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Abstract  
Monte Carlo calculations have shown that ionising radiations produce a specific type of 
clustered cell damage called locally multiply damaged sites or LMDS. These lesions 
consist of closely positioned single-strand breaks, (oxidative) base damage and DNA 
double-strand breaks (DSB) in between one helical turn of DNA.  As specific markers of 
radiation-induced damage these lesions are likely to condition biological responses and 
are thus of great interest for radiation protection. Calculations indicate that there 
should be more LMDS induced by high than by low LET radiation, and they should be 
absent in un-irradiated cells. Processes like K-shell activation and local Auger electron 
emission can be expected to add complex DSB or LMDS, producing significant 
chromosomal damage. In the discussion of the specificity of ionising radiation in 
comparison to other genotoxic agents, many arguments have been put forward that 
these lesions should be particularly deleterious for living cells. Complex lesions of that 
type should represent big obstacles for DNA repair and give rise to high lethality. 
Moreover, cellular attempts to repair them could accentuate harm, leading to mutations, 
genetic instability and cancer. In vitro experiments with oligonucleotides containing an 
artificially introduced set of base damage and SSB in different combinations have shown 
that depending on the close positioning of the damage on DNA, repair enzymes, and even 
whole cell extracts, are unable to repair properly and may stimulate misrepair.  Pulsed-
field gel electrophoresis (PFGE) in conjunction with enzymatic treatments has been used 
to detect LMDS in mammalian cells after high and low LET radiation. In order to further 
define the importance of LMDS for radiation–induced cellular responses, we studied the 
induction of LMDS as a function of radiation dose and dose rate in mammalian cells (CHO 
and MRC5) using 137Cs gamma-radiation. Using PFGE and specific glycosylases to 
convert oxidative damage into DNA strand-breaks we were able to show that 
uncontrolled oxidation of DNA during cell lysis and DNA extraction gives rise to artificial 
DSB. If one avoids this oxidation by adding an antioxidant and/or an iron chelating agent 
(to inhibit possible Fenton reactions and the formation of OH radicals) before cell lysis , 
the amount of LMDS decreases to very low, nearly insignificant levels. This holds for 
mammalian cells after low LET and high LET radiation (Ar+ ions). The induction of LMDS 
turned out to be neither dose- nor dose-rate dependent. Furthermore, we demonstrate 
that additional DSB, i.e. « LMDS » can be detected by PFGE and enzymatic treatment 
when adding H2O2 during cell lysis. Thus, it is clear that the actual method used for the 
detection of these lesions induced in living cells is inadequate and that there is at 
present no firm experimental evidence for the  presence of LMDS composed of oxidative 
damage after low or high LET irradiation in mammalian cells that can be related to 
radiation responses.  At present, other possible approaches are tested that might allow 
a better definition of complex radiation-induced lesions in mammalian cells such as 
complex DSB.  
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Humans are permanently exposed to internal and external stresses, respectively, 
from endogenous (oxydative metabolism) and  exogenous sources including  
environmental chemical agents and ionizing and non ionizing radiations. At 
excessive levels these stresses are  known to give rise to  genomic (DNA) damage, 
gene mutations and cancer. Ionizing radiation (IR) from natural , industrial or 
medical sources  is thought to contribute to  the  induction  of cellular DNA 
damage  and thus  may represent an additional possible risk factor for cancer 
development.  Indeed, for doses above 100 mGy  an increased risk for certain 
types of cancers has been established and adequate radioprotective measures 
have been taken all over the world.  However, there are still some difficulties to  
determine the  risk of ionizing radiation at low and very low doses and dose-
rates.  Simple extrapolations from high to very low doses or from high dose rates 
to very low dose rates, i.e. the linear non-threshold hypothesis usually applied in 
radioprotection, do not  appear to be  justified  at all levels by solid scientific 
biological data and give still rise to some discussion (see Tubiana et al. 2005, 
2006, Brenner et al. 2003, BEIR VII 2005, ICRP 2004) One interesting aspect in 
this discussion is the  notion of the existence of possible radiation-specific risks 
brought about by specific types of  radiation-induced DNA lesions.  
 
