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Introduction 
 
The purpose of GEMRATE was to provide an increased insight into the risks of the sperm, 
zygote, and post-implantation gastrula stages for mutation induction after ionising irradiation. 
 
Human conceptions are for a substantial part not planned. And if pregnancy occurs, many 
women at the time of post-implantation gastrulation do not realise they are pregnant. 
Therefore, knowledge about the genetic vulnerability to irradiation at this stage is needed, but 
also for the following reasons it deserves more attention. 
 
When during spermiogenesis, the haploid nucleus condenses for which an all-over chromatin 
change is mandatory, a DNA repair system is no longer available. Also, radiation-induced 
nuclear damage does no affect the fertilising capacity of the sperm, i.e. selection against a 
DNA-damaged male gamete is absent. This stage is of variable duration in the human, 
depending on the transport and storage of the sperm in the epididymis, and could last from 
one to up to four weeks. Gastrulation in the human embryo occurs after implantation and 
takes place in the second and third weeks of development.  
 
After fertilisation, DNA damage of the sperm is detected by the zygote and processed by the 
cytoplasm of the zygote, constituting a maternal effect. The interaction between paternal 
damage and zygote cytoplasm will determine the fixation of mutations. The role of the zygote 
in karyotype evolution is not officially known but very likely. 
 
The zygote stage has a short duration, but from the onset of radiation genetics, it has been 
known that the early to mid zygote is extremely sensitive to ionising radiation. Radiation 
sensitivity of the gastrula is blank terrain, but a first warning publication was published in 
2000, suggesting that by its extreme apoptosis sensitivity, the gastrula rids itself from ill-
behaving cells. In GEMRATE we have tried to develop a technical and biological-conceptual 
fundament for radiation genetics and gastrula development. 
 
 
Objectives  
 
(1) to analyse the sensitivity of the zygote descending from mice defective at the double-

and single-strand break DNA repair pathways following paternal irradiation of male 
post-meiotic germ cells and irradiation of early zygotes, using short-term and long-term 
genetic end-points with special reference to the balance between cell-cycle blocks and 
developmental capacity of the zygote 

(2) to analyse the radiation sensitivity of gastrula stages in homozygous and heterozygous 
mice defective at DNA repair and the p53 cell-cycle control gene, using short-term and 
long-term genetic end-points  

(3) to study biological cell parameters and their relation to gastrula development in strains 
deficient for overall DNA repair and strains specifically defective in DNA repair genes. 

 
 
Results 
 
The approach chosen by GEMRATE was genetic dissection of DNA repair pathways in the 
zygote and gastrula stages, combined with an identical approach to cell-cycle regulation after 
genetic insult. Also, both (+/- lethal) short-term and long-term genetic end-points (compatible 
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with survival) were chosen. Chromosome aberrations (CA) were detected in the first mitosis 
after irradiation. As a long-term genetic parameter that reacts to ionising irradiation, the ESTR 
assay has been applied in the zygote system. In this assay, the addition or subtraction of 5 
base-pair long copies in a homogeneous expanded simple tandem array is measured. For the 
gastrula we have made use of pUR288 transgenic reporter mice that carry multiple copies of 
the LacZ shuttle vector, the specific virtue of this strain being that it besides point mutations 
also detects chromosome breakage phenomena, such as larger deletions and inversions. The 
LacZ assay mandatory for the pUR288 mouse strain is technically more demanding that the 
usual LacZ reporter constructs in the mouse. 
 
The technical complexity of this work is beyond that encountered in somatic cell radiation 
genetics, in that successful sexual reproduction of the (mutant) mouse systems is required in 
order to collect sufficient material. In our approaches, a mix between in vivo and in vitro 
observations was strived for. Cytogenetics at the level of the zygote and the gastrula is 
notoriously difficult. For the gastrula, the first reliable data-set of radiation-induced 
chromosome abnormalities has been produced under this contract, as has been the first long-
term mutation induction data-set. 
 
Also, the single-molecule PCR methodology that we utilised to analyse the impact of the 
repair status of the zygote on this parameter is only operative in two laboratories across the 
world. The technique, however, is refractory to a total repeat length of above 4 kb of size, 
thereby excluding certain genetic backgrounds for analysis. Repeated number changes > 2 (15 
bases or more) can be detected with absolute confidence. 
 
For sperm and early zygote irradiations, a better insight into chromatin remodelling of sperm 
after sperm penetration than available in the literature was required. Hence, we have first 
worked out the kinetics of this process in control F1 mice. Chromatin remodelling starts as 
soon as male nuclear expansion can be seen; the process being essentially complete when 
pronuclear formation occurs 3 hours after sperm penetration. As in somatic cell systems, 
radiation-induced DNA ds breaks can be visualised during this process by gamma-H2AX 
immuno-staining. Under GEMRATE these stainings have been used to obtain an insight into 
the repair kinetics of dsDNA breaks inflicted upon the sperm and on both maternal and 
paternal DNA in the early zygote. 
 
