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Effect of Low-dose Irradiation on Pregnant Mouse
Ha emop oiesis

SHEILA R. WEINBERG, EMMELINE G. MCCARTHY, THOMASJ. MACVrIE AND
SIEGMUNDJ. BAUM

Experimnental Hematology Department, Armed Forces Radiobiology Research Institute,
Bethesda, Maryland

({Received 10 July 1980; actepted for publication 10 September 1980)

SUMMARY. The effects of low-dose gamma radiation to haemopoictic progenitor cell
compartments of the marrow and spleen of virgin female mice and pregnant mice
were studied. Microplasma clot cultures were used to assess burst-forming unit-
erythroid (BFU-E) and colony-forming unit-erythroid (CFU-E) activity, and
double-layer agar cultures were established to evaluate granulocyte-microphage
colony-forming cell (GM-CFC) and macrophage colony-forming cell (M-CFC).
The apparent shift in maternal erythropoiesis from the bone marrow to the enlarged
spleen was reflected by an increase in the numbers of CFU..E and BFU-E per spleen
and a concomitant decrease in CFU-E and BFU-E per femur. Whereas maternal
GM-CFC values per femur increased 36(%, maternal GM-CFC per spleen increased
by I7M compared to virgin values. There was a greater decrease in M-CFC per
spleen than per fernur in the pregnant animal when values were compared to thle
virgin animal.

Total-body irradiation to the day-lOS5 pregnant mouse caused a further suppres-
sion of day-14-5 medullary erythropoiesis (i.e. decreased CFU-E values) compared
to thle response of the virgin femiale mouse. Ani ability of thle maternal spleen to
support further compensatory erythropoiesis followving increasing doses of radiation
was demonstrated. 4 d after 1.0 Gy exposure, maternal values for GM-CFC per
femnur or spleen decreased to nonirradiatcd virgin mnice values. M-CFC per mnaternal
femiur decreased following 1 -5 cGy, but M-CFC per spleen appeared to be unal~cted
with doses from 0-5 to 2-0 Gy.

Haeinopoicsis in blood-formning tissues undergoes a temporary modification in the pregnant
animnal (Fowler & Nash, 19M,~Fruhinan, I IXA; Rich & Kubanck, 1979), Alterationis occur in
tile imnmological responsiveness of tile pregnant animal in order to support tile devcloping
fetus, which is casidcrcA in intrauterinc allograft (l1cer & Bullinghain, 1978. Nicklin &
llillin-ton, 1979% Stabti et al. 1978). Tile maternal transient anactmia probably caused by tile
nutrienit and oxygen demands of thle rapidly growing fetus has Aso been studied (Jepson,
1973). Eflects of thle existing environmental hazards tlaat introduce additional stress to thle
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128 Sheila R. Weinberg et a!

physiological condition of the pregnant animal are gaining the attention of several investiga-
tors (Iversen et al, 1979; NCRP, 1977; Oppenheim et a!, 1974). Experiments were conducted to
elucidate further: (1) differences in erythropoietic and granulocytic-macrophage progenitor
cell activity in the bone marrow and spleen of virgin and pregnant mice; (2) injury to maternal
bone marrow and spleen size and haemnopoiesis following total-body irradiation exposure
during midpregnancy; and (3) compensatory erythropoiesis in the maternal spleen following
different doses of ionizing radiation.

MATERIALS AND METHODS

Experimental Design
A comparative study was conducted with virgin female mice (9), pregnant mice

irradiated-virgini female mice, and irradiated-pregnant mice to assess the effect of low-dose
irradiation on medullary and spleen cellularity, and the different haemnopoietic progenitor
cells. Experimental mice at 10-5 or 12-5 d of pregnancy and virgin females received a bilateral
total-body irradiation (TBI) exposure of 0, 0.5, 1-0, 1-5, 2-0 or 3-0 Gy from the AFRRI
cobalt-60 gamma radiation source at a rate of 0-4 Gy/min. All pregnant mice were killed on
day 14-5 of pregnancy, and virgin mice were studied 4 d after irradiation for comparison. The
data from four replicate experiments represent the injury manifestation and recovery potential
at 2 or 4 d following TBI.

