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Studies of the consequences of
environmental stress at the
biological tissue and cell scales




‘1 hree research axes

Technical developments
* chemical analysis

* imaging

* microbeam irradiation

2D microanalysis of minerals, trace
elements and heavy metals at the tissue
scale or individual cell scale

Tomography at the cellular and sub-
cellular scales

Microbeam irradiation of individual
living cells

| I groups

Development of applications in
collaboration with other specialized

Dermatology and dermo-cosmetics
Anti-cancer pharmacology
Pathology

Internalisation of toxic particles
by individual cells

Radiobiology & of cellular resp
to irradiation : study of low dose effects on
living cells

Models of microdosimetry
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The microbeam line : IRRADIATION configuration
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A better understanding of
the risk to human health
caused by low doses of
ionising radiation




! Krom high doses to low doses
e . Epidemiological data

E Low dose extrapolation : 4 hypothesis

- 5 Risk (excess cancer)

Estimates of radiation risk at low doses (environmental and natural exposures, typically
< 0.2 Sievert) are generally derived from epidemiological studies of human populations
who have been exposed to high doses of radiation.

For exposures to weak doses, where a true risk has been neither proven nor disproven, the Hypersensitivity _
probability of developing stochastic” effects is, by agreement, considered as being : _ o ————— /
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’
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proportional with the dose received.

The quantification of the relation between the dose and the effect is, in this context, Linear K
established by extrapolating from what has been observed with higher doses down to the / / ‘:'
levels that apply in most environmental and natural exposures. / 7 .."
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Threshold ~ o
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Ionisation effects : non-targeted and delayed effects

Unique features of single particle microbeams

* Bystander or collective response

* Adaptive responses

* Genomic instability (delayed response on daughters)
» Low-dose hypersensibility

* Gene induction (P53 increase, ...)

* Inverse dose-rate effect

* Cellular signalling (cytoplasmic targets)

A single particle microbeam delivers a predetermined exact number of charged particles
through a particular cell and makes it possible to choose whether the particles traverse the
nucleus or the cytoplasm.

Adherent cells cultured as a monolayer on thin polymer foils and maintained in their culture

medium are irradiated. The cell nuclei or any other subcellular target may be automatically
identified on line using fluorescence microscopy associated with a cell recognition

system.

The response of well-identified individual cells or their progeny may be compared to non-
irradiated cells (by inspecting the cells after division).

Low dose irradiation (<200 mSv)
could imply mechanisms operative
but hidden at higher doses. They
are extremely difficult to observe
experimentally.

Damage repair may be located by protein expressions sites and correlated to particle
tracks using fluorescence microscopy.

impact

nucleus




! Microbeam line setup at CENBG
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Trigger signal

Cells in culture
~ 1500 cells

Irradiation
~2000 cells/h

Trypsinisation
(protease), plating

Cells in culture
HeLa, HaCat
~ 2 millions

UV fluorescent dye

Trypsinisation, plating Hoechst-33342

plating efficiency ~15-25%

Cell survival (%)
8

— — 0
Clonogenic survival | ke Survival curve
~10 days - | “
A clone should contain 50 cells to ; j -I- " l ' ; ' ; ' llﬂ ' 1]1 '
consider the mother cell has survived Nb of alphas per nucleus

First survival curve — March 2004

A preliminary survival curve for 3 MeV a ...

Number of clones
Number of irradiated cells x plating efficiency PE

Survival Fraction SF =

Number of clones (non irradiated)

PE= 5259
Number of mother cells (non irradiated) 1525 %
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S(D)y=e“ =e™

D, : mean lethal dose
(survival rate of 1/e ® 37%)

« D, extracted from fit close to 2-3 particles per nucleus
« in agreement with macrobeam estimation of D,
« in agreement with the literature

Need for a reliable simulation tool

WHY A SIMULATION TOOL ?

Technical challenge : to deliver the beam ion by ion, in air, keeping a spatial resolution
compatible with irradiation at the cell level, i.e. below 10 pm

A simulation tool will help :

« understand and reduce scattering along the beam line as much as possible :
collimator, diaphragm, residual beam pipe pressure...

« understand and reduce scattering inside the irradiation chamber :
single ion detector, beam extraction into air, cell culture layer...

