EUROPEAN
COMMISSION

STAR

(Contract Number:Fission-2010-3.5.126967:)

DELIVERABLE (D-N°5.4)

Understanding the “metabolic” mode of actions of
two different types of radiation using
biokinetics/DEB-tox models

Authors: Frédéric Alonzo, Elke Zimmer, Delphine Plaire, Adéine Buisset-Goussen,
Christelle  Adam-Guillermin, Catherine Lecomte-Pradines, Nele
Horemans

Editors: Nele Horemans, Frédéric Alonzo, Elke Zimme, Thomas Hinton

Reporting periodd1/08/2012 - 20/08/2014

Report issued20/08/2014

Start date of project:01/02/2011 Duration: 54 Months

[STAR] 1/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maof actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report4/08/2014



STAR

DISTRIBUTION LIST

Name Number of copies Comments
André Jouve, STAR EC Project Officer 1 Electronically
Thomas Hinton, STAR Co-ordinator WP-1,IREMN Electronically (pdf file

Laureline Février, Assistant Co-ordinator IRSN
1 Electronically (pdf file
STAR Management Team members:
WP-2; T. Ikaheimonen, STUK
WP-3; A. Liland, NRPA 1 per member Electronically (pdf file
WP-4; H. Vandenhove, SCKeCEN
WP-5; F. Alonzo, IRSN
WP-6; D. Oughton, NMBU
WP-7; B. Howard, NERC

STAR Steering Committee
M. Steiner, BfS
A. Real, CIEMAT 1 per member Electronically (pdf file
J-C. Gariel, IRSN
T. lkaheimonen, STUK
H. Vandenhove, SCK*CEN
C. Bradshaw, SU
A. Liland, NRPA
B. Howard, NERC
B. Salbu, NMBU

STAR Wiki site
STAR’s External Advisory Board Electronically (pdf file
Radioecology Alliance members 1 per member Electronically (pdf file

1 per member Electronically (pdf file

Project cofunded by the European Commission under the SeventBuratom Framework Programme for Nucles
Research &Training Activities (2007-2011)

Dissemination Level

PU Public PU

RE Restricted to a group specified by the partneth®{STAR] project

CQ Confidential, only for partners of the [STAR] profe

[STAR] 2/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maof actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report#/08/2014



STAR

List of Acronyms and Abbreviations

AIC: Akaike Information Criteria

Radioecology Alliance (European Radioecological ighite association): A Research
Platform, in accordance with relevant European Wnpmlicies which coordinate and
promote European research on radioecology

DBS: Double Strand Breaks

DEB(tox): Dynamic Energy Budget model

DEB-tox: model of dynamic energy budget applietbtdcology

DoW: Description of Work

DR: dose rate

EC: European Commission

ECx: concentration of a compound giving x% effect

ERICA: Environmental Risk from lonising Contaminanfssessment and Management
FASSET: Framework for Assessment of Environmemtgddct

FREDERICA: Radiation Effects Database based on B@projects FASSET and EPIC
(Environmental Protection of lonising Contaminaintshe Arctic)

HR: Homologous Recombination

LET: Linear Energy Transfer

NEC or NEG: no-effect concentration

NEGC,: no-damage concentration

NEDR: no-effect dose rate

NHEJ: Non-Homologous End-Joining

OECD: Organisation of Economic Cooperation and Dmpraent

RAPD-gPCR: randomly amplified polymorphic DNA by apditative polymerase chain
reaction

RBE: Relative Biological Effectiveness
ROS: Reactive Oxygen Species

STAR (Strategy for Allied Radioecology):An EC-fueNetwork of Excellence in
radioecology under the Radioecology Alliance frarogw

SSQ: Sum of Squares
WP: Work Package

[STAR] 3/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic’ moaf actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report4/08/2014



STAR

Table of Contents

List of Acronyms and ADBIeVIiationS ...........occccc oo i eiiiiiieeieece e e e e e ee e e 3
L SUMMAIY oot e e e et e ettt et e e e e e ettt e e e e e eebaaeaaaaeaeeesan e e eeeennnnaeas 6
P2 |1 To 18 o 1o o [P PPPPPPUPPPPTPP 7
2.1 BaCKGIOUNG......eeiiiieee e e 7
2.1.1 Mathematical models in ecological riSk aSBEFE ............ceeiiiierireeeeeeerreeeeninnnns 7
2.1.2  Elements of energy budget theory (DEB)....ccc....uvuuiiiiiiiiiiiieeeeeeeeeeeeeied 8
2.1.3 A simplified DEB-tox approach for animalS.. ..........ceuvvviiiiiiiiiniiieeeeennnnnnd) 01
2.1.4 The differences between animal and plant DBBeIlS ................cooeeiiiieiiinnes 14
2.2  Dependency of radiological stress on doSe.rafe............ccoevvvviiiiiiiciiivinnnnienn. 15
2.3 Modes of action associated with radiotoxicityrolecular and cellular
mechanisms and their consequences for energy budget..........ccccoeeeeviieeennnn. 16
2.4  Analysis of relative biological effectiveness:mechanistic comparison of
toxicity between alpha and gamma radiation .....eeee...oooeevvieeeeiiiiiicicice e, 19
3 Caenorhabditis elegans...........oooi i 20
1 700 R = - Vo o | o 11 ] o 20
3.2 Formulation of a DEB-tox model applied to cheoexternal gamma radiation .... 20
3.2.1  Model aSSUMPLIONS. ....uuuuueenees e eeseeeanaas s e s e eeeeeeeaaeeeeeesssssnnnnnsessnnnns 20
3.2.2  ParameteriZatiON...........uuuuuuue s eeeeeeettnsennaaaaaaeeeeeeeeeaeeeeessnnenneeessennnnns 24
.23 RESUILS e 26
N D F- T o] o1 1= W g = To [ = NPT 33
R [ 11 (0T [ ¥ [od 1o o R PPPPUPPPP R 33
4.2 DEB-tox applied to a multigenerational deplateghium exposure...................... 33
o R = ¥ Tox (o | {0 U1 o USRS 33
4.2.2  Formulation of a dual-stress DEB-toXx model...............ooovviiiiiiiiinniieeeeee, 34
4.2.3  ParameteriZatiOn .......ccc.uuuuuuieeesmmmmeceeeeeee e e e e e e e e e e e s s e eeees e 40
A.2.4  RESUIS ... a e 41
4.3  Mechanistic comparison of gamma and alpha w&sffedentifying modes of
actions and quantifying RBE ...........uuuiiii e 53
0 70t R = = Tod (o | {0 U1 o USRS 53
4.3.2  FULUIE AIr€CHONS. .. .ottt e e e e e e e e e e e et bennnneeeeeeennnnn 53
[STAR] 4/69

(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maaf actions of
radiation using biokinetics / DEB-tox models

Dissemination levelPU

Date of issue of this report4/08/2014



STAR

S =T 0 ] = 0 1] o (o PP TP TP PP PPPPPRI 56
5.1 (T oTo [¥ ok i o] o RSP RTTT 56
5.2  The simplest DEB model for Lemna MiNor ...cceeeevvvvveeiiiiiieeieeeeeeeeeeeeeeeiiinnns 57

5.2.1 Purpose of the MOdel.............uuuiiiiiiiiiiii e 57
5.2.2 Modelling approach / ASSUMPLIONS......commmeeerernnnniiiieaaeeeeeeeesreeeeresnnninnn.. 57
5.2.3  POSSIDIE @XIENSIONS.... ..ot 59
5.3  Data needs for parameterization and verifioatio...............cccceeeeeiiiiiieeeeennenns) 6.1
5.4  Effect of light, temperature and growth mediwon L. minor growth,
Uranium as @ CASE STUAY ......evvvueeuennees o s s e e e e e eeeeeeseeeeeesnssnnnnnnnn s sneeeensenas 62
5.5 (1= 10010 0 1= ST PR PUPPPPPTT 62
6  General conclusions and PErSPECLIVES....ccccceeeeiiiiiieeeiiiiiiiirree e e e e e e e e eeaaeeaaaeeaes 64
A 3= (=] (=] o= PP 66
[STAR] 5/69

(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maaf actions of
radiation using biokinetics / DEB-tox models

Dissemination levelPU

Date of issue of this report4/08/2014



STAR

1 Summary

Understanding how toxic contaminants affect wikllgpecies at various levels of biological
organisation (sub-cellular, histological, physiatad, organism, population levels) is a major
research goal in both ecotoxicology and radioegol@dg mechanistic understanding of the
links between the different observed perturbatieneecessary to predict consequences for
survival, growth and reproduction which are critifta population dynamics. However, time
scales at which such links are established in déerhtory are rarely relevant for natural
populations. Multigenerational exposures are muohemepresentative of the real context of
field populations for which exposure can last forations which largely exceed individual
longevity and involve exposure of many successieeegations. In this context, STAR
conducted both experimental and modelling studiedeu controlled conditions in three
model species: two animals: the nematGaenorhabditis elegarsnd the cladoceran micro-
crustaceaiaphnia magnand one plant the macrophytemna minor

In C. elegansa chronic external gamma exposure was condust@ard of STAR WP5 pilot
study (Lecomte-Pradines @i, in preparation). Irb. magna multigenerational investigations
of toxic effects on survival, somatic growth angreuction were achieved for various
radioactive substances including depleted uraniUrd€pl), americium-241 (Am-241) and
cesium-137 (Cs-137), representing respectively danti chemotoxicity, radiotoxicity
through alpha internal contamination and througimma external irradiation(Alonzet al,
2008; Massariret al, 2010; Plairest al, 2013; Parisoet al, in preparation). Accumulation
and transmission of DNA damage were investigateth wl-depl and gamma radiation.
Finally for L. minora seven day growth inhibition test was used tdysthe effect of uranium
(U), Am-241 and gamma radiation. Due to the lowbdity of Am-241 in the different test,
L. minorgrowth experiments were not continued. With theial sizes and short life cycles,
C. elegans, D. magnand L. minor are particularly suitable test models for explorhmwv
chronic exposure to radioactive substances alteA @BNd affect life history traits (survival,
growth and reproduction) over several generatidneote has to be taken that for minor
reproduction is predominantly asexually.

The present report describes how reduction in songabwth and reproduction induced by
gamma irradiation inC. elegansand U-depl inD. magnacan be explained using the
mechanistic modelling approach known as DEB-tox detoof dynamic energy budget
applied to toxicology). Results of DEB-tox analysegjgested that external gamma radiation
increases costs for growth and maturatio@ ireleganscausing the delay observed in growth
and reproduction, together with a direct effect reproduction. U-depl primarily affects
assimilation inD. magna However, a model considering the accumulation taaglsmission

of genetic damage is necessary to understand ttrease in effects over successive
generations. Results suggested the involvement eé@mnd mode of action explaining
consequences of cumulated damage across generdliomature of the second mode of
action remains to be confirmed experimentally, vebgrDEB-tox analyses are pointing to an
increase in costs for growth and maturation. Thaglenof action needs to be confirmed also
in D. magnaexposed to gamma or alpha radiation for sevenaéiggions, in a mechanistic
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analysis of relative biological effectiveness whtekes account of the difference in kinetics
of stress between the two types of ionising radimti

A similar DEB-tox approach was pursued for.minor to enable comparison of mode of
action of alpha and gamma radiation between thierdiit species. However, plants and
animals differ greatly in the way they accumulatérients and therefore the basic DEB
model for plants and animals will also be differeAs to date no plant DEB model was
described, thus the first challenge was to obtdie hecessary data and approach to
parameterise a DEB model far minor. Hence, a number of experiments were performed
studying the growth of. minorunder different conditions such as varying ligheimsity, -
exposure, and temperature. In addition contactmade with N. Cedergreen (University of
Copenhagen) to examine the possibilities to inclingevast dataset dn minorthat she has

in the parameterisation of the DEB model. Togethign the exposure data af minorto U
and gamma irradiation, different DEB(tox)models lageng tested.

The current report is structured as follows. In tieoduction first a general description of
DEB-tox concepts is given followed by an in depthtnematical description of the model
used for the animal studies and a comparison betaegnal and plant models. Subsequently
the dependency of radiation on dose rate and tlsildge modes of action of radiation in
plants and animals is given. The final part of itmeoduction touches upon the mechanistic
comparison of toxicity between alpha and gammaatei and whether relative biological
effectiveness can be analysed using a DEB-tox agproThe major part of the report
contains three sections successively describingethigts obtained fo€. elegans, D. magna
andL. minor.Finally the major conclusions of the work performedVP5.4 and perspectives
for the work within the remaining months of STAReagiven. In general, the DEB-tox
analysis of theC. elegansandD. magnaexperiments show its great potential for comparing
effects of different stressors, especially radmtion different species. However, it also shows
the difficulties and uncertainties that still needbe resolved. Although at this moment work
especially for.. minoris still in progress it was additionally shown tleditserved effects do
differ depending on the dose rate. As suchDimmagna it seems that from a certain dose
rate, the effects extend to additional costs omwtrar reproduction (see section 4). Ror
minor it was shown that from a certain dose rate thatplavere unable to recover from
radiation exposure (see section 5). Although furtbsting is necessary, there might be a dose
rate in between the range we tested in which atsb dosts for growth are affected. DEB
models provide the perfect stage for these typesoofparisons between effect patterns and
species.

2 Introduction

2.1 Background

2.1.1 Mathematical models in ecological risk assessment

The need for biology-based mathematical modelsefmiogical risk assessment has been
emphasized in deliverable D5.1. In contrast to eicglly derived statistical relationships
such as the ECX-concentrations, biology-based mcal@w for extrapolation to non-tested

[STAR] 7/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maaf actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report4/08/2014



STAR

scenarios as they account for the underlying mashem One biology-based, mechanistic
effect modelling framework that has received muttergion in the recent past is Dynamic
Energy Budget (DEB) theory. Models based on DEB taee basis for so-called DEB-tox
models, which can be used for interpreting effeftstressors as effects on general processes
such as (i) maintenance, (ii) assimilation, (ibnsatic growth and (iv) reproduction. Effects
of stressors are reflected in changes in DEB patemsiewhich allows for investigating the
interaction of multiple stressors, both naturaly(demperature, resource availability) and
anthropogenic (e.g. toxic chemicals, radiation).BDfaodels are designed for capturing the
energy metabolism of individuals, and can thus btunally linked with individual-based
models for population level assessment (Martinle2@11). While DEB-tox models have
been used widely in ecotoxicology to interpret etfeon animals, DEB-tox has never been
applied to a plant. In fact, no DEB model for anplaas been developed and tested until now.
The main challenge of applying DEB-tox fior minor thus lies in the development of a basic
DEB model for the plant.