Radiation-induced lesions and the notion of LMDS- clustered lesions 
 
Microdosimetric calculations tell us that low LET ionizing radiation exerts most 
of its biological effects because of energy deposits at the end of multiple 
electron tracks. A radiation dose of 1 Gy produces about 1000 of these tracks. 
Since living cells consists of up to 70% of water most of the energy deposits will 
give rise to water radiolysis and the production of radicals and reactive oxygen 
species (ROS). These species will react with all cellular components including 
genomic DNA in the nucleus of living cells. These rather indirect reactions are 
responsible for about 60% of the so-called indirect effects of radiation. The 
chances of inducing direct ionisation of biological molecules are estimated to be 
much lower (40%). All these interactions of ionizing radiation with living matter 
can take place with genomic DNA and give rise to a great variety of different 
types of lesions which are usually quite distinct from  spontaneous endogenously 
occuring lesions produced by normal cellular metabolism (Ward 1988). They have 
generally little in common with  DNA lesions induced by genotoxic environmental 
chemicals. Many of them induce bulky adducts in DNA but some of them show 
some overlap by inducing DNA strand breaks and oxidative damage.  During 
exposures to ionizing radiation , also more localised reactions can take place in 
DNA for example, K-shell activation with emission of highly energetic Auger 
electrons (Chetioui et al 1994, Fayard et al. 2002, Boissière et al. 2004), and/or 
dissociative attachment of low energy electrons (Huels et al. 2003). All these 
reactions damage DNA to various extents. Among the DNA lesions induced one 
finds single strand breaks (SSBs), many modified (oxidized) bases, abasic sites, a 
few addition products (pyrimidine dimers), DNA intra-and interstrand crosslinks, 
DNA-protein crosslinks and most importantly, DNA double-strand breaks and 
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locally multiply damaged sites or LMDS (Ward 1988). These latter two 
radiolesions are thought to be very deleterious for living cells and to produce cell 
death and long term genotoxic  effects such as mutations, genomic instability, 
cellular transformation and cancer (Little 2000, 2002).  
LMDS can result from a combination of direct and indirect actions of IR (Nikjoo et 
al. 1997). LMDS are defined as lesion clusters and complex lesions consisting of 
single strand breaks (SSBs) and modified (oxidized) bases localised group-wise on 
double-stranded DNA in a region of 10 to 20 nucleotides within two helical turns 
of DNA (Ward 1988, Goodhead 1994). Monte Carlo calculations indicate that they 
should be more frequently induced by high LET than by low LET radiation 
(Goodhead 1994, Nikjoo et al. 1999).  Also, certain types of complex DSBs 
resulting from a single energy deposition can be taken as an example for LMDS, 
however, other combinations of lesions (breaks,  cross-links, damaged bases or 
sugars) are also possible  (Ward 1995). Some calculations show that clustered 
damage may involve a SSB or a DSB associated with base damage or even multiple 
closely spaced DSBs. Low and high LET radiation may induce approximately 30%  
and 70% of DSBs that are are complex and involve two or more DSBs.  When 
including associated base damage the proportion of such complex lesions can rise 
up to 60% and 90%  for low and high LET radiation, respectively (Nikjoo et al. 
2001).  
LMDS have been found after low and high LET irradiation in vitro on 
oligonucleotides (Goodhead 1994, Chauhdry et Weinfeld, 1995a,b, Harrison et 
al., 1998, David-Cordonnier et al., 2001), in bacteria  (Blaisdell JO and Wallace 
SS 2001a,b),  and  in mammalian cells (Sutherland et al. 2000a,b,c, 2001, 2002 
a).  
It has been reported in the litterature that LMDS can be detected in vitro and 
also in cellular systems by cutting the oxidative base damage of the LMDS by 
specific enzymes, i.e. glycosylases or endonucleases  such as Fpg, Nth or Nfo 
directed to oxidized purines, oxidized pyrimidines or abasic sites in DNA. If in 
LMDS of double-stranded DNA enzymatic nicking is taking place opposite of SSBs 
these sites (LMDS) are transformed into DSBs that can be easily quantified  by 
pulsed-field gel electrophoresis (Sutherland et al. 2000).  
First results obtained  with this somewhat “classical” approach indicated 
relatively high levels of LMDS and clustered damaged sites (SSB,oxidized bases 
and abasic sites), i.e. twice  as high as the yield of DSBs after low LET radiation 
in mammalian cells (Sutherland et al. 2002, Georgakilas AG et al. 2004, Gulston 
et al. 2002, Lomax et al. 2004). 
 
