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Adaptive ResponseAdaptive Response
Response to a stress such as radiation which results in a Response to a stress such as radiation which results in a 
lower than expected biological responselower than expected biological response

One or TwoOne or Two--dose studiesdose studies

Priming doses low (1Priming doses low (1--500 mGy)500 mGy)

Time between priming and challenge up to 24 hoursTime between priming and challenge up to 24 hours

Endpoints include chromosome damage, mutation, DNA Endpoints include chromosome damage, mutation, DNA 
damage, cell transformation and cell killingdamage, cell transformation and cell killing

Adaptive response for increased lifespan in tumourAdaptive response for increased lifespan in tumour--prone mice prone mice 
or for latency of acute myeloid leukemia in normal mice or for latency of acute myeloid leukemia in normal mice (Mitchel et (Mitchel et 
al, 1999; 2004)al, 1999; 2004)
A single low priming dose can induce an adaptive response for A single low priming dose can induce an adaptive response for 
neoplastic transformation neoplastic transformation in vitroin vitro ((RedpathRedpath and and AntonionoAntoniono 1998)1998)
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Mutation assaysMutation assays
Cancer is important endCancer is important end--point of radiation point of radiation 
damage damage 
Low radiation doses require an extremely large Low radiation doses require an extremely large 
number of mice for statistical significancenumber of mice for statistical significance
Neoplastic transformation is a marker for Neoplastic transformation is a marker for 
tumourigenictumourigenic potentialpotential

But it is But it is in vitroin vitro
Mutation is a surrogate measure for cancerMutation is a surrogate measure for cancer
Transgenic mouse mutation models are Transgenic mouse mutation models are in vivoin vivo
systems which require less mice and can systems which require less mice and can 
quantify a marker for radiationquantify a marker for radiation--induced damageinduced damage



Mutation and CancerMutation and Cancer
XX--radiation can induce DNA damage, including radiation can induce DNA damage, including 
DNA double and single strand breaksDNA double and single strand breaks

Repaired by recombination repairRepaired by recombination repair
inversions, deletions, or repaired to original sequenceinversions, deletions, or repaired to original sequence

Inversions and deletions are important in cancerInversions and deletions are important in cancer

Sensitive assays which measure the effects of XSensitive assays which measure the effects of X--
radiation are essential to characterise the radiation are essential to characterise the 
mutagenic effects of low dose radiation exposuremutagenic effects of low dose radiation exposure



Double strand break (DSB) repairDouble strand break (DSB) repair
Current knowledge of DSB repair in mammals is Current knowledge of DSB repair in mammals is 
based on high dose radiation in higher eukaryotesbased on high dose radiation in higher eukaryotes
DSBsDSBs repaired by homologous recombination (HR, repaired by homologous recombination (HR, 
error free) or nonerror free) or non--homologous endhomologous end--joining (NHEJ, joining (NHEJ, 
errorerror--prone)prone)

Rejoining phase of NHEJ uses the same enzymes as Rejoining phase of NHEJ uses the same enzymes as 
V(D)J recombination in lymphocytesV(D)J recombination in lymphocytes

Most radiation induced DNA Most radiation induced DNA DSBsDSBs are repaired by are repaired by 
NHEJ after high dose irradiationNHEJ after high dose irradiation

(Hinz(Hinz et al.et al., 2005; Marcon, 2005; Marcon et al.et al., 2000; Rothkamm, 2000; Rothkamm et al.et al., 2001; Takata, 2001; Takata et al.et al., 1998), 1998)



The pKZ1 Transgenic MouseThe pKZ1 Transgenic Mouse
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Adaptive response experimental Adaptive response experimental 
protocolprotocol

Experimental groups:Experimental groups:
PrimingPriming
ChallengeChallenge
Priming + ChallengePriming + Challenge
ShamSham--treatedtreated

Time between priming and challenge 4 hTime between priming and challenge 4 h
Prostate isolated 3 days after XProstate isolated 3 days after X--irradiationirradiation



0

1

2

3

4

5

6

7

8

9

0

0.0
01 0.0

1 1 10

10
00

0.0
01

+1
00

0
0.0

1 +
 10

00

1 +
 10

00

10
 + 10

00

Dose (mGy)

M
ea

n 
In

ve
rs

io
n 

Fr
eq

ue
nc

y 
+/

- S
E 

(x
 1

0-3
)

Transgenic Non-Transgenic

Chromosomal inversion adaptive Chromosomal inversion adaptive 
response in pKZ1 prostateresponse in pKZ1 prostate