2.1.2 Elements of energy budget theory (DEB)

In a general way, energy budget models describedrmoarganism acquires energy from food
and use it to support its major biological functomcluding survival, growth and
reproduction. In the literature, the majority of aets published for different species can be
classified into two types, namely, net productioadels and net assimilation models. These
two types of models differ mainly in hypothesesa@ming energy allocation to reproduction
(Lika and Nisbet, 2000). In a net production modeganism maintenance, which is critical
for survival, is directly deduced from energy adifion. Thus, growth and reproduction are
predicted from the difference between assimila@owl respiration (Noonburg et al., 1998;
Lika and Nisbet, 2000). In a net assimilation mo@elergy consumed in respiration reflects
expenses associated with the achievement of dbdical functions including growth and
reproduction. Consequently, growth, reproductiond amspiration are predicted from
assimilation. DEB models used in this work (Figul® are net assimilation models
(Kooijman, 2010).

Nutrition --- K: ----- > Faeces

Reserve

1-Kappa

Somatic
maintenance

Maturity

N -~
> maintenance

Growth Reproduction

Figure 1: Conceptual diagram of organism metabulisas
defined by the DEB theory (Kooijman, 2010)
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In the DEB model (Kooijman, 2010), energy acquifein nutrition is stored in a reserve
compartment. A constant fractioriKdppa” of this reserve is allocated to soma while the
remaining fraction (appd is used to support processes associated witbdaption. In the
Kappa fraction, energy is first allocated to somatic mi@nance, which allows the body
structure to survive. The remaining energy in Kappafraction is then allocated to growth
(increase in body structure). In the fractionK@ppa, energy is first allocated to maturity
maintenance. The remaining energy is used in niauargincrease in maturity). Once
organisms reach a certain level of maturity (defias puberty), reproduction starts and the
fraction of energy which is not consumed in mamtay maturity is used to produce
offspring.

In this theory, life cycles are divided in threejarasstages, marked by important changes in
energy budget:

the embryonic stage in which organisms do not teetllive using a reserve deposited
in eggs;

the juvenile stage in which organisms feed andcatl® their energy to maturation
(puberty is not reached);

the adult stage in which organisms have reachedrpubnd reproduce.

The model provides differential equations descgbithe dynamics of the reserve
compartment and of energy allocation to growth egroduction. A change in theappa
fraction occurs only in the presence of toxics aragites which strongly modify organism
functioning.

Under constant conditions (including food densithe reserve density is constant over the
life cycle. The DEB model delivers growth and rehirction predictions (Figure 2). Body size
increases in time from a length at birth)( causing an increase in assimilation (as a fancti
of the square of body length) and a larger incréas®mmatic maintenance (as a function of
the cube of body length). Consequently, body sizeciases following a Von Bertalanffy law

L RCUITI

Puberty 70 1

Lo 601 Puberty
37 /_ 50 1 i

———le . L N
P 40 1 Onset of
27 30 1 offspnrjg
production
. 20 1 i

10 7 |
0 T T T T "t 0 A7 . T T "t
0 5 10 15 20 25 0 5 10 15 20 25

Figure 2 : Theoretical curves of size(L) and cunedareproduction (Rn) under optimal
conditions. ly: Size at birth; I;: Size at puberty; & Maximal size; g: von Bertalanffy
growth rate.
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to a maximum lengthL¢,) reached when the wholappafraction is used to support costs of
somatic maintenance and no more energy is avaifablgrowth. After puberty is reached,
(when body length reachés the length at puberty) energy allocation in repaidu shifts
from gonad maturation to offspring production.

2.1.3 A simplified DEB-tox approach for animals

The Dynamic Energy Budget theory applied to toxaggl (DEB-tox) offers many advantages
for analyzing and interpreting toxic effects measumon life history traits. In fact, the
approach considers effects as dynamic processeedBan the DEB theory, it establishes
links between metabolic perturbations and theirsegunences on growth, reproduction and
survival, which are critical for the population @detet al, 2000; Jager and Zimmer, 2012).
With its capacity to integrate organisms functi@iioommon ecotoxicological parameters are
estimated for the different endpoints. These patarsare independent of exposure duration
(unlike NOEC and EC, the classical no-observedceffmncentration and the effective
concentration affecting a specific endpoint afteced exposure duration) and exposure
concentration (Kooijman and Bedaux, 1996). Recemtiss by Swairet al. (2010) and Wren
et al. (2011) suggest coupling DEB-tox approach to effextt the molecular level such as
expression of specific gene associated with mei&hboln the nematod€aenorhabditis
elegans

The DEB-tox model was initially developed by Koogmand Metz (1984) and Kooijman and
Bedaux (1996). A revised formulation was proposgdibloir et al. (2008) and Jager and
Zimmer (2012). The simplified DEB-tox model is bdsen three assumptions which
substantially reduce the model complexity. Firstisiassumed that maturity is a constant
fraction of structure. This means that maturitysinet have to be followed as a state variable.
It implies that the test organisms reach pubertya atonstant size independent of food
availability, and that offspring has a constanesat birth. Second, it is assumed that the
energetic costs for an egg are always the samehwhkiin contrast to the standard DEB
assumption for ‘'maternal effects'. The third asdionps that reserve is always in equilibrium
with the food level, which is realistic when foodradability is constant. All these
assumptions usually hold for ecotoxicological tediat need to be kept in mind when
applying the DEB-tox model to a new test organism.

The DEB-tox combines toxicant kinetics and effettysamics, i.e. the model first describes
how a toxic compound is accumulated over time withh exposed organism and second,
how this contamination alters processes of the DEEBthis context, a one compartment

kinetic model with first order kinetics is used.xlointake and elimination are proportional

to body surface and, respectively, to exposure eanationC. and internal concentratidd:

dG Ka ke d, .3

—=Ce—=-Cj(—+—1Inl
g - e Gl

With k, andke the surface-specific accumulation and eliminatiates (in tim&) and where

the term%ln I 3corresponds to the dilution of toxicant burden byvgh.
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In order to reduce the number of parameters inntbbéeel, the internal concentratid is

, : : K . * .
scaled by the bioconcentration factor as followiy* :k—eCi with C; the scaled internal
a

toxicant -concentration (Kooijman and Bedaux, 19p6yportional to the actual but unknown
internal concentrationC; and tending at equilibrium towards the value ofpasure
concentratiorCe. As gamma irradiation is not taken up or accunaglaimilar to chemicals a
section on the possible implications of this forBx is given below in section 2.2. Based
on the transformation, the toxicant kinetics candescribed by the following simplified
equation:

.k
dG :Ce&_ci* (&+
dt I I

All parameters are represented in the Table 1.

d
dt

Ini3)

The internalized toxic compound is assumed to aféeergy budget (energy intake and/or
allocation) through to a stress functionwhen the scaled internal concentration exceeds a

Table 1 : DEB-tox model parameters

Symbol Unit Interpretation
Lm mm Maximum length
Lp mm Length at birth
Lp mm Length at puberty
I - Scaled size by maximum length
Ib - Scaled length at birth by maximum length
lo - Scaled length at puberty by maximum length
rs dt von Bertalanffy growth rate
Rm ngeggd  Maximum reproduction rate

R ngeggd  Daily reproduction rate
Ka d? Toxicant accumulation rate
Ke d? Toxicant elimination rate
Kq dt Damage accumulation rate
K dt Damage reparation rate
NEC pg Lt No effect concentration
b L pug* Slope of stress intensity
Ce Hg Lt Exposure concentration
Ci pg Lt Internal concentration
G pg Lt Scaled internal concentration by its bioconcerdratactor
D’ pg Lt Scaled damages level by its bioconcentration factor
o - Stress intensity
g - Energy investment ratio
f - Scaled nutritional functional response
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Toxic stress
A

»

Figure 3 :Stress intensity as a function of intdrna
toxicant concentration (with NEC, the no-effect
concentration)

threshold value namedEC (Figure 3), for no-effect concentration (Kooijmand Bedaux,
1996):

o(Ci*)=0 if C;*<NEC
o(C; *)=b[{C; * -NEC) if C;* = NEC

Kooijman and Bedaux (1996) initially suggest fivéfetent metabolic modes of action to
interpret toxic effects on reproduction. Severéleotmodes of action are added in Kooijman
(2010). Various sets of equations initially deriveg Kooijman and Bedaux (1996) and
revised by (Billoiret al, 2008, are available depending on the consideredenof action
(Table 2).

The three first modes of action are indirect maoafesction where the contaminant is assumed
to affect both growth and reproduction (Billeit al., 2008):

The Growth modelsuggests that the internalized toxicant causagase in costs for
growth and maturation, through the terma(€*).

The Maintenance modeduggests that the internalized toxicant causes@ease in
costs for somatic and maturity maintenance, thrabgtierm 1+4o(C;*).

The Assimilation modebuggests that the internalized toxicant causescaedse in
assimilation, through the term &(€*).

The two last modes of action correspond to a diéfect of the contaminant on reproduction,
while growth is not affected (Billoiet al, 2008):
- The Hazard modelsuggests that the internalized toxicant causesnarease in
mortality during oogenesis, through the term ex(@*)).
The Cost modekuggests that the internalized toxicant causes@aase in costs for
egg production, through the term &(c;*).
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Table 2: Sets of differential equations for growatid reproduction based on a simplified DEB-tox nh@agsuming constant exposure conditions).

Effect models Growth Reproduction
1 (0) =1y R(l) = 0 ifi<l,
dl _ f+g

Growth model

POk cwos o) WL

p

R{)=Pe [f |2( g(l+a(C *))+! j_lg

g(1+a(C )+ f

Maintenance model

%:rB(f -1+ a(c *))

_ 1

Assimilation model

at °fa-ac )+ g

dl _ f+g

(f@-alc*)-1)

R()= RT{f(l'U(Ci*))IztgH L j_ls}

SR

dal_ - — R, 2[ g+l 3 | o-a(c)
Hazard model Olt_rB(f 1) R() 1_|F3[fl (g”j |p}
Costs model %: ry(f -1) R(I):li"{f Iz( g::{j—lz}(Ho(Cl *)*
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The DEB-tox model has been applied to the nematdenorhabditis eleganand the
waterfleaD. magnain different contamination situations. In the stuy Kooijman and
Bedaux (1996), a cadmium exposure induce a mortdliring oogenesisHazard model
whereas an exposure to two chemicals (phenol ahdi8hloroanilin) induced indirect effects
on reproduction, no identification of one mode ofi@an among the three possible hypotheses
(growth, assimilation and maintenance mojl@ss possible. A fluoranthene contamination
induced a direct effect on reproduction throughremease in costs for egg productid@oét
mode) (Jager and Zimmer, 2012).

The model was previously used to analyse resutim ftoxicological studies with other
species. A study on effects of copper in the easthwDendronaena octoedrahowed a
reduction in ingestion rate (Jager and Klock, 201®}olsomia candidaJageret al. (2004)
concluded that cadmium induced a decrease in dasioni and triphenyltin induced an
increase in maintenance costs. In the same spduwesdifferent modes of action were
observed during a contamination with the same paotly chlorpyriphos. In fact, Jaget al.
(2007) showed that depending on exposure duratiafoxicant can cause an effect on costs
for egg production (after 45 days) or an effectcosts for maintenance (after 120 days). In
another study on zebrafisBanio rerio, several modes of action were shown to be involved
after an exposure to depleted uranium, dependintp@contaminated life stages: an increase
in costs for maintenance was shown when the atagesvas exposed; whereas, an increase
in mortality during oogenesis and an increase istxdor growth and maturation were
demonstrated when early life stages were exposaeduygtineet al, 2012).

2.1.4 The differences between animal and plant DEB models

While DEB-tox models have been used widely in exictiogical applications to animals,
DEB models for plants are still in the early stagésdevelopment. The main difference
between an animal model and a plant model is irufitake of energy. Animals usually eat
food which has a very similar (and more or lessstamt) composition of elements (e.g. C/N
ratio) to themselves, which allows for assuming tra animal has one type of generalized
reserve. The animal can re-use the assimilated amexdecules such as carbohydrates and
proteins with slight modifications to fulfil its ed to fuel the various metabolic processes.
This generalized reserve density fluctuates inamse to food availability, which determines
the physiological status of the animal and thusceypigbility to toxicants (Zimmer et al,
2012). The vast literature on DEB applicationsmimaals shows that this assumption, though
crude, is reasonable for most applications to alsima

Plants, however, do not "feed" on one food sourb&hlvhas a similar composition to their
own: plants use photosynthesis to assimilate inocgaarbon, and additionally assimilate
nutrients such as nitrogen, phosphate. From théfgremt sources, the plants have to build
up their own macromolecules. In addition photosgsi$ itself is not constant as it depends
on highly time-variable and weather dependent #uxé sunlight. Even in the simplest
situation of only considering one nutrient and carbas main components of the
macromolecules, co-limitation might need to be abgred. Until now, no plant DEB model
has been parameterized.
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2.2 Dependency of radiological stress on dose rate

The DEB-tox model for animals has been developedn@yse data from ecotoxicological
tests of chemical compounds (Kooijman and Beda®961 Jager and Zimmer, 2012).
Applying the approach to the case of ionising radmimplies that a metrics is defined for
the factor of radiological stress. As describedvabio the case of chemicals, the metrics for
chemical stress is, in most cases, the internahzadion of the toxic contaminant quantified
by C; (Figure 3 4), although in some situations, thenstty of effects might as well be
correlated to exposure concentrat@n(Figure 3) when the kinetics are very fast orgtress
is caused by the presence of the contaminant autiace of the organism (Massarin et al.,
2011). In other situations, the intensity of effeannot be related to internal concentration,
especially when the body burden is measured and doe follow the same kinetics as
observed effects. In order to deal with such sibumat Jageet al, (2011) have introduced the
concept of damage compartment. Its definition canfdund as part of the GUTS model
(General Unified Threshold model of Survival) whideals with chronic mortality data.
Damage is an abstract concept which incorporaté&ital of biochemical and physiological
processes involved in toxicity” and cannot be measudirectly. It is an additional
toxicodynamic stage which accumulates proportieadhe internal concentration and repairs
proportional to the actual level (referred to @pin the damage compartment. Similar to
internal concentration, the value Bf can be scaled by its bioconcentration factor usimeg
equation:
D* :ﬁD

Kg

with D* the scaled damage level having the units of aerimal concentratiorky andk; the

damage accumulation and reparation rates (in Ymgielding the following simplified

equation for the kinetics of the damage:

dD*
dt

if a one-compartment model with first order kinstis assumed again.