* predict ion transport (ray tracing) in the beam line magnetic elements to study image
distorsions due to intrinsic and parasitic aberrations

* dosimetry and comparison with macrobeam irradiation or source irradiation

with high flexibility and integration.

mmy GEANT4




sting GEANT4 at the microme

ter scale

10000 2.5 Me'v pratons on Mylar foils |

10000 2.5 MaV alphas on Mylar

g The irradiation line setup defined in GEANT4
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ICRU_R49p and ICRU_R49He electronic stopping power tables used (G4hLowEnergylonisation) i i i i | i i i } i }
BEAM AXI
Important issue on cuts : -6720 -4032.5 -1345  -1059.9825 -360 143.163 23161 233.146 234 QA% 2365
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6000
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. Reference
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Beam Optics with GEANT4
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HaCat cell 3 MeV alpha irradiation

Delta
electrons

3 MeV
alpha
beam

KGM Polyprop.
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E Stopping power and dosimetry for an incident 3 MeV alpha beam

— on target Most of the energy loss occurs in
<T> T =237+ 001 MeV g the polypropylene foil (~18.4 %)

and in the Si;N, window (~1.7%)
Dose deposited in cell

Dose distribution within cell
g
b.r

Stopping power (3 o)

s

Stopping power AE/AX (keV/um)

Dase{Gy)

Depth (um)

~150 keV/um ~250 keV/um D, cieus ~ 0-33 Gy
Eﬂ Deliver doses to cellular nuclei up to a few tenths of a Gray.
LS
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CRTE Infrared microscopic characteristics of
' : 8 radiation-induced damage

In collaboration with N. Gault, J.L. Lefaix, J.L. Poncy, CEA DSV, Fontenay aux Roses

Fourier Transform Infrared Micro-spectroscopy (FT-IR) : absorption spectrum sensitive
to the biochemical changes in the various subcellular compartments (DNA, lipids,
carbohydrates and proteins). These spectra provide pertinent information on molecular
composition and conformational structure. It has been recently shown that FT-IR may be

useful for assessing the process of apoptosis at the molecular level.

Objectives
FT-IR study of radio-induced alterations in individual apoptotic cells after selective irradiation of
cellular compartments with MeV alphas.

Cells
- HaCaT, permanent epithelial cell line obtained by spontaneous transformation of human adult
===—= keratinocytes.

- Validation of the clonogenic survival curves by alpha irradiation of HaCat cell nuclei.
Comparison of microbeam irradiation with classical alpha irradiation.

- Selective irradiation of nuclear compartments and FT-IR analysis of individual cells for different
dose levels.

% Different stages

73

)

Comparison of micro- VS macro-beam irradiation

Microbeam irradiation
1 alpha / nucleus

Macrobeam irradiation

Macrobean iradiation
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| dose distribution in the nucleus
[ dose distribution in the cytoplasm

0.33 Gy most probable dose
for exactly 1 alpha/nucleus
(3 MeV, CENBG)

0.3 Gy average dose
for an average of 1 alpha/nucleus
(8 MeV, CEA-DPTA)




‘I'ransduction pathways in apoptosis as a function of subcellular target

In collaboration with F. Ichas, European Institute for Chemistry and Biology,
INSERM EMI-9929, University Bordeaux II

d

Ionising radiations may i nuclear, cyt: ic signalisation :
Bax (pro-apoptotic) protein redistribution and formation of Bax
clusters at the mitochondrial periphery as a function of time :

15 min (A : diffuse), 6h30 (B : relocated)

Objectives

- Characterization of intracellular transduction induced by irradiation using dynamic
fluorescent microscopy performed on individual cells.

- Comparison of nuclear and cytoplasmic irradiation.

Cells
HeLa cell line

Method

Exploration of the mitochondrial molecular events by fluorescent
protein (GFP - green, TRMR - red : tetramethylrhodamine methyl ester)
in variable irradiation conditions with MeV alpha particles.
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! Collaborations regarding low dose irradiation

* Protein relocalisation during apoptosis : F. Ichas, IECB & INSERM
E347, Université Victor Segalen - Bordeaux II

* Bystander effect, adaptative response and FT-IR with N. Gault, J.L.
Lefaix, J.L. Poncy, CEA/DSV Fontenay-aux-Roses, using the macrobeam
for cellular irradiation at CEA-DPTA (Bruyéres-le-Chatel).