Comparison between IR induced  and spontaneous lesions 
 
A considerable  number of base lesions and SSBs are produced daily by normal 
cellular energy metabolism and stress (Burkart et al. 1999, Gedik and Collins, 
ESCODD 2005). Their chemical structure is largely the same as that of ionizing 
radiation-induced base lesions. However, because of local energy depositions and 
radical attacks the distribution of lesions induced by IR  in DNA is quite different 
from spontaneously occurring lesions in space and time.   
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There may be also some qualitative differences between DNA lesions (for 
instance, DNA breaks) induced by ROS and ionizing radiation (Cadet et al. 1998). 
DNA damages  induced by  ROS induced metabolically or by ionizing radiation are 
predominantly base modifications (oxidations)) and SSBs.  DSB may arise during 
meiosis, telomere maintenance or during V(D)J recombination but they clearly 
differ from the DSBs with  oxidized endings induced by ionizing radiation because 
they are enzymatic breaks with proper chemically defined endings. 
LMDS belong to the category of rather complex DNA lesions specifically induced 
by IR. As most of IR-induced DSBs, they are clearly qualitatively different from 
endogenously produced lesions. They are, indeed, very unlikely to occur 
endogenously as a consequence of normal cellular metabolism (ICRP 2004). The 
amount of LMDS induced by IR is dose dependent but interestingly, independent 
of dose rate because it they are brought about by the passage of a single particle 
track (Prise et al. 1994, Rydberg 1996, Holley and Chatterjee 1996, Nikjoo et al. 
2001). 
 
Why LMDS are expected to be harmful 
 
IR induced lesions in DNA are usually to a large extent taken care of by the 
cellular DNA repair mechanisms (Hoeijmakers 2001). The presence of DNA damage 
in cells has to be first recognized before repair can take place.  Especially, in the 
case of IR-induced DSBs an elaborate signal transduction pathway is activated 
(involving the ATM protein) which elicits the activation of the actual repair 
process (Bakkenist and Kastan 2003). DNA base damage and SSBs are repaired by 
the base excision repair pathway, damaged nucleotides and bulky DNA damage is 
repaired by the nucleotide excision repair pathway. DSBs are repaired either by 
homologous recombination involving exchanges with homologous DNA strands 
(from sister chromatids after replication or from homologous chromosomes) or by 
non homologous end-joining which involves simple end to end joining of broken 
strands (Averbeck 2000, Hoeijmakers 2001, Christmann et al. 2003).  
It is clear that complex lesions such as IR-induced LMDS or clustered damage 
including DSBs are strong obstacles for DNA repair. In fact, they are expected to 
be repaired with difficulty and error prone (Ward 1994).  In fact there is 
evidence from in vitro studies that the repair of certain types of LMDS, i.e. 
containing combinations of specific oxidative damages together with a SSB is 
indeed error prone (Eot-Houllier  et al. 2005, Blaisdell and Wallace 2001, 
Harrison et al. 1998, 2006,Yang  N et al. 2006). In human cells, LMDS involving 
persistent abasic clusters may lead to lethality and genomic instability because 
they are refractory to repair (Georgakilas AG et al. 2004). Furthermore, 
attempted simultaneous repair of constituent opposing lesions in LMDS can 
apparently lead to de novo DSBs in bacteria and rodent cells (Blaisdell JO and 
Wallace 2001, Budworth et al. 2002). 
All these results are in line with the expectation that  clustered lesions  such as 
LMDS should have a considerable impact on the induction of mutations, genetic 
instability and cancer (Little 2000). Since LMDS could be present already at very 
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low radiation doses they could be responsible for the increase of radiation 
induced risk already at very low doses and dose rate 
UNSCEAR 2000  indicated that  in addition to the high levels of spontaneously 
endogenous DNA damage  ‘a further small increment of DNA damage from low 
doses of radiation will not impose significant risk; risk only becomes significant 
at relatively high doses when at a given level of genomic damage, DNA repair 
capacity is exceeded’. The ICRP report (2004),  however, comes to the conclusion 
that because of big ‘differences in complexity and repair characteristics of 
spontaneously arising and radiation-induced DNA lesions this proposition is 
untenable. 
 
