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Aceto, Henry, Jr.., Springsteen, ‘Robert, Gee, W,,
Winchell, H. S., and Tobias, C. A, Erythropoietic Response in Dogs

Given Sublethal Whole‘Body Protbn Irradiation Followed By Hypoxic

Hypoxia. . Radviationv Res. » PP. - s

ABSTRACT
Serial iron kinetics studies and radiophbsphorus determinations
of 'tdté.l red cell volume wei‘e performed in three grvou.ps of beagle dogs
é#posed to hypoxia (pO2 = '}2 mm Hg), sublethal whole body proton irra-

diation (200 rads MTD), and a combination of these two s:tress'es, re-

spectively. Hypoxia alone resulted in an increase, ‘within one day, in

plasma iron turnover rate (PITR), an increase in fractional incorpora-

.tion of radioiron in red cells and a corresponding elevation in total red

cell volume, Sublethal wholé body protbn irradiation alone resulted in
diminution within one day in PITR; and a corresponding marked depi‘es-
sion of fractional in"co'rporation. of ra._dioi'ron in red cells, _Dogs receiv-
ing a combination of whole .body proton irradiation followed by hypoxic
hypoxia demonstrated an initial increase in plasma iron turnover rate
(PITR) for the first 7 days iapproximating the response seen With hypoxia
alone.” At 14 days the PITR and the fractional radioiron incorporation |
into red cells rapidly decreased, approaching, but not reaching, that
seen in.the dogs receiving radiation alone. Thereafter, the increase in
the PITR in these dogs was greater than that seen following radiation
alone and by 29 days again approximated that seen in dogs subjected to
hypoxia_ alone. At all times total red cell volume in dogs subjected to

combined whole body radiation and hypoxia was maintained at a level
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intermediate between that seen in dogs subjected to whole body radiation

or hypdxia alone,

We conclude that following sublethal whole body proton irradiation, -

cells responsible for synthesis of hemoglobin are capable of normal or
increased rates of h.,emogilobin synthesis in response to hypoxic stimula -
tion despite severe fadiatiofi démag‘e._, Red cells produced under such
hypoxic stress following whoie body irradiation are not extremely short
lived and are functionally significant as evidenced by normé.lly shaped
red cell iron-S‘? incorporation curves and red cell volumes which are
greater than that noted 1n dogs receivihg radiation aloﬁe. Those cells
present in the bone marrow at the time ‘éf irradiation which were 're-

‘ sponsible' for hemoglobin synthesis during the ensuing 7 days are little |

affected by 200 rads (MTD) of whole body proton irra.diation, with re-

gard to their capability of synthesizing hemoglobin in response to hypbxia.

Additionally, while those c.ells present in the bone marrow at the time of
irradiation which are "reSpbnsible" for hemﬁglobih_ synthesis beyond 7
days following irradiation are more affected by 200 rads of whole body
proton irradiation than those cells '"responsible'' for hemoglobin synthe -
sis during the initial 7 days, even thesé cells are capable of be'ing stim -~

ulated by hypoxic hypoxia,

Key words: hypoxia
erythropoiesis

proton irradiation
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INTRODUCTION

»Diminut‘ion in plasma iron turnover rate (PITR) and calculated
hemoglbbin .sy'nthesi‘s rate is é well documented quantitative change in
erythropoiésis noted following whéle body irr’adiation;(1). The finding
of elevated plasma eryfhropoietin levels following whole body irradia-
tion ”(2), sugges.tsbthat,irr.adiva.téd ery}thropoiétic cells are incapable of
g'reate.f hemoglobin synthesis than that observed in the non-stimulated
posti'rr;a,diation state, Ir.xdeed, Newsom and Kimeldorf (3) have attrib-

uted their observed increased mortality of animals maintained at altitude

-following radiation exposure to an inadequate erythropoietic response

during exposure to hypoxia.‘ The present studies demonstrate that
irradiatéd (200 rads) erythropoietic cells are capabie of normal or in-
creased_rafes of hemoglobin synthesis when subsequently stimulated by
hypoxic hypoxia, Th.e. results of these findings are discussed both in
regard to relative radiosensitivities of erythropoietjé cells of different
ages as well as in rvevgard to e_rythropoiesis in asffonauts bsu.bjected to

combined radiation and hypoxic stress.

