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Abstract
Schiano Di Lombo M., Cavalie 1., Camilleri V., Perrot Y. and Gagnaire B. Tritiated thymidine
internalization in zebrafish embryo and larva: joint use of experimental processes and

microdosimetry. Radiat. Res.

Tritium is found in the environment under three forms: free in the water, gaseous, and
bound to organic matter. Once internalized in living organisms, it can be found in two
forms: Tissue Free Water Tritium (TFWT) and Organically Bound Tritium (OBT). This
study aims to better understand OBT internalization in living organisms and to show the
complementarity between experimental procedures and microdosimetry simulations that
have often been used in order to obtain more information on imparted energy to cell nuclei.
To do so, tritiated thymidine, an organic form of tritium, was chosen and zebrafish embryos
(3.5 hpf; hours post fertilization) were exposed to a range of activity concentrations
(2.21x10° to 5.95x10° Bg/mL). First, individuals were sampled after different exposure
times (1 to 96 hours of exposure) in order to qualify the internalization kinetics. Then, the
barrier role of the chorion was assessed after 2 days of exposure. Lastly, individuals were
sampled after 1 and 4 days of exposure in order to measure the internalization in the whole
fish and its DNA, but also to highlight a possible link between the internal dose rate and
the external activity concentration. Microdosimetry simulations were also made in order to
quantify the imparted energy that could occur in the zebrafish cells after exposure to
tritium. Results showed that when bound to thymidine, tritium rapidly incorporates in
zebrafish early life stages, with the internalization being almost complete after 24 hours.
Results also showed that while the chorion acted as a barrier to prevent thymidine from
entering the embryos, significant levels could still be measured in the whole organisms as

well as in DNA. This study also highlighted that when the external activity concentration



47

48

49

50

51

52

53

54

55

56

increased, the internal dose rate increased as well, following a sigmoidal trend.
Microdosimetry simulations highlighted that the size and shape of the cell matters, and that
the smallest cells seem to be at the greater risk, with only low-energy electrons inducing
energy depositions. A linear fit was also found between the mean energy deposited and the
logarithm of the radius of the cell, thus showing that the quantity of deposited energy is
proportional to the radius of the cell. While this study highlighted important internalization
pattern, it will also be used as the starting point of a study focusing on the toxic effects of

tritiated thymidine on zebrafish in its early life stages.
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1. Introduction

Tritium is the only hydrogen isotope with radioactive properties (1). It is a B-emitter
that has a half-life of 12.3 years, and a mean energy of 5.7 keV. Considering that it is a
hydrogen isotope, its physico-chemical properties are the same than that of hydrogen,
meaning it could be found in every environmental compartments (2). In the environment,
tritium can be found in three main forms: free in the water (HTO), gaseous tritium (HT)
and organically bound tritium (OBT), where tritium replaces hydrogen in an organic
molecule. Tritium is produced by natural and anthropogenic processes. In the environment,
its main anthropogenic sources are nuclear industries such as nuclear power plants, which
routinely release tritium as HTO (3-5). Tritium levels in all the environmental
compartments have been monitored in France for many years, highlighting basal levels of
0.12 t0 0.86 Bg/L (6,7). Under a radioactive influence, tritium levels were of 1 to 61 and 5
to 35 Bg/L in the Rhéne and Garonne rivers, respectively .When the tritium enters the
biological tissues, it can be found in three different forms: Tissue Free Water Tritium
(TFWT), where tritium is trapped in the tissue water; exchangeable-organic tritium
(eOBT), where a tritium is bound to oxygen, sulfur, nitrogen or phosphorous; and non-
exchangeable organic tritium (neOBT), where tritium is bound to a carbon atom (8). The
latter is the tritium form that has the highest biological half-life.

Considering that tritium can enter living organisms, many studies have focused on
internalization measurements, both on the field and in the laboratory (3,5,8-12). A study
focusing on the HTO internalization in zebrafish embryos and larvae have shown that
tritium does incorporate in the tissue of the animals at a fast rate, and is mainly found in
the form of TFWT (3). It was also shown that when living organisms are exposed to both
HTO and OBT, high tritium levels were found in mussel and fish ((9.92 - 22.9)x10* Ba/kg

and (2.10 - 24.00)x10* Bg/kg, respectively) (9). Multiple studies have also focused on the
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internalization differences between HTO and OBT, highlighting the fact that OBT
contributes more to the absorbed tritium dose compared to HTO (8,10-12). Those studies
also showed that both compounds behave differently, with TFWT reaching equilibrium
with the external activity concentration while OBT does not, leading to longer depuration
rates measured in the latter case.

Tritiated organic compounds as tritiated thymidine have been used in order to better
understand biological mechanisms. As thymidine is a thymine precursor, DNA
internalization is expected, leading to its use in studies focusing on DNA synthesis (13—
19). Many of those studies have shown that as expected, significant tritium levels could be
measured in the cell and in the DNA after an in vitro exposure of those cells to the labelled
nucleoside. Two of those studies also highlighted the fact that thymidine enters the cell via
the salvage pathway, also known as facilitated diffusion (15,17). When thymidine reaches
the cell, two competing mechanisms occur. Either the thymidine is directly transformed
into thymine, leading to its degradation before it can be internalized into the DNA, or it is
rapidly phosphorylated and joins the derivative pool, which is the intermediate between the
thymidine internalization in the cell and its internalization in the DNA (15,16,19). While a
major part of the thymidine is directly transformed into thymine before being taken out of
the cell, thymidine phosphorylation is still significant, as it enables the DNA synthesis. But
while the thymidine phosphorylation is fast, it is still dependent on the thymidine transport
system that is itself dependent on the cell cycle. Indeed, it seems that the tritiated thymidine
internalization in the cell is almost null in the G1-phase, before strongly increasing when
the cells reach the S-phase and decreasing when the cells enter the G2-phase (14-16,18).
As explained above, these studies concluded that tritium linked to thymidine can enter the