* Marie Curie European network in the framework of the 6" PCRD :
CELLION - studies on cellular response to targeted single ions using
nanotechnology, four years from 2004

* European COoperation in the field of Scientific and Technical research
COST Action P9 : RADAM RAdiation DAMage in biomolecular systems,

15 EU countries, four years from 2004, WGS : track structure in cells.

PARTRAC software (Werner Friedland, Peter Jacob,
Herwig G. Paretzke GSF-Institute of Radiation Protection)

© PARTRAC
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To summarize : our activities with GEANT4

* Validation of GEANT4 simulations at micrometer and nanometer scales
(actual microbeam & AIFIRA nanobeam line in 2005)

* Beam optics (ray tracing for the design of the new nanobeam line)

* Experimental sefup optimization (scattering) and validation of irradiation
method (micro- VS macro-beam and source irradiation)

* Microdosimetry for simple cellular geometries

but we would like to go beyond and join the GEANT4 DNA project to
quantify the damages (simulation/measurement of SSB and DSBs, ...)

The CENBG and its experimental upcoming facility for irradiation
at the nanometer scale — AIFIRA — will provide many opportunities to test
G4 and its extensions at this scale

- —




! Dsb induction from p and He ion irradiation Irequency of multiple DNA damage and cell inactivation
for H and He irradiation
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Ionisation effects : targeted effects standard model AIFIRA : nanobeam resolution
Q STRESS : irradiation. UV 9 Nuclear protein P53 Resolution test using the Oxford Microbeam OMS52 miniature lenses.
NO, hypoxia, temperature, g - Inactivated in normal cells
chemical mutagenesis. .. - Activated in stressed cells ' h) . . . @
g - Transcription factor
Direct DNA damage named « genomic guard »
single break or 1 MeV proton STIM . .
double strand break image over a 1 micron . . .
« Expression  of  membrane square hole in an X-ray
receptors (Fas, TNF) containing mask.
P53 the PIDD protein, stimulated by
dsb only P53. Caspase activation. . . . .
* Mitochondrial pathway .
Transcriplion activation opening of Permeability Transition 5
Transcription activation of the DNA repair genes Pores by transcription activation of %10800 pee 1 Tau NUSPD
N the pro-apoptotic genes Bax and
of the gene COdm_g for the Bad. ATP synthesis stopped.
P21 protein Good-repair Mis-repair Cytochrome-C (link to Apaf-1) + 0
l AIF released. Equilibrium broken aa c) l : 1 d)
between pro-apoptotic genes Bax, - ool 18R iy
Cyclines inhibition ) Bad and anti-apoptotic genes Bel2, e ] ‘-%?I&H“ ,-“%)_ The STIM map and line
(cycle proteins) Mutation Bel-xL) § : I - K scans indicate a proton
l = SigmanitSeld 1 § w91 omas32083.1 1- beam spot resolution of
Phosphorylation of Rb gene Transformation . | PRUETEMTS EL 35x 75 nm.
(retinoblastom) (immorfality...) N 1 b | \_
L -
1 APOPTOSIS (L T PR m M S - = W
Cellular cycle " - ! -
suspended at point S Cellular survival
21 R




! 1on microbeams for cellular irradiation : collimated facilities
The first generation of microbeams were developed during the 90s :

- Gray Laboratory, UK (p, 3He)

- RARAF, Columbia University, New York, USA (p, o)

- Texas A&M University, USA (p, o)
- TIARA, JAERI, Takasaki, Japan (heavy ions)

These facilities are collimated beam lines :
— Spatial resolution limited by beam scattering on collimator edges

Other lines are under development : INFN Legnaro, Italy ; MIT Boston, USA...

Centre d’Etudes Nucléaires de Bordeaux - Gradignan

— Irradiation rate limited by the mechanical displacement of the well in the beam

33

! 1on microbeams for cellular irradiation : focused facilities

Other facilities are under development and use focused beam lines :

— The beam is quickly directed on target through electrostatic deflection

— Better spatial resolution

They are :
- GSI Darmstadt, Germany (heavy ions)
- PTB Braunschweig, Germany (p, o)
- CENBG, France (p, o)
« first irradiation of cell line on October 30th, 2002

« first survival curve on March 8th, 2004

A focused line is also under development at Columbia University, NY, USA.
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