Regarding radiation protection, the detection and characterization of the 
biological consequences of the induction of LMDS is a crucial issue. IR-induced 
LMDS together with complex DSBs  may constitute important markers indicating  
existing important differences between IR–induced DNA damage and spontaneous 
endogenously induced damage. Issued from IR -induced local energy deposition in 
cellular DNA, LMDS can be thought to be present already at low doses, to increase 
with dose but not with dose rate, and to be less accurately repaired than most 
other types of radiolesions (base damage, adducts or SSBs alone). Furthermore, 
their presence could modify DNA damage signaling and may need a specific type 
of repair activity. This should decrease the overall efficiency of cellular defenses 
to cope with such lesions. 
 
New insights in the induction of LMDS in mammalian cells 
 
Regarding the possible importance of clustered lesions i.e. LMDS for cell 
responses to ionizing radiation  we studied the induction of LMDS as a function of 
radiation dose and dose rate of 137Cs gamma-radiation in mammalian cells 
(chinese hamster ovary CHO and human fibroblasts MRC5). We started by using 
the “classical” method launched by Sutherland et al. 2000, i.e. pulsed-field gel 
electrophoresis (PFGE)  in conjunction with enzymatic treatments has been used 
to detect LMDS in mammalian cells after low and high LET radiation. For the 
enzymatic treatment  we employed the Fpg glycosylase, endonuclease III  (Nth) 
and endonuclease IV (Nfo) from E. coli to introduce nicks at sites of oxidized 
purines, pyrimidines and abasic sites in LMDS converting these into additional 
DSBs which can be revealed by PFGE (Averbeck et al.  2003).  
Fig. 1 gives a schematic overview of this “classical” method used.  
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Figure 1: Detection of LMDS in DNA from  unirradiated and irradiated cells by 
enzymatic treatment (enzymes cutting at oxidative sites in LMDS) and  
quantification of  IR-induced DSBs and the additional DSBs (indicating LMDS) by 
PFGE analysis in terms of the FAR (Fraction of Activity Released). Black bars at 
the left and the right of the agarose gel indicate molecular size markers. 
 
 
 
 

 
 