cell and the DNA.
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Quantification tools as liquid scintillation can be used in order to obtain more
information on radioactive levels in different organisms. But, in order to understand all the
damages that can occur after an exposure to radiation, this information is not sufficient.
Biological effects and internalization should be linked to an actual value of energy
deposited. When considering that the sensitive volume is the cell, the energy deposit by
decay will have a marked stochastic nature. Microdosimetric formalism is then relevant in
order to obtain information on the imparted energy distribution at the microscopic level
(20). Indeed, microdosimetry gives the formalism necessary to describe the distribution of
the energy depositions that occur stochastically in a given target, and it can be used to
analyse the imparted energy at the cell scale (21,22). Such cellular simulations are even
more important when considering beta-emitters as tritium (4,20,23-25). Indeed, a study
has proven that microdosimetric simulations can highlight important differences in energy
depositions in materials as Teflon® or water (25). This study showed that the range of beta-
rays emitted from tritium were 35 times shorter than the one emitted from Carbon-14, with
the total energy released by tritium being absorbed in spherical volumes of Teflon or water
way smaller than in the case of Carbon-14. As beta-rays emitted by tritium cannot travel
high distances (i.e. around 7 um in soft tissues for the most energetic rays), the calculated
absorbed doses in the decay vicinity of H-3 were found to be very high, thus showing that
microdosimetric considerations are important for the evaluation of the radiolytic
effectiveness of beta-emitters as tritium (23,25). Other studies also highlighted differences
between HTO and OBT by the means of microdosimetry (4,23,24). Significative
differences were found between HTO and OBT, specifically when the target size gets
smaller, partly because OBT is heterogeneously distributed in the organism, leading to

more complex microdosimetric cases.
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The main objective of this study was to quantify tritiated thymidine internalization in
zebrafish in its early life stages. With this purpose, the tritiated thymidine internalization
in the organisms was studied by means of experimental procedures and microdosimetric
simulations. The use of both approaches was also chosen in order to answer another
objective: showing how experimental processes and simulations could complete each
other. Zebrafish was chosen as it is a convenient laboratory species, with adults being able
to spawn hundreds of eggs in a single spawning, and the genome of this species being fully
sequenced (26,27). Early developmental stages were chosen as they are considered as being
more sensitive to a large range of chemicals. Also, the first developmental stages have
already been studied, giving u the required information for the microdosimetric simulations
(28,29). In order to study the tritium internalization in the zebrafish embryos and larvae,
zebrafish embryos were exposed to a large range of tritiated thymidine activity
concentrations (2.21x10° to 5.95x10° Bg/mL). During those exposures, individuals were
sampled after different exposure times in order to have more information on the
internalization Kinetics. Moreover, individuals were sampled after 1 and 4 days of exposure
in order to quantify the tritium internalization in the whole individual, but also in its DNA,
which was quantify after extraction. Finally, microdosimetric simulations were made in
order to obtain more information on the imparted energy at a cellular level, giving more
information on which cells could be more at risk when chronically exposed to tritiated

thymidine.

2. Material and methods
2.1. Fish
All experimental procedures performed in this study were previously approved by

IRSN Animal Care Committee and followed French regulations for animal
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experimentation (protocol P2019-19; registration number of IRSN laboratory: C13-013-
07). Four months old wild-type zebrafish (AB genetic background) were supplied by Paris
Sorbonne University (France) and were kept in a zebrafish housing system (Zebtec
Techniplast® Stand Alone) with a 12:12h light:dark cycle photoperiod. The fishes were
fed three times a day with Gemma Wean 0.3 (Skretting). Water parameters were monitored
daily (pH 7.5 + 0.2; conductivity 400 + 20 pS.cm™, temperature 27.5 + 0.2 °C). As males
and females were kept in different tanks, the mating was done every three to four weeks to
ensure that the fishes had a good reproductive capacity and that the females stayed in good
health. All matings were done in the husbandry using the water from the housing system

and using fishes that were between 4 and 13 months old.

2.2. Embryo exposure and tritium contamination

Exposures to different tritium activities were done separately to ensure that there was
no cross-contamination between the different glass crystallisers. Embryo medium was
prepared using InstantOcean sea salt at a concentration of 60 mg/L (30). The embryo
medium was used as the negative control condition and to dilute the tritiated thymidine
source. Tritiated thymidine solution (97% purity, 185 MBq, PerkinElmer, Courtaboeuf,
France) was diluted in embryo medium to obtain final activity concentrations varying
between 2.21 x 10° and 5.94 x 10° Bg/mL.

The exposure was designed from the protocol described in Arcanjo et al (3). At 3.5 hpf,
zebrafish eggs were placed in two glass crystallisers covered with Parafilm at a density of
two eggs per mL of tritiated thymidine solution or embryo medium. The eggs were kept in
the dark in thermo-regulated incubators (Heraterm, ThermoScientific) at 27 £ 1 °C for 4
days. At 48 h, 80 % of the water medium was renewed with fresh solutions. Tritium-free

water (Abatilles water, France) was also placed in the incubators (40 mL/beaker) in order
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to monitor tritium exchanges in the incubator. Temperature (°C) and relative humidity (%)
were monitored every 30 minutes during the exposure (HOBO data logger U12, Onset).
Tritium measurements were made on the medium (3 replicates/crystalliser, once a day,
10 pL of medium in 990 pL of tritium free water), on the tritium-free water (1
replicate/beaker, once a day, 1 mL) and on the eggs and larvae (24 and 96 hpe, hours post
exposure). Blank measurements were made on tritium-free water (Abatilles water, France).
After adding 19 mL of the liquid scintillation cocktail (Ultima Gold LLT, Perkin Elmer),
the liquid scintillation measurements were done using a Quantulus (Quantulus 1220, Perkin
Elmer) monitored by WinQ (1220-307 WinQ, Perkin Elmer). Each measurement was done
three times and lasted 20 minutes. The data were processed using the EasyView software.