Mice. Virgin HA/ICR mice, 10-18 weeks old (Cumberland View Farms, Clinton, Tennecs-
see), were randomly mated during a period of 24 h, designated as day 0 of gestation. All
animals were maintained on a diet of Wayne Lab-Blox and acidified water (pH 2.5) ad libitum
and housed in a facility with a 12 h light-dark cycle. All mice were screened for murine
pneumonia complex and Pseudontonas spp. prior to each study.

Cell suspensions. Cell suspensions of spleen and flushecd-out femurs from each mouse were
prepared in a chilled mnedium that consisted of SAM* with 2% fetal bovine serum (heat-
inactivated at 56'C for 30) miti).

In Vitro Assays
Microplasmna clot cultures were used to assess medullary and spleen erythroid progenitor

cells as follows- aggregates of benziditie-staincd-positive eight or more cells on day 3 of culture
reflected the colony-forming units-erythroid (CFU-E), and several clusters of benzidine-
stained-positive cells on day 9 of culture reflected the younger burst-forming units-crythroid
(B3FU-E), I nil plasmua clot cultures consisted of 0-1 mil cell suspension (50 000) nucleated cells),
0-3 nil fetal bovine serumi (heat-inactivaed, Rehatuin F.S., Reheis Chemical Company,
Illinois), 0.1 mil of beef emibryo extract (McLeod et at, 1974), 0.1 ml of 10% bovine seruml
albumin (McLeod et a), 1974), 0.1 mli L-asparagie (fitial concentration 0-02 mig/nil) (Mcecod

SAM is Supplemnted Alpha Modification of Easle's Mediun (Frank Monette, personal coniunnasioti):
10,075 g Alpha Medium (FMw Labs); 10 nlt nonesswntial amino acid ioluion (10 nim, too x concentration,
GlBHCO); 10 nit sodium pyruvate solution (I100 nw, 100 coriccntration, G1 BCO) -10 nil t -gluuamine (N()o nim,
lO00 XConcentration. GlBco); 20 nil penicillin (W00 units)-strcptycin sulphate solution (S(X) rug) (Plow Lain);
1447 S sodium bicarbonate powder; 950 mlt tlssuc culture water (DiFCO). Final pH was adjusted to 7-5 with N3OH.
The Kw0 til of mediumn was prepared. nallipor-ikered, aliqisoted Ito 1W0 ml volurms. andl stored li A
refrigeratr fur no longer diass 3 weeks.
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et al, 1974), 0. Ml 10- 4 M 2-mercaptoethanol, and 0. 1 ml erythropoietin (EPO) (anaemic sheep
plasma, step III, Connaught Labs Inc., Swiftwater, Pennsylvania, lot no. 3023-3, 6.7 unit3 per
mg protein). All ingredients were maintained on ice and mixed with 0.1 ml bovine citrated
plasma, maintained at 37°C, immediately prior to plating in microtitre wells (Cooke
Engineering Co., Alexandria, Virginia). Cultures were then harvested, fixed, stained, and
evaluated according to procedures outlined by McLeod et al (1979). Each ingredient was either
reconstituted or diluted with SAM. For the control cultures, SAM was added instead of EPO.
CFU-E cultures contained 0.125 units EPO per ml, and 3.0 units EPO per ml were used in
BFU-E cultures. For each experimental group, six 0.1 ml microtitre well cultures were
established and incubated at 37°C with humidified, 5% CO2 in air for either 3 or 9 d. Mirotitre
wells were sterilized by UV light for 3 h.

Double-layer soft agar culture technique outlined in detail by MacVitti,. (1979) wvas utilized
to study the medullary and spleen granulocyte-macrophage colony-forming ..ell (GM-CFC)
on day 10 of incubation and the macrophage-colony forming cell (M-CFC) appearing after 25
d of culture. Cultures were incubated at 37°C with humidified, 8% CO2 in air. Pregnant
mouse uteri extract (PMUE) was used as the source of colony-stimulating activity (CSA) for
3-5 x 10' bone marrow cells plated per ml or 0,5-1 .0 x 106 spleen cells plated per ml in the agar
cultures.

