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Summary. Most studies of in utero effects of ionizing 
irradiation involve high doses and examination 
at postnatal intervals. Little information is available 
on the effects of low levels of ionizing radiation 
on embryogenesis. The developmental effects of in 
u tero exposure to 50  cGy gamma radiation on 
gestational day-9.5 was investigated using Sprague- 
Dawley rats. Irradiated rats and appropriate controls 
were killed at prenatal intervals of 4h, 48h and 10 days 
after exposure. Fetuses were examined for abnormalities 
and random samples of tissues were prepared for 
microscopic study. With the exception of the neuro- 
epithelium, no histopathological changes were observed 
in embryos 4h after exposure to 50 cGy. In irradiated 
embryos, mitoses were reduced within the neuro- 
epithelium; pyknosis and some necrosis of cells were 
apparent at this gestational interval. Among the gross 
developmental abnormalities observed in embryos 48h 
after irradiation, excessive flexion of the embryo and 
abnormal flexion of the head were the only ones that 
appeared to be radiation-induced. The mean numerical 
score (47.310.2, controls; 42.410.1, irradiated) for 17 
morphological parameters examined in fetuses at this 
gestational period compares favorably with other 
studies. Controls, however, showed greater variability in 
the extent of development of their forebrain, olfactory 
system, midbrain, hindbrain, and caudal neural tube. In 
al1 cases, there was evidence of slower development in 
these regions compared to their irradiated counterparts. 
At term. no significant differences in litter size or 
resorption rates were observed in irradiated animals 
compared to the controls,  but there was a higher 
incidence of defective eye development, spinal curvature 
and visceral anomalies. In utero exposure to 50 cGY 
gamma-radiation during the period of early organo- 
genesis can produce some irreversible defects that are 
discernible at term. 
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lntroduction 

There is much interest in the potential health effects 
of in utero exposure to ionizing radiation because of the 
practica1 implications for risk estimation and radiation 
protection (UN Report, 1986; Persaud, 1990; Bentur et 
al., 199 1 ). Studies in laboratory animals have shown that 
prenatal exposure to high levels of ionizing radiation 
causes resorptions. intrauterine growth retardation and a 
wide spectrum of developmental defects (Hicks and 
D' Amato, 1966: Hoffman et al., 1981; Ritenour, 1986; 
UN Report: 1986). 

Central nervous system (CNS) lesions are amongst 
the most consistent pathological findings in the offspring 
following maternal exposure to radiation during 
gestation (Hicks and D'Amato, 1966; Yamazaki, 1966; 
Brent, 1980; Norton and Donoso, 1985; ICRP, 1986; UN 
Report, 1986; Schull et al., 1990; Bruni et al., 1993). 
Indeed, the sensitivity of the human CNS to radiation 
damage is evident from the follow-up studies on 
survivors of the atomic bombs in Hiroshima and 
Nagasaki (Blot and Miller, 1973; Otake and Schull, 
1984). 

Both the severity of damage and vulnerability to 
radiation are a function of dose, dose-rate, and 
developmental stage at the time of exposure (Hicks and 
D'  Amato, 1966; Jacobson, 1968; Persaud, 1979; 
Hoffman et al., 198 1 ;  Kameyama and Hoshino. 1986). 
Prenatal exposure to large doses of radiation (2 1 Gy) 
produces a variety of well documented behavioral, 
mental and physical impairments in both experimental 
animals (Mullenix et al., 1975; Brent, 1980; Hicks and 
D'Amato. 1980; Ordy et al., 1982; Brent et al., 1986; 
Jensh and Brent, 1987; Norton and Kimler, 1988; Norton 
et al., 1991). and humans (Blot and Miller, 1973; Brent, 
1980; Otake and Schull, 1984; Brent et al., 1986; Schull 
et al., 1990). 
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The consequences of prenatal exposure to low-leve] 
(5  1 Gy) radiation. however, are less familiar and more 
controversial. For these reasons. we have investizated 
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the effects of in utero exposure at different gestational 
intervals. to a single dose of 50 cGy gamma-radiation on 
development in the rat. With ihe exception of significant 
cytopathological changes in the nervous system, no 
appreciable differences in gross morphological 
appearance or in behavior was observed in rats exposed 
to 50 cGy radiation on gestational day (GD) 15 and 
killed on either postnatal days 7 or 26 (Bruni et al.. 
1993). In non-human primates prenatal exposure on GD 
80-90, corresponding to late fetal period in the rat, to 
50 r gamma-radiation has been reported to irnpair 
postnatal development of reflexes, neuromuscular 
coordination, cognitive learning. spontaneous light-dark 
activity as well as head growth and crown-rump length 
(Ordy et al., 1982). In the present report, we reveal the 
observations obtained in rats I h .  I 8 h ,  and 10 days 
following expocure to 50 cGy on GD-9.5. 

