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Abstract — The most significant impact of the Chernobyl acctdisnthe increased incidence of thyroid cancers ragmo
children. In order to accurately estimate the rémiiadose provided by radioiodines, it is importémtexamine how the
distribution of newly incorporated iodine variestiwtime and if this distribution varies accordirythe iodine status. The
kinetic distribution of intra colloidal newly orgdied iodine in the rat immature thyroid was reaedcand analysed using the
ionic nanoprobe NanoSimsBf Our observations imply that in case of radioiedimntamination, the energy deposits vary
(i) with time, (ii) from one follicle to anothernd (iii) from one cell to another inside the sarolidle regardless the iodine
status. The kinetic heterogeneity of iodine disttitm must be take in account in thyroid dose eatadun.

Key words: Thyroid follicles, iodine kinetic, SIMS, radioigtks, iodine deficiency.

INTRODUCTION
mainly attributed ta"*1 (4,22), with only a few

studies (2,3,13pointing out the possible role of
short-lived radioiodines. Moreover, radioiodine

Chernobyl accident is the increased incidence? diation doses applied to the thyroid, whether

thyroid cancers in children and adolescents w ey result from therapeutic measures or
y S htL:\Occidental exposure, are always based on the
were exposed to radioiodines fallout from th

atmospheric release (17, 30). Since then, th%pothe&s of a uniformly distributed activity
i

The most significant consequence of th

has been renewed interest in radioiodine thyro thin the thyroid resulting in a uniform

. . N adiation of the organ (12,23)in addition,
d05|m_etry_and_ in the effects of r""OI'O'OOHnes(':onventional methods for radiation dose
especially in children (18, 35).

o SR . calculations implicitly assume that the radiation
ra dioicl)r:jiﬁggltlv(\)/r;rgo Iln:f/t Il?:(;n?ni ell)n S}Eggg\slg idose received by each cell is the same as the dose
Deceived by the entire organ. However, as early

thyroid cancers in Marshall Island i_nhabi'_tant%s 1956, Sinclaiet al. showed the heterogeneity
exposed to nuclear fallout (21pespite this, of ¥4 incorporation within the thyroid using

short_-llved r_ad|0|od|ne effect_s ha_ve not beeQutoradiography (31)Recently, the distribution

considered in most calculations involving thex 13y i inqiced thyrocyte damage was
after-'effects of the Chernobyl accident, an hown to be heterogeneous, suggesting that
thyroid cancers were iodine is not incorporated homogeneously in

Abbreviations: SIMS, Secondary ion mass spectrometry. thyroid tissue (16)Large differences in iodine
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uptake in newborn rat thyroid follicles have als@onization chamber, allowing for easy selection
been observed using secondary ion mass$areas of interest (14).

spectrometry  (SIMS  microscopy)  (19)

Furthermore, the fallout of radioiodines from the

Chernobyl accident occurred in regions of MATERIALS AND METHODS

Ukraine and Belarus in which the resident’s diets

are considered moderately deficient in dietargnimals

iodine (28). The relation between dietary iodine The study was carried out on newborn Wistar rats
status and thyroid uptake of radioiodine is weff0™ 4 female rats. Two dams were fed with a lodkie

diet (TD0097 Tekkad Harlan, USA) containing 25 b5y

known. Nevertheless, some authors suggest tr})?‘e[iodine per kilogram of dry food weight, for agalst 3

the higher risk of thyroid cancer in people witRyeeks prior mating and for all the duration of tstedy.
iodine deficiency is not only due to higherTwo other dams were fed with a standard diet coirtgi2

thyro|d uptake’ but also because Of the grea‘[@g of iodine per kilogram of dry food Weight. Afted to

PR PR : 2 days of gestation, the dams had given birthadfspring
het.erOgeneous dlstrll_)utl_on . of qume in th Were separated into 4 groups, each litter corredipgnto
follicle and that the distribution of incorporatedyne of the groups: 7N, 7H, TN and TH. All the pupsre

iodine varies with time (20). prevented access to suckling from their mother.
In order to accurately estimate the g T(he pups dof gerUde7N épur))s undder Stiﬁardddiet)

inti i inindi it i@nd 7H (pups under low iodine diet) at 7 days ive
radlatl[ont Ciose pro.\lldeﬂ by trr]adlg.lotd!gets.’ I Igne subcutaneous injection of 0.2 13 , (**3-Na*, NEN
Impor ‘_"m Y exam|_ne_ ow : e _'S r'_ uuon 0_ Life Science products, Boston MA, USA), with aniaity
newly incorporated iodine varies with time and ibf 1.2 Bq, in a 50 pl volume.
this distribution varies according to the iodinePups were sacrificed by exsanguination 1, 4, 8hars, 4
status. and 8 days afté?d-Na*" administration