The results were expressed as Bg/mL.

2.3. Internalization measurements
2.3.1. Tritium internalization kinetics and barrier function of the chorion

Tritium kinetics measurements were realised on 10 to 15 individuals that were exposed
during 1 to 96 hours (1; 3; 6; 20; 22; 24; 48; 72 and 96 h) to tritiated thymidine at a
concentration activity of (4.2 + 0.3)x10* Bg/mL. For the negative control, only 3
individuals were sampled at each time point. The internalization was measured according
to a protocol modified from the one described by Arcanjo et al. (3). Briefly, 10 to 15
individuals were sampled and individually dried on a filter (RA 1.2, Millipore). With a
needle, the egg was rolled over the filter while the larva was only gently taped on the filter.
Once the sample was dry, it was placed in a liquid scintillation tube. One mL of soluene-
350 (Perkin Elmer) was added to the sample that was then left to heat for 48 hours at 55

°C. In a next step, 35 pL of glacial acetic acid (Sigma Aldrich) was added, followed by 19
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mL of Ultima Gold LLT scintillation liquid (Perkin Elmer). All results were expressed as
Bag/sample.

After 48 hours of exposure to solution with tritium activity concentrations of 3.4x10°
and 4x10* Bg/mL, two types of samples were dried and mineralized. Firstly, 15 whole
embryos were dried as explained above. Secondly, 15 other individuals were sampled and
the chorion was carefully removed before sampling the larvae and drying it by taping it on
a filter. All samples were mineralized following the process explained above. Results were

processed using the EasyView software and were expressed as Bg/sample.

2.3.2. Tritium internalization measurements: 24 and 96 hours of exposure

The internalization measurements were realised on 20 to 30 individuals that were
exposed during 24 hours (24 hpe) to tritiated thymidine at concentration activities ranging
from 2x10% to 6.5x10° Bg/mL (0.2; 3.3; 4.9; 6.5; 6.6; 9; 11; 15; 33 and 65x10* Bg/mL).
For the negative control, only 6 individuals were sampled at each time point. The
internalization was measured according to a protocol modified from the one Arcanjo et al.
(3). Briefly, 30 embryos were sampled and individually dried on a filter (RA 1.2, Millipore)
as explained above. Briefly, 10 to 15 tubes were used for total tritium measurement and
another 10 to 15 were used to measure OBT. For total tritium measurement, samples were
processed as described above and for the OBT measurements, samples were firstly dried
in opened tube for 48 h at 55 °C before following the same protocol described for total
tritium quantification. All samples were measured using a Quantulus monitored by WinQ.
The results were processed using the EasyView software. For the larvae exposed for 96
hours to the same activity concentrations, only 10 to 15 samples were dried and only the

total tritium internalization was measured.
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Results were expressed in Bg/kg (fresh weight) using weight data presented by Arcanjo

et al. (3). Dose rate (DR, pGy/h) were calculated using the equation:
DR = (DCCpoyy X Ay) + (DCCine X Ap) (1)

where Aw is the tritium content in the water (Bg/mL), DCCex: is the calculated dose
coefficient related to external exposure (uWGy/h per Bq/g), Ao is the tritium content in the
organism (Bq/g, fresh weight) and DCCint is the calculated dose coefficient related to
internal exposure (uGy/h per Bq/g). The dose coefficients (DCs) were calculated by
analytical procedure using EDEN v3 (developed by IRSN (31)), following the hypothesis
that tritium is homogeneously distributed in the organism. These DCs and weights used are
presented in Table 1. Concentrations factors (CF, mL/g) were calculated following this

equation:
= (2)
Where Ao is the tritium content in the organism (Bg/g, fresh weight) and Aw is the tritium

content in the water (Bg/mL).

2.3.3. DNA extraction and tritium measurements

DNA was extracted from zebrafish embryos and larvae following the DNeasy® Blood
& Tissue Kit (Kiagen). Briefly, 3 pools of 25 control embryos (or 18 larvae) and 5 pools
of 25 contaminated embryos (or 18 larvae) were sampled after being rinsed with clean
embryo medium that was then removed and replaced by 200 pL of a Buffer ATL/Proteine
K mix (90:10, v/v). 200 pL of Buffer AL were added, followed by 200 uL of Ethanol (>
96 %). The mixture was then added to a DNeasy Mini spin column placed in a 2 mL
collection tube. The sample was centrifuged for 1 min at 6000 g at room temperature. The
supernatant was then discarded and then spin column was placed in a new 2 mL collection

tube before adding 500 pL of Buffer AW1 and centrifuging the sample at 6000 g for 1 min.
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The supernatant was discarded, and the spin column was added to a new 2 mL collection
tube. Buffer AW2 (500 uL) was added in the column and the sample was centrifuged for
3 min at 20000 g. The column was placed in a 2 mL microcentrifuge tube and the DNA
was eluted by adding 50 pL of Buffer AE to the center of the spin column membrane. The
DNA was left to incubate at room temperature for 1 minute before being centrifuged for 1
min at 6000 g.

DNA concentration (pg/mL) was measured using the Qubit® dsDNA Broad Range
Assay Kit (ThermoFisher Scientific). All samples are treated individually, and two DNA
standards (0 and 100 ng/pL in TE buffer) were added. In each 0.5 mL tube, 190 pL of the
dsDNA BR Reagent/dsDNA BR Buffer mix (1:199, v/v) were mixed with 10 pL of the
DNA sample. Each sample was vortexed before being incubated in the dark at room
temperature for 5 minutes. The Qubit® 3.0 Fluorometer was used to measure the DNA
concentration in the sample. Extracted DNA (25-35 pL) was mixed with Abatilles water
(965-975 pL) and the tritium activity concentration was measured following the protocol

already presented for the tritium liquid measurements.