=k (G - D%

Considering radiological toxicity, level of radiati effects under chronic exposure has been
described as a function of dose rate in many ssudhethe past, as gathered in the
FREDERICA database during the EC programs FASSEI BRICA (Williams, 2004;
Larsson, 2008). In these studies, effective dose masulting in 10 % effect (EDR for
different endpoints and various species have besnvedl. These can be regarded as
equivalent to Eg values for chemical toxicants. Radiological dose Gy) measures the
amount of energy deposited per mass of exposagkiismd dose rate is expressed as dose per
time. In our studies, we normally deal with smathanisms and therefore whole-body
exposure, which is why we can use exposure pel body mass over time as a metric for
dose rate. Thus, dose rate has the dimension iotemmal concentration of radiotoxic stressor
(per unit of body volume and time) and can be usé¢te DEB-tox model as an equivalent of
an internal concentration of a chemical toxicdDy) expressed in mol per body volume and
time.
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One of the objectives of the present work was tdae the feasibility of applying the DEB-
tox in the case of an exposure to ionising radmtising dose rate as an equivalent of internal
concentration in the formulation of the stress fiorc

2.3 Modes of action associated with radiotoxicity: moldar and cellular
mechanisms and their consequences for energy budget

Another major objective of the present work wasdentify the metabolic mode of action

associated with radiotoxicity. During the STAR praxq, WP5 task-2 has explored various
sub-cellular mechanisms of toxicity for both al@ra gamma radiation. A brief overview of

these molecular and cellular mechanisms, as weaha@se well described in human, makes it
possible to suggest most likely DEB-tox modes dioacinvolved during an exposure to

ionising radiation (Figure 4).

Biological effects induced by ionising radiationarganisms originate from the deposition of
energy from the radioactive material to biomolesule.g. DNA, proteins). lonising radiation
can be genotoxic as it interacts with DNA eitheedily, by deposition of energy in the DNA
molecule, or indirectly by formation of free radEdhat, via recombination producereactive
oxygen species (ROS) leading to excitations andsa&bions. Hence, ionising radiation can
lead to DNA lesions, including oxidised and metkgtabases, DNA adducts, and single- and
double stranded breaks (Streffer, 2004). ProductbrROS can additionally be induced
through the radiolysis of water. An imbalance betw&®OS production and ROS scavenging
can lead to oxidative stress. This oxidative stoagsthen indirectly induce DNA damages.

Damage to DNA induces several cellular responsaisehable the cell either to eliminate or
cope with the damage or to activate a programmbdeath process, presumably to eliminate
cells with potentially catastrophic mutations. INB damage remains unrepaired or is
misrepaired DNA mutations are sustained as singlse bsubstitutions, small deletions,
recombinations or chromosomal aberrations. Depgndmthe nature and location of these
mutations, this can lead to hereditary effectsactsastic effects.

The DNA damage response reactions include: (a) vahad DNA damage and restoration of
the continuity of the DNA duplex; (b) activation alDNA damage checkpoint, which arrests
cell cycle progression so as to allow for repail arevention of the transmission of damaged
or incompletely replicated chromosomes; (c) traipsional response, which causes changes
in the transcription profile that may be benefictal the cell; and (d) apoptosis, which
eliminates heavily damaged or seriously deregula&id (Sancar et al., 2004). Damage may
be either limited to altered DNA bases and abates ®r extensive like double-strand breaks
(DSBs). Nuclear proteins sense this damage andtmithe attachment of protein complexes
at the site of the lesion. Subsequently, signaisdacers, mediators, and finally, effect or
proteins phosphorylate targets (e.g., p53) thantesadly results in cell cycle arrest at the
G1/S, intra-S, or G2/M checkpoints until the lesiordergoes repair (Houtgraaf et al., 2006).
Double strand breaks (DSBs) are a very genotoxie tyf DNA damage because several
consequences can be induced by the break of be#mndst of DNA (chromosomal
fragmentation, translocations and deletions). Tiret fninutes after induction of DSBs are
followed by the extensive phosphorylation of thettine H2AX, followed by DSBs repair
mechanisms by homologous recombination (HR) or imamologous end joining (NHEJ).
HR takes place in dividing cells that are in therS52 phase, while NHEJ occurs in cells in
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GO or G1 phase. One of the major proteins invoiveitie NHEJ pathway is the kinase DNA-

PK. An overview of the effects induced by low-lew#lronic gamma radiation in plants and
animals has been compiled by Real et al. (2004)eMecent studies not included in this

review are also available: Gilbin et al. (2008);ndanhove et al. (2009); Pereira et al. (2011);
Simon et al. (2011); Smith et al. (2012); Buissetd&sen et al. (2014); Parisot et al. (in
preparation).

Increased costs for

: R Cell | Increased costs for
Apoptosis > > )
number maturation
J

Mortality during
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DNA
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v maturity maintenance
DNA
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Costs for
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\ 4 \
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Figure 4: Schematic diagram representing possilllesequences of molecular and cellular
responses to ionising radiation for the energy ketdyf organisms. Thereby, it can either be
increased costs (e.g. for growth) or a reductior@source allocation, which will appear as

a change in the same model parameter.
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A number of studies have published on the impactlobnic gamma irradiation on the
invertebrate reproduction parameters in multipleegations (Gilbin et al., 2008; Hertel-Aas
et al.,, 2007; Knowles and Greenwood, 1994, 199imil& results are shown in this report
including a significant decrease of total numbelaad eggs ofC. eleganexposed to Cs-137
at 500 mGy/h (F0), 42.7 mGy/h (F1) and 8.6 mGy/h(Emparable levels of reprotoxicity
were observed betwedd. elegansexposed for 65 h (from eggs stage to young adaget
and 144 h (from eggs stage to the end of the retomh process) suggesting that gonads
development is particularly sensitive to chronmadiation. In parallel, we observed that the
reduced number of laid eggs was associated towceddnumber of male gametes and to an
increase of the relative expression egjl-1 involved in DNA damage induced germ cell
apoptosis. In contrast, no effect on the mitotit cgcle arrest was observed. These first
results support the hypothesis that radiation iedubNA damages mainly underlined the
effects observed on reproduction endpoint.

In a recent review of the genotoxic and reprotoadfects of tritium and external gamma
irradiation on aquatic organisms (Adam-Guillermih a., 2012), the effects of several
different dose rates dfirradiation on aquatic organisms were summarizad,these ranged
from 1 mGy/day to 18 Gy/day.

Primary lesions of DNA, such as strand breaks(datexd using the Comet assay), were
measured in zebra fish cells exposed in vitro(primaultures) for 24 h to externaf’Csy
rays. An increased sensitivity of male germ celds\ween as compared to hepatocytes (Adam
et al. 2006), with a LOEDR for DNA alterations ipesm cells of 1 mGy/day vs. 750
mGy/day for hepatocytes.

A dose-dependent increaseypf2AX foci, involved in DNADBS repair, and of micranlei,
was also observed from 10 mGy/day in ZF4 cells gontic fibroblasts; Pereira et al.2011).
The DSBs NHEJ repair pathway (immunodetection ofADRK) was partially inhibited at
100 mGy/day and completely at 750 mGy/day. Theseased damages came with a sharp
increase of micronuclei, indicative of mitosis dedapoptosis). The same sensitivity was
observed in vivo on fertilized eggs exposed to rewly irradiation for 1 and 2 days, with an
increase of DNA damage observed from a dose of ¥/ddy (Pereira et al., 2011). Chronic
and acute exposures were compared. At low doselaoaic irradiation, more residual DNA
damage was induced than at acute irradiation, fiobtgo development was normal. From 0.3
Gy, a hyper radiosensitivity phenomenon comparedther species was shown for acute
exposure with an increase of DNA damage, an impatnof hatching success, and larvae
abnormalities. These results suggest a dose-dependeelation between unrepaired DNA
damage and abnormalities in embryo development

For 2-day-old larvae of the same species (i.e &% post-fecundation) that were exposed to
external™*'Csy irradiation at dose rates ranging from 9.6 to h¥8y/day, genotoxic effects
also occurred at doses as low as 29 mGy/day (medsyr using the Comet assay; Jarvis and
Knowles 2003).For comparable dose rates, no geiupxvas observed in a marine fish
species, the plaice, that were exposed to 6 to Z3y/day, for 64 and 167 days
(Knowles1999). As suggested by the authors, it iebgble that the methods used
(micronuclei counts and flow cytometry) may not éaween sensitive enough to detect an
effect. The chosen life stage (adults) and celktygrythrocytes) may also have been less
sensitive than early life stages and germ cells.
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2.4 Analysis of relative biological effectiveness: a amanistic comparison
of toxicity between alpha and gamma radiation

Comparing toxic effects between alpha and gamm@#tiad is a major research goal in
STAR WP5. lonizing radiation can be of differenpéyg including energetic particles such as
“*He nuclei (alpha particle = 2 protons + 2 neutrpeEctrons or positrons (beta particles) or
energetic photons (gamma rays). In all cases, radgtransfer their energy to the material
they move through by direct or indirect ionizatidime distance radiation penetrates through a
medium depends on its energy and mass. With sherengths and a high energy, gamma
radiation has a high penetration capacity in défeertissues in organisms. With their short
penetration range, alpha particles can be atteduajyea paper sheet and cannot penetrate
organisms through the outer (dead) cell layer. Tihegome harmful once organisms
internalized them.

Radiation effects are assessed through the catmulat the absorbed doses. As each type of
radiation interacts differently with matter, thelwea for absorbed dose in humans is amended
by means of a radiation weighting factorgjw(Table 3). These values are derived by
considering the relative biological effectivened®BE) of the various radiation types,
formulated as the relative amount of ionizing rédia needed to inflict a same amount of
damage to an organism (Table 3) and is proportiiméte Linear Energy Transfer (LET) of
the different radiation types. Values of RBE fomtans range from 1 in gamma radiation to
20 in alpha radiation.

Whereas effective dose rate remains relatively temisunder external Cs-137 gamma
radiation, alpha contamination, as used in our expnts, requires first that Am-241 is
internalized in organisms to produce an effectieeedrate. Therefore, a proper analysis of
RBE first requires that Am-241 biokinetics is quaet, and second properly incorporated
into the calculations. Under the circumstance,DE#B-tox approach, which couples a kinetic
description of how stress factors build up in oigars with a dynamic description of how
toxic stress changes organisms functions over tappears as the most promising tool. As a
case study in this report, the analysis of depleteshium effects irD. magna(section 5.2)
illustrates how differing toxicokinetics among gest@ns can strongly alter our
understanding of differences in effect severity.

Radiation W

type R Table 3: Radiation weighing factors
(wg) for humans (ICRP, 2003). Each

Alpha 20 value represents the relative

Beta 1 biological effectiveness (RBE) of its
radiation type, by which absorbed

Protons 2 doses can be multiplied to obtain an

Photons 1 effective dose.
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3 Caenorhabditis elegans

3.1 Background

This section describes DEB-tox analyses of chrgaimma radiation effects in the nematode
C. elegansacquired as part of the pilot study conductedR&8N in collaboration between
IRSN and UMB researchers at the end of 2011. Themahand methods and results for the
experimental part, are described in STAR Delivezakports 5.1 and 5.3 respectively, with a
journal publication in preparatiqhecomte-Pradinest al, in preparatioh

A comparative alpha contamination experiment wasmpéd inC. elegansn order to acquire
the data for an analysis of relative biologicaleetiveness at the molecular level and at the
organism level using DEB-tox. This experiment wasaelled due to the shutdown of IRSN'’s
laboratories for upgrading the air recycling systemaking it impossible to safely handle the
alpha emitter, Am-241, in their facilities.

3.2 Formulation of a DEB-tox model applied to chronicxeernal gamma
radiation

3.2.1 Model assumptions

3.2.1.1 Stress factors

The model aims to test whether an energy-based Intase help understanding effects of
chronic external gamma radiation @ elegans Several hypotheses were tested concerning
the factor of stress related to radiation exposure:

* In the first hypothesis (Figure 5), stress intgnsiis assumed to be correlated to dose rate
DR as explained in section 2.2, so that effect intgngas immediately at its maximum value.
We formulated the equation for the stress functiorwith dose rateDR (in mGy hY)
appearing where the internal concentrat@rwas used for chemicals:

s(DR)=0 if DR<NEDR
o(DR)=b[IDR-NEDR if DR> NEDR

with radiological stress affecting the energy budgden the dose rat®R exceeds a
threshold value named the no-effect dose NE®OR with b (in mGy* h) the slope of the
stress intensity (Figure 6).

» If the time course of stress does not follow theekics of dose rate, we can consider a
second hypothesis (Figure 5), that the intensitgftdct is correlated to a level of damdge
This damage is accumulated proportionally to deseDR and repairs proportionally to the
actual level in the damage compartment (Jagel, 2011).Analogous to the scaling of the
internal concentrationCi*, the value ofD can be scaled by a factor similar to the
bioconcentration factor using the equation:
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(A)

DR

Figure 5: Schematic diagram & . eleganswith the eggs (white circles), food items (green
circles) passing through the columns (green linel ghe actual observed effect (blue star),
representing different hypotheses for the kinetidsthe radiological stress: (A) with
immediate induction of effect on energy budgeth(witess correlated to exposure dose rate
DR); (B) with slower kinetics of effect on energyldet (correlated to a damage level D).

pr =X p

Kg
with D* the scaled damage level having units of dose @@y h'), ks andk, the damage
accumulation and reparation rates (in fitheyielding the following simplified equation for
the kinetics of the damage (Figure 6) if a one-cartipent model with first order kinetics is
assumed:

Toxic stress D*
A A

1) - S TR

NEDR
|

b . k.
DR or D

» time

A 4

Figure 6: Stress intensity as a function of doge AR or scaled damage D*(with NEDR, the
no-effect dose rate) and changes in scaled damédge/ér time.
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dD*

=k, (DR-D*)

Under this assumption, the stress functiontakes the following form, with intensity
correlated to scaled damaB# (in mGy hY):

o(D*)=0 if D* <NEDR
o(D*)=b{D* -NEDR if D* > NEDR

with radiological stress affecting the energy budgien the scaled dama@®¥ exceeds a
threshold value named the no-effect dose NE®OR with b (in mGy* h) the slope of the
stress intensity.