 
Figure 2: Evidence for the induction of LMDS in mammalian cells (Chinese hamster 
ovary cells) by γ-irradiation at high and low dose-rate. LMDS are detected by the 
“classical” method using enzymatic cleavage (by the DNA glycosylase Fpg) and 
subsequent quantification of additional DSBs by PFGE-analysis. There is an 
apparent radiation-induced increase of LMDS as a function of dose. Less LMDS are 
induced at low than at high dose-rate exposure. 
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Fig. 2 clearly shows that using the “classical” method,  in comparison to γ-IR-
induced DSBs, relatively high levels additional DSBs (considered to be LMDS) are 
found after enzymatic treatment with Fpg. The yield of these lesions increases as 
a function of dose. As found previously for the induction of  DSBs (Boucher et al. 
2004), there also seems to exist a slight dose rate effect for the induction of 
LMDS. In otherwords, less LMDS are induced at low  (0.05 Gy/min)than at high 
dose rate (3.5 Gy/min) exposures.  
However, knowing that for the detection of spontaneous and induced oxidative 
base damage in living cells special care has to be taken to avoid possible 
artificial oxidation of DNA during extraction and analysis (see work of Cadet et 
al. 1998, 2002, ESCODD 2002), we considered important to employ the same 
precautions for the detection of LMDS containing oxidative base damage and 
SSBs. Indeed, when adding  to the lysis solution, the iron chelating agent 
desferoxamine (DFO) (an inhibitor of the Fenton reaction that would otherwise 
give rise to the formation of OH radicals) the backgound level of spontaneous 
DSBs is already reduced (Figure 3) (see also Boucher et al. 2004). 
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Figure 3 : Neutral agarose PFGE gel of unirradiated cell samples  lysed in the 
presence of  increasing concentrations (0 (control),  0.5, 1, 1.5, 2, 2.5,  5 and 10 
mM) of desferoxamine (DFO) and treated with Fpg to reveal oxydative damage 
giving rise to additional DSBs. The background oxidation of DNA is effectively 
reduced in the presence of DFO. Molecular size markers from 
Schizosaccharomyces pombe and Hansenula wingei are seen at the left side of the 
gel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown in Fig. 4, when using DFO in the lysis solution, the yield of LMDS 
revealed by PFGE drops down to very low levels (close to background). 
Furthermore, we noticed an absence of a dose dependent effect up to 20 Gy, and 
this is true for high and low dose rate exposures (data not shown). These results 
clearly show that the high LMDS yields observed so far in mammalian cells with 
the “classical” method were likely to be due to artificial oxidation of DNA during 
cell lysis. 
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Figure 4: Induction of DSBs as a function of γ-irradiation (IR) dose (3.5 Gy/min) 
with Fpg treatment in the absence of the iron chelating agent desferoxamine 
(DFO) or of reduced glutathion (GSH) at 2 mM (giving rise to high levels of 
additional DSBs indicating apparent LMDS) (open squares) , and in the presence of  
2mM DFO or  2mM GSH in the cell lysis solution (dark or shaded squares). The 
level of apparent IR-induced LMDS is strikingly reduced in the presence  of DFO or 
GSH. 
 
 
This interpretation was further consolidated by experiments using 10 and 20 mM 
H2O2 treatments during cell lysis to mimick additional oxidation. Indeed, in those 
conditions we were able to find again by PFGE analysis of irradiated samples a 
dose-dependent increase of additional DSBs after enzymatic treatment with Fpg 
(see Fig. 5). This provides further evidence that additional Fpg sensitive sites can 
be created by treating during cell lysis with H2O2 in formerly irradiated samples 
nicking of these sites give rise to additional DSBs as revealed by PFGE. 
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Figure 5: Generation of de novo oxidized purine containing LMDS by treatment of 
genomic DNA samples from γ-irradiated Chinese hamster ovary cells with H2O2 
evidenced after PFGE-analysis. Samples were lysed in the presence of 2 mM 
desferoxamine (DFO). An exposure to 10 Gy of γ-irradiation there is about 25% of 
DNA fragmentation in terms of FAR (Fraction of Activity Released)indicating the 
presence of oxidative sites contaning LMDS. This fragmentation (which is 
indicative for the presence of LMDS) is drastically reduced when using DFO in the 
lysis solution but increases when DFO is washed out and increases further when 
treating with the oxidizing agent H2O2. 
 
 
Fig. 6 gives a schematic overview of how artefactual oxidations of DNA during 
cell lysis can be avoided by our optimized method. 
Since biophysical calculations predicted strikingly increased levels of LMDS after 
high LET irradiation we also performed experiments with accelerated heavy ions 
(Ar18+, 95 MeV) on human fibroblasts at the CIRIL-GANIL in Caen (France). The 
results unequivokedly showed that also after exposures to high LET radiation the 
yields of LMDS remain very low (close to background) when using our optimized 
method (data not shown). 
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Figure 6: Scenario how antioxidant treatments can prevent artefactual oxidation 
of DNA in  γ-irradiated cell samples during cell lysis. The enzymatic treatment 
with Fpg or Nth cuts at oxidized purines or pyrimidines, respectively. After 
artefactual oxidation of DNA during cell lysis (left side) in the absence of 
antioxidants this may give rise to additional DSBs indicating for the presence of 
(artefactually generated) LMDS.   
 