MATERIALS AND METHODS

Female beagle dogs, approximately 2 years of age, were oBtained
from the Radiobiology Laboratory, Universitjf of Cé,lifornia, Davis,
These animals are essentially worm free ahd are immunized for dis-
temper and hepatitis, They were transferred to individual cages upon
arrival and after a 3 week holding period, were subjected to a 4 week |

baseline study. In order to circumvent the complications of red cell

w
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animale were splenectomized two weeks prior to commenoing the base-
line work, The 12 animals represented 3 separate experiments each
consisting of a group of 4 animals. Upon completion of the baseline | | (
stuay, each group of four animals we.s divided as follows:

(1) Irradiated Control: These animé.ls received a sublethal whole

| body exposure of 200 rads (MTD) delivered by the degraded 730 MeV
proton beam whose residual mean energy is 265 MeV The animals
were anesthetized with sodium pentobarbitol, 30 mg/kg, given intra-
venously immediately prior to irradiation, They were placed in a

' speoially constructed styrofoam holder, positioned with their long
axis normal to the beamb, ahd rotated to ensure omnilateral irradiation,
Dosimetric measurements utilizing T.eﬂon-encapsulated thermolumi-
nescent lithium fluoride (LiF) dosimeters positioned in a frozen dog
cadaver indica.te.a uniform dolse dis'tlribution to. within 10% over the
entire body. The _radiation was delivered at a rate of 26 rads/min.v
Upon completioh of the irradiati.on, the animals were returned to the

animal room.,

(2) Irradiated-Hypoxic: The irradiating procedure for' these animals
was identical to that of the irradiated-con_trol vanimalvs_. The animals
were immediately transferred to the high altitude chamber within 30 to
60 minutes following irradiation and maintained at a simulated altitude
of 1.8,000 ft (pOz = 72 mm Hg) for a period of 57 days. ' The altitude
exposure was interrupted each day for a period of less than an hour
for animal rﬁaintenance. |

At periodic intervals this daily period of recompression wae

extended to 3 or 4 hours in order that radioisotopic hematological
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assa.ys-cduld be pérforméd. . The total time spent at altitude amounted
to approximately 94% of the 57-day period, Decompression and recom-

pression rates were 2,000 ft/min. _ \

(3) Hypvoxié-Controlz These animals were anesthetized and sham-

irradiated following the procedures for the irradiated animals. They

were then irﬁmedi;_tely tr.a,risferrex.i to the chamber and maintained at a
simulated altitude‘of 18,000 ft for a pericld of 57 days. The temperature
and relé.tive' humidity in fhé éhamber were maintained at 25°C and 50%
RH, respectively. The gaseous envirohment of the chamber was con-
tinuously monitored for O2 and ,COZ levels with a Beckman analyz‘ér
and its éssociated recorder. The periods of decompression and recom-
pression were the same és those for the irradiated-hypoxic animals, -
(4) Control: These animals were anesthetized and sham-irradiated

following the prbcédures for the irradiated animals and then returned

‘to the animal room.

The following assays Were performed on each animal:
1. Red Blood Cell Volume (RBCV). The RBCV was determined by
the radiophosphorus tagged cell method of Berlin et al, (4).

2. Serum Iron, The concentration of iron in plasma was determined

by the modification of Peters and co-workers of the Ramsey method (5).

59Fe

3. Plasma Volurne. The plasma volume was determined by the
dilution technique of Apt and co-workers (6).

4. Red Cell Radioiron Uptake, With some modification, the methods

| ‘described by Huff et al. were employed for these experim.ents (7).