2.4. Microdosimetry simulations

In the formalism used in this study, the energy released to a volume is the imparted
energy noted €. It is the sum of all the elementary energy deposits in this volume coming
from a primary particle (in our case an electron from the decay) and from all the secondary
particles. For each cell, € is a stochastic variable, also leading to different specific energies
(z) which is the microdosimetric quantity equivalent to the absorbed dose. It is worth
pointing out that absorbed dose D corresponds to the ratio between the mean value of the

deposited energy in the matter and the mass of the volume where the deposition occurs.
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In this work, simulations were computed using Geant4 Monte Carlo toolkit version
10.06 as well as its extension, Geant4-DNA. This extension proposes, among other things,
physical models at very low energy for the simulation of the track structure (i.e. the spatial
distribution of the interactions points) in liquid water and which is thus well adapted to
microdosimetry (32—37). Geant4 Monte Carlo toolkit has been chosen as both ellipsoidal
and spherical cells are usable, which is not the case with MIRDcell, but different studies
showed that Geant4 can be used instead of MIRDcell as the results obtained are comparable
(37,38). For microdosimetric calculation the shape and size of the target volume have a
strong impact on the distribution of the imparted energy. In order to simulate the cells
present in the zebrafish embryos and larvae, an individual cell was represented as a sphere
or an ellipsoid made of liquid water, considering the majority of zebrafish cells are of those
shapes. The radius chosen were from 0.25 to 10 um (0.25; 0.5; 1.25; 2.5; 5; 7.5; 10 um)
for the spherical cells and from 0.5 to 15 um (0.5; 2.5; 5; 7.5; 10; 12.5; 15 um) for the
ellipsoidal ones (22,39-54). The radius chosen for the ellipsoidal cells corresponds to the
smallest of the three axes, the other characteristic dimensions being taken equal to twice
this radius (x = radius; y = 2xradius; z = 2xradius). Simulations were made in liquid water
on one cell of interest made of liquid water while considering the presence of its neighbour
cells, with the cell of interest being in the middle of a 3-D cell cluster. The presence of the
neighbour cells was taken into consideration as a study made on the tritiated thymidine
incorporation in rhesus monkeys (Macaca mulatta) showed that labelled cells are usually
close to each other, forming bands (13). For those neighbour cells, it was taken into account
that electrons released by tritium during its decay can only travel up to 6 um in liquid water
(55) and the cells located at a distance greater than 6 um were therefore not taken into
account. For those simulations, 10° electrons were being released in the cell of interest but

also in its neighbours. The simulation scheme is represented in Figure 1. As a large number
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of electrons were used in the simulations, the simulation is quite robust, and its statistic
error is 1.5 %.

From these simulations, the probability of having an imparted energy for one tritium
disintegration from 50 to 18500 eV (with a 50 eV bin) was obtained. This energy scale was
chosen considering that electrons emitted by tritium during its decay have a maximum
energy of 18.6 keV (55). These simulations also indicated the mean imparted energy in
each cell, the imparted energy having the highest probability and the maximum energy that
could be deposited in the cell. In this work, the mean imparted energy will be expressed in

eV per disintegration and represented as a function of the radius of the cell.

2.5. Statistical analyses

Statistical analyses were performed using RStudio with PMCMR, car and Imtest
packages. All data were expressed as mean = SD (Standard Deviation). Packages as
ggplot2, ggpubr, ggmisc and scales were used to represent the data as graphs. The
normality of data distribution and the homogeneity of the variances were verified using the
Shapiro-Wilks and Levene tests (p < 0.05). For the water tritium content during the
experiment, a two-way ANOVA was performed with crystallizer and time as factors. When
necessary, this test was followed by a Tukey post-hoc test (p < 0.05). To compare the total
tritium and OBT contents in the zebrafish embryos and larvae, t-test or Wilcoxon test were
performed (p < 0.05). Lastly, to compare the concentration factors between each
experiment, a one-way ANOVA was performed, followed by a Nemenyi post-hoc (p <
0.05) when necessary. To compare the tritium concentrations measured in the DNA
between the different tritium activity concentrations, the Kruskal-Wallis test was

performed, followed by a Bonferroni post-hoc test (p < 0.05).
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3. Results
3.1. Tritium internalization in zebrafish early stages
3.1.1. Tritium internalization kinetics and barrier function of the chorion

Tritium internalization kinetics measured after the first experiment are presented in
Fig. 2A. These results gave the general trend, showing that there was a first significant
increase in the internalization between 0 and 1 hour of exposure. The internalization then
reached a threshold between 1 and around 6 hours of exposure. It then increased again
between 6 and 24 hours of exposure before slowing down before 48 hours of exposure.
Considering the large standard deviations measured at 22, 24 and 48 hours, the experiment
was repeated using a similar activity concentration (4.0x10* instead of 4.5x10* Bg/mL) and
more individuals (15 instead of 10) were sampled. The results are exposed in Fig. 2B. These
results confirmed the trend already observed after the first experiment, and tritium activity
concentrations in the sample statistically different between samples exposed for 1 and 24
hours (p < 0.001).

In order to verify the hypothesis of the chorion acting as a barrier, the activity was
measured by removing the chorion of half of the individuals after 48 hours of exposure,
before mineralization. For both external activities tested, the activity measured in the
individual without the chorion was significantly lower than the activity measured in the
individual with the chorion (2.03 vs 44.71 and 11.09 vs 171.17 Bq for 3.3x10% and 4x10*

Bg/mL, respectively; p < 0.001).