PR ; ; shaAge-control” newborn rats (i.e. without contamiiwer)
The objective of this study is to describ rom the remaining litters (TN and TH) were sdcet at 7

f[he_ kin.etic dis_tribUtion of ne_le Orgar_‘iﬁeq days, 12 days, and 15 days corresponding to theate
iodine in the immature thyroid. The kinetiCsacrifice time of “contaminated pups, to avoid

profile will allow us to propose an improvedcontamination though suckling.
dynamic model for the dosimetric evaluation 01‘S .
ample preparation

the therIQ gland. Immediately after sacrifice, thyroids of controldan
During the study, we recorded thecontaminated” pups were removed and fixed in 2.5%

variations in intracolloidal iodine distribution cacodylate-buffered glutaraldehyde, washed, deltgdrin

from 1 hour to 8 days after administration of 129lcohol series, and embedded in epoxy resin. Teihaod is

iodine (129|) in newborn rats under standard 0P/vell suneq for preserving the localization and dbc
concentrations of iodine bound to macromoleculgs (9

low-iodine di?ts- The age at which the animalgeyig) thin sections (thickness 0.5 um, surfaceiabonnd)
were contaminated was chosen to correspond Weére deposited on glass slides for light microsc@md on
the age-range where the increase in thyroﬁgainless.steel disks .(2 to 3 sections) fo.r SIMS;Iym's.
cancers was greatest after the Chernobglibser"a“on of thyroid sections under light micayse
. . . . dllowed a selection of region of interest prior $MS

accident. T',Ssue analysis was performed us"?rﬂaging to locate follicles with colloidal mattemé a
secondary ion mass spectrometry (SIMS), adtameter of about 20 um for ion imaging.
elemental technique for the study of isotopic _
compositions in solid samples (11). In our Work'}'anos's“/l'ag”a'ybs's ; od out
; . . g observations were carried out on a
isotopic - analysis V7vas lj.sed to dIscr.lmI.nar[ﬁlanoSimsS'@VI microbeam analyzer using a cesium primary
betweer_] th_e naturéz?gl, the Isotope of the initial peam. separate images were recorded for the ifitihe
pool of iodine, and®¥, the isotope of the newly pool ¢27) and the distribution of newly organified iodine
incorporate iodine. This technigue a€'). Topography was revealed usiti§, which associates

p q
successfully been applied to map the distributiogffth With DNA in the cell’s nucleus and phosphotgta

LT cytoplasmic molecules, and®®S, which allows the

of elements and molecules in individual cell§y. ification of the thyrocolloid.
within tissue sections or cell cultures 18 The primary beam used had an intensity of 5 pA
Thyroid samples were analyzed using the newith a probe size (68% intensity) of about 150 nm i
ionic nanoprobe NanoSimsBO (CAMECA, diﬁ_“]ete'f fﬁf an analyze areas of %Odﬂn?gi?_e_@ o4
Paris, France). The main characteristics of thf% icles). All of the images were recorded witfdafinition

. . . of 256 pixels x 256 pixels. The typical acquisitidaration
new instrument are a high lateral reSO|Ut|9r50_< was 5 ms per pixel fo?S and*?’l" with respect to longer
nm), the ability to measure up to 5 masses (ion&junting time of 15 ms per pixel 617" and*?%- species at
in parallel in the same microvolume, a very goothuch lower intensity. During analysis of biological

mass transmission at high resolutions, and diretecimens, polyatomic ions emitted at nearly theesenass
tical observation of the sample in th may interfere with the species of interest. A poergi study
op P %as shown that a nominal mass resolving power @048
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(defined as MAM, where M is the studied mass ahidll the To evaluate the variation of distribution with time
difference which separates it from the mass ofsaaric with acceptable statistics, large field ionic ims@@m 60 to
species to be distinguished) must be employed dutie 120 pm were recorded. For each animal group aredhett
measurement of low intensity™” ions due to the presencetime of sacrifice, the number of follicles showing
of an unidentified polyatomic species (14) (Fig.1) homogeneous repartition of?4 and those showing
Images of thyroids of control newborn rats recdrdsing heterogeneous repartition were scored. A percentige
these experimental conditions are shown in fig.h2ne the “heterogeneity” was calculated at each time, cpasding
detected signal at mass 129 corresponds to theomandto the number of heterogeneous follicles to theltotf
background noise of the detector. observed follicles.

