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Irradiation of  pregnant mice causes destruction of the embryonal thymus and delays 
ifs colonization with lymphocytes, T-helper maturation, and elimination of T-lympho- 
cyte precursors. After birth splenic colonization with lymphocytes, particularly with T 
helpers and T suppressors, is decreased. 
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The effects of ionizing radiation on T lymphocytes 
of adult animals and the regularities of their postra- 
diation repair are sufficiently well studied [3,5]. Al- 
beit to a lesser extent, the effects of radiation on 
the formed thymus are known, too [9,13,15], and 
it has been demonstrated that radiation injury to the 
thymus may trigger rapid aNng of the immune sys- 
tem [10,16]. On the other hand, the effects of ra- 
diation during intrauterine development, when dra- 
matic events take place in the thymus connected 
with mass cellular transpositions and proliferation, 
formation of T-lymphocyte subpopulations, and colo- 
nization of peripheral lymphoid organs with these 
cells, have hardly been studied. Yet these processes, 
which occur in the period of  early thymic ontoge- 
nesis and are crucial for the subsequent existence of 
the immune system, may be vulnerable to radiation. 

In the present  research we investigated the 
effects of embryonal  irradiation on the formation 
of the T-cell population in the thymus and pe- 
ripheral lymphoid organs. 

MATERIALS AND METHODS 

Exper iments  were  carried out  with CBA mice 
weighing 18-20 g bred at the Stolbovaya breeding 
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center of  the Russian Academy of Medical Sci- 
ences. The presence of pregnancy was assessed 
from the appearance of a vaginal plug. The mice 
were irradiated with a Stebel' device with ~37Cs as 
the source of "/-radiation. 

Thymectomy was carried out under ether nar- 
cosis via a median incision of the sternal manu-  
brium using an aspirator [11]. The completeness of 
thymus removal was monitored visually during au- 
topsy. In order to obtain B-mice, 2 -month-o ld  
animals were subjected to thymectomy, 20 days 
later irradiated in a dose of 8 Gy, and on the 
same day intravenously injected 2• bone mar- 
row cells treated with monoclonal  antibodies to 
Thy-l .2 antigen and rabbit complement .  After 30 
days B-mice were used for thymus transplantation. 
The thymus was transplanted through a median 
incision in the skin of the back and pos t e r io r  
abdominal wall under the renal capsule without 
fixation of any kind. Control mice were subjected 
to sham thymectomies and thymus transplantation. 

Cell suspensions were prepared by forcing out 
the organ (thymus, spleen) in a homogenizer  into 
Eagle's medium. The cell concentrat ion was esti- 
mated by scintillation in Goryaev's chamber. Cell 
viability was assessed by staining with 0.15% eosin 
solution. For the identification of  cell markers the 
following monoclonal  antibodies were used: G4 
(anti-Thy-l.2), RL-172 (anti-L3T4) (a gift from B. 
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Fig. 1. Dose--dependent changes of thymic cells on day 4 
after irradiation. I) 2 - 3 - m o n t h  mice; 2) newborn mice 
irradiated on day 17 ~n utero: 

D. Brondz, Russian Cancer Research Center, Mos- 
cow), and commercial (Becton Dickinson) antibod- 
ies to Lyt-2. Antiserum to SC-1 antigen was pre- 
pared by immunizing rabbits with murine brain 
homogenate; the resultant serum was depleted with 
thymocytes [8]. 

Membrane markers were detected by indirect 
immunofluorescence in suspensions of unfixed cells 
using fluorescein isothiocyanate-labeled IgG Fab- 
fragment f rom asinine antiserum against murine 
immunoglobul in  (N. F. Gamaleya Institute of 
Epidemiology and Microbiology). For detection of 
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Fig. 2. Time course of thymic cellular composition increase 
in mouse embryos in health and alter intrauterine irradiation 
(2 Gy). 1) intact embryos; 2--4) irradiated embryos: 2) on day 
14; 3) on day 16; 4) on day 17 of development. 

SC-1 antigen the cytotoxic test with guinea pig 
antiserum as the source of complement was em- 
ployed. Dead cells were detected by eosin staining. 

The count of antibody-producing ceils in the 
spleen was assessed by local hemolysis in liquid 
medium [7]. Thymocyte helper activity was as- 
sessed in an adoptive system: a mixture of sheep 
red cells (3• bone marrow cells (1.5• 
treated with antibodies to Thy-l.2 and complement 
to eliminate T cells, and thymocytes (1.5• was 
intravenously injected to lethally irradiated recipi- 
ents; control mice were injected a similar mixture 
without thymocytes. The difference in the counts 
of antibody-producing cells (APC) in the spleens 
of experimental and control mice was the measure 
of T-helper activity. 