3.2.1.2 Growth and reproduction differential equations degieg on mode of action

Experimental results (STAR deliverable report Sr)icated strong effects on reproduction
and a possible effect on growth. Reduction in siz¢he highest tested dose rate was very
slight with a significant reduction in Von Bertaf§n growth rate pointing to a possible
increase in costs for growth and maturation. Othedes of action cannot be firmly ruled out
due to the great variability among individuals. &sonsequence, five different hypotheses
can be considered in order to identify the modeaction associated to chronic external
gamma radiation.

Differential equations are given in Table 4 depagdn the considered mode of action, with
o radiological stress correlated to dose rBfe or damage leveD*. Equations show an
additional stres& affecting energy intake This stress is assumed in order to take accdunt o
the sigmoid growth curve observed in nematodes r{Byet al., 1976) reflecting a slower
growth in early stages than in old ones. Knighal. (2002) explains this slow initial growth
as a result of a possible size-dependent food timitasmall individuals having small mouth
cavities. Under this assumption, the str&ssn ingestion is formulated as a function of size
(Jageret al, 2005), as follows:

s, (|)=1-(1+'|_§J_1

with | the scaled body length ahdhe scaled body length at which ingestion ratkals of
maximum.

Another particularity of the DEB model in nematodensiders the limitation of lifetime
reproduction to a maximumRyax due to a limited number of male gametes. This max is
dealt with by Jageet al. (2005) using a threshold condition on reproductateR(l):

Rl)=0if R2R

with R the cumulated reproduction.
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Table 4: Sets of differential equations for growatid reproduction based on a simplified DEB-tox nhddgsuming constant exposure conditions)
with radiological stress causing one of the five modes of action (as atibmof dose rate DR or damage level D*) and a nhoitpgical stress S

affecting ingestion in nematodes (as a functiobaafy length).
Tested _mode Growth Reproduction
of action
1 (0) =, R(l) = 0ifi<l,
Costs for ﬂzr . f+g fli=s; )-1 __Rnm _ 2 git+a)+l | i3
growth and maturation dt ~ P f{L-S¢)+olt+ 0')( ( f) ) R(l)= 1-13 f(l > )l glt+o)+ flL-s¢) b

Costs for somatic and d_ f+ fli=s: -1 _ Rn B 2 g(1+a)"1+l .3
maturity maintenance dt '8 fl1- St ;+g( ( f) ( +0’)) R(l)_1_|:g(1+a) f(l Sf)l g+ f‘l_sf ) 'p
Reduction in dal_  f+g flh-s:)1-0)-1 _ Rn _ N2 g+l .3
assimilation T f(l—Sf)(l—o—)+g( b-s¢)a-0)-1) R(I)_l—lf; -5 )-o) g+ -5 )1-0) Ip
Mortality during dl _ f+ th-s )= _ Ry o )2 g+l 3|0
oogenesis dt '8 f‘l—Sf I)+g( ( f) ) R(l)_l—l‘:; f(l Sf)l g+f(1—Sf) Ip e

Costs for %:rBT(ljﬁTg(f@—sf)—l) R(|)=%{f(1—Sf)|2(gT?(Il_Sf)J—lg](1+a)—1

production of eggs
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Male gametogenesis might be directly affected byictty and this is taken into account
through maximum cumulated reproducti®n.x using the following equation:

Rnx = (1?2(27)

where Rna{0) is the maximum reproduction in the unexposedtrod andk, measures the
stress oRyax relative to stress on the energy budget.

Gousseret al. (in press) suggests a modification in the nematfo8® model in order to
allow small nematodes to access a fractleha of food whatever their length and grow
when food is partially limiting. This modificatiomakes the model applicable to a wider
range of food conditions. For parsimony, we chaosteto use this modification, to avoid the
cost of the additional parametesr | considering that the pilot study was conductechdn
libitum food conditions. A second modification is also gesfed to take account of the
gradual shutoff of egg laying when the cumulategraductionR gets close to maximum
Rmax This gradual shutoff is obtained by Gousseeal. (in press) adding a term of the form:

Rmax -R
R”nax

so that:R(I) - 0 whenR- Rnax, With no cost in term of number of parametersouin present

work, we test how this modification (hereafter rede to as “Gradual”) fits the chronic
gamma radiation effect dataset compared to thedatdnDEB-tox with the threshold
condition onR (hereafter referred to as “Threshold”)

3.2.1.3 Exposure conditions

The model is used to analyze experimental data fiteenexperimental study described in
STAR Deliverable reports 5.1 (Material and methcals)l 5.3 (Results). The tested range of
gamma dose rates*(Cs solid and liquid sources) includes 0, 0.04218,3.38, 21.3 and
26.8 mGy . Each nematode is exposed and followed indivigudllematodes survival is
monitored daily for 26 days, while their growth areproduction is monitored for 11 days.
Number of replicates per dose rate ranges fromratedes at 26.8 mGy*tto 30 nematodes
at other dose rates.

3.2.2 Parameterization

3.2.2.1 Method for fitting growth and reproduction curves

In agreement with Jagest al. (2004), parameterization is performed simultanBodisr
growth and reproduction using the least squarésrmn. Simultaneous fitting is necessary to
take account of the close relationship between bottpoints.

DEB-tox equations are parameterized separatelydsstw

“physiological” parameters (namélly I andlpthe scaled body length at birth, at 50%
the maximum ingestion rate and at pubdsty rgthe Von Bertalanffy growth rat&y,
the maximum reproduction rateaRg.x the maximum cumulated reproduction) which
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describe how unexposed organisms behave physialbgibased on the control
unexposed dataset;

- “toxicokinetic / toxicodynamic” parameters (nam@&EDR the no-effect dose ratb,
the slope of stress intensitl; the damage reparation rate aldthe stress ratio
between energy budget and maximum cumulated reptiot) which describe how
the control model is modified as a function of dosée based on the “exposed”
dataset once the physiological parameters are &sttn

Every combination of hypotheses regarding the eatfithe stress factor appliedR or D*),

the nature of the mode of action (growth, assinoilgt maintenance, cost or hazard model)
and the model used to deal with the maximum curadlaeproductionRyax (threshold
condition or gradual shutoff) was tested duringchitions.

3.2.2.2 Least squares criterion

The parameterization is achieved by minimizing agiweed sum of squaresSStot). To do
so, a mean sum of squar®eSQY) is calculated for each endpom{growth and reproduction)
using the following equation:

_ 1 & YAji ~ Y 2
SSQY)';n,(Y,J) 2z [ a(Y;) ]

with n.(Y,j) the replicate number of observationsYaf conditionj (including all time points
i), f’,-i the estimated value of in conditionj at timei, Yj, a replicate observation of in
conditionj at timei and,os(Y;) the standard deviation 8f; observations in conditiopat time

i. Contributions of growth and reproduction to thenimized criterion are balanced using
SSQin(Y) as a weighting factor for each valueS8QY):

SSot) = ZLC@Y)

7 SSQ.(Y)

where SSQ,in(Y) is a minimum sum of squares, used to correctréetive importance of
reproduction in the criterion, calculated accordinghe following equation:

$SQu(Y)=Y n%j)(vji_m]

j nr(Y’j) r U(in)

with ™ \7ji the mean value of in conditionj at timei.

3.2.2.3 Confidence intervals and model selection

Confidence intervals for the different parametersl anodel outputs are built using a
bootstrap technique. A bootstrap resampling clafigicleals with independent observations,
whereas our dataset is composed of individual segach describing changes in size and
reproduction over time in a same nematode. As @emurence, our data include a certain
degree of correlation among time points and betwaetpoints. In order to take account of
this correlation, datasets are simulated by rangasdampling from each dose rate the same
number of individuals as the observed dataset (refitacement, e.g. possibility to select the
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same individual several times). Once an individigatrawn, its whole growth curve and
reproduction curve are included in the sampleds#dtan each sampled dataset, models are
adjusted to determine parameters as describedopisdyi This procedure is performed 5,000
times.

Because the different hypotheses involve differanmnbers of parameters among modes of
action and among stress factors, model selectioaclseved using Akaike Information
Criteria AIC) defined as:

AIC = —2In(L) +2d

whered is the number of parameters in the model, and) Iig the log-likelihood of the
model. HereAIC is calculated for each hypothesis as:

AIC =Zssc§v)+@
7 N

whereN is the total number of observatiodC are calculated for every bootstrap dataset
and the frequency of each model yielding the lowd6l (i.e. the best hypothesis considering
the number of parameters) is calculated.

3.2.3 Results

3.2.3.1 Estimated “physiological” parameters

All the results presented here will be published-@tomte-Pradinest al. (in preparation).
Estimated “physiological’ parameters for growth aegroduction of unexposed nematodes
in control conditions are presented in Table 5. gdrameter values are in good agreement
with the literature (Jageat al, 2005; Swairet al, 2010). One can see that the two options for
the reproduction model yield approximately simNatues, with the exception of maximum
reproduction ratdR,, which is significantly lower in the “threshold adition” model than in

Table 5:“Physiological” DEB parameters estimated fine two reproduction models based
on data from control nematodes with 95% confidantervals into brackets (obtained based
on 5000 bootstrap datasets).

Reproduction model

Symbol Unit Definition
y Threshold Gradual
g - Energy investment ratio 10.7 [6.09 — 2.38] 9.2468 — 17.4]
Ly - Scaled length at birth 0.194 [0.185 — 0.205] @.]l®m185 — 0.205]

l¢ - Scaled length at which ingestion 0.262 [0.251 — 0.284] 0.271 [0.250 — 0.283]
is 50% of maximum
Lm pm  Maximum length 1290 [1250 — 1335] 1290 [125@B35]

rs d*  von Bertalanffy growth rate 0.753[0.703-1.12] .83D [0.680 — 0.914]
lo - Scaled length at puberty 0.677[0.668 — 0.776] 7285]0.690 — 0.748]
R egg d*  Maximum reproduction rate 203 [189 — 287] 333 [30447]
Riax egg Maximum cumulated 260 [248 — 272] 260 [248 — 272]
reproduction
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the “Gradual shutoff” model. This is due to thetfltat reproductive rate when cumulated
reproduction gets close &maxis underestimated by more than 50% when the gtasthuaoff
IS not taken into account.

3.2.3.2 Comparison of fits among hypotheses

Table 6 reports values &SQobtained for the various tested combinations giodtlyeses. For
each combinatione(g.a stress factddR or D* x a nature for the mode of actienan option
for the reproduction model), values of the leasigiveed sum of squaresSS(tot) and of its
un-weighted components for growth and reproductiorspectively SSQgro) and

Table 6: Least weighted sums of squares SSQ (bety, tn-weighted components for growth
and reproduction, respectively SSQ(gro) and SS@g)ethe associated AIC and the percent
frequency of models yielding the lowest AIC, oladiror the different combinations of
hypotheses based on data from exposed nematodes.

Stress factor DR
Hypotheses SS{gro) SS{repro) SStot) AIC %
Threshold
Growth 6.88[6.75—12.6] 5.59[5.34-12.7] 2.73[2.78-5.15] 14.63 14.9
Assimilation 7.08[6.92-13.0] 5.59[5.17-12.9] 2.77[2.73.29] 14.83 7.5
Maintenance 7.20[6.97 —-12.9]  5.59[5.19 — 12.9] 2.80 [2.8035%% 14.95 6.4
Cost 7.45[7.24-15.3] 5.75[5.27 - 13.2] 2.89 [2.9074% 15.37 1.5
Hazard 7.45[7.24-15.3] 5.75[5.27 — 13.2] 2.89 [2.9074% 15.36 6.4
Gradual
Growth 7.06[6.68—11.4] 5.76[5.42—9.66] 2.81[2.79-4.44] 14.97 30.7
Assimilation 7.25[6.85— 11.7] 6.22 [5.38—9.79] 2.96[2.8154. 15.62 3.4
Maintenance 7.39[6.91 - 11.9] 5.78 [5.25-9.92] 2.88[2.81.61% 15.32 4.1
Cost 7.84 [7.16— 14.3] 5.80[5.39-9.95] 2.98[2.89.41%  15.79 1.1
Hazard 7.84 [7.16— 14.3] 5.79[5.39-10.0] 2.98[2.89.41%  15.79 1.2
Stress factor D*
Hypotheses SSgro) SS{repro) SStot) AIC %
Threshold
Growth 6.88[6.75—12.6] 5.59[5.34-12.7] 2.73[2.78-5.15] 14.63 0.0
Assimilation 7.08[6.92-13.0] 5.59[5.17-12.9] 2.77[2.73.29] 14.83 <0.1
Maintenance 7.20[6.97 —-12.9]  5.59[5.19 — 12.9] 2.80 [2.8035%% 14.95 0.0
Cost 7.45[7.24-15.3] 5.75[5.27 — 13.2] 2.89 [2.9074% 15.37 <0.1
Hazard 7.45[7.24-15.3] 5.75[5.27 - 13.2] 2.89 [2.9074% 15.36 <0.1
Gradual
Growth 7.20[6.74-12.4] 5.73[5.41-9.39] 2.83[2.82-4.60] 15.08 14.0
Assimilation 7.08 [7.17—- 13.0] 6.03 [5.40- 9.81] 2.88[2.8983. 15.27 1.6
Maintenance 7.36 [7.24 — 13.2] 7.28 [5.50 — 9.71] 3.22 [2.95.84] 16.79 4.3
Cost 7.84 [7.16— 14.3] 5.89 [5.42— 9.25] 3.00[2.8907. 15.88 0.8
Hazard 7.84 [7.16— 14.3] 5.87 [5.41- 9.24] 3.00[2.89045. 15.86 2.0
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SSQrepro), are providedSS@gro) and SS@repro) represent the average distance between
measured size and reproduction and their correspgrdodel predictions, small values of
SS{gro) andSSQrepro) indicating that the parameterized model descnielsthe observed
datasets. The AIC estimates the ability of the rmtaldescribe the data, taking account of the
number of fitted parameters (best models requiiegsmallest number of parameters).