*: statistically significant, T*: statistically significant, T--NT [shamNT [sham--treated Vs treated]treated Vs treated]
**: statistically significant, T**: statistically significant, T--NT [adaptive Vs 1000 mGy]NT [adaptive Vs 1000 mGy]

p<0.05, 2p<0.05, 2--tailed Manntailed Mann--Whitney U testWhitney U test

5 ≤ n ≤ 15 T; 2 ≤ n ≤ 5 NT

**
*
**

*
**

*
**

*

**

*

Toxicity induced 
non-specific 
staining 
(mammalian β-gal)

Day Day et alet al, submitted, submitted



pKZ1 micepKZ1 mice

UltraUltra--low or low low or low 
(0.001 (0.001 –– 10 mGy) 10 mGy) 

priming Xpriming X--irradiationirradiation

HighHigh (1000 mGy) (1000 mGy) 
challenge Xchallenge X--irradiationirradiation

Adaptive responseAdaptive response
for DNA inversionsfor DNA inversions
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Distribution of inversions in Distribution of inversions in 
glandular crossglandular cross--sections sections ––

low dose irradiationlow dose irradiation
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Distribution of inversions in Distribution of inversions in 
glandular crossglandular cross--sections sections ––

high dose irradiationhigh dose irradiation
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Distribution of inversions in Distribution of inversions in 
glandular crossglandular cross--sections sections ––
low then high irradiationlow then high irradiation
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Proposed mechanism of inversion Proposed mechanism of inversion 
in pKZ1 transgenein pKZ1 transgene
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Chromatin structureChromatin structure

Adapted from (Adapted from (StrathdeeStrathdee & Brown, 2002)& Brown, 2002)

Transcriptionally active 
(accessible) DNA wound around 
acetylated histone tails and 
unmethylated DNA

Transcriptionally inactive 
(inaccessible) DNA wound 
around de-acetylated histone 
tails and methylated DNA
Histone deacetylase inhibitor Histone deacetylase inhibitor 
((TrichostatinTrichostatin A, TSA)A, TSA)

oror
Demethylation (5Demethylation (5--azaaza--22’’--
deoxycytidine, 5deoxycytidine, 5--aza)aza)



Epigenetic modification influences Epigenetic modification influences 
pKZ1 inversions pKZ1 inversions in vitroin vitro
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XX--Irradiation and epigenetic Irradiation and epigenetic 
modification modification in vitroin vitro
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Summary and ConclusionsSummary and Conclusions
Induction of an inversion adaptive response with Induction of an inversion adaptive response with priming priming 
doses doses ≥≥ 3 orders of magnitude lower3 orders of magnitude lower than previously than previously 
reported (0.001 mGy)reported (0.001 mGy)

Radiation doses thought to be too low to have biological Radiation doses thought to be too low to have biological 
significance induce biological effectssignificance induce biological effects

No difference in the magnitude of adaptive response No difference in the magnitude of adaptive response 
induced by priming doses between 0.001 induced by priming doses between 0.001 –– 10 mGy10 mGy

Agrees with hypothesis that adaptive response is onAgrees with hypothesis that adaptive response is on--off off 
mechanismmechanism

Adaptive response can cause a Adaptive response can cause a reductionreduction in the inversion in the inversion 
frequency to frequency to below the shambelow the sham--treated inversion treated inversion 
frequencyfrequency

Largest magnitude of adaptive response reportedLargest magnitude of adaptive response reported
Overcompensation? Is a reduction below the endogenous Overcompensation? Is a reduction below the endogenous 
inversion frequencyinversion frequency good? good? 



(cont(cont’’d)d)
Inversion response in pKZ1 prostate Inversion response in pKZ1 prostate doesdoes not follow LNT not follow LNT 
for priming + challenge irradiation with a 4 h time intervalfor priming + challenge irradiation with a 4 h time interval

Implications for risk assessmentImplications for risk assessment

Doses Doses ≤≤ 10 mGy are protective10 mGy are protective against inversions induced against inversions induced 
by a challenge dose by a challenge dose 

Potential for radioprotection?Potential for radioprotection?
Adaptive response in pKZ1 prostate induced when Adaptive response in pKZ1 prostate induced when first dosefirst dose
was was higher higher than than second dosesecond dose

Supports different gene expression response for low and high dosSupports different gene expression response for low and high doseses

Chromatin remodellingChromatin remodelling affects pKZ1 transgene affects pKZ1 transgene 
recombinationrecombination

Global methylation changes or other histone modifications??Global methylation changes or other histone modifications??
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