From this, it is clear that the classical method used for the detection of these 
lesions induced in mammalian cells is inadequate. Thus, there is at present no 
firm experimental evidence for the  presence of LMDS composed of oxidative 
damage after low or high LET irradiation in mammalian cells that can be related 
to radiation responses.  Evidently, other possible approaches have to be tested 
that might allow a better definition of complex radiation-induced lesions in 
mammalian cells such as LMDS and complex DSB. 
 
Discussion and conclusion 
 
Concerning the research on the induction of LMDS by ionizing radiation we are 
facing a curious situation: On one hand, there are solid predictions from 
biophysical calculations that they should be formed in cellular DNA (Goodhead 
1994, Nikjoo et al. 1999, 2002, Ballarini F et al. 2004, Semenenko et al. 2005); 
model studies in vitro and in several biological systems (including cell extracts) 
clearly point out that certain constellations of clustered lesions built artificially 
(LMDS) inhibit or may lead to aborted repair or error-prone repair (Eot-Houllier 
et al. 2005, Chang PW et al. 2005, Leloup C et al. 2005, Fujimoto H et al. 2005); 
moreover, the repair new tandem base lesions in DNA by human cell extracts 
generated single-strand breaks. (Budworth H et al. 2005). On the other hand, it 
was shown in bacteria (Blaisdell and Wallace 2001) that attempted repair of IR-
modified bases by base excision repair enzymes can lead to increased lethality 
and (mutagenic) double strand breaks. In mammalian cells somewhat 
contradictory results were reported: Using  siRNA technology to downregulate in 
human B-lymphoblastoid TK6 cells the two major DNA glycosylases/AP lyases 
hNTH and hOGG1 involved in the repair of oxidized bases by the base excision 
repair pathway (BER), Yang et al. 2006 reported a decrease of IR-induced 
cytotoxicity and DSBs during post-treatment incubation suggesting that the 
presence of these cutting enzymes DNA glycosylases/AP lyases had converted IR-
induced clustered damage into lethal DSBs. This interpretation would be  in line 
with their previous findings where overexpression of  the oxidative DNA 
glycosylases hOGG1 and hNTH1 led to increased lethality, increased mutants at 
the thymidine kinase locus and enzymatic production of DSBs during post-
irradiation (Yang et al. 2004, 2006). Also,  cells lacking hNTH activity (and 
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unable to cut oxidative pyrimidine damage such as thymine glycols)  were more 
sensitive but also less able to form DSBs during post-irradiation incubation. From 
this, the authors concluded that  the enzyme hNTH1 is involved alright in the 
repair of single oxidative lesions in cellular DNA but does generate lethal DSBs 
when tackling clustered DNA damage. No particular precautions were taken to 
avoid possible oxidation of DNA during the analysis of DSBs by single cell 
electrophoresis. Cadet et al. 2002 had shown before that addition of 
Desferoxamine during cell lysis considerably decreased artefactual oxidation of 
DNA and optimized the detection of spontaneous oxidative damage in cellular 
DNA. 
In the meantime, Sutherland et al. 2003 reported even the induction of low levels 
of endogenous oxidative damage clusters in unirradiated viral and human DNA. 
Moreover, when overexpression of the E. coli DNA glycosylase Fpg in chinese 
hamster ovary cells they observed lowered apparent endogenous levels of 
clustered damage levels and decreased endogenous Hprt mutations Paul S et al. 
(2006). They concluded  that levels of endogenous clusters  detected by their 
“classical” method  could be effectively reduced when increasing the activity of 
enzymes involved the repair of oxidated purine bases (oxypurines). Apparently, 
the authors tried to avoid artifactual oxidation of DNA by using argon during the 
cell lysis step  of their classical protocol (Sutherland et al. 2003). However, it 
seems possible that flushing with argon was less effective than our optimized 
chemical method which inhibits the Fenton reaction and generation of the very 
DNA damaging hydroxyl radicals. Thus, the presence of endogenous cluster DNA 
damage is still an open question. 
The decrease of Hprt mutants can be easily explained by the decrease of single 
oxidized purine bases by the increase in DNA glycosylase activity. 
Harrison L. et al. 2006 reported that in E. coli closely opposed 
apurinic/apyrimidinic sites can be converted to double strand breaks even in the 
absence of exonuclease III, endonuclease IV, nucleotide excision repair and AP 
lyase cleavage. They suggested the possible existence of an as yet unkown  
repair system working on locally multiply damaged sites. However, they did not 
expressively comment on the possibility that the oxidized purine-specific Fpg 
glycosylase was still active under their experimental conditions.  
 