Irradiation time varied from 14- 17 seconds and the total 
time of confinement amounted to 20-30 min. Control 
rats were identically handled except that they were not 
irradiated. 

Groups of pregnant rats (N= 12- 1 Slgroup) were 
irradiated on GD-9.5 and killed prenatally at 4h, 48h, 
and 10 days (term) post-irradiation. At the time of 
sacrifice, al1 fetuses were recovered and fixed by 
immersion in 2.0% paraformaldehyde - 2.5% 
glutaraldehyde in O. 12M phosphate buffer with 0.02mM 
CaC 1 added. 

The 11.5 and 20 day old fetuses were weighed; 
crown-rump length measured and scored for 
developmental abnormalities using the method described 
by Brown and Fabro ( 1981) or according to criteria for 
near term fetuses (Persaud et al., 1985). respectively. Al1 
rneasurements were made under a binocular dissecting 
microscope using a calibrated ocular graticule. 

In addition. a random sample (47 irradiated and 33 
controls) of term fetuses were also examined for visceral 
anomalies (Wilson, 1965: Persaud et al.. 1985). 

Materials and methods Results 

Sexually mature female Sprague-Dawley rats, 8-10 
weeks of age, were used in this study. They were 
maintained under conditions of controlled temperature 
(20I2 "C) and illumination (12h lightldark cycles, 20:00- 
08:00 dark) and allowed access to food and water ad 
libitum. Al1 animals were cared for in accordance with 
the Canadian Council on Animal Care guidelines. Timed 
pregnancies were obtained by housing one male with 
three females overnight. The following day females were 
checked for  vagina1 plugs and the presence of 
spermatozoa. 11' present, the animals were designated as 
day 1 of gestation (GD- 1 )  and randomly allocated to 
either a treatment or a control group. 

Pregnant rats ( 1  -3lcage) were then placed in specially 
constructed clear plexiglass cages and exposed to 50 
cGy of 6 0 ~ o  radiation from a Theratron F, cobalt 
radiotherapy unit. The animals were exposed to two 
parallel opposed radiation fields positioned 75 cm above 
and below the treatment table so that the dose was 
uniformly distributed throughout the irradiated volume. 

A total of 174 embryos were recovered from controls 
and 159 from rats irradiated on GD-9.5 and killed 4h 
later. There was no statistically significant difference in 
the mean nurnbers recovered per littre from controls 
(14.5) or irradiated (13.3)  dams at this gestational 
interval. The embryo at GD-9.5 is at the early neurula 
and headfold stage of development (Figs. 1.  2). It has 
only a few (0-3) somites. The nervous system consists of 
the prominent cranial brain plates continuous with the 
two caudal neural folds (Figs. 1,2). A single pseudo- 
stratified layer of mitotic and intermitotic columnar 
neuroepithelial cells (Figs. 2, 3) form the walls. At this 
stage of rudimentary development. no morphological 
differences were discerned between control and 
irradiated embryos 4h after exposure to 50 cGy except 
within the neuroepithelium itself. In irradiated embryos, 
the number of mitoses were reduced within this 
neuroepithelium and pyknosis, as well as some necrosis 
of cells, was also apparent at this time (see Bruni et al., 
1993). 