5. Plasma Iron Clearance Rate (PCR). The measurement of clear-

ance rate of radioiron from the plasma has been described by Huff e_t__a_,_l_. (8).

§
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Plasma iron turnover rate (PITR) was calculated as the product
of plasma volume, net plasma iroh concentration, and plasma iron
clear:ztnée rate.

Effective hemoglobin synthesis was calculated ‘as vthe produé_t of
plasma iron turnover rate;i maximal radioiron incorporation in_circulat-
iﬁg red cells, and the ratio of molecular weight of hemoglobin to four |
times fhe molecular weight of i.rbn; |

Datum points for these parameteré represent the ‘a,vera.ge of §alues

obtained from three separate experiments each of which is within about

10 or _15% of the mean value,

RESULTS

Figure 1 g_ré.phicé.lly presents serial changes in plasma iron furn-
over rates (PITR) expressed as a fraction of baseline ‘va,lues obtained
in each individual animal at various time intervals following whole body
exposure to profon- radiation (200 rads MTD) and/or hypoxia (pO2 = 72
mm Hg). Within one day follbwiné exposure to hypoxia’alone, PITR in-
creased signifiéantly and remained elevated for the duration of the
hypoxic expdéure(S? days).. " Thereafter it imrﬁediately fell to below
baseline levels,

Within one dajr following exposure to 200 rads whole bédy proton ra-
diation the PITR diminished and continued to fall until the 14th day. There
is a definite increase in the PITR by the 21st day and it approaches base-
line levels by the 28th ciay. Thereafter, there is an '""overshoot' to above
normé.l levels and it again approaches baseline levgls by the 80th day.'

Within oné day following combined exposure to whole body radia-

tion plus hypoxia there was an increase in PITR which continued through

the 7th dajr at a level roughly equivalent to that seen with hypoxia alone.
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.At 14 days the PITR vrafpidly dimiﬁislled f;o.a level somewhat greater
than that seen with whole body.radié,t‘ion al,one..v Theréafter the PITR
again inc reas‘ed. at a greater rate than that seen. following radiation
alone and by 29 d.ays a.pp_;‘oxifnated that sveenvin, dogs subjected to
hypoxia. Subsequent to bdiscontvinu'an.ce of hyp_oxla at 57 days the dimi-
ngtlon in PITR in animals receiving corhbine(l'radiation followed by |
hypoxia is cbmparable to fh'at seen with hjrﬁoxia alone,

The pattern of radioiron lncorporatlon into circulating red cells
was obtained in animals '_subééQuent to radioiron administration at 1, 7,

and 14 .days following radiation and/or hypoxia, In each case the radio-

~ iron incorporation in the circulating red cells increased rapidly, achiev-

ing maximum levels 2 to 3 days following intravenous administration of

59

Fe and remained at the maximum levels for the ensuing 3 to 4 dé.ys of
m'easurement., . In no case was a_n. eafly decrease in the radioiron con-
tent of circulating red célls observed, thus precluding the presence Qf
an e.arly. iwithin 3to4 days) destruction of newly formed red cells,
Figure 2 presents red .cell 59Fe incorporation curves thained on

59

animals administered >’Fe 7 days subsequént to exposure to whole body

proton irradiation and/or hypc')xia. It can be seen that 7 days subseqvuent‘

to whole body. proton ir-radia"ti’on' and/or hypoxia the pattern of radioiron

- incorporation into circulating red cells is essentially identical for the

c’ohtrol animals and those subjected to hypoxia alone or total body irra-

59F‘e

diation followed by hypoxia, There is a marked diminution in the
radioiron incorporation into circulating red cells in those animals given

whole body proton irradiation alone.
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Figure 3 is a plot of the incorporation of the radioiron in the
circulating red cells as measured on the 6th day following administra-
tion of radioiron as a function of days after irradiation and/or hypoxia ¥