3.1.2. Tritium internalization in embryos and larvae
Activity concentrations measured in the crystallizers at the beginning of the
experiment, measured external activity concentrations and calculated internal dose rates

after 24 and 96 hours of exposure are presented in Table 2. Some data are missing either
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because they were not planned to be measured, or because there was a technical issue
during the experiment. The results showed that for embryos and larvae, the internal dose
rate increased with the external activity, but this increase did to seem to be linear. Also, it
can be pointed out that the standard deviations for this parameter were higher for embryos
compared to larvae. Considering that the increase of the dose rate with the external activity
concentration did not seem to be linear, the dose internal dose rate was plotted against the
external activity concentration, and those plots are presented in Fig. 4 and Fig. 5. For
embryos (Fig. 4) as for larvae (Fig. 5), the tritium internalization seemed to follow a
sigmoidal curve, with an exponential increase leading to a saturation point at an external
activity concentration of around 2 to 2.5x10° Bg/mL.

The form of the incorporated tritium was also studied by measuring the total tritium
and OBT fractions, separately. The results are presented in Table 3. As showed in the table,

there were no statistical differences between the total tritium and OBT dose rates (p > 0.05).

3.1.3. Tritium internalization in DNA

Tritium incorporation in the DNA from embryos and larva exposed to three tritium
activities was measured and the results are presented in Table 4. Tritium incorporation in
the DNA was visible even at the lowest external activity concentration measured (3.46x10°
Bag/mL). The results also showed that as for the tritium incorporation in the whole embryo
and larvae, the internalization process seemed to be complete after 24 hours of exposure,
as there was no significant differences between the tritium activity concentrations in the

DNA at 24 and 96 hours of exposure (p > 0.05).

3.2. Microdosimetry of tritium in zebrafish cells
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For all cells, the highest probability was reached for the lowest imparted energy per
disintegration (0-50 eV), and this was observed for all cells, with no effect of their shape
or their size (Fig. 6). For all cells, the probability rapidly decreased while the energy
increased, until the imparted energy reached 250 eV.Bq™. At this point, the probability
increased, reaching a maximum for imparted energies of 250 and 350 eV.Bq™ in ellipsoidal
and spherical cells, respectively. After this point, the probability decreased exponentially
while the imparted energy increased. For both cell shapes, the increase of the cell radius
was linked to a decrease in the probability linked to the smallest deposited energies. Cells
with the lowest radius also reached a null probability for lower energies than cells with
higher radii.

For both cell shapes, the specific energy per Bq computed with Geant4-DNA could be
linked to the cell radius (R? > 0.99; Fig. 7). The equations computed for the spherical and
ellipsoidal cells can be found in the equations (3) and (4), respectively. z is the mean
imparted energy and r is the cell radius. For an equivalent radius, the specific energy for 1
Bq of tritium in a spherical cell was lower than the specific energy in an ellipsoidal cell.

For both cell shapes, the specific energy decreased when the cell radius increased.

z = 0.0956x 2607 (3)

z =0.2766x3 4)

4. Discussion

4.1. Tritium internalization kinetics

The results highlighted that there are three steps in the internalization kinetics of

tritiated thymidine in embryos and larvae. Briefly, the results showed a first internalization
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between 0 and 1 hour of exposure, and a second significant internalization between 6 and
24 hours of exposure. The internalization can then be considered as complete as there were
no statistical differences between the activity concentration after 24 and 48 hours. These
results are in accordance with another study made on HTO, where tritium internalization
kinetics showed that a steady-state appeared between 1 and 24 hours of contamination (3).
These results are even more interesting considering that the embryos were exposed from
the same time (3 to 3.5 hours post fertilization), showing that despite differences in
behaviour between OBT and HTO, internalization kinetics stay the same (8,12).

The last part of the kinetic was the significant decrease between 48 and 72 hours of
exposure. This could be explained by the hatching that occurred between 48 and 72 hpf,
transforming embryos into larvae. We hypothesised that the main fraction of tritium was
adsorbed on the chorion, and not internalized in the embryo, which would show a barrier
effect of the chorion. This hypothesis was confirmed by the second part of the experiment,
with tritium levels being significantly higher in embryos with chorion compared to
dechorionated embryos. This result was in accordance with previous studies. The zebrafish
chorion has a 3.5 um thickness and is divided between 3 different layers of different
compositions (56). It also contains pores that have a size of 0.17 um?, and its structure is
consistent with the roles that have been assigned to its different compartments: diffusive
exchange of gases and physical protection, flexible filter for transport of materials and
protection against microorganisms (27,57). Considering its composition, its possible
barrier function in case of external exposure to pollutants has been investigated, and
multiple studies demonstrated that intake of pollutants as polystyrene nanoparticles,

lindane or depleted uranium was limited by the chorion (27,58,59).

4.2. Tritium internalization in whole zebrafish embryos and larvae
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While studying the tritium internalization, measurements after 24 hours of exposure
also showed that tritium is nearly totally internalised in its organic form, which is not
surprising considering that tritiated thymidine is an organically bound tritium form. In
general, the fact that tritium seemed to be mainly internalised in its organic form strictly
differs from HTO studies performed on fish species as rainbow trout (Oncorhynchus
mykiss) and zebrafish (3,12). Indeed, in the rainbow trout study, Kim et al. showed that
significant OBT levels were only obtained after feeding the trout with OBT-spiked food,
while a simple HTO exposure in the medium led to high total tritium levels, but no OBT.
Arcanjo et al. also showed that the OBT levels were lower after 24 hours of exposure
compared to 96 hours of exposure, and that at both times, OBT levels were significantly
lower than total tritium ones (3). Those results confirm the main hypothesis of differences
in the internalization of OBT and HTO in zebrafish embryos and larvae. These findings are
in accordance with a study focusing on tritiated glycine internalization in the mussel (8). It
showed that the internalization pattern was different from the one observed in the case of
HTO, with a repartition between the different body compartments being different between
tritiated glycine and HTO. A few studies focusing on the internalization of OBT through
the food chains in different species of fish are also in accordance with our results (9-11).
Indeed, those studies, performed on the field and in the laboratory, showed that OBT
activity concentrations measured in the fish were higher after the fishes were fed tritiated
feed, and that the exposure to HTO did not lead to the measurement of significant OBT
levels compared to TFWT. All those studies also confirmed that the depuration rates were

lower for OBT compared to HTO.