Fig. 1. Ernbryo removed frorn a control rat showing the extent of developrnent of the nervous system on GD-9.5. BP. cranial brain plate; arrow, caudal 
neural folds. x 105 

Fig. 2. Transverse section through a control rat ernbryo showing the stage of rudirnentary developrnent attained on GD-9.5. The walls of the prirnitive 
nervous system consist of only a single pseudostratified layer of neuroepithelial cells. Solid arrow, caudal neural folds; open arrows. cephalic neural 
folds; M, rnesoderm; E. entoderrn. Methylene blue - Azure II. x 80 

Fig. 3. Higher rnagnification of the cephalic neural folds (as in Fig. 2) from a control rat embryo on GD-9.5. A single pseudostratified layer of rnitotic (') 
and intermitotic colurnnar neuroepithelial cells forrn the walls of the prirnitive nervous systern. N, notocord. Methylene blue - Azure 11. x 1.680 

Fig. 4. Whole embryo removed from a control rat showing the extent of development on GD-11.5. 01. optic vesicle; 0 ,  otic vesicle; Fb, forelirnb bud; 1. 
2 first and second branchial bars; Rh, rhombencephalon; T, telencephalon; M, mesencephalon. x 18 

Fig. 5. Sagittal section of a control rat embryo as in Fig. 4 showing the extent of nervous system development attained at GD 11.5. 0 ,  otic vesicle; Rh, 
rhornbencephalon; T. telencephalon; D, diencephalon; arrow, neuroepithelium. x 30 
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No statistically significant differences were observed 
in the number of ernbryos recovered per litter, the 
crown-rump length or head length of control and 
irradiated embryos killed 48h after irradiation (Table 1 ). 
In this group. 22 (13.5%) abortuses were recovered froin 
control and 23 (16.4%) from irradiated embryos. A 
typical embryo on GD-11.5 is at the tailbud stage of 
development with the posterior neuropore closed and the 
cranial part of the neural tube differentiated into 
telencephalon, mesencephalon and rhombecephalon 
(Figs. 4. 5). The first and second branchial arches. as 
well as forelimb buds, are evident. Developmental 
abnormalities were observed in 12.9% of embryos 
examined 48h after 50 cGy irradiation and in 10% of 
controis. A summary of these along with their incidence 
is provided in Table 2. With the possible exception of 
excessive flexion of the embryo (3.7%) and abnormal 
flexion of the head (1.2%), none of the other observed 
anomalies, however, appeared to be radiation-induced. 

Quantitation of the end points selected to assess 
embryonic development according to the objective 
scoring system of Brown and Fabro (198 1) also failed to 
reveal any significant developmental differences 
between irradiated and control rats at this gestational 
period. The overall mean numerical score for the 17 
morphological parameters evaluated (which in addition 
to the nervous system included the otic system, yolk 
saclheart-circulatory systein, allantois, branchial bars, 
maxilla and mandible, fore and hind liinbs and somites) 
was 42.310.2 for control embryos and 42.4i0. I for the 
irradiated einbryos. 

While the mean developmental stage attained by 
controls and irradiated embryos was not different for any 

Table 1 .  Embryos that received 50 cGy gamma-radiation on GD-9.5 and 
were killed 48h later. 

GROUPS NO. OF EMBRYOSI CROWN-RUMP HEAD 
OF RATS EMBRYOS LITTER LENGTH (mm) LENGTH (mm) 

Controls (1 2) 140 13.6i2.2* 4.0?0.06 2.0i0.02 
50 cGy (13) 163 14.3i1.1 4.0+0.03 2.0i0.02 

+: ~i SEM. 
( ): number of animals. 
Not significantly different from controls (Student's t test). 

Table 2. Morphological defects found in controls and embryos exposed 
to 50 cGy gamma-radiation on GD-9.5 and killed 48h later. 

MORPHOLOGICAL IRRADIATED CONTROLS 
DEFECT 50 cGy (N= 163) (N=140) 

No. embryos (%) No. embryos (%) 
- -- 

Stunted 2 (1) 
Excessive torsion 

3 (2) 
6 (4) 

Excessive flexion (a) 
4 (3) 

6 (4) 1 (0 7) 
Abnormal head flexion (b) 2 (1) 
Misshapen head 2 (1) 2 (1) 
Combination of a + b 3 (2) 4 (3) 