on which the radioiron was administered. This tirne (6th day) is taken

59

as "maximum inc'orporé_;tio‘n of “"Fe in red cells'" and is expressed as
percent of radioactivity iﬁje'c-ted'. The '"maximum ra.dioiron incorpora-
tion" into red cells in animals exposed to hypoxia -allc')ne or whole body
proton irradiation followed by hypoxia wa.é close to normal values 1 and
7 day-s following e'xposﬁre to irradiation and/or hypoxia. However, on
. the .14th day, dogs exposed‘to hypox{a alone achieved a greater than
normal "maximum'incorpofation of radioiron' in circulating red cells
(99 %) while those treated ’:;llth whole body p.l.'oton irradiation followed by
hypoxia had a marked diminution in "maximum-radiation" ‘incorpbrat.ion
into red cells aéproaching t_:hat seen in animals given whole body radia-
tion alone. Dbgs giiren whole body 'ra_diati_on alone had an immediate
diminution in "n;aximum radioiron incorporation'" into circulating r.ed
cells (10%), which increased Hriearl;r to approximately 35% b& day 14,
Figure 4 prééents results of thé calculated effective ‘hemoglobin
synthesis fates: by ﬁsing the rﬁethod of Huff et al, (9). An estimate of -
effective hemoglobin synthesis in this case was obtained by multiplying
the "maximal ffactiona.l_ incorporation of radioiron' into circuiatiﬁg red )
~cells by the plasma iron turno.ver rate and the known relationship be-. :
fwe\en grams i’ierhoglobin synthesized and milligrams iron incorborated'
in_to hémoglobin, The data are expfessed_as a ratio of the calculated

effective hemoglobin synthesis rate at various times following irradia-

tion and/or hypoxia to that obtained during the pretreatment observation
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‘period., It can be noted that the calculated effective hemoglobin synthesis

rate in animals subjected to hypoxia alone increases in eSsentia}ly a
linear fashion from day 1 to day 14. The calculated effective hemoglobin
synthesis rate in animals given radiation alone was ma.rvkedly depressed
at 1 day subsequent to such radieﬁtion and over the ensuing 2 weeks there
Was only rﬁodest increase in the effe’cvtive‘hemo.globin synthesis rate,

In animals exposed to sublethal whole body proton radiation followed by

hypoxia, the effective hemoglobin synthesis rate was not diminished on

‘the first day following radiation and by the 7th day there was actually

significantly increased effective _hemoglobin' synthesis, approaching

that.seen in animals sﬁbjected to hypoxia alone., At the 14th day there
wav,s' a rapid diminution in e:ffective hemoglobin synthesis rate to a levgl
approaching that seen in anima;is treated by radiation alone. B

Figure 5 presents the results of serial red cell volume detérmina-
tions on 3 gro.ups of dogs at various time intervals following whole body
proton irradiation and/or hybox.ia expressed in milliliters/kilogram
body weight and normalized to baseliné va‘lues.‘ In animals exposed to
hypoxic hypoxia alone there was a progressive increase in red cell
volume, reaching maxim‘al levels at ab'oi;t the 52nd day. On the 57th
day hypoxia was discontinued and there was a brisk drop in the circ.u-
lating red cell volume. . Although the rate at which ‘the red cell volume |
de.creased following the discontinuance of the hjrpoxia suggests that
these cells were being removed from the éirculation at a rate faster
than that which would be anticipated vfrom normal red cell sene scénce;
the data are too meager to reach any conclusioné on this particular

point. Animals exposed to whole body proton irradiation alone had a
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progressive fall in their total red cell volume until approximately the
-24th day following irradiation, Since the rate of this fall also appeared
to be somewhat steeper than that anticipated from normal red cell
senescence, | the possibility of blood loss must be entertained in these
irr‘adiated-anima‘.ls. -Subsequent to 24 days there was a slow increase

in the red cell volume in irradiated dogs approaching the pre-irradiation
levéls by the 72nd day. Animals exposed to whole body protoﬁ irradia-
tion followed immediately by hypoxic hypoxia maintaiﬁed red cell vol-
umes intermediate between that seen in animals treated with hypoxia