4.3. Relationship between the internal dose rate and the external activity concentration
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Our study showed that the internal dose rate increased exponentially with the external
activity concentration before reaching a saturation point. Such results are not surprising,
considering those findings had already been made by different studies based on the tritiated
thymidine incorporation in different cells. For example, a study focusing on tritiated
thymidine internalization in hyperploid Ehrlich ascites tumor cells showed that in the
process of incorporating thymidine in the DNA, a precursor pool is formed (19). One study
focusing on the same tumor cells found that there was an exponential increase in the tritium
internalization when the pool activity concentration increases (16,60). Literature also
reported the existence of a saturation point. A study showed that when the thymidine
concentration increased in the external medium, the DNA internalized fraction decreased
exponentially, thus showing that even at large concentration of thymidine, the
internalization will saturate. This is in accordance with the assumption that DNA synthesis
depends on a balanced supply of 4 nucleotides, and that the excess of one of those same
nucleotides should not cause unbalanced synthesis. Those findings were then confirmed by
two other studies, one of them specifying that the excess thymidine might be released out
of the cell by a feedback mechanism (15,60). A special care has to be put in such
comparisons, as the studies presented above were made using synchronous cell
suspensions, which is different from a living organism during its development, where cells
are being created at a fast rate (29). It is also important to take into account that the
internalization measured in these studies was the direct DNA internalization, while our

study mainly focused on the internalization in the whole fish.

4.4. Tritium internalization in the zebrafish DNA
Our study highlighted the fact that even after an exposure to the lowest tritium activity

concentration, a significant tritium incorporation could be measured in the DNA. This is in
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accordance with a study focusing on the incorporation of tritiated glycine in the marine
mussel. It showed that after an exposure to an activity concentration close to our lowest
activity concentration, the tritium activity concentration measured in the DNA was similar
to the ones we measured in our embryos and larvae (0.05 to 0.2 Bg/ug vs 0.16 to 0.25
Ba/ug, respectively) (8).

Multiple in vitro studies have focused on the DNA synthesis rate by using tritiated
thymidine incorporation as a synthesis marker (15-17,19,60). In the present study, tritium
incorporation in DNA was completed after 24 hours of exposure. Other studies confirmed
a rapid incorporation of tritium in DNA (less than one hour) (19,60). A study also
highlighted the fact that after one hour of incubation, the radioactivity present in the
medium was no longer available for the cell, which could explain the fact that even after
the renewal of the medium after 48 hours, no more incorporation was induced (19).

The literature also enabled us to obtain more information on the potential mechanisms
leading to the tritiated thymidine incorporation into the zebrafish DNA. Most studies
mention the formation of a phosphorylated thymidine pool (16,19,60). This formation is
an intermediate step towards the DNA incorporation. A study showed that the pool size is
dependent on the tritium external activity concentration, and that an equilibrium is formed
between this pool and the external medium in terms of activity concentration (60). Another
study also highlighted that while the thymidine is transformed into phosphorylated
derivatives before being incorporated into the DNA, there is a competing mechanism in
which thymidine is directly transformed into thymine, the latter then being degraded and
pushed out of the cell (19). Thymidine is usually mainly transformed into thymine, and
only a smaller fraction is incorporated into the DNA.

An important factor to take into account was that those two studies also showed that

the cell cycle has a crucial role in the DNA synthesis and the tritiated thymidine
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incorporation into the DNA (16,60). Indeed, it seems that the precursor pool activity varies
with the cell cycle, and that there is a significant increase in the S-phase and a small
decrease in the G2-phase. Those observation, combined with the fact that the G1 cells are
unable to take up thymidine, show that only cells in the S-phase can incorporate tritiated
thymidine into the DNA. As mentioned above, our study focused on the in vivo exposure
of zebrafish embryos and larva to tritiated thymidine, while most studies used to understand
the underlying incorporation mechanisms were in vitro studies, most of them using
synchronous cell suspensions. Differences in mechanisms could be discovered, as our
study focuses on zebrafish embryos and larvae, organisms that undergo multiple cellular
divisions, and that have a high renewal cell rate (29) More experiments would thus be
needed in order to confirm the mechanisms associated with the tritiated thymidine

incorporation in the whole fish and its DNA.

4.5.Microdosimetry
The simulations highlighted that low energy deposits had the highest probability, and
that this probability decreased when the energy deposit increased. The spectrum also
showed that the cells with the smallest radii have a higher probability of being a target for
low energy deposits. Indeed, the maximum probability, only observed for the lowest energy
deposit values, decreased when the cell radius increased (e.g. the probability of observing
a small energy deposit for a spherical cell with a 0.25 um radius was around 3 times higher
than the one measured for a spherical cell with a 1.25 um radius). After comparison of our
spectrum with the one representing the kinetic energy of tritium (Supplementary
Information, Figure S1), it seemed that, as highlighted by Morstin et al. in a microdosimetry
study focusing on tritium, the low energy deposits were caused by low-energy electrons

(24). Other microdosimetry studies also showed that for a same volume, the number of
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deposition events decreased when the energy increased (61-63), which explains the results
obtained in this study. In the smallest volumes (i.e. the cells with the lowest radius), only
the low-energy electrons deposited their energy, because their deposit events were closer
to each other. For electrons with a higher energy, the deposit events were farer from each
other, meaning the risk of leaving the cell before depositing a significant amount of energy
increased.