The comparison shows that whatever the consideypdtheses on stress factor and on the
reproduction model, growth is always worst desdifi@ghest values fo8S@gro)) when a
direct effect on reproduction ¢bst or “hazard models)is assumed. This observation
confirms that growth is affected, even slightly, amhnematodes are exposed to chronic
gamma radiation. The model yields the highest feegy of best fits (representing altogether
= 60% of lowestAIC) when an increase in costs for growth and matmafGrowth’
model)is assumed as the mode of action, indeperafetite stress factor, dose rddR or
damageD* and the reproduction model, “Threshold” or “Grald{wa grey in Table 6).
However, the damage compartmédit can never fit as well as dose rdd®, because it
involves an additional parameter(frequency of lowesfAIC= 0%and 14% respectively when
the “Threshold” and the “Gradual” reproduction misdare considered). Between the two
best options, both times obtained with an incremseosts for growth and maturation
(“Growth’ model)with dose ratR as the stress factor, a narrower confidence intesva
obtained forSS@tot) with the “Gradual” reproduction model ([2.79 -44]) than with the
“Threshold” model ([2.78 - 5.15]). As a consequeraespite a highesS@tot) calculated on
the observed dataset, the “Gradual” reproductiodehygields the higher frequency of lowest
AIC (>30%) than the “Threshold” reproduction modell&%).

3.2.3.3 Estimated “toxicokinetic and toxicodynamic” pararaet

Values of “toxicokinetic and toxicodynamic” pararmes obtained for the four best fits, giving
the lowest least weighted sums of squeB&sjtot) and/or the highest frequency of lowest
AIC, are presented in Table 7.

The value oNEDRranges frone 2 to= 900 mGy H. A very wide associated uncertainty is
observed, especially when dose rate is considexdlaeastress factor (with confidence interval
covering up to 7 orders of magnitude). This unaetyan the model is significantly reduced
when toxic stress is assumed to depend on a dalagén fact, introducingD* narrows
confidence intervals oNEDRto two orders of magnitude when the “Thresholgrogluction
model is considered and down to one order of madaitwhen the “Gradual”’ reproduction
model is considered. Thus, improving the descnptal the reproduction in the control
nematodes strongly contributes to reducing the iaicgy in the toxicokinetic/toxicodynamic
model, although some of the uncertainty is tramsteéto the damage reparation rate.

The value ok;, the stress o0Rnax relative to the stress on energy budget, ranges 6.5 to
2.3 (with confidence intervals coverirg 1 order of magnitude) depending on the tested
hypothesis. This indicates that the increase inscims growth is not sufficient to explain the
observed reduction in the total number of eggs gpred per nematode and that a direct effect
on reproduction must be considered, whatever tiessfactor and the model of reproduction.
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Table 7: “Toxicokinetic and toxicodynamic” DEB-tgarameters yielding the best fits (i.e.
giving the lowest least weighted sums of squar€3(t8§ and/or the highest frequency of
lowest AIC), obtained assuming an increase in cfustgrowth and maturation correlated to
dose rate DR or a damage D* and using the “Thredhadr “Gradual” reproduction
models, based on data from exposed nematodes @4thc@nfidence intervals into brackets
(obtained based on 5000 bootstrap datasets).

Reproduction model

Symbol  Unit Definition

Threshold Gradual
Stress factor: dose rateDR
NEDR mGyh* No-effect dose rate 604 [<0.001 - 19000] 2.53(080.- 8810]
b mGy" h Slope of stress intensity 2.87[1.27-6.8910° 3.28[1.41-5.04 10°
ko - Stress ok« relative to stress 2.30[1.05 - 6.00] 1.52 [0.667-5.00]
on energy budget
Stress factor :damageD*
NEDR mGy h' No-effect dose rate 899 [687 - 21700] 810 [49040]
b mGy' h Slope of stress intensity 1.30[0.05-2.00§ 10°  1.07 [0.50 - 9.05 10°
K d* Damage reparation rate 0.005 [0.001-1.32] 0.37®B-0.524]
ko - Stress ok« relative to stress 1.11[0.939 — 23.3] 0.509 [0.324 - 1.06]

on energy budget

3.2.3.4 Growth, reproduction and stress factors curves

The ability of the model to describe the observedadassuming different hypothees is
illustrated in Figures 7 A to C. Graphically, grdwand reproduction data are well described
for all cases (independent of the stress factother model of reproduction), with the
exception of reproduction around days 4 to 6 whieeegradual reductive rate is not correctly
taken in to account by the “Threshold” model at dose rate of 3.38 mGy'fFigure 7A). In
comparison, the “Gradual” shutoff near.x offers a better description of actual observations
(Figures 7 B and C).

With the “Gradual” model of reproduction and radigical stress correlated to a cumulated
damage (Figures 7C), the level of damage exhib&gr@ng uncertainty. This uncertainty is
particularly visible with increasing dose rate antplies that a fraction of the (bootstrap)
simulated nematodes remains below MEDR (estimated between 0.49 and 1.14mGYy h
while the scaled damage ranges from 1 to and wtaffeeven at the highest dose rates. This
uncertainty is also present under other hypotheselsresults from the no-effect dose rate
when the model assumes that radiological streson®lated to dose rafdEDR In other
words, the model tells either that 1) severity afliological stress is correlated to an
accurately estimated factor (dose rate) but we aaccurately know at which dose rate
nematodes energy budget is affected or 2) thatagarately know at which level of factor
(damage) nematodes energy budget is affected buammot accurately estimate this factor in
nematodes.
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Figure 7A: Fitted growth and reproduction curvesdata , with a “Threshold” model of reproductionjtiv an indirect increase in costs for
growth and maturation and a direct increase in edstr reproduction (as the modes of action of gamaaiation) correlated to exposure dose
rate DR (in red). ‘+’ observed data; Continuousdirmodel predictions; Dotted lines: model 95%-cdefice intervals.
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Figure 7B: Fitted growth and reproduction curvesdata, with a “Gradual” model of reproduction, witlin indirect increase in costs for growth
and maturation and a direct increase in costs fproduction (as the modes of action of gamma raxhatcorrelated to exposure dose rate DR
(in red). '+’ observed data; Continuous line: mogekdictions; Dotted lines: model 95%-confidendeials.
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Figure 7C: Fitted growth and reproduction curvesdatawith a “Gradual” model of reproduction, withnaindirect increase in costs for growth

and maturation and a direct increase in costs fproduction (as the modes of action of gamma ramhatorrelated to a cumulated damage (in
red). ‘+' observed data; Continuous line: model gigions; Dotted lines: model 95%-confidence ingdsv Green dashed lines represent
exposure dose rates DR.

[STAR] 32/69
(D-N°: 5.4) —Modes of actions: Understanding the “metabolic” mod actions of radiation using biokinetics / DEB«imodels

Dissemination levelPU
Date of issue of this report#/08/2014



STAR

4  Daphnia magna

4.1 Introduction

This section describes the approach used by IRSiNKeffect severity to (DNA) inheritable
damage during a multigenerational exposure. Theoagh was developed to explain the
increase in effect severity during exposure to ekl uranium for 3 generations. The
conclusion that, beside a direct effect on asstiniteassociated to histological damage on the
digestive epithelium, depleted uranium has an effeccosts for growth and maturation that
can be correlated to the accumulation, transmisaiwh elimination of inheritable damage.
The same approach is now ready to be applied tedbe of alpha and gamma radiation in a
multigeneration context.

4.2 DEB-tox applied to a multigenerational depleted umam exposure

4.2.1 Background

The study of Massariat al. (2010) demonstrated that exposure to depletedwmaprimarily
affects carbon assimilation in daphnids and caueffdcts on survival, growth and
reproduction which increased in severity over sassely exposed generations. DEB-tox
analyses (Massariet al.,2011) underlined that observed effects on growih r@production
can be explained by a decrease in assimilationeleded to external concentration. This
interpretation is in good agreement with the obson of histological damage on the
digestive epithelium by photon microscopy. The selcoonclusion of the study was that the
observed increase in effect severity across gdnagtan be described with different stress
functions which are specific of each generationgFé 8). A decrease in no-effect
concentrationNEC and an increase in slope of effect inten&itwas considered from one
generation to the next, resulting in an increadimgc stress across generations at a given
concentration.

Toxic stress
on assimilation

y N
F2
F1 Figure 8: Stress intensity as a
function of generation and
external uranium concentration
NEC FO [U] ex: Obtained by Massarin et al.
] (2011) after analysing results
! b from Massarin et al. (2010).
> [U]ext.
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This increase in severity of effects on survivabwgth and reproduction across generations
remains unexplained because the mechanism undgrighhanges in toxic stress on
assimilation is not understood. The increasing iigitg to U-depl does necessarily originate
from a variable which can be transmitted from oaregation to the next. This variable is not
internalized uranium concentration because a simdhie is measured in every concentration
(Massarin et al., 2010). A combination of two tositesses — one linked to the exposure
concentration and a second to an inheritable danegd (Jageret al, 2011) — is thus
foreseen. The two stress factors might act togetheassimilation or involve a second mode
of action independent of the decrease in assimonati

Plaireet al. (2013) tested the hypothesis that the increasdfact severity is caused by the
accumulation and transmission of DNA alterationsirdy a multigenerational exposure to
depleted uranium. DNA alterations were measurechgushe RAPD-gPCR technique
(randomly amplified polymorphic DNA by quantitatiymlymerase chain reaction), leading
to the conclusion that in two exposure regimes tfooous exposure during every life stages,
post-hatching exposure during juvenile and adalges) an accumulation and transmission of
DNA alterations occurred across generations, tagethth an increase in effect severity on
survival, growth and reproduction. Furthermoreaithird exposure regime where daphnids
were exposed only during the embryonic stage, irah®NA alterations observed during the
first generation become non-significant in the secand third generations, while no increase
in effect severity was observed. Effects on groamid reproduction remained visible after
daphnids were returned to a clean medium upon imatcbut no significant difference was
reported across generations.

4.2.2 Formulation of a dual-stress DEB-tox model

4.2.2.1 Model assumptions

The model aims to test whether an inheritable da&maausing a second source of stress
acting through a second mode of action can helgagxphe transgenerational changes in
effect severity. We introduce a model with two s$réactors: one being internal or exposure
uranium concentrationG* or C¢) inducing a decrease in assimilation, as describgd
Massarinet al. (2011), and the other being a damage lei@lr{ecessarily inheritable from
one generation to the next, in order to explaindbserved increase in effect intensity. The
two stress factors are assumed to act independémibyigh two stress functiongand
oorepresented by the equations below.

Several hypotheses are tested concerning the faft@tress applied to assimilation, in
agreement with Massarat al. (2011):

e In a first hypothesis, decrease in assimilationcasrelated to exposure concentration
(Figure 9), such that effect intensity is immediatat its maximum, in agreement with
depleted uranium in the gut tract inducing an eftet assimilation directly at the surface of
the digestive epithelium:

51(Ce)=0 if Co<NEG
{al(ce): by [{Ce - NEG) if Co2 NEG,
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Figure 9: Schematic diagram of a Daphnia represagtdifferent hypotheses
for the kinetics of the dual-stress model: (A) wittmediate induction of effect
on assimilation (with stress correlated to exposcoacentration ©; (B) with
slower kinetics of effect on assimilation (correlatto internal concentration
C); D: damage level inducing the second mode ofoactFor symbols, see
Figure 5.

with Ce the exposure concentratiddEC; the no-effect-on-assimilation concentration déad
the slope of effect intensity on assimilation.
* In a second hypothesis, decrease in assimilatiocoiigelated to internal concentration
ruled by the standard DEB-tox kinetics (Figure 9):
.k

4G o ke _cuike,d

dt I | dt
supporting the idea that depleted uranium needsdamulate in intestine epithelial cells and
might be influenced by dilution during growth ofetlanimal before it causes the effect on
assimilation:

a1(C*)=0 if C*<NEG
{al(Ci *)=b[{C* -NEC,) if C*=NEC

Ini3)

with C*i the scaled internal concentratiddEC; the no-effect-on-assimilation concentration
andb; the slope of effect intensity on assimilation.

As the uranium concentratiof() is scaled by its bioconcentration factor, the dgenlevel
(D*) taking the dimension of a uranium concentratibagéret al, 2011) is scaled as follows:
k

D*=_ID
Kg

[STAR] 35/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maof actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report4/08/2014



STAR

with kg and k; the damage accumulation and reparation rates.Tieti¢cs of the damage
compartment is described by a simple one-compaittmedel with first-order equation(Jager
et al, 2011):

dD*
dt
Although accumulation in the damage compartmentast likely to be correlated to internal
concentration (because depleted uranium needs ittdraalized in cells before it can induce
DNA alterations), we prefer to keep damage accutimmaproportional to external

concentration (Figure 9) and avoid the strong dati@ between elimination rate and

reparation raté, which would make the evaluation of these two pai@ns statistically more
difficult.

o,(D*)=0 if D* <NEG,
{(;Z(D*):b2 [[D* -NEG,) if D* 2 NEG,

with D*the scaled damage level associated to the secodd ofaction NEG, the no-effect
damage level anl, the slope of effect intensity.

=k (Ce = D%

As formulated, the model has many implications tfeg interpretation of the links between
exposure level and molecular responses and betweelecular responses and their
consequences for the organism: First, the models doet attempt to estimate the
concentration at which molecular responses stabetanduced, because it assumes that the
slightest concentration induces a molecular resgoB8gcond, the model assumes that the
slightest molecular response does not necessaailgec a toxic stress and explores the
molecular response (i.e. the damage level) at whitdxic stress is induced on the organism’s
energy budget.