or whole body irradiation alone,

DISCUSSION -

~ In the present experiment, within 24 hours after exposure to
hypoxic hypoxia,b a significant increase in plasrha iron turnover rate
and caléulated effective hemogl'o_bin synthesis was noted in dogé. Sim-~
ilar results were previoilsly noted in a human su_.bject (10). Since hemo-
globin synthesis 6ccuré largely.in the later stages of normoblast devel-
opment, this ea>r'1'.y and significant increase in hemoglobin synthesis
following hypoxia 1s r_nost.probably due to stimulation of cells well -
along in their commitment to the forfnation of red cells rather than to '
stimulation of an uncommitted or stem cell pool to enter the erythroidv
cell line.

Previous estimates of the turnover rate of erythroid p_;recursors
within the bone marrow are generally le'ss.tha.n 5 to 7 days (11). The
finding that hypoxic hypoxia following sublethal total body radiation re-
sults in an increase in hemoglobin synthesis during the first 7-day

period following the application of these stresses suggests that most
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~ of the recognizable erythroid precursors in the bone marrow at the time

of rddiation participated in this e.rythropoietic i'esponse; If this indeed
i.s the case, one must conclude that the majority of cells colrnmitted to,
or recogﬁizable as, erythroid precursors at the time of radiation Qere
insufficienﬂy damaged by 200 rads to preclude their respoﬁding to
hypoxic‘ hypoxia with incréaSed synthe sis of hemoglobin, Indeed, the
response tb this hypoxic h}‘rpoxia was very close to the résponse nof.ed
in unir ra;dia'ted animals, | | |
Although it is generé.lly accepted that irradiated eryth'ropoi'eti‘c
cells are incapable of normal or ihqreased proliferation, the céntrary
results of the present paper actually might be anticipated from theoret- '
ical considerations. The viability and functional integrity of the red |
cells merely reqﬁires a prior abilify to synthesize a single heme pro-
tein, hemoglobin, the structural proteins of the red cell membrane,
and possibly stroma, and sufficient enzyme's involved in anaerobic
glycolysis to produce a source of reducing materials (e.g., TPNH)
and a source of energy (e.g., ATP). The produc>tion of these constit-
uents accounts for only a small fra_ctiori of the total information con-
ta_ined within the DNA of any progenitor cell. Thus a cell,. once com-
mitted to the red cell line, should be able to endure a great deal of
damage to DNA coding for nonessential processes wifhin the cell.  As.
long as a red celi precursor is able to maintain its own integrity, |
undergo diﬁsioﬁ, synthesize hemdglobin and structural and enéymati_c
protein, it should be able to give rise to functional red cells. If tilis |

indeed is the case, it would explain the present observations,
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The finding in the present paper that hemoglobin s;lrnthesis dimin-
ishes markedly 7 days following irradiation in animals exposed to
hypoxia subsequent to whole body radiation ivs consistent with the sug-
gestion that uncommitted stem cells are significantly more radiosensi-
tive than those committed to the erythroid series. According to this
view the initially increased hemoglojbin s.ynthesis during the first 7 days
poét irradiation is occurring in relatively radioresistant cells aii_'eady
committed to the erythroid' line. Subsequent to the texhaustion" of a
pool of these cells at the end of a 7-day period, there is a net diminu-
tion in hemoglobiri synthesis due to radiation damage to the stem cell
pool, thus preventing replenishment of .the red cell precursor cell
series. The finding that hemoglobin synthesis in the animals given
h)'rp'oxia shortly after whole body radiation is gfeater than that seen in
animals given radiation alone even after the 14th postirradiation day
further éuggésts that eveﬂ "stem cells" are able to be stimulated v'.co
proliferate following radiation by hypoxic hypoxia and thﬁs that they
are not beihg ma..ximally sti'rnulated.follo.wing radiation in the absence
of hypoxic hypoxia,