Those studies also explained another fact observed in our studies. After a small
decrease of the probability when the imparted energy increased, an increase was observed,
with the probability reaching a maximum at around 250 and 350 eV.Bq* (for spherical and
ellipsoidal cells, respectively). This increase was only visible for smaller cells (0.25-0.5
and 0.5 um for spherical and ellipsoidal cells, respectively). After comparison of those
spectrum with simulations made on cells with “no neighbours” (i.e. the electrons were only
released in the cell of interest; Supplementary Information, Figure S2), it seemed that this
increase was due to the presence of electrons in the neighbour cells. The microdosimetry
studies presented above highlighted the fact that for a same volume, the number of
deposition events decreased when the electron energy increased (24,61-63). This shows
that the increase mentioned above should be caused by electrons with a slightly higher
energy than the electrons causing the maximum probability.

Considering those two information, the increase reaching a maximum at around 250
and 350 eV.Bq? should be caused by electrons with a slightly higher energy. Indeed,
electrons with a higher energy travel longer paths between two interactions (i.e. energy
deposits), causing a high proportion of the deposits to be out of the cell of interest. But
when the electron starts its path in a neighbour cells, the chances that it ends its path, and
thus deposits more energy, in the cell of interest, increases with increasing kinetic energy,

thus increasing the probability of an energy deposit as shown in the spectrum. But as
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explained above, this increase was only visible for small cells. This is due to the fact that
high-energy electrons could also deposit more energy in larger cells, considering that the
cell radius was sometimes bigger than the distance that electrons released by tritium during
its decay can travel (i.e. 6 um) (55). Thus, the deposits caused by electrons released in the
neighbour cells that ended their path in the cell of interest represent a smaller proportion
of the total energy deposit measured in the cell, which explains that the increase was not
visible on the final spectrum.

The simulations also highlighted the fact that there was a non-linear relationship
between the specific energy calculated in the cell and its radius. This is very interesting as
it means that the specific energy can be calculated using the formula presented in Eq (3)
and (4) for cells with radii ranging from 0.25 to 10 um and from 0.5 to 15 um (for spherical
and ellipsoidal cells, respectively). Finally, the relationship between the specific energy
and the cell radius showed that for an equal radius, the specific energy was lower in a
spherical cell compared to an ellipsoidal one. This was expected, considering that the
higher the mass of the target, the lower the specific energy will be. In the case of the cells

studied here, for a same radius r, the volume of our ellipsoid is smaller than the volume of
our sphere (%nr3 VS gnr?’, respectively), which means that its mass is also smaller than the

mass of the sphere.

Considering the fact that smaller cells present a higher probability of being the target
of energy depositions closer to each other, it seems that those cells would be at a greater
radiological risk than others. Indeed, several studies showed that low-energy electrons and
more specifically tritium caused deleterious effects in zebrafish and other aquatic species
(8,64-67). Considering the dimensions of the different cell types in the early-life stages of
the zebrafish, the hypothesis is that smaller cells as dermal cells, chondrocytes or eye cells

would be at a greater risk than notochord or mesodermal cells (i.e. 0.5 to 2 and 10 to 20
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pm radii, respectively), considering that the energy deposits would be closer to each other

(42,44,48,49,68).

5. Conclusion
This study successfully gave supplementary information on tritiated thymidine
internalization in living organisms. We confirmed that after exposure of zebrafish early life
stages to different tritiated thymidine activity concentrations, significant tritium levels
could be measured in the whole fish and its DNA. We also confirmed that as for HTO, the
internalization process is rapid, with the maximum activity concentration being measured
in the sample after 24 hours of exposure. We also proved that tritium is completely
internalized in its organic form, but that the chorion acts as a barrier to prevent the entrance
of tritiated thymidine in the embryos. Though, significant levels could still be measured in
the embryos once the chorion was removed. We also showed that the internal dose rate
calculated for the embryos and larvae increased following a sigmoidal trend when the
external activity concentration increased. This showed that there does not seem to be a gap
between in vivo and in vitro studies when it comes to the tritiated thymidine internalization
in the cells. Microdosimetric studies confirmed that the energy deposition probability and
the mean energy deposited depend on the size of the cell considered, as well as its shape.
It was shown that the energy imparted to the smallest cells came from the electrons with
the lowest energy, thus increasing the risk of observing damages in those cells. It was also
possible to find a linear fit between the mean imparted energy in the cell and the logarithm
of its radius, highlighting that the quantity of energy deposited is proportional to the volume

of the cell.



599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615
616
617

618

619
620
621

622

623
624

625
626
627

This study, being a part of a larger project, helped setting the perspective of using three
of the activity concentrations studied and presented in this paper (7.5x10% 4x10* and
1.1x10° Bg/mL) in order to study the toxic effects of tritiated thymidine on zebrafish in its
early life stages. Those activity concentrations were chosen as they lead to internal dose
rates already used to study HTO and chronic gamma irradiation toxicity (22, 170 and

466uGy/h).
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791  Tables

792  Table 1. Calculated dose coefficients for internal and external exposures (uGy/h per Bg/g) and fresh
793  masses used in the dose rate calculations. Fresh masses have been measured and reported by Arcanjo
794  etal. (3).