RESULTS

Tissue Cellularity
The effect of TBI on bone marrow cellularity and spleen cellularity is shown in Figs I and 2.

respectively. Whereas 0.5 Gy diminished bone marrow cellularity of both groups of pregnant
mice to about 41% of the nonirradiated pregnant mice. no effect was seen with irradiated
virgi female mice. No significant difference was observed between marrow cellularity values
of mice irradiated on day 10-5 or day 12.5 of pregnancy. Maternal spleen cellularity values
were always more than 160% of nonirradiated or irradiated virgin female mice values,
Commencing with 0.5 Gy damage to maternal spleen cellularity was reflected by day-12,5
irradiated group values, Rccovery was indicated by the slightly higher day-10,5 irradiated
pregnant mice group values, with the exception of 2-0 Gy group (Fig 2).

CF-i" and BFU-E
Mean values of erythroid committed stem cells of virgin mice were assessed 4 d after TBI.

Virgin mice CFU-E per femur were greater compared tc maternal mice (I = 0.(X25) (Fig 3,

Table 1). 1 Gy and higher doses depressed the number of virgin female marrow CFU-E per
femur and CFU-E per I(P cells (P = 04)05). Day-105 pregnant mice irradiated with 1.5, 2-0
and 3,0 Gy resulted in a 58% decrease in ab.olute and relative medullary CFU-E values,
compared to nontreated pregnant mice values. Pregnant nice spleens were outstandingly
erythropoietically active compared to virgin mice spleens (indicated in Fig 4). Following a
20% increase in CFU-E per maternal spleen at 4 d after 0-5 Gy, values consistently decreased
with increasing irradiation dose to levels below those in nonirradiated pregnant mice, but they
were always higher than any virgin mice values.

Nonirradiated virgin female marrow BFU-E per lHP and per femur were higher than values
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U IRRADIATED DAY 12.5

x 3- IRRADIATED DAY 10.5

0 0.5 1.0 1.5 2.0 3.0
TOTAL BODY IRRADIATION (Gy)

Fw 1. Effect of total-body gamma irradiation on femoral marrow cellularity. Pregnant HA/ICR
mice ((Y) were irradiated on day 10.5 or 12.5 of gestation and killed on day 14,5. Virgin mic (Q)
reflett 4 d post total-body irradiation. N.). = not determined.

40I IRRADIATED

S30- IRRADIATED DAY 12.5

Wl it IRRADIATED DAY 10.5

W20-
10-

0 0.5 1'0 1,5 2.0
TOTAL BODY IRRADIATION (Gy)

Fi 2. lei''ct of towal-by gamma irradiation on splen cellulin y. Pregnant I IAICR muc ('Awrr irradiated on day 10,5 or 12,5 olfg,,matw and killed on day I45., Virgin nuce ( } retle¢t 4 d !n

timal-body irradion, N.. not deerned.

libr Iltnirradiated day-14.5 pregmant mice. Virgin and pregnant mice marrow litU-, valueN
were dramAtically diminished with (%5 Gy (values obtnaincl 4 d tbllowing Ill) and were
tfirthcr dtecreasd atecr 1 (; y (Fig 5). Pregnant mice IFU-I! per 10' cells and per spken vwtre
much higher than virgin mice value (Fig 5). 4 d tillowing (5 (;y "ril, 1th virgin and
pregnant mice had lower 1FU-. 'valUes conimared to that ofitoirradiated mice. There wa . an
imcrease in 11FU-IE (per Il cell and per spleen) tillowing 1.() CGy in the maternal .pleen.
wllereas virgin mice spleen IIFU-E (per UiP cells and per organ) had reached their nadir level.