These r_ésults have important implications with respect to space
“travel since C(v)mbinedr.strés's.studies felating the interactive p'roce'sses“
induced by the multiple physical and environméntal factors of space
flight represent perhaps one of the more exigent aspects of épace—
related research., Bender reported a synergistic effect during the
Gemini-3 manned space flight between radiation and '"'some spaceflight
parameter' for the production of human chromosome aberrations in

whole blood samples (12), Biomedical data obtained dufing the Gemin_i
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series indicate an "adaptive' red cell volume loss qf at least 20%
during rhissions of several days duration (135. ‘The full significance
of these observations should be evaluafed iﬁ terms of those space fac-
tors thch’ might serve to ‘-f,urthér'compromise the fﬁ'n_ctional integrity
of the erythropoietic system. The radiation-hypoxia Lroblem is an
imporfant aspect of sﬁch an evaluation. The ISresent results indicate
that the combined effeét of radiation .and hypoxi‘a, i.s not syne rgisﬁc.
Indeed, hypoxia appears to favorably modifvyv'the damage induced by
radiation on the erythropoietic system and to accelerate recovery.

The 6bser_vations in this paper also have implications with regard
to possible mechanisms by'which re'cove_‘ry rates can be improved follow-

ing whole body radiation, If indeed following whole body radiation the -

. cells .throughout the body are capable of greater proliferation and repair

than that spontaneously seen after irradiation, a search is indicated for
possible'méthods of stimuiatiri_g sﬁch proliferative procé‘sses. Unfor-.
t‘uvnately hypo'xic hypoxia, while stimulating ’erythfopoiesis in the irra-
diated animai, | répr’é sents an additional unde sirable stress. If, howévér,
other means of stimulating cell proiiferation and repair could be devel-
oped it might be possibie to improve postirradi_ation survival by the use

of these agents. Such agents would be particularly useful for astronauts

- who might unwittingly be exposed to lethal levels of radiation in locations’

far removed from adequate medical care.
In an additional set of experiments not discussed in the present

communication, similar results were obtained in non-splenectomized

~dogs similarly exposed to whole body proton irradiation and/or hypoxic

| hypoxia, Thus the results demonstrated in the present communication.
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cannot be ascribed to any effects induced by the absence of the spleen

in the animals in the present study.
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FIGURE LEGENDS

Fig. 1. Serial changes in plasma iron turnover rates (PITR) at various
time intervals following whole body exposure to proton radiation
(200 rads MTD) and/of, hypoxia (pOZ = 72 Hg).

' 59

Fig. 2. Red-c'}:ellv- Fe inéoriioration curves obtainéd on ani;nals 7 days

Subsequenf to exposure to ‘:Wh'ole body 'pro_ton irradiation and/or

hyi)oxia.' |

" Fig. 3. Plot of the incorporation of radioiron in the circulating red

cells as measured oﬁ the 6th day following administration of

radioiron as a function of days after ii‘radiation and/or hypoxia

on which the radioiron"vi/asva,dmin'ivstevred. ‘This time (6th day) is

taken "as ""maximum invcoi‘por'ation of 5(_)Fe in red cells' and is
e:xpre.ssed as percent of radioactivity injected. |

Fig; 4. Results of the calculated effective herﬁoglobin synthesis rates,
using the method of Huff et al, (9). The data are expressed as a
ratio of the calculated efféctive hemoglobin synthesis rate at various:
times following irré.dié,tion and/or hypoxia to that obtained during
the pretreatment observation period,

Fi_g. 5. Ré‘sults of serial red cell volume dete.rminations on 3 groups
of dogs exposed to whole .b.ody proton irra&iation and/or hypoxia
expressed in milliliter s/kilogvfam body weight and ﬁormalized to

baﬂ_é:eline'values as a function of days after initial exposure to

: whfole'body protoh irradiation and/or hypoxia.
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Effective °°Fe utilization for heme synthesis
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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