Acta Haemat.

31:329, 1964.
11. Finne, P. H.: On the correspondence

between red cell production and plasma

erythropoietin levels. Scand. J. Clin. Lab. In-

vest. 17:135, 1965.
12. Keighley, C. H., Lowy, P., Russell,

E. S., and Thompson, M. W.: Analysis of

erythroid homeostatic mechanisms in normal

and genetically anaemic mice. Bnt. J.

Haemat. 12:461, 1966.

13. Prentice, T. C., and Mirand, E. A.:
Effect of hypoxia on plasma erythropoiesis

in rabbit. Proc. Soc. Exp. Biol. Med. 106:
501, 1961.

14. Stohlman, F., Jr.: Observations on

the physiology of erythropoietin and its role

in the regulation of red cell production.
Ann. N.Y. Acad. Sci. 77:1710, 1959.

15. Sin, W. E., VanDyke, D. C., Win-

chell, H. S., Pollycove, M., Parker, H. C.,

and Cleveland, A. S.: Early enythropoietin,
blood and physiological responses to severe

hypoxia in man. J. Appi. Physiol. 21:73,

1966.

16. Carmena, A. 0., deTesta, N. C., and

Fnias, F. L.: Urinary erythropoietin in man

subjected to acute hypoxia. Proc. Soc. Exp.

Biol. Med. 125:441, 1967.

17. Reynafarje, C., Ramos, J., Fauna, J.,
and Villavicencio, D.: Humonal control of
erythropoietic activity in man during and

after altitude exposure. Proc. Soc. Exp. Biol.

Med. 116:649, 1964.

18. Rosse, W. F., and Waldmann, T. A.:

The metabolism of erythropoietin in patients
with anemia due to deficient erythropoiesis.

J. Clin. Invest. 43:1348, 1964.

19. Lenfant, C., Torrance, J., English, E.,
Finch, C. A., Reynafarje, C., Ramos, J., and

Faura, J. : Effect of altitude on oxygen bind-
ing by hemoglobin and on organic phosphate

levels. J. Cbin. Invest. 47:2652, 1968.
20. Thorling, E. B., and Enslev, A. J.:

The “tissue” tension of oxygen and its

relation to hematocnit and enythnopoiesis.

Blood 31:332, 1968.

21. Allen, D. W., and Jandl, J. H.:

Kinetics of intracellular iron in rabbit reticu-

locytes. Blood 15:71, 1960.
22. Noyes, W. D., Hosain, F., and Finch,

C. A. : Incorporation of radioiron into mar-

row heme. J. Lab. Clin. Med. 64:905, 1964.
23. Lord, B. T. : Erythropoietic cell pro-

liferation during recovery from acute hemor-

rhage. Bnit. J. Haemat. 13:160,1967.
24. Erslev, A. J. : Erythnopoiesis in vitro.

II. Effect on “stem cells.” Blood 24:331,
1964.

25. Reissmann, K. R., and Kenjiro, I.:

Selective eradication of erythropoiesis by
Actinomycin D as the result of interference

with hormonally controlled effector pathway

of cell differentiation. Blood 28:201, 1966.
26. Callien-Lartigue, 0., and Coldwassen,

E.: On the mechanism of enythropoietin-

induced differentiation. I. The effects of

specific inhibitors on hemoglobin synthesis.

Biochim. Biophys. Acta 103:319, 1965.

27. Krantz, S. B., and Coldwasser, E.:

On the mechanism of erythropoietin-induced
differentiation. II. The effect of RNA syn-

thesis. Biochim. Biophys. Acta 103:325,

1965.
28. Keighley, C., and Lowy, P. H.:

Actinomycin and erythropoiesis and the pro-
duction of erythropoietin in mice. Blood

27:637, 1966.
29. Hillman, R., Adamson, J., Funk, D.,

and Finch, C. A.: Observations on erythroid
marrow maturation. XI Congress of the In-

ternational Society of Hematology, Sydney,
August, 1966, p. 200.

30. Gurney, C. W., Wackman, N., and
Filmanowicz, E.: Studies on enythropoiesis.

XVII. Some quantitative aspects of the
erythnopoietic response to erythropoietin.

Blood 17:531, 1961.

31. Surks, M. I., Chinn, K. S. K., and

Matoush, L. 0.: Alterations in body compo-
sition in man after acute exposure to high

altitude. J. AppI. Physiol. 21:1741, 1966.

32. Hillman, R. S., and Finch, C. A.:

Erythropoiesis :normal and abnormal. Semi-
nars Hemat. 4:327, 1967.

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/33/5/668/574737/668.pdf by guest on 19 M

ay 2023