4.2.2.2 Hypotheses on mode(s) of action

Five different hypotheses can be considered inrotladentify a second mode of action
associated to the damage compartment (Table 8). l@seto note that both effects on
reproduction and effects on growth increase in isgvacross generations. This observation
rules out direct modes of action on reproductions{Cand Hazard models) as the possible

Table 8: Combination of tested modes of action

Mode of action 1 Mode of action 2 Symbols Tested
Growth A-G yes
Assimilation A-A yes
Assimilation Maintenance A-M yes
Cost A-C no
Hazard A-H no
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second mode of action, considering that the seocoode of action must explain the increase
in effect severity on growth. For this reason, wdl anly consider assimilation combined
with one of the three indirect models in the catiohs (A-G, A-A, and A-M).

4.2.2.3 Growth and reproduction differential equations

Sets of differential equations used to achieve sidjents are presented in Table 9. In these
equations, stress corresponding to the decrease in assimilation amedss,corresponding

to the increase in effect severity are combined@bng to the nature of the second mode of
action. In previous applications of DEB-tox Do magna the energy investment ratgphas
been set equal to 1 (Billogt al, 2008; Massariet al, 2011). On the other hand, daphnids in
experiments are fedd libitumin experiments (Massariet al, 2010; Plaire et al., 2013) so
scaled nutritional response f is fixed to 1.

4.2.2.4 Exposure regimes

The model is used to analyze experimental data fvtamsarinet al. (2010) and Plairet al
(2013). Different exposure regimes must be coneildo cover all the tested situations
(Table 10). In Plaireet al. (2013), the same life stages were exposed betgerearations FO
and F1 (experiments 1, 2 and 3). The tested rahggposure concentrations includes 0; 2;
9,9; 22,2 and 50 pgt In Massariret al. (2010), different life stages were exposed among
generations FO, F1 and F2 (experiments 4, 5 andTBg tested range of exposure
concentrations included 0; 10; 25 and 75 [Ig L
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Table 9: Sets of differential equations for growatid reproduction based on a simplified DEB-tox nhddgsuming constant exposure conditions)
with two stresses; (causing a decrease in assimilation as a functibaranium concentration) ang (causing one of the five modes of action as

a function of damage level).

modes of acton et Reproduction
1 0) =1, R(l) = 0 ifl<l,
AG PRl T R USR] R()= % {f(l_al)lz[g(lf S;)fzf)(?—al)J_I%}
AM Ot 3 (1-0)-11+ ) R(I):%(1+02){f(1—01)I2[%J—Ig}
AA iR e e U SO R('):%{f(l'al)(l'@)'z(g+ f(1?;1|)(1—02)]"3}
AH S=ro oS (tl-ay)-) ROF%P(1_01)|2(#1'_01)]_|3}-@
A-C %:rBﬁ(f(l—al)—l) R(I):%{f(1—01)I2(#1|_01)J—Ig}(1+02)—1
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Table 10: Summary of exposure regimes (grey célts and of experiment)

_ FO exposure F1 exposure F2 exposure
Experiment Embryo Post-hatching| Embryo Post-hatching| Embryo Post-hatching
1 YES YES YES YES
2 YES NO YES NO
3 NO YES NO YES
4 NO YES YES YES YES YES
5 NO YES YES NO
6 NO YES YES YES YES NO

4.2.2.5 Hypotheses on inheritability and reversibility

With exposure concentrations varying among lif@getaand generations in experiments 2, 3,
5 and 6 (Massariet al, 2010 and Plairet al, 2013), it is necessary to draw hypotheses on
how toxic stress may change over time when expatgthnids are returned to a clean

medium or from exposed females to their offspring.

Inheritability, which describes how the damage lagsetransmitted from daphnids to their

eggs, is a necessary condition in order to explaénincrease in effect severity from one
generation to the next. This is simply achievedsbiting the initial damage level in eggs at
the value cumulated in mothers upon brood depaositoagure 10A). However, toxic stress

affecting assimilation is caused by alterationglaphnids digestive epithelium and is, by its
nature, most unlikely to be transmitted to offsgriinitial stress level in eggs is therefore set
back to zero independent of the value cumulatechathers upon brood deposition (Figure
10B).

Experimental results from Massargt al. (2010) and Plaireet al (2013) showed that
exposure during the embryonic stage and/or duringvipus generations can induce
significant effects, even after daphnids are retdrio a clean medium. This observation
implies that the kinetics of recovery might be slow partially irreversible. This can be
achieved by low uranium elimination rdégand/or damage reparation rédFigure 11A). In
order to allow a fast kinetics of toxic stress @similation as described by Massaehal.
(2011), we also considered the hypothesis of compleeversibility, where decrease in stress
on assimilation and/or the second mode of actipmrmigre drastically, no longer possible
(Figure 11B).
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Figure 10: Schematic diagram representing the ckifié hypotheses for the inheritability of
toxic stress during a continuous exposure: (A) wigmsmission of stress from mothers FO to
offspring F1; (B) with no transmission of stressnfr mothers FO to offspring F1.

(A) (B)

N FO - F1 N FO - F1

Time Time

Figure 11: Schematic diagram representing the ckifié hypotheses for reversibility of toxic
stress after a return in uncontaminated medium enggation F1: (A) with reversibility of
toxic stress; (B) with no reversibility of toxiaesds. Green dotted lines represent exposure
concentration.

4.2.3 Parameterization

4.2.3.1 Method for fitting growth and reproduction curves

As explained for nematodes, parameterization ifopmed simultaneously for growth and
reproduction in agreement with Jager al. (2004) using the least squares criterion (see
section 3.2.2.1).

Reproduction data is expressed as cumulated egg, messilts from Massariet al. (2010)
and Plaireet al (2013) having shown that mass per egg is coe@lad daphnid size. Larger
females producing eggs of heavier mass, using &g r@s a metric of energy investment in
reproduction seems judicious to accurately quargffgcts on both growth and reproduction
(Massariret al, 2011).
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4.2.4 Results

4.2.4.1 Estimated “physiological” parameters

Estimated “physiological” parameters for growth aegroduction of unexposed daphnids in
control conditions are presented for each experinagi generation in Table 11. Results
confirm the previous conclusion by Massarat al. (2011) that control growth and
reproduction differ slightly among generations kperiments 4, 5 and 6. The situation also
occurs in experiment 1 by Plaiet al. (2013). In every case, obtained results remairdval
with respect to the criterion in the OECD guide$irad 60 neonates produced over 21 days.
The difference might be due to fluctuating expentaé conditions such as food quality
which is difficult to maintain. Their influence taken into account by considering specific
parameterizations for the differing generations.

4.2.4.2 Comparison of fits among hypotheses

Table 12 reports values &SQobtained for the various tested combinations qfdtlyeses,
and the fits on cumulated egg mass are shown iar&i@2. For each combinatior.g. a
stress factor for assimilation a nature for the second mode of actitoa hypothesis on the
reversibility of stresses), values of the leastghtgd sum of squaresS(@tot) and of its un-
weighted components for growth and reproductiospeetivelySS@gro) and SS@repro),
are providedSSQgro) andSSQrepro) represent the average distance between measmeed s
and reproduction and their corresponding model iptieths, small values 0§S@gro) and
SSQrepro) indicating that the parameterized model descnbalsthe observed datasets.

Table 11: “Physiological” DEB-tox parameters estited for each experiment and
generation based on control datasets from Massatial. (2010)for experiments 1 to 3 and
Plaire et al. (2013)for experiments 4 to 6.

Experiments Parameters
and generations Lb Lo Lm rs Rm
(mm) (mm) (mm) () (ug.oeufs.j)
Exp 1 FO 0.958 0.639 4.137 0.145 82.126
F1 1.014 0.535 4.290 0.155 91.511
502 | o | To
: 0.622 3.871 0.209 45.502
Exp 3 FO 1.002
F1 1.030
FO 1.002 0.570 4.353 0.145 77.197
Exp 4 F1 1.078 0.656 4.246 0.135 75.685
F2 1.024 0.520 4.346 0.127 100.403
Exp 5 FO 1.002 0.570 4.353 0.145 77.197
F1 1.076 0.656 4.245 0.135 75.652
FO 1.002 0.570 4.353 0.145 77.197
Exp 6 F1 1.078 0.656 4.246 0.135 75.685
F2’ 1.024 0.521 4.346 0.127 100.403
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Table 12: Least weighted sums of squares SSQ(bat)tlzeir un-weighted components for
growth and reproduction, respectively SSQ(gro) &8Q(repro), obtained for the different
combinations of hypotheses based on data from erpdephnids from Massarin et al. (2010)
and Plaire et al. (2013).

Stress factor Assimilation
Hypothesis Ce C
SSQgro) SSrepro) SStot) SSQgro) SSrepro) SStot)

Reversible stress on assimilation and damage

A-G 27640 5976 0.5628 27640 5976 0.5630

A-A 27649 6786 0.5649 27649 6786 0.5652

A-M 27673 7129 0.5661 27653 6737 0.5646
Reversible stress on assimilation and irreversibldamage

A-G 27636 5988 0.5628 27647 5531 0.5620

A-A 27651 6800 0.5649 27649 6788 0.5649

A-M 27675 7015 0.5660 27675 6621 0.5650
Irreversible stress on assimilation and reversiblelamage

A-G 27640 5976 0.5628 27621 5455 0.5613

A-A 27649 6786 0.5649 27637 6042 0.5630

A-M 27673 7129 0.5661 27675 6251 0.5655
Irreversible stress on assimilation and damage

A-G 27636 5988 0.5628 27623 5804 0.5621

A-A 27651 6800 0.5649 27655 6146 0.5634

A-M 27675 7015 0.5660 27675 6836 0.5655

The comparison shows that relative variationS8Qare much greater for reproduction than
for growth, i.e. that the model describes daphnmwh relatively well, independent of the
tested hypothesis. Whatever the considered hypesh@s stress factor for assimilation and on
the reversibility of stresses, the model alwayscdess the data best when an increase in
costs for growth and maturation, as a second médetmn, is assumed. This observation is
true for both growth and reproduction. Furthermadine, model yields better fits when internal
concentrationCi*, rather than exposure concentrati®g is taken as the stress factor for
assimilation (grey values in Table 12). Finally, arg the different hypotheses on
reversibility, the overall best fit is simultanedusbtained for growth and reproduction when
stress on assimilation is irreversible and damageeversible, in good agreement with the
observation by Plairet al. (2013) that DNA alterations can be repaired whaphaids are
returned to an uncontaminated medium. Under thenskbest hypothesis (reversible stress
on assimilation and irreversible damage), the madelerestimates observed effects on
reproduction in generation FO after an embryoniposxire and a return to uncontaminated
medium (Figure 12).
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Figure 12: Fitted reproduction curves dependinghypothesis of reversibility. Fits to data
from experiment 2 generation FO (exposure during émbryonic stage) by Plaire et al.
(2013), with effect on assimilation correlated tdeirnal concentration @and costs for
growth and maturation (as a second mode of actamjelated to an inheritable damage
D*. ‘+’ observed data; Continuous line: model pretons.

4.2.4.3 Growth and reproduction curves

The ability of the model to describe observed daw@ifferent exposure scenarios is illustrated
in Figures 13 and 14. Graphically, growth and rdpation data are well described for all
situations (independent of the experiment, geramaéind concentration), except 1) at the
concentration of 75 pg tin generation F1 (Figures 14A) where effect onwgto is
underestimated, and 2) at the concentration of @5 }iin generation F2 (Figures 14A) where
effect on reproduction is strongly underestimat®dth cases represent extreme situations
(highest tested concentrations in generations Fd B2) with possible strong mortality
(Massariret al, 2010).
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reproduction curves to data in
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Figure 14A: Fitted growth and reproduction curves data in experiment 4 (continuous exposure) froasddrin et al. (2010), with an
irreversible reduction in assimilation correlated internal concentration € and a reversible increase in costs for growth andturation (as a
second mode of action) correlated to an inheritatdenage D*. ‘+’ observed data; Line: model predats.
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Figure 14B: Fitted growth and reproduction curvesdata in experiments 5 and 6 (recovery in generattl’ or F2’) from Massarin et al.
(2010), with an irreversible reduction in assimitat correlated to internal concentration*Cand a reversible increase in costs for growth and
maturation (as a second mode of action) correldtedn inheritable damage D*. ‘+’ observed data; eirmodel predictions.
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4.2.4.4 Stress factors curves

Predicted curves for the stress factors, intermaicentrationC* (causing an irreversible
reduction in assimilation) and inheritable dam&yge(causing a reversible increase in costs
for growth and maturation) are presented in FiglbeThese curves clarify the contribution
of each stress factor to the observed increastdoteseverity across generations:

* When daphnids are exposed during the embryonicestifige in experiments 1 and 2
generations FO and F1 (Figure 15A) and in experimmdn 5 and 6 generations F1 and F2
(Figure 15B), internal concentrati@y* reaches its equilibrium value in less than thragsd
yielding a maximum stress intensity as early agtiag. When daphnids are not exposed
during the embryonic stage, internal concentra@gishows a much slower accumulation due
to dilution by growth. Thus, the decrease in adsitioin contributes to the difference in effect
severity, only due to a difference in kinetics whexposure differs during the embryonic
stage among generations. This occurs in experiméntS and 6 (Figurel5B) between
generation FO (not exposed during the embryonigegtand generation F1 (exposed during
the embryonic stage). The difference also explathy effects in generation FO at a same
exposure concentration are stronger when the emlargbage is exposed (experiment 1 from
Plaireet al, 2013) than when it is not (experiment 4from Maissat al, 2010). The decrease
in assimilation does not contribute to the differenn effect severity as long as exposure
during the embryonic stage does not differ amoagegations, like in experiments 1 and 2
generations FO and F1 (Figure 15A) and in expertmmdnand 6 generations F1 and F2
(Figure 15B).

* Predicted curves for the damage lelél shows a gradual accumulation and transmission
of damage across generations. This second soursteest does not reach equilibrium value
at the end of third exposed generation F2 (Fighi&)1As a consequence, inheritable damage
appears as the true driving force for the transggiomal increase in effect severity observed
from generations FO to F2 (Massaenal, 2010) and even when exposure of the embryonic
stage do not differ between generations FO andPKiréet al, 2013).Although damage level

is reversible, its slow decrease after a returrunoontaminated medium in experiment 5
generation F1’ and experiment 6 generation F2’'(fég 15B) makes the associated increase
in costs for growth and maturation contributing thersistence of effects during recovery
experiments 5 and 6.