Formation of hemopoiet ic  colonies in the 
spleen was assessed by the exocolonies method 
[14]. For estimation of thymocyte helper activity 
a mixture of 10 s cells of bone marrow SC-I- frac- 
tion and 104 tested thymocytes (without thymocytes 
in the control) was injected to lethaUy irradiated 
recipients. The difference between the number of 
colonies in the spleens of experimental and con- 
trol mice was the measure of thymocyte helper 
activity [2]. 

The results were statistically processed by 
variational statistics methods using Student's t test. 

RESULTS 

Adult mouse thymocytes are known to be hetero- 
geneous in terms of radiosensitivity (Fig. 1). The 
radiosensitivity constituent of curve 1 corresponds 
to cortical thymocytes (their Do is 0.5 to 1.0 Gy 
according to various authorities),  whereas the 
radioresistance constituent reflects the death of 
mature medullary thymocytes and of subcapsular 
T-lymphocyte precursors (TLP), which are char- 
acterized by a relatively high radioresistance [13]. 
Curve 2 on Fig. 1 indicates that two groups of 
cells contrasting in radiosensitivity exist in the fetal 
thymus during the last period of embryonal de- 
velopment, but the share of radioresistant cells 
in fetuses is much higher than in adult animals. 
This is most probably due to a higher content of 
CD4-CD8-TLP in the embryonal  thymus [12]. 
The reduced thymocyte count observed 1 day af- 
ter embryo irradiation in the period from 14 to 
19 days in dose 2 Gy indicated that the fraction 
of redioresistant thymocytes was higher at the be- 
ginning of this period (about 25%) than at the 
end (5-15%). 

Irradiation of the thymus in adult animals 
triggered repair processes which led (in two stages) 
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TABLE 1. Effect  ol Irradiation (2 Gy) on Antibody Production of 3 0 - D a y  Mice Immunized with Sheep Red Cells 

Animal group Splenic cell count, APC count per APC count per mln 
mln spleen splenocytes 

Intact 180--m-30 10,700--- 1420 59---8 

. . : : . : :  . : : : :  . . . . . . . . . . . . .  : : . :  : : :  : 

2 Gy on  d a y  5 of l i le 1 0 7 •  10,120• 95-4-11 

Note. Asterisks show reliable differences vs. intact mice: one 

to a complete  or partial recovery of thymocyte 
count and composi t ion [3,5]. In embryos postra- 
diation regeneration occurs in parallel with the 
normal  processes of thymus colonization and a 
change of  subpopulations in it. Figure 2 demon- 
strates changes in the t ime course of thymocyte 
counts in fetuses of various age under the effect of 
irradiation on days 14, 16, and 17 of  development. 
In health the most intensive increase of the total 
count of thymocytes is observed between the 16th 
and 19th day of embryogenesis. Radiation exposure 
delays this process by 3 days and it is realized 
between the 19th and 21st days, the period of ir- 
radiation being unimportant  here. Hence, irradia- 
tion of the embryonal  thymus not  only causes 
death of a certain number  of thymocytes, but in- 
fluences thymus "maturat ion" as well, but by the 
time of birth this process is as a rule over even 
after intrauterine irradiation. 

Since the effect of  intrauterine irradiation on 
the total number  and t ime course of  thymocytes 
is so p r o n o u n c e d ,  one  might  expect  marked  
changes in the subpopulation composition of these 
cells. However, assessment of this parameter by 
scintillation of cells carrying T-cell markers (Thy- 
1), their subclasses (L3T4, Lyt-2), and TLP (an- 
tigen SC-1 common  for hemopoietic tissue and 
brain) [6,8] revealed noticeable shifts only in the 
SC-1 § cell counts (Fig. 3). In health the count of 
these cells in the thymus is quite high up to day 
20 (on the eve of  birth); at birth they are virtu- 
ally undetectable (though present in small quanti- 
ties, as shown by analysis of thymocyte fractions 
[1]). In the event of intrauterine irradiation on 
days 14 and 17 high numbers (20%) of these cells 
are detected in the newborns' thymus and even on 
day 2 of  postnatal  life (3%). Thus,  irradiation 
delays SC-1 § TLP elimination f rom the thymus 
(due to emigration or maturation) but virtually does 
not change the content  of  cells carrying the CD4 
and CD8 markers. 

More pronounced consequences of intrauterine 
irradiation are observed when assessing thymocyte 
functions in newborns (Fig. 4). The exposure un- 
dermines the formation of thymic T cell helper 
funct ion in antibody product ion reactions (i.e., 

- p<0.05, two - p<0.001. 

class 2 T helpers) to a greater extent than in adult 
animals and somewhat reduces thymocyte capacity to 
respond to PHA (irradiation of adult animals en- 
hances this response; the data are not presented). 