The induction of LMDS and possible consequences for radation protection 
 
In conclusion,  in spite of the spontaneous formation of quite high numbers of 
base modifications including oxidative damage in DNA the production of clustered 
DNA lesions such as LMDS during normal cell metabolism remains highly unlikely. 
However, the formation of LMDS by IR in irradiated cells has been predicted from 
biophysical calculations. They may well constitute an IR-specific type of DNA 
damage which is to be considered in radiation protection.  
The unambigous identification of these lesions in mammalian cells in vivo is still 
a scientific challenge. As for the detection of single oxidative DNA lesions (Pouget 
et al.  1999, 2002, ESCODD 2002) artefactual oxidation of DNA during necessary 
cell lysis and DNA extraction procedures has to be avoided . In our hands, using 
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an optimized method for LMDS detection, we  were unable to detect significant 
increases in LMDS in chinese hamster ovary and human cells after low and high 
LET irradiation.  The yields were always very close to the levels of radiation-
induced DSBs.  In order to reconcile our findings with those of the theoretical 
predictions by Goodhead 1994 and Nikjoo et al. 1997 we propose that clustered 
DNA lesions or LMDS  are mainly  composed out of  complex DSBs, with oxidatively 
highly modified strand endings which make their processing by simple ligation 
impossible. Such complex DSBs which are highly refractory  to usual DNA repair 
processing, are not yet identifiable by standard methods.  
From this, it appears that at present radiation protection measures should not be 
affected by recent scientific findings concerning the induction of LMDS by IR. 
However, it seems worthwhile to concentrate on the induction of complex DSBs by 
IR. Recent findings clearly demonstrate that DSBs can be detected already at 
doses down to 1 mGy and at very low dose rate (by an immunofluorescent method 
based on H2AX phosphorylation) (Rothkamm and Löbrich 2003, Collis et al. 2004). 
At medium  (above 100 mGy) and high doses (above 1 Gy) of IR the induction of 
DSBs appears to be nicely correlated with lethal effects and is associated with 
mutagenic and long term genetic effects. Interestingly, at the very low dose of 
1.2 mGy  in a poopulation of human fibroblasts the few cells carrying DBSs were 
not repaired and were eliminated by cell death. At present, it is unknown why the 
repair of DSBs was not activated in those cells. Possibly, some of these DBSs were 
of the complex type and did not initiate normal DNA damage signaling towards 
DNA repair. If so, these complex DSBs or LMDS at these very low dose range could 
regarded as highly damaging lethal lesions. However, because of their high 
lethality,  they do not constitute a particular long term genotoxic risk of IR. 
Regarding the ongoing discussion in radiation protection on the biological long 
term effects of low dose and low dose rate exposures and knowing that the 
cellular radiation responses differ at very low doses and low dose rates from 
those observed at medium and high IR doses and dose rates (Tubiana et al. 2006) 
it clearly remains an important matter to determine the genotoxic risks of 
clustered or complex DNA lesions (DSBs) induced in mammalian systems by 
exposures to IR at very low doses and dose rates and to identify the 
corresponding biomarkers. 
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