4.2.4.5 Estimated “toxicokinetic and toxicodynamic” pararaet and implications

Values of “toxicokinetic and toxicodynamic” paramet obtained for the lowest least
SS@tot) are presented in Table 13. The value of no-effeatentrationNEGC;) suggests that
U-depl affects the digestive tract and assimilatioty above 5.3 pg L The value of no-
effect damage leveNEG,) suggests that a transgenerational increase is tmsgrowth and
maturation will occur at a concentration as low @64 ug L', an untested exposure
concentration which will unlikely differ from zerolhis value implies that any level of
molecular damage has a consequence for the enadget although the tiniest damage will
cause a very slight non detectable change thanmma will cope with. The value of the
uranium elimination raté(0.33day")impacts the time required to reach equilibriumthivi
the duration of the embryonic stage, while the vl value of the reparation rate
(0.015day}) reflects the slow transgenerational accumulatibdamage. A final summary is
given in Figure 16.
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Figure 15A: Predicted curves for the stress factansernal concentration € (causing an irreversible
reduction in assimilation) and inheritable damagé& @ausing a reversible increase in costs for griowt
and maturation) in experiments 1 (continuous exposo 22.2 g L), 2 (exposure to 22.2 pg*lduring
the embryonic stage) and 3 (exposure to 22.2 figfter hatching) from Plaire et al. (2013). Greeastied
lines represent uranium exposure concentratign C
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Figure 15B: Predicted curves for the stress factarternal concentration € (causing an irreversible reduction
in assimilation) and inheritable damage D* (causimgeversible increase in costs for growth and metion) in
experiments 4 (continuous exposure to 25 i)y & (recovery from exposure to 25 pgib generation F1') and
6 (recovery from exposure to 25 ug In generation F2’) from Massarin et al. (2010). €&n dashed lines
represent uranium exposure concentration C
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Table 13: “Toxicokinetic and toxicodynamic” pararaet for the dual-stress DEB-tox model,
estimated for all experiments and generations basedxposed datasets from Massarin et al.

(2010) and Plaire et al. (2013).

SIEES @ Reduction in assimilation INETEEIEE [ S0
action for growth and maturation
Stress Internal tratiof;* D eD*
factor nternal concentratior amag

Parameter NEC, b, ke NEG b, k.
Value 5.341 0.0012 0.3\’% 0.041 0.0371 0.0115

Hg L L pg’ day Hg L L pg’ day
‘e'\ > i -
_D— ‘
Induction of tissular damage Accumulation and transmission of
not transmitted molecular damage
(Massarin et al., 2010, 2011) (Plaire et al., 2013)
= FO F1 F2 FO F1 F2
=2 / o i o .
o) 5 8 8"‘ 8/ 8 8 8
g 8 a 4“ 4 4 4//‘ 4/
El) %n 2 | 2 2 2 / 2 2
% [ " o o [ [ o
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Increase in costs for growth
and maturation

4

Decrease in assimilation
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Transgenerational increase in effects
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Figure 16: Contribution of a reduction in assimila (induced by internalization of
depleted uranium in red) and an increase in costggfowth and maturation (induced by a
molecular damage accumulated across generationghéotransgenerational increase in
effects on growth and reproduction, when daphnigsexposed to 10 pg'ifrom hatching

of generation FO and over generations F1 and F2 ¢déain et al., 2010). Green dashed

lines represent uranium exposure concentration,wshg that embryonic stage is not
exposed in generation FO.
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4.3 Mechanistic comparison of gamma and alpha effedidentifying modes
of actions and quantifying RBE

4.3.1 Background

The daphnidD. magnais one of the few animal species for whichvivo effects data of
chronic internal alpha and external gamma radiati@available (Alonzet al, 2006, 2008;
Parisotet al, in prep). These studies are achieved in the fwaore of the EC program
ERICA for the alpha contamination experiments ahd5®AR for the gamma irradiation.
Results which are presented in the STAR deliveragyert 5.3. (November 2013) included
survival, growth and reproduction data monitored time for DEB-tox analyses. A
multigenerational exposure over three successiveergéions to waterborne Am-241 (at
average alpha dose rates from 0.3 to 15 mi{pynd to external Cs-137 gamma radiation
(ranging from 0.007 to 35 mGyh showed that an increase in effects on survival an
reproduction occurs across generations under bdphaacontamination and gamma
irradiation. This increase is stronger under akpx@gosure than under gamma exposure.

Using the same technique as Platel. (2013), Parisogt al. (in prep) demonstrated that an
accumulation and transmission of DNA alterationsuoed over generations exposed to
gamma radiation. DNA alterations measured usingRA®D-gqPCR, were significant at a
dose rate as low as 0.007 mGY. hThis supported the assumption that increasing DNA
alterations might be a good biomarker and/or theseaf the transgenerational increase in
effects.

4.3.2 Future directions

Relative biological effectivenes®BE) will be compared with the DEB-tox approach using
alpha and gamma radiation dataset acquireld.imagna either comparing stress functions
from two distinct fits between alpha and gamma yffitiing a common stress function for

alpha and gamma witRBEas an extra parameter (Figure 17).

In order to properly account for the time courseafgha radiological stress, kinetics of
internalized Am-241 and alpha dose rate need tadoerately described. As usual, a one
compartment kinetic model with first order kinetissused. Am-241 intake and elimination
are proportional to body surface and, respectivielygxposure concentratid@; and internal
concentratiorC;:

dCl ka ke d 3
—=Co—=-Ci(—+—1Inl

gt - e Gl
with ks andke the surface-specific accumulation and eliminatiates (in timé&) and where

the term %Inl?’corresponds to the dilution of Am-241 burden bywgto Unlike the

simplified DEB-tox model, we chose here to useualkle ofC; instead of the scaled internal
concentratiorC; because we need to calculate the actual alphardt=BR,. We are helped
in this matter considering that Am-241 was acclyagaantified in different compartments of
daphnid body (Alonzo et al., 2008). Kinetics DR, can then be easily obtained using the
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Figure 17. Suggested scheme for a mechanistic sisady the biological efficiency of alpha
and gamma radiation using DEB-tox.
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dose conversion coefficients i calculated for each body compartm&nih a daphnid of size
l.

d [C d d
dDR, _ (o ) :Z y a\k +0|,kd—ck _ Z Cy a\k BCﬂJraLkd_Ck
dt - dt - dt dt - dl dt dt

wherek includes internal tissues, cuticle and externalioma.

On the other hand, the time course of the gammaé#logyical stress is most simple,
considering thaDR, is constant over time.

On this basis, biological perturbations induced dpha and gamma radiation can be
compared as dynamic processes. These will affecettergy budget of organisms through a
stress function linked to DR or 2) a scaled level of damabé:

o(DR)=0 if DR, < NEDR,
) {O'X(DRX) =h, [[DR,—~NEDR,) if DR, > NEDR

or

) oy (Dy*)=0 if D* < NEDR,
) ox(Dy*)=b, (D, * -NEDR,) if D,* > NEDR

where gy is a stress function specific of a typef radiation X = a ory) affecting the energy
budget when the dose rddR, or the level of damagB* exceeds a threshold value named
the no-effect dose ratdEDR;, with by the slope of the effect intensity. The scaled dzna
level Dy* has the units of a dose rate and follows a kasetuled by the equation:

dD, *
dt

with k., the damage reparation rate(in tifjeif a one-compartment model with first order
Kinetics is assumed again.

= kr,x( DRy — Dy

The radiological stresgy will affect the energy budget through one of tive standard DEB-
tox modes of action. Two situations can arise:

- Identifying the same mode of action for alpha aranma radiation will strongly
suggest that radiological stress affects organitimsugh the same metabolic mechanism
independent of the radiation type, making the campa of the biological effectiveness
between alpha and gamma radiation simple and btfargvard (by a direct comparison of
stress functiong, and g).

- ldentifying different modes of action for alpha agamma radiation will suggest that
radiological stress may affect organisms throudfexint metabolic mechanisms depending
on the radiation type, and biological effectivenegsilpha and gamma radiation will be less
comparable.

In both cases, one can nonetheless hypothesizgdhanha and alpha radiation act through a
unique mode of action. Under this assumption, ifgng the most likely common mode of
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action can be attempted, by fitting DEB-tox equagido both alpha and gamma radiation
effect data wittRBE concomitantly fitted as an extra parameter linkdig, andDRy:

DR, = RBEIDR,
involved in the damage kinetics equation and instiness function:

) o(DR)=0 if DR, < NEDR
o(DR)=b{DR,~NEDR if DR, = NEDR

or
) o(D*)=0 if D* <NEDF
o(D*) =bID*-NEDR if D* > NEDF
where g is a stress function common to any typef radiation ¥ = a or y) affecting the
energy budget when the dose rBtg, or the level of damagBP*exceeds a threshold value

named the no-effect dose ratf=DR with b the slope of the effect intensity. The scaled
damage leveD* has the units of a dose rate and follows a kasetuled by the equation:

dD*

=k (DR, - D¥)

with k. the damage reparation rate(in tifieif a one-compartment model with first order
kinetics is assumed again.

5 Lemna minor

5.1 Introduction

To be able to parameterise a DEB-model for plants ta assess the effect of gamma and
alpha radiation a number of experiments were dstedd. As described in Deliverable 5.1
and 5.3, it was agreed upon that all partners weoedtl gamma and alpha radiation. Alpha
emitter americium-241 (Am-241) was chosen based anmber of criteria described in the
deliverable 5.1 and 5.3. To set-up a dose respfansém-241 inL. minor, first the stability
and availability of Am-241 was tested. Am-241 wasled to different compositions growth
media ofL. minorincluding Steinberg medium (OECD, 2006), K-mediu@edergreen et al.,
2007), half strength Hunter medium (Brain and Saom2007) and Hoagland medium
(Vanhoudt et al., 2008) and the presence of theomadlide after seven days in the filtered
and unstirred medium was measured. In addition h® different standard media the
composition of different cations, like Ca and Maasnalso altered in order to minimise Am-
241 precipitation. However, Am-241 turned out to biestable and precipitated in the
different media tested so far. Hence the toxicityhis compound td.. minor could not be
tested, and this in contrast to its effect on hgpdrocally grown Arabidopsisplants as
reported in deliverable 5.3 (ref). The medium uk®dArabidopsisplants was also tested but
proved unsuitable fokL. minor, probably due to a different experimental set-updus L.
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minor experiments (e.g. different experimental vessetsamuch smaller medium volume to
vessel area leading to Am-241 precipitating in ltheninor vessels). In conclusion, we were
unable to test the effect of exposure to alphaatawi inL. minor.As an alternative a number
of experiments were set up with uranium (U), alsafpha emitter but due to its low specific
activity it has a higher chemical toxicity than i@dgical toxicity.

An overview of the experiments established to gatlata to parameterise and validate a plant
DEB-model is given in Table 16. Exposing plantdJtes, in the facilities of SCK*CEN, easier
than exposing them to external gamma radiationusscae are dependent on another facility
for the gamma source, with less flexibility to carttight and temperature..

5.2 The simplest DEB model focemna minor

5.2.1 Purpose of the model

The beauty of DEB models lies in the fact that tbag be used to investigate the interaction
of stressors. These stressors could be toxicanth s radionuclides, radiation, or
environmental variables such as light intensitypgerature, and nutrients. The model should
thus be able to capture those environmental dritteas are essential for plants, which are
light, temperature, and nutrients. The main chagkens to identify the essential model
elements and to find a balance between model neaisd model complexity (the latter can
result in an over-parameterized model).

5.2.2 Modelling approach / Assumptions

The simplest DEB model for a plant, as suggesteddger (personal communication), could
be a model with only one reserve accounting fongea in either light or nutrients, under the
assumption that the other is constant (see schegueeF18). Additionally, we account for
only one structure, and thus model "biomass" aslevhithe motivation for this assumption
relies on the fact that the whole plant is in contaith the (contaminated) medium, and based
on the observation that. minor plants take up nutrients from both roots and shoots
(Cedergreen and Madsen, 2002). Thus, accountingrdots and shoots separately in a
radioecological context might not be necessary.ddwer, the standard OECD test protocol
for L. minor does not prescribe measurement of the roots, tatéssthat two growth
measurements, fresh and/or dry weight and/or seirfaea shall be used for assessment of
impacts on growth. The protocol is thus based @ hilden assumption that neither leaf
thickness nor root/shoot ratio change, or thattienge is minuscule so it does not play a role
in the experimental results from toxicity studi@sfull list of model assumptions is given in
Table 14.
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Figure 18: Schematic representation of the simpEBRox model foil.. minor. Energy is
first assimilated into reserves, and from there imdd and allocated to growth and
maintenance. All fluxes have contribution to reapan.

Table 14: List of assumptions underlying the sisigb®ssible DEB model far minor

1. Surface area is growing proportional to volume (arphy) > the entire plant colony can he
regarded as an individual plant.

—

2. Only one of the essential energy components igitignilight or a nutrienty> There are two types g
biomass, structural volume and a single generaliesdrve. Total biomass is the sum of the two.

3. Each structure has a constant composition (stramgebstasis, Kooijman, 2016 a change in
composition results from changes in the ratio eftihio structures

4. Under constant conditions, the ratio of the twocires is constant, even when the plants growkwea
homeostasis)

5. Maximum assimilation rate is proportional to thefaoe area of the colony, and thus to its struttura

volume.

6. Assimilation into the reserves depends on lightenstty or a nutrient through a hyperbolic
relationship, while the other is assumed to benitilhg.

7. Maintenance is proportional to structural volume &as priority over structural growth.

8. Only vegetative reproduction is considered. Theestment into reproduction and maturation| is

ignored.

9. If the mobilisation from the reserve is not suffiet to pay maintenance costs, structure is useayq
these costs.
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We can assume thht minor plants grow in a way which is defined as V1-mocaliy in the
DEB context: the surface area increases propatipto the volume. As a proxy for volume,
normally dry or wet weight is suitable. In V1-morpally growing organisms, the growth of
an individual reflects the population growth rage, the population growth can be modelled
directly (Kooijman et al, 2002).