Since radiation exposure was found to affect 
TLP content in the newborn thymus, changes in 
characteristic thymocyte activity could be expected. 
It was previously shown that relatively mature TLP 
wi th  the SC- I*Thy-1  * m e m b r a n e  p h e n o t y p e ,  
present mainly in the thymus, function as colony- 
forming cell helpers during the formation of he- 
mopoietic splenic colonies [1]. Assessment of this 
TLP activity in newborns irradiated in utero re- 
vealed its increase after irradiation on day 14 (but 
not  17) of development (Fig. 4); no such effect 
was observed after irradiation of adult mice. An 
enhanced thymocyte proliferative response to thy- 
mic peptides, which is characteristic of younger 
SC-I§ - TLP [2], is not observed after in- 
tmuterine irradiation (no data presented). Hence, in 
the thymus of  newborn animals radiation exposure 
blocks SC-I§ § TLP characterized by he-  
mopoiesis helper activity. 

119. 3. S C -  1 + ceil content in the thymus of newborn and adult 
mice after irradiation with a dose of 2 Gy. I) intact animals; 2) 
i r radia ted 7 days  before examinat ion;  3) i r radia ted 4 days 
before examination. 
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Fig. 4. Helper  ac t iv i ty  changes  in react ion of splenic  TIP  colony formation (a) and  hemopoies i s  (b) in  the thymus of mice 
irradiated with a dose  of 2 Gy in the  embryonal  and  postnata l  period. A) newborns irradiated in utero; B) adul t  {2--3 months) 
mice. I) intact  (control); 2) 7 days post irradiat ion (.4: day 14 fin utero); 3) 4 days post i rradiat ion (.4: day  17 fin utero). Ordinate: 
a) i nc r emen t  of n u m b e r  of hemopoie t i c  colonies  in the  sp leen  of bone  marrow S C - l -  cell  r ec ip i en t s  d u r i n g  s imul taneous  
administrat ion of thymocytes  (thymocyte helper activity in splenic colony formation); b) increment  of APC coun t  per  I0 6 splenocytes 
in bone  marrow and  sheep red cell rec ipients  s imul taneous ly  adminis tered  thymocytes  ( thymocyte he lpe r  act ivi ty in humera l  
immune response). 

Since thymus development in the embryonal 
period determines the formation of the peripheral T- 
lymphocyte population, it may be expected that in- 
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Fig. 5. Effect of thymus donor  irradiation on colonization of 
its t ransp lan ts  1 m o n t h  after  t ransp lan ta t ion  u n d e r  the renal  
capsule. 1) irradiation on day 17 of embryonal  developmentTx 
the thymus  was r emoved  at birth~K B - m i c e  were rec ip ien ts  
of thymic lobes; 2) newborns  were irradiated and lobes of their 
t h y m u s  t r a n s p l a n t e d  to B - m i c e  o n  the  s a m e  day;  3) 
i r radiat ion on day 17 in utero, newborn  thymus t ransplan ted  
to s h a m -  operated i r rad ia ted  bone  marrow repai red  mice. 

trauterine irradiation will appreciably influence the 
development of the thymus-dependent component of 
the immunity system as a whole. Moreover, the 
thymus determines the postnatal development of T 
lymphocytes, which may be disturbed as a result of 
radiation injury of the thymus stroma. 

Figure 5 shows the effect of  intrauterine irra- 
diation on splenic cells during the 1st month  of 
life. Radiation exposure on day 14 of intrauterine 
development led to a stable defect of colonization 
of the spleen with lymphocytes which showed no 
tendency to be eliminated over the course of fol- 
low-up. Irradiation at a later period (day 17) at 
first did not have a noticeable impact on the for- 
mat ion of the spleen, but later a t rend toward 
destruction of the organ was observed. Apparently, 
spleen colonization during this period was deter- 
mined by descendants of the precursor cells, which 
suffered from intrauterine irradiation most of all. 
Judging by the virtually unchanged  relative T-cell 
content  during the f~rst m o n t h  of life of mice ir- 
radiated in utero, it may be assumed that the 
primitive precursor  cells c o m m o n  to T and B 
lymphocytes suffer most of all f rom radiation in 
such a case. 

Analysis of membrane  markers  showed that 
intrauterine irradiation caused no substantial disor- 
ders in the subpopulation composition of splenic T 
lymphocytes in the postnatal period. However, the 
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immune  response of such mice (at the age of 1 
month)  to sheep red cells was markedly increased 
(Table 1), and this, �9 with the reduced cel- 
lular composition of the spleen, indirectly indicates 
underdevelopment of suppressor cells, most likely, 
of  T suppressors. 