After sperm irradiation, the disappearance of foci depends on the maternal genetic make-up of 
the zygote, hence behaving as a maternal trait by cytoplasmic inheritance. F1 oocytes show a 
quicker loss of foci than inbred strain oocytes. In F1 oocytes it was found that between sperm 
nucleus remodelling and pronucleus formation, 80 % of foci have disappeared indicating 
repair. When foci are induced by the radiomimetic agent Bleomycin after sperm penetration 
but before pronucleus formation, the female chromatin was more proficient in repair than the 
male chromatin. 
  
Per Gy sperm radiation, gamma-H2AX focus induction was lower by a factor of around 7 
compared with an equivalent amount of somatic interphase DNA. For the zygote, induction of 
foci was about half of the somatic control. The reason for the reduced induction in the male 
gamete relates to the compact structure of the largely protaminated nucleus. For the reduced 
sensitivity of the zygote chromatin, there is no apparent reason, but increased free radical 
scavenging, related to the reduction of sperm protamines necessary for chromatin 
remodelling, could be one reason.  
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The effect of three DNA repair proteins on the repair of radiation-induced ss and ds DNA 
breaks has been tested in the sperm (zygote repair) and in the gastrula. The DNA.PKcs scid 
mutation was used to especially probe the quick component of the non-homologous end 
joining (NHEJ) double-strand DNA break repair system, the Rad54Rad54B double knock-out 
mouse strain was used to assess the importance of homologous recombination (HR) in 
dsDNA break repair, and the Parp1-/- ko strain was instrumental in searching for an effect of 
polyribosylation in the early response to single-strand and ds DNA breaks. For zygote 
irradiation, only the Parp1-/- genotype was used.  
 
For scid (zygote repair) an enhancement of CA at the first cleavage division by a factor 4 was 
found contrary to the absence of any effect for the Rad and Parp systems. Control and mutants 
were not different in the ratio between unbalanced exchanges (dicentrics) and fragments that 
was about 1:3. When relations were established between break induction as exemplified by 
gammaH2AX foci and fragments and breaks, the repair efficiency was lower than what could 
be extracted from the extensive somatic-cell literature. The lowest efficiency of repair is 
observed when the sperm is irradiated, with around 10 % of dsDNA breaks leading to a 
fragment or an unbalanced exchange. When the zygote is irradiated 5 and 7 hours after 
mating, this fraction falls via 7 to 4 % (somatic nuclei, literature data: around 1 %). 
 
In all three repair-deficient systems, no indication for the genesis of chromatid type 
aberrations was found in the zygote, which at first sight is in keeping with the dogma of 
somatic cell radiation cytogenetics: chromosome-type aberrations are the typical result of 
DNA repair prior to S phase. When G1 dsDNA break repair is absent as in the scid oocytes, 
an increase of chromatid aberrations would be expected, as in the HR deficient genotype, but 
these effects are not observed. Hence, contrary to somatic nuclei, the zygote seems 
determined to largely produce chromosome-type aberrations, enhancing the likelihood of 
transmitting a reciprocal translocation to the whole embryo including the germ line. 
 
Using the BALB/c zygote G2 block that is maximally induced upon 2.5 Gy late G1 S-phase 
irradiation, no rescue by p53 -/- is observed. The maternally pre-programmed sequence of 
embryonic cleavage divisions seems to dominate the effect of cell-cycle checkpoint control on 
the induction of mutations. 
 
Using the ESTR mutation assay executed by single-molecule PCR, a clear induction of 
mutations was observed after 2 Gy sperm irradiation. Mutations were observed in the bone 
marrow and sperm of male descendants at 7 weeks of age as a twofold increase above 
background. As mutations arise in the subsequent S phases, as can be concluded form the 
frequency distribution of repeat gains and losses, the response is a typical late effect of 
radiation. The rule that the spontaneous level of ESTR mutation is increased after DNA repair 
insult, i.e. in the scid and Parp1-/- genotypes, was also demonstrated in the two reciprocal scid 
x BALB/c crosses, likely induced by the fact that the DNA.PKcs hypomorphic BALB/c allele 
did not make up for the more severely affected DNA.PKcs scid allele. However, when these 
reciprocal crosses were analysed after sperm irradiation, the sequence of response was 
BALB/c > scid x BALB/c > BALB/c x scid (mother). As the response had vanished in the last 
cross, the earlier established point that after spermatogonial irradiation DNA repair ablation 
for DNA.PKcs and Parp1-/- abolished the recovery of ESTR mutations was confirmed. As 
later in pre-implantation development, the BALB/c DNA.PKcs hypomorhic allele makes up 
for the maternal scid deficiency, our data show that a repair deficiency very early in life 
affects mutation expression at the ESTR locus Ms6-hm later in development. 
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In the gastrula, three dose levels were employed, 0.5, 1, and 2.5 Gy. At 1 Gy, there is 50 % 
survival, at 2.5 Gy all embryos will die. 
 