TOTAL 21 (13) 14 (10) 

of the 17 parameters examined, variation in the score of 
several parameters, including the nervous system was 
observed. At this gestational period, the nervous system 
has reached the 5 brain vesicle stage of development 
(Fig. 5 ) .  An inner cell layer of actively mitotic cells, an 
intermediate primitive differentiating zone and an 
acellular marginal zone constitute its walls. The nervous 
system of embryos irradiated on day 9.5 and examined 
48h later was indistinguishable from controls. Neuro- 
pathological changes such as deformities, ectopias. 
retarded development, arrest of proliferation andlor 
migration of cells were not seen. Controls, however. did 
exhibit a greater range in the extent of development 
achieved 0 1 '  their forebrain, olfactory system, midbrain, 
hindbrain, and a caudal neural tube coinpared to their 
irradiated counterparts.  In al1 cases they showed 
evidence of slower development of these regions than 
those irradiated. The same was true with the degree of 
flexion attained by the embryos ¡.e. irradiated embryos 
were more likely to reveal the degree of cephalocaudal 
flexion natural to GD- 11.5 of development. 

The number of fetuses born to control and irradiated 
rats killed at GD-19.5 is shown in Table 3. None of the 
values was significantly different statistically. There 
were also 0 .6k0 .2  (XISEM)  and 0.8k0.2 fetal 
resorptionsllitter in the control and irradiated groups. 
respectively. Mean fetal and placental weights of 
controls were 2.310.02 g and 0.610.01 g compared to 

Table 3. Fetuses exposed to 50 cGy gamma-radiation on GD-9.5 and 
killed 10 days post-irradiation. 

MALES FEMALES FETUSESI RESORPTIONS (%) 
LITTER 

Control 
(121151) 5.4I0.5' 7.2k0.7 12.6i0.8 7 (4.6) 

50 cGy 
(1 51206) 6.4k0.9 7.310.7 13.7k0.6 12 (5.8) 

*: ~i SEM. 
( ): No. of damsltotal No. of fetuses. 
Not significantly different from controls (Student's t test) 

Table 4. Abnormalities in fetuses that received 50 cGy gamma-radiation 
on GD-9.5 and were killed at term. 

MORPHOLOGICAL ANOMALIES FETUSES 

50 cGv (%) Control (?,O) 

Microphthalmia/anophthalmia 
Kinked, rudimentary missing tail 
Scoliosis 
Eventration of abdominal viscera 
Club foot 
Genitalia 
Cleft palatellip 
Small embryo 
Hemorrhages 

TOTAL 
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2.310.02 g and 0.610.01 g for  irradiated fetuses, 
respectively. 

A higher incidence of developmental abnormalities. 
however, was observed in irradiated (N= 20 or 9.7%) 
versus control (N= 6 or 4%) fetuses at term (Table 4). 
The most common anomalies were defects of 
eye development (microphthalmia,  N= 6 o r  3%; 
anophthalmia. N= 3 or 1.5%) with a frequency of 
occurrence of 4.4% and of spinal curvature (scoliosis, 
N= 2)  with prevalence of 1% (Table 4).  Using the 
Wilson (1965) sectioning technique to detect visceral 
anomalies, abnormally positioned kidneys were found in 
5.8% (3152) of irradiated fetuses and 7.1% (2128) of 
controls. A higher incidence of ureteric anomalies (1152 
or 2%) and hemorrhagic liver lesions (6152 or 11.5%) 
were encountered in irradiated fetuses but the differences 
were not significant statistically from controls (0128 and 
1128 or 3.6%. respectively). 

The nervous system at GD- 19.5 has attained a more 
advanced stage of development than the primitive 5 
vesicle stage of GD- 1 1.5 of embryogenesis. Olfactory 
components within each cerebral hemisphere are clearly 
discernible as are many nuclei of the telencephalon and 
diencephalon. In the cerebrum and cerebellum migrating 
neuroblasts have invaded the peripheral marginal zone to 
establish the rudiments of an outer  gray cortex.  
Development of the cerebrum is more advanced than the 
cerebellum at this stage; the latter only having evolved 
an externa1 granular and a discernible Purkinje cell layer. 
The hippocampal formation has not yet achieved the 
adult laminar organization. Despite the higher incidence 
of developmental anomalies, however, no significant 
developmental differences were observed in the nervous 
system of control compared to irradiated fetuses at term. 