The data on the status of  the spleen in mice 
irradiated in utero do not permit  us to determine 
which ceils or structures of the fetus are injured, 
leading to the changes observed. In order to de- 
tect changes in the peripheral component  of the 
immuni ty  system which are related to radiation 
injury of the thymus, and notably of its stroma, 
we transplanted the thymus of newborn mice irra- 
diated in utero or immediately after birth to in- 
tact syngeneic recipients or B-mice (i.e. thymec- 
tomized, irradiated, repaired with bone marrow cells 
free from T lymphocytes). One to two months af- 
ter transplantation the cellular composition of  the 
transplant was examined, and in recipients, B-mice, 
the status of the thymus-dependent  component  of 
the  i m m u n e  system. By this t ime the thymic 
transplant was colonized at the expense of precur- 
sor ceil migration from recipient bone marrow. 
The appearance of T cells in such mice meant  
manifestat ion of stromal activity of the thymic 
transplant. 

Figure 6 shows the relationship between colo- 
nization of the transplanted thymus stroma and the 
host irradiation dose. The curves demonstrate that 
the capacity of the thyrnic stroma to attract pre- 
cursor ceils is similarly impaired if irradiation is 
carried out immediately after birth or on day 17 
of  intrauterine development.  At the same time it 
was shown that results of assessment of thymus 
colonization in "euthymic" and nude mice did not 
coincide: after exposure to 1 Gy, colonization of 
the t ransp lan ted  organ in eu thymic  mice  was 
sharply increased, while after exposure to 6 Gy it 
was decreased to a lesser extent than after trans- 
plantation to B-mice. An increased cell count  af- 
ter transplant exposure to 0.5-1 Gy was observed 
in the recipient 's own thymus as well. The cause 
of this phenomenon  is not clear; it is apparently 
related to some humoral factor originating from the 
irradiated stroma of the transplanted thymus. 

An impaired capacity of the thymic stroma to 
be colonized with thymectomized host cells is ob- 
served after exposure to a dose of 6 Gy. The same 
dose induces a significant decrease of the T-cell 
count  in the spleen of  B-mice that are irradiated 
thymus recipients. The accumulation in the spleen 
of CD4* T helpers suffers even after exposure to 
1 Gy (Fig. 7), this being in line with the con-  
cept of a closer relationship between T helpers and 
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Fig. 6. FAfect of thymus donor  irradiation on colonizat ion of 
rec ip ien t  lymph nodes  with T cells  l mon th  after  t ransplan-  
tation. Newborn mice were irradiated in the ment ioned  doses; 
l o b e s  of t h e i r  t h y m u s  were  t r a n s p l a n t e d  u n d e r  the  rena l  
c a p s u l e  of B - m i c e ;  T - c e l l  c o u n t s  were assessed  af ter  30 
days in mesenter ic  lymph nodes.  

the thymus and of a greater radiation injury of 
microenvironmental factors responsible for T-helper 
development [4]. 

The same degree of radiosensitivity is detected 
when assessing the formation of humoral  immu-  
nity T helpers in B-mice, recipients of  irradiated 
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Pig. ?. H u m o r a l  i m m u n e  r e s p o n s e  to sheep  r ed  ce l l s  rn 
i r r ad ia t ed  thymus  rec ip ien t s  1 m o n t h  af ter  t r an sp l an t a t i on .  
Exper imenta l  cond i t ions  as in Fig. 6. /) B - m i c e  r ec ip ien t s  
of thymic lobes from newborns irradiated /n utero  on day  17; 
2) B--mice  recipients of thymic lobes from newborns irradiated 
immediately after birth; 3) B - m i c e  without  thymus transplants; 
4) s h a m - o p e r a t e d  irradiated mice treated with bone  marrow; 
5) similar mice t ransplanted  in tac t  thymus lobes.  
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thymus, by their capacity to produce antibodies to 
sheep red cells. B-mice without transplants are 
devoid of such a capacity and its appearance after 
thymus transplantation is connected with the devel- 
opment of T helpers in the transplanted thymus. T- 
helper formation in irradiated thymus recipients is 
suppressed ff the animals are irradiated immediately 
after birth with a dose of 2 Gy or after irradia- 
tion in utero on day 17 with a dose of 1 Gy. 

The data presented indicate a profound effect 
of intrauterine irradiation on the formation of the 
thymus and thymus-dependent component of the 
immune system. The defects connected with dis- 
ordered formation of T-cell functional subpopula- 
tions and colonization of the peripheral part of the 
immune system are the most stable in such cases. 
Results of experiments with irradiated thymus 
transplantation give grounds for considering that 
these defects are caused by radiation injury not of 
the lymphocytes proper, but of the thymic mi- 
croenvironment factors responsible for the develop- 
ment  of T cells. 

A practical result of this conclusion is the need 
to monitor the development of the thymus-depen- 
dent component of the immune system in children 
born of mothers exposed to radiation during preg- 
nancy, as well as to develop methods of prevent- 
Lug and treating T cell immunodeficiencies in such 
children by thymic fetal tissue transplantations 

partially compensating for the defective stromal 
elements of  the thymus. 
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