From a comparison between early (6 h) and late (24 h) post-irradiation developmental 
collapse, the BALB/c derived genotypes (including scid) show an early collapse whereas the 
C57BL derived genotypes show a late collapse (2.5 Gy). When S-phase activity is probed in 
C57BL, no effect is found after 0.5 Gy 1-h and 6-h post-irradiation, neither is apoptosis 
induced. Light microscopic cytological observations after 2.5 Gy show larger effects 24 than 
6 hours after irradiation, the effects being bigger in BALB/c. However, at least 75 % of cells 
look normal in embryos that have yet experienced a developmental collapse.  
 
After 0.5 Gy and varying culture times, the preponderance of CA is of the chromatid type. 
Exchanges are hardly found. Hence a totally opposite picture to the zygote system is found. 
 
The rate of CA is not higher compared to somatic cell systems, but the background level of 
chromatid-type CA is. CA was higher in the embryo proper compared with the embryonic 
membranes. Hence, the high mitotic activity of the gastrula, as exemplified by a short cell-
cycle time and dominance of S phase, is illustrated by the production of non-exchange 
chromatid aberrations. NHEJ is active in the gastrula as is clear from an increase by a factor 3 
for chromatid aberrations. Hence, the gastrula clearly demonstrates that NHEJ is also active 
during the S- and G-2 phases of the cell cycle, and of prime importance when quick repair of 
dsDNA breaks is called for. Also CA is increased when HR is compromised by the absence of 
Rad54(B). 
 
Despite the fact that a role for Parp1 is indicated during gastrulation (by lethality of the Atm 
Parp double knock-out mouse at this stage), no distinct effect of Parp1 ablation on CA 
frequency could be observed.  
 
As the role of Parp is to enhance the rate of DNA repair, our conclusion is that quick repair is 
also guarded by maybe the Parp2 gene in the gastrula. 
 
Some role of cell-cycle regulation by p53 was observed as the developmental collapse after 
the higher doses was at 24 h more pronounced in the p53+/- genotype, an effect observed for 
both the BALB/c and C57Bl backgrounds. This finding agrees with our earlier observation of 
an increase in gastrula radiation-induced malformations at birth in p53+/-, indicating haplo-
insufficiency. However, cell-cycle control is not so strict that massive apoptosis is induced. 
Despite several approaches in which indications for low-scale apoptosis were found, we could 
not substantiate earlier reports that claimed the extreme sensitivity of the gastrula for 
apoptosis induction. Rather, development seems to halt by an accumulation of genetic 
accidents, involving cell-to-cell interactions as can be deduced from the exponential dose-
response curve for survival.  
 
Knowing the dominant role of DNA.PKcs, we were curious to know how sensitive the 
gastrula stage is for the induction of long-term mutations.  
 
The pUR288 assay was carried out in the radiation resistant C57BL background when the 
offspring were 4 weeks of age. Background mutation frequencies were entirely in line with all 
literature data reported, i.e. between 5 and 15 x 10.5 per molecule. 
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Induced rates as expressed over background per Gy were 2-3 times those hitherto published 
for a variation of stages (both prenatal later in development and postnatal), making the 
gastrula the most sensitive cellular system for point mutations and small/large deletions 
discovered to date. Statistical analysis indicates clonal proliferation after induction but not for 
spontaneous mutations. Tissues that were derived from all three embryonic layers – ectoderm 
endoderm, and mesoderm – varied in sensitivity, with high rates for liver and low rates for 
kidney. 
 
 
Implications for radiation protection 
 
All developmental, cytological, cytogenetic, and (point-) mutation parameters estimated 
depict the gastrula as a cellular system in which mitotic drive overrides the amount of cell-
cycle regulation present. This leads over a somewhat larger dose range to an all-or-nothing 
developmental response. However, in the lower dose range, when developmental faith is to a 
lesser extent affected by cell-to-cell interactions, this leads to an increased induction of sub-
chromosomal mutations (deletions, point mutations) that occur in both soma and germ line. 
Despite the generally negative aspect of mutation induction during development, in this work 
demonstrated by clonal proliferation after irradiation, and the fact that many genes are needed 
for pre- and early post-natal growth, high mutation rates were found. For the zygote, the 
combination of a preference for the induction of chromosome-type CA, for the earliest stages 
accompanied by exchange formation, and the less efficient repair of radiation-induced dsDNA 
breaks, makes this stage vulnerable for contracting balanced chromosome aberrations, 
explaining why most de novo abnormalities in the human population are of male descent.  
  
In summary, we have for the zygote system and for the gastrula obtained an opening of an 
insight into how both cellular systems react to radiation stress. Indications for quick but 
imprecise repair have been obtained. The zygote is at risk of contracting balance exchanges, 
and can react to radiation stress by a delayed response as exemplified by ESTR instability. 
The gastrula is at high risk of contracting both mutations and radiation-induced deletions in 
the lower dose ranges compatible with survival.  
 