GAM-CFC ind ,\1-( :FC'

'regnant animals have .3% higher marr,.w (;M-C|I:( per organ and 172" higher iple(;M-CFC pcr orgy,: compared tt. value tir virgini t.males (Fg 6, Table 1). With ea'h
increasing doe of irradiatim administertd on day 1|,5, there wa a.m decline in total marrow and
spklen GM-CFC values of day-14,5 pregnant mice. I (;y appeared Co reduce GM-CI: value.

iI,
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Ft 3. Etfl'ct of total-body gamma irradiation on femoral marrow CFU-E. Pregnant HA/ICR mice
were irradiated on day 10"5 ofgestation. Mean CFU-E values per l0s cells or per femur represent

4 d recovery of virgin (Q) and pregnant female mice. Erythropoietin. 0.125 u/,iI, was added to
plasma clot cultures containing 50 000 bone marrow cells per 0-1 ml. N.D. = not determined.

TAiur 1. Comparison of organ cellularity and haemnopoictic progenitor cells
per organ to nonirradiated virgin HA/ICR ftemale mouse (9) and day-14.5

pregnant HA/ICR mouse (0)0

Bnte marrou S1lrof

Organ cellularity (x 10') 1-8±05 2,2±0-2 21.8± 28 348 ± 42t
CFU-E (x 10') 10.4±0.4 5,3± 1'3t 10.0±8-2 212+5.0
IF-I 1 ( x I W) 24.3 16.-tj I1.2 62.6t

(;M-CFC (x 10') 3-3± 1,3 4,5± 1,7 1,1 ±0-3 3l0 OHt
M-CR: (x It) 3,9± 1,3 V8± 1,2 3-3± 0,5 1,2±0,2t

.Value represent the mean SEM,
t Sutimiually ugl aat dilrerlcl4:€

per organ to 50% oft inirradiatexd pregnant mice. This reduction in iiutiibers of conmitted
stemn cells was inaintained following 1.5 and 2.0 Gy Till (P = ,MIS). However. 3-0 Gy further
reduced the medullary and spleen (M-CFC values. Concentration of GM-CFC (per liO cells)
remained relatively undanged fior s aternal boine marrow fllowing 0.5 and 1 .0 Gy TIL
With a dow. of 15 Gy there were 37% fewer (;M-(CFC per 10' nIarrow cell compared to the
nonirradiated pregnant mice. Maternal spleen GM-CmC per iP cells were more sensitive and
were reduced to 27% of nonirradiated naternal values following 1.0 Gy and 76% of
nonirradiated maternal values following 1.5 c;y.

The effect of pregnancy on M-CrC is different front that observed with (;M-C:FC or
CFU-E. Marrow M-CF'C per 10' and per temur values were simiLhr for the nonirradiated
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Ftm 4. Effect of total-body gamma irradiation on spleen CFU-E. Pregnant HA/ICR mice (is) were
irradiated on day 10.5 of gestation. Mean CFU-E values per 101 cells or per splee represent 4 d
recovery of virgin (9) and pregnant female mice. Erythropoictin, 0.125 u/nil, was added to plasina
clot cultures containing 50 000 spleen 4,vls per 0-1 ml. N.). not determined..
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Fit S. Effct of otal-body gamma irfadiatil im fornotal marow lJFU-E and s tek IIFUoE.
Pliruna HA/ICR inn'e NO) were irradiacd on day 10-5 ofgemation. Mean UFr-L". values per IW'
telli o per femur r splein teptceta 4 d recovery of virgin (9) and pregunt female mie. 1
Erythroletiu. 3-0 u/mL was added to plastia dot cultures taininag 50 000 bone marMrw or
pe'mse Plier 0. 1 at.
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Fwt 6. Effect of toeal-Wdy gamma irradiation on fenoral marrow and splcen GM-CFC. Pregnant
HA/ICR mice (0) were irradiated on day 10.5 of gestation and killed on day 14-5, Mean GM-CFC
vwiues per 1)s edts or per femur or spleen are compared to nontreated virgin female mice (Q), Sot
agar cultures Contained PMUR amd 3o-S x 101 bone marrow cell or 0-5-+'0 x 1I' spkn cells pet ml.
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HA/ICR mice ( ) were irtadiated cm day 10-5 f gesatitm amd killed on day 14,5. Mean M-CWC
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agar cultures contained PMUI. added on day 3 of culture. atul 3-5 x 1P b"w msurtow *elh or
0.SO,'lOx I0 ' spl&m Cells per mtL N.V. um deterauied.
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virgin and the nonirradiated pregnant mice. However, maternal M-CFC per spleen were
significantly lower than the virgin female values (P = O.05)' (Fig 7, Table I). Total maternal
marrow M-CFC values were reduced to 76% of nonirradiated maternal values with 1.5 Gy,
whereas M-CFC per 1Os cells remained relatively unchanged with increasing dose of irradia-
tion. Unlike maternal marrow M-CFC, the spleen population of M-CFC was not affected by
irradiation.