Exposure DCCext DCCint Fresh mass
duration (h) (uGy/h per Bg/g) (uGy/h per Bg/g) (mg)
24 1.26x10° 2.24x10°3 1.18
96 1.73x10° 2.24x10°3 0.25
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Table 2. External activities (Bg/mL, n = 2-3 crystallizers) and dose rates (uGy/h, n = 10-15)
measured in the water and the zebrafish embryos and larvae after 24 and 96 hours of exposure.
Results are expressed as mean = SD. - means that these data were not acquired during the
corresponding experiment, or that the data could not be kept because of an issue in the

experiment.
After 24 hours of exposure After 96 hours of exposure
Starting External
Dose rate External activity
activity (103 activity (10° Dose rate (UGy/h)
(LGy/h) (10° Bg/mL)
Bg/mL) Bg/mL)

221 242 +0.38 15.50 + 8.41 2.73+0.56 6.03+1.48

3.46 2.61+0.30 17.38 +4.29 3.32+0.08 15.19 + 13.16

6.87 7.08+1.29 22.09+9.01 7.06 £0.36 22.75 +15.99
30.73 31.11+0.20 121.58 £ 67.59 31.30+1.96 65.36 + 13.62
36.26 30.96 £0.23 120.48 + 34.82 35.26 £0.31 76.80 + 8.89
36.92 42.77 £ 4.97 234.78 £ 157.76 - -

39.52 39.94 + 0.06 263.34 £ 117.59 - -

41.15 40.02+ 1.15 252.06 = 134.36 40.36 £ 4.99 08.88 + 46.88
45.35 39.03+3.73 282.21 + 209.45 46.46 £ 2.70 83.36 + 21.09
65.77 - - 59.09 + 341 103.76 £ 36.23
67.22 66.71+1.19 267.36 £ 134.98 - -

90.61 82.89 £ 1.65 615.71 + 196.04 105.85 + 10.58 70.14 + 26.25
111.78 102.84 £3.00  785.28 + 285.75 118.49 £ 5.68 146.24 £ 90.39
321.45 311.15+8.15 907.86 + 472.67 324.77 £ 10.16 663.98 + 102.49
594.79 659.06 £ 28.91 1328.94 +485.48 627.40 £53.41 592.27 £ 60.42
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Table 3. Total tritium and OBT dose rates (LGy/h, n=10-15) measured in the zebrafish embryos
after 24 hours of exposure. Results are expressed as mean + SD. - means that these data were
not acquired during the corresponding experiment, or that the data could not be kept because of
an issue in the experiment. (t.test or Wilcoxon test, p < 0.05).

Starting activity Total tritium dose rate Total tritium dose rate
concentration (Bg/mL) (uGy/h) (LGy/h)
3.63x10* 120.48 + 34.82 131.08 + 49.82
3.21x10° 907.86 + 472.67 1046.63 + 485.67
5.95x10° 1328.94 + 485.48 1462.89 + 597.58

Table 4. Tritium activity concentration measured in the DNA (Bg/ug, n=3-5) extracted from
zebrafish embryos and larva after 24 and 96 hours of exposure, respectively. No significant
difference was found between 24 and 96 hpe for each activity concentration. (Kruskal-Wallis,
a<b<c, A<B<C, p <0.05)

Starting activity ~ Tritium activity concentration Tritium activity concentration

concentration in the DNA after 24 hours of in the DNA after 96 hours of
(Bg/mL) exposure (Bg/ug) exposure (Bqg/ug)
3.46x10° 0.25 +0.19% 0.16 + 0.05"
7.04x10° 0.31 +0.08% 0.25 + 0.0748
3.69x10* 1.22 +0.65° 1.24 £ 0.498
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Figures

Figure 1. Schematic representation of the microdosimetry design used in the simulations. The
red circle represents the cell of interest while the grey ones represent its neighbors. Electrons
(e", LE+06) were released in the cell of interest and its neighbors.
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Figure 2. Tritium activity (Bg/sample, mean £ SD, n = 9-10) measured in individual samples
after various exposure times to a tritium at an activity concentration of 4.5x10* Bg/mL (top
panel). The experiment repeated (bottom panel) on 15 individuals after a 1, 20, 24 and 48 h of
exposure to a tritium at an activity concentration of 4x10* Bg/mL (Kruskal-Wallis, a<b<c<d, p
< 0.05, a corresponds to the basal tritium levels in the individual (< DL)).
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832 o Chorion

833  Figure 3. Tritium activity (Bg/sample, n = 15) measured in 51 hpf zebrafish embryo before and
834  after the chorion removal. Those individuals were sampled after a 48 hour exposure to tritium
835  at activity concentrations of 2.4x10° (A, left panel) and 4.0x10* (B, right panel) Bg/mL
836  (statistical analysis: t.test, a<b, p < 0.05).
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839  Figure 4. Variations in the internal dose rate (uGy/h, n=10-15) measured in zebrafish embryos
840  after 24 hours of exposure to tritiated thymidine activity concentrations ranging from 2x10° to
841  6x10° Bg/mL. The graph was also zoomed around the 0 to 1.5x10° Bg/mL region.
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845  Figure 5. Variations in the internal dose rate (uGy/h, n=10-15) measured in zebrafish larvae
846  after 96 hours of exposure to tritiated thymidine activity concentrations ranging from 2x103 to
847  6x10° Bg/mL. The graph was also zoomed around the 0 to 1.5x10° Bg/mL region.
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Figure 6. Energy deposited (eV, probability) in spherical (A) and ellipsoidal (B) cells of
different radius (um) by 1 Bq of tritium. Those results were obtained by the simulation of 108
electrons released in those same cells and their direct neighbours.
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863  Supplementary Information

864

0.02}-
0.018] -
0.0161
0.01a
0012

0.01°
0.008
0.006
0.004)
0.002/

% 16 18 20
8 6 5 Kinetic energy (keV)

Probability

TT

TT

o
LX)
IS
@
@
-
=]
-
X}
-
&

866  Figure S1. Tritium Kinetic energy spectrum, representing the emission probability of an
867  electron of a specific kinetic energy.
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871  Figure S1. Energy deposited (eV, probability) in spherical (A) and ellipsoidal (B) cells of
872  different radius (um) by 1 Bq of tritium. Those results were obtained by the simulation of 10°
873  electrons released in those same cells.
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