The change in structural volume V can be writtehasu

dv I(k]}: +f‘3.w)'9 .
= \—— "k fxV
dt e+g M Eq. (E1)

Where k= is the reserve turnover ratéy the volume-specific maintenance rate,is the

reserve density, and is the energy investment ratio, which gives anication for the
investment into growth. The model parameters afficiitiens are listed in Table 15.

Reserve densit§ is given as:
de .
ar = ke(F—e) Eq. (E2)

where f is the scaled functional response. In standard Bd&EBanimals,f is defined as a
function of food level. In the simplest DEB modet & plant, it could be defined as a function
of light intensity. However, we hypothesize thad simplest model can be used for either (i)
looking at constant nutrient concentrations, wiglmying light, or for looking at (ii) constant

light conditions, where nutrient concentrationsyadn case (i), would be defined as a

function of light level, while in case (ii)f would be defined as a function of nutrient
concentration. Both these assumptions need to flifeedeagainst data.

In DEB, toxic effects can normally be interpretesi changes in the parameter values that
determine the allocation to the different metabdliactions. This means, if a compound

appears to have an effect on maintenance, the péeains needs to be adapted to be able to
capture the effect. As you can see from Eqg. 1sitmplest model predicts exponential growth.
All changes in DEB parameters lead to a chancexpomrential growth rate. Thus, it is
impossible to distinguish between effects on growlaintenance or reserve turnover rate.
Although model testing has not yet been complatesltems that this model might provide no
additional informative beyond what can be learneminf a simple model for exponential
growth.

5.2.3 Possible extensions

A tree model has been suggested (Kooijman, 20Xpteh 5.3),but this model has never been
parameterized (although pattern oriented modeingstroved successful). This model has 8
state variables: two structures and three resgueesstructure. It has more than double the
number of parameters compared to the simplifiedehadhich leads to immense data needs.
It might be impossible to fully parameterize thiodel (personal communication with
Kooijman). DEB models of lower complexity, whichudd serve as inspiration for plant
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Table 15: Parameter definitions of the DEB modellfominor

Parameter Unit Description Definition

State variables

v em= Structural volume
E I Reserve
[£] 7 Reserve density E
3 [E] =
cm ¥
e - Scaled reserve density [E]
g = ——=
[E]
Primary parameters
[E..] 7 Maximum reserve density
l._-_.m!
[E-] J Costs for growth
cm e
[# 2] ] Assimilation efficiency
rm 3t
[# 2] J Maintenance rate
em3t
X Concentration (i) or Nutrient (i) or light level (ii)
irradiance (ii), see main
text
K Concentration (i) or Half saturation coefficient
irradiance (ii), see main
text
Compound parameters
ke g1 Maintenance rate P [B]
o E]
ks gL Reserve turnover rate P [Bam]
£ [Ea]
g — Energy investment ratio I
[E:.]
f - Scaled functional response F= X
CX+K

models, are for algae(Lorena et al, 2010), or farggal photosynthesis (Muller, 2011). These
models deal with multiple reserves, and they haenldesigned for V1-morphically growing
organisms. These models could be tested and moddreuse withL. minor, because we can
assume thatL. minor also grows V1-morphically (see above). Additionaiodel
compartments which might deserve considerationaditional structures: the root growth
might respond to nutrient concentration and toxiress (e.g. radiation). Modelling them

[STAR] 60/69
(D-N°: 5.4 — Modes of actions: Understanding the “metabolic” maof actions of
radiation using biokinetics / DEB-tox models
Dissemination levelPU
Date of issue of this report4/08/2014



STAR

separately might be necessary in some scenariegMao, it would add a lot complexity and
data needs.

5.3 Data needs for parameterization and verification

Extra growth describing data fbr minorare needed for two different purposes: (1) we need
to verify our model assumptions, and (2) estimadeameter values. Can we neglect a
differentiation between root and shoot compartmemtss it crucial? Do we need to account
for multiple reserves, or can we capture the oleskeffect patterns with a model that only
accounts for one reserve compartment?

To answer these questions, we have set up sevepariments, some of which are still
running, growingL. minorin varying light, temperature and nutrient condigoEven in the
simplest model, there is a need for experimentifegrent light levels (and nutrient levels) to

be able to determine the reserve turnover paran"ﬂi@teh(ooijman et al, 2008).

Lemna minoris a well-established aquatic plant for ecotoagutal testing with standard
endpoint parameters related to growth and photbsgig e.g. chlorophyll a and b levels. For
the experiments we used a 7-day growth inhibitiest tas described in OECD guideline
221(OECD, 2006) with some modifications. Phospltatecentrations were kept as low as
possible due to the tendency of U to form precipitacomplexes with phosphate, leading to
changes in bioavailability and toxicity. Modificatis were also made on the composition of
the medium and variations in light and temperataseindicated in Table 16, to enable
establishment of the temperature and light depeselehDEB-parameters.

Additionally, L. minor plants are kept in culture medium, and transfemgal experimental
medium for the duration of the experiments (for medcomposition and method, Horemans
et al., 2014). The reason is that when only usiegexperimental medium, the plants do not
reach high growth rates as prescribed by the OEGidetines. However, it was recently

Table 16: This table shows an overview of the ewpsnts that were conducted for the
parameterization of the DEB-tox model fior minor. C: culture medium, E: experimental
medium

Light > normal light high light low light day/
night

Temperature> 20 24 28 20 24 28 20 24 28 24

Controle X X X X X X X X X X

C~>E

c>¢ X X X

E>E X X X

. X X X X X X X X X
Uranium
Gamma X X
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shown (Van Hoeck, SCKeCEN, unpublished data) tina&t tatio between root and shoot
biomass changes substantially during the courskeobne week experiment: from 10% root
mass to 30% root mass. When following the OECD quait the roots are not measured
separately. We thus conducted a number of expetsrierwhich we cut the roots from the
shoots, in different media combinations and undeaniim exposure, in order to determine
the effect of the nutrient medium @n minor growth and root/shoot ratio and the potential
effect on the calculated ECX values.

5.4 Effect of light, temperature and growth medium on minor growth,
Uranium as a case study

As indicated above, to establish a DEB-tox modellLfominor, characterisation of the main

drivers of plant growth are needed. For gamma-ex@ts we were limited and could not
vary temperature, and light conditions easily witthe gamma irradiation facility. Therefore,

it was chosen to perform the necessary experinveitiisU as a stressor. The laboratory for U
experiments permitted us to also vary temperatack lght. Uranium concentrations were
chosen based on the dose-response curve set-up4n(¥&e MS report 47 of STAR and were
kept below EC50 values

Different endpoints, such as frond number, frondwgh, chlorophyll concentration and
biomass accumulation were tested and growth inbibitvas calculated as described in
guideline 221 (OECD, 2006).

All experiments, as indicated in Table 16, havenbeenducted, but the analyses of the data
are still on-going. However, the preliminary resulhdicate that light, temperature and
medium each have a non-negligible effect on thexicity. As an example, we show growth
inhibition, expressed per surface area, in an exygert wherel.. minor plants were exposed
to 2.5, 5, 10 and 16M of U at two different light levels. At the ‘noridight level (defined
as within the range indicated by OECD guideline,22& observed a stimulation in relative
growth at the two lowest U concentrations, and ghoimhibition thereafter (Figure 19). At
the lower light level, there was a negligible stlaiion in the lowest concentration, and
growth inhibition in all other U concentrations. & hormetic’ response was only visible at
the higher light level. The analysis of measurem®emnt photosynthetic-enzyme activity might
give insight into the mechanisms behind these tesul

55 Gamma

L. minor plants were exposed for seven days to differene dases of gamma radiation,
ranging from 0.1 mGy/h to 1.5 Gy/h. A significanbs® dependent growth inhibition was
observed after three days of exposure. After selas, the maximum dose rates of gamma
radiation achievable in our experimental set up @y/h) gave a growth inhibition of 62%
(Figure 20). An EDR10 and EDR50 of ~80mGy/h and G-#Gy/h were estimated,
respectively. In a recovery experiment in whicladgiated plants were allowed to grow again
for 7 days in control conditions it was shown thknt growth rate did not catch up with that
of the non-irradiated group. On the contrary, plemtures that showed a growth inhibition
above 40% immediately after irradiation completebllapsed during the recovery period,
indicating no recovery from the gamma induced daméggure 20). This resulted in a
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Figure 19:Growth inhibition observed irL.. minor plants exposed to different levels of
Uranium concentration for 7 days at two differeigiht levels. The blue line corresponds to
normal (OECD) light conditions (90 + lE), the red line corresponds to a lower light level
(50 £ 3uE). Small letters belong to the low light levekda letters to the normal light level.
A different letter corresponds to a significantfelience between levels of exposure within
light level. A star corresponds to a significantfelience between light levels. Data are mean
values (n=3 except for control where n = 6) + stand error.
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Figure 20: A: Growth inhibition observed In minor plants exposed to different dose rates
of gamma irradiation (Cs-137) for 7 days (5mM MES8ded). B: Growth inhibition
observed irL. minor plants exposed to different gamma dose rates felfoly a recovery
period of 7days. For both figures data were fittexing drc package available in software
“R” with a log-logistic function with 4 estimatedapameters. (n=3 except for controls
receiving only natural background radiation whereG)
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steeper dose response curve, with an EDR10 thauneasanged but a EDR50 that was 3-
foldlower. It thus seems that depending on the dase received, effects dremnaplants
differ with a change from survival to complete nadity. Future experiments with more
intermediate dose rates and different plant speciggt indicate if growth is also dose-
dependently affected and whether this phenomenobeageneralized to more plant species.

6 General conclusions and perspectives

Within the overarching objective of STAR’s Work Rage-5 being to enhance the scientific
robustness of ecological protection criteria, waed to compare dose-response relationships
and mode of action of effects induced under extegaanma and internal alpha irradiation
using a DEB-tox approach. We focussed on chronijgosure conditions, and included
different model specie€. elegans, D. magnand L. minor, as well as multigenerational
studies. As described in STAR’s Deliverable 5.1 &rfflalpha emitter americium-241 (Am-
241) was chosen based on a number of criteria. iiesie effort so far we have been unable
to test the effect of alpha exposured.itmminor due to experimental challenges of exposing
Lemna plants to Am-241 (see Section Aflditionally, due to a shutdown of laboratories at
IRSN, we were not able to conduct further testshwit. elegans and Am-241. As an
alternative, a number of experiments were set up wianium, also an alpha emitter, but due
to its low specific activity it has a higher chemtitoxicity than radiological toxicity. Hence, a
detailed comparison of the modes of action of akié gamma radiation within the DEB-tox
context was not possible far. minor or C. elegans The relative biological effectiveness
(RBE can, however, be compared with the DEB-tox apghwoasing alpha and gamma
radiation dataset acquired B magna either comparing stress functions from two distin
fits between alpha and gamma or by fitting a comrsiwass function for alpha and gamma
with RBEas an extra parameter as described in sectio®. 4.3.

Focusing only on the effect of gamma®neleganshe DEB-tox analyses strongly suggested
that under chronic exposure conditions two modesactibn concomitantly affect the energy
budget of nematodes. One of these modes of adi@m iincrease in costs for growth and
maturation and the other is a direct effect on adpction. Radiological stress might be
correlated to dose rate or to a level of damageutated during exposure. The fitted models
underline a strong uncertainty which is due towidlal variability and the fact that observed
effects were relatively weak, even at the highested dose rate. Complementary knowledge
would significantly help reducing this uncertairapd imply assessing a range of stronger
effects (by testing stronger exposure dose raies)dreasing the duration of exposure so that
effects over the same range of dose rates can lecignificant and/or by quantifying
biomarkers which reflect the level of stress in a&rdes).

A multigenerational study was set upbn magna though conducted with U-depl instead of
Am-241. These showed that DNA alterations as meashy RAPD-gPCR might be a good
biomarker of the inheritable damage causing theesse in sensitivity to depleted uranium
across or the nature of the inheritable damageirmgukis increase. The DEB-tox analyses
strongly suggest that the mode of action assochatddthe increase in effect severity across
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generations is an increase in costs for growthraatliration, correlated to an inheritable and
reversible damage level and that the non-heriteddaction in assimilation is irreversible and
correlated to an internalized fraction of U-deplowever, due to the very low activity of
alpha radiation in U-depl., the effects describedhis paragraph most likely originate from
the chemical rather than radiological toxicity of &hd can thus not be used to extrapolate to
other alpha emitters. Further experiments with AM-2s originally intended will shed light
on this.

In general, the DEB-tox analysis of tBe elegansandD. magnaexperiments shows its great
potential for comparing effects of different str@ss especially radiation, on different species.
However, it also shows the difficulties and uncetias that still need to be resolved.
Hypothesis testing is a powerful method that presidhe option to compare between
potential mechanisms. In the future, the benefitsadditional measurements might be
explored to more clearly identify the mechanistioda of action in DEB. Currently, the
DEB-tox analysis mainly serves as a tool that eesbk to identify the areas that still need to
be investigated in more detail, which is a greattgbution and gives an invaluable addition
to the value of the data gained during radioecacllgxperiments.

As indicated, it was and is a challenge to use &4 approach for plants because
previously there was no DEB model for a plant. Thihe application of DEB-tox th. minor
takes more time than foreseen in the original plarthe near future, we will scrutinize the
performance of the simple DEB-tox model foemnaand compare it to other available
models (exponential growth, and the TKTD model lmhi8itt et al, 2013). Further steps
include setting up a more complex model (e.g. 2mess, 2-structures) and assessing the
trade-off between added value of realism and coxiglgs. usability.

In DEB theory, effects of stressors are interpreted¢hanges in parameter values. We expect
that DNA damage caused by radiation will mainlyrease the parameter maintenance costs

(%x) in low doses, since the organisms can repair Isambunts of DNA damage. Since
radiation causes DNA damage both in animals (8.gnagna and plants (e.d-. minor), we
can expect the same model parameter to be affefteoigher doses, the observed effects,
however, changed. IB. magna it seems that from a certain dose rate, the &ffextend to
additional costs on growth or reproduction. Thigmpdmenon still needs to be explored for
Lemnaplants. We showed that once a certain dose rateashed, Lemnaplants can no
longer recover from radiation exposure. There mightan intermediate dose rate, in which
also first costs for growth are affected. DEB madaiovide the perfect stage for these types
of comparisons between effect patterns and species.
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