DISCUSSION

Our studies demonstrated a significant increase in spleen cellularity and a shift from marrow to
spleen erythropoiesis in the day-14.5 pregnant animal. This was suggested by a decrease in
marrowCFU-E and BFU-E, with a concomitant increase in CFU-E and BFU-E in the spleen.
These observations are in agreement with other investigators (Mattsson et al, 1979; Rich &
Kubanek, 1979) who reported splenic enlargement and haemopoietic activity during day 10 to
day 16 of pregnancy. Fowler & Nash (1968) and Fruhman (1968) reported a gradually
increasing murine bone marrow and spleen hyperplasia, along with enhanced erythropoiesis
during the first 15 d. Ferrokinetic indices, peripheral blood RBCs, haematocrit percentages,
and haemoglobin concentration values were used as the criteria to monitor erythropoiesis in
the pregnant mouse. However, because the plasma clot culture system allows a more precise
evaluation of the erythroid committed stem cell compartment in the blood cell-forming
tissues, it was used in our studies.

Our studies also demonstrated that medullary GM-CFC were increased and M-CFC were
not af'ccted by the maternal physiological condition. In the maternal splen there was an
increase in GM-CFC and a decrease in M-CFC. The role of the macrophage in the immune
reponse is well documented (Hibbs ef a, 1978; Unanue & Calderon, 1975), and the modified
imnmunoconipetency of the pregnant animal (Beer & Uillingham, 1978; Nicklin & Billington.
1979) to support the developing 'intrauterine allograft' may explain the observed decrease in
the nacrophage progenitor cell values relative to the virgin HA/ICR imou.w

The role of the spleen in supporting further compensatory haenopoiesis during pregnancy
after the introduction of an additional stress (ie. exposure to ionizing radiation) has not been
investigated, Additional stress during early pregnancy of gamma radiation exposure caused a
more pronounced Oifte on mnedullary haemopoiesis compared to the response of the virgin
animal to similar doses oftotal-bldy irradiation. 4 d after irradiation ofO,5 Gy. the maternal
fen oral cellularity and CFU-IE values were still significantly below control levels atd below
values tor irradiated virgin mice. Oil the other hand. the maternal spleen appeared to be able to
provide tile increawd compensatory haenmopoiesis with greater (FU-E and IIFU-E levels
compared to the irradiated vargitin male mouse.

1WThe maternal spleen FU- and M-CI: response to increasing does of irradiation was
unlike the behaviour of the maternal marrow BFIU-E and M-CEC. The bone marrow's rapid
depletion of the hacmnopoictic progenitor celi after irradiation may be due to a 'sterilizing
elkt' of radiatiol, accompanied by al increaw indiflirentiatiot and coupled with a migration
of cell1. The 4)leen, on the other hand. with its increase in BFU-FN and u, changed M-C('s.
may reflect the respoms of the spleen to an increased erythropoiesis demand and reduced
naropluge activity during pregnancy.
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Studies are presently being conducted with other laboratory animals in which the spleen is
not haemopoietically active in order to gain more knowledge about the haemopoietic
regulatory mechanisms involved in the low-dose-irradiated pregnant animal.
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