Discussion 

In this study, no statistically significant differences 
were observed in litter size or incidence of prenatal 
death in controls compared to animals irradiated with 
50 r on GD-9.5. This is consistent with reports that 
exposure of rats to 50  r x-rays on GD-10 had no 
appreciable effect on mortality, body weight or growth 
of offspring unlike the increased intrauterine death and 
reduced growth rate observed with doses 2 100 r 
(Wilson and Karr, 195 1). Similarly doses of 35-50 r of x- 
irradiation did not modify litter size but did alter the sex 
ratio in rats when administered on GD-9-11 (Warkany 
and Schraffenberger, 1947). Jensh and Brent (1986, 
1987) observed no differences in mean litter size, 
resorption rate or abnormalities in rats exposed to 0.1- 
0.4 Gy x-rays on GD-9. Fetal weight of rats irradiated 
with 0.4-0.6 Gy on GD-9. however, were reduced at 
term but recovered postnatally. 

In only a few studies, embryo lethality has been 
observed in animals following exposure to levels as low 
as 10 r during organogenesis (Hoffman et al., 1981) and 
larger doses of x-rays (70-95 r) have also been seen to 
reduce the size of litters (Warkany and Schraffenberger, 

1947). 
In this study, mean crown-rump and head lengths 

recorded in control embryos on GD-11.5 were 4.010.06 
mm and 2.010.02 mm, respectively. These values did not 
differ from those obtained in their irradiated counterparts 
and is in agreement with the values of 3.610.06 mm and 
1.910.05 mm reported by Brown and Fabro (1981) for 
conceptuses of comparable embryonic age (GD-11.5). 
The overall morphological scores that we recorded for 
both controls and irradiated embryos also compare 
favorably with 39.9k0.3 and 41.8k0.2 reported for 
the developmental stages of 11.5 and 11.7 days of 
embryonic age, respectively. 

Although the mean developmental stage attained by 
controls and irradiated embryos was found not to differ 
in our study, controls did exhibit evidence of slower 
development of certain regions, mainly in the nervous 
system, compared to their irradiated counterparts. The 
significance if any, of this observation is unknown. 
Reports alluding to a similar phenomenon, however. can 
be found in the literature. Altman et al. (1968) noted that 
exposure of the cerebellum of rats at birth to one or two 
doses of 200 r paradoxically appeared to enhance 
cerebellar growth. Norton and Donoso (1985) found that 
at 14 days after birth the number of cortical and caudate 
neurons with dendritic spines was unexpectedly greater 
in rats exposed prenatally on GD- 15 to 125 r of radiation 
than controls. Jensh and Brent (1986) observed an 
accelerated acquisition of air righting reflex behavior in 
rats exposed to 0.6 Gy x-radiation on G-9 or  G-17 
compared to controls. Rats exposed to ETOH in utero on 
GD 13- 19, when generation is most active, experience a 
delay of 2 days in the generation of cortical neurons. 
Paradoxically, however, they are observed to undergo an 
anomalous la te  generation surge af ter  GD-19 to 
compensate for the earlier reduction (Miller, 1986). 

The embryo is more vulnerable to ionizing radiation 
than the adult because mitotically active cells, un- 
differentiated, and differentiated cells are considered to 
be most sensitive to radiation (Hicks and D'Amato, 
1966; Ritenour, 1986; UN Report. 1986). An important 
determinant of sensitivity to radiation and its effect is the 
stage of gestational development attained at the time of 
exposure (Job et al., 1935; Hicks and D'Amato, 1966; 
Brent, 1980; Hoffman et al., 1981; Ritenour, 1986; UN 
Report, 1986). Within each period, of course, there is 
also a critica1 dose and dose rate of radiation that is also 
needed (Warkany and Schraffenberger, 1947; UN 
Report, 1986). 

Irradiation during the pre-implantation period of 
development (GD 0-8 in the rat) is characterized by a 
high incidence of prenatal death but few if any 
abnormalities (Fields and Desmond, 1978: Brent, 1980; 
Hoffman et al., 198 1 ; Ritenour, 1986; UN Report. 1986). 
Significant excesses of mortality have been reported 
following exposures as low as 5 r during this period 
(Hoffman et al.. 1981). Pre-implantation exposure of 
mouse embryos to 50 r (in air) x-rays from GD 0-6.5 
resulted in average 13% (range 0-42%) probability of 
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