120

RESULTS

—ea— Nucleus of thyrocytes

..... Center of the thyroid follicle .
; At mass 127 the recorded images show

1004 —— Edge of thyroid colloid | L . . .
f that the distribution of iodine is homogeneous
'l‘; within the colloid, whatever the age of the animal
| and the iodine status. Slight inter follicular
80 4 variations in the distribution of stable iodine

were occasionally observed
The distribution of newly organifief in
the lumen of thyroid follicles varies with time.
In Figure 3, pseudo-colors were used to
_ superimpose images obtained for it and
i 129" Images for ior?’I” were not superimposed,

i \ because they hindered the view of the different
distribution profiles of newly incorporated
iodine. lonic images obtained at early times

(Figs. 3A, 3B,) show that®® is found at the

periphery of the colloid as a ring in the 7N pups

as well as in the 7H pups. Nevertheless, some
/ : follicles with a homogeneous distribution Bfl

1266 128.92 2006 129.00 were observed, mostly in the 7H group. At eight

Figure 1. High resolution mass spectra recorded at magsours after administration (Fig. 3C), the

129 on various regions of a rat thyrotél is only found at distribution of**9 is homogeneous within most

the edge of the thyroid colloid. A mass resolvirayvpr of folli : :

. ; oo - ollicles but can still appear slightly
4830 is required to distinguish betwedR’™ and a . . . .
polyatomic species with nearly the same mass. heterogeneous in some follicles particularly in

7N group.

At days 1, 4, and 8, all analyzed follicles
: displayed a homogeneous distribution Gfl
(Fig. 3D, 3E, 3F).

It is noteworthy that this iodine
distribution is very heterogeneous four hours
after administration’®| is seen concentrated at
e _ the periphery of the colloid, close to the thyroid
p 127 cells (Fig. 4). However, even at this early stage,
% ; some follicles display a homogeneous

distribution of**1.

Different patterns of newly incorporated
iodine distribution have been observed:
homogeneous distribution within the colloid or as
a ring distribution. The number of follicles
showing homogeneous repartition &1 and

129 those showing heterogeneous repartition were
scored. In Fig. 5 a percentage of “heterogeneity”

Figure 2. lonic images of a TN newborn rat (field: 50 x 50calculated at each time is presented. There is a

um). The few scattered particles seen on'tiémage are slight influence of the iodine status. “Ring”

due to the detector background noise, which exhihit distributi | b d L
random distribution. All of the images are shownthwi IStribution are only observea on 1onic images

inverted grays scale (dark = high signal). recorded before 24 hours. In 7N pups a high

Unidentified iscbaric species
AM = 0.025 amu
AM = 4830

[=2]
o
1

Secondary ion intensities (c/s)
i
o

20 A

I
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B (4 hours) C (8 hours)

105 x105 pm 100 x100 pm

D (1 day) E (4 days) F (B days)

Figure 3. Kinetic of intrafollicular iodine. Pseudo-colongre used to superimpose ionic images obtaineifsr P (red)
and®™"( green) with : A, images obtained 1 hour aft@radministration, B, 4 hours, C, 8 hours, D, 1 day4 days and F,
8 days afte®d administration. Dimensions of the analysis fiaké given under the ionic images.
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percentage of heterogeneous follicles (92, 100 %)e sodium/iodide symporter (NIS, responsible
is noted until 4 hours after “contamination”. Infor active iodide uptake from the bloodstream to
iodine deficient pups, the percentages atbe thyrocyte) or pendrin (7) The main
markedly lower, about 20 %. From 8 hours to @dvantage of SIMS microscopy is the ability to
days after “contamination”, only homogeneousnake direct observations of the distribution of
follicles are observed in all thyroid samples. any element occurring at the surface of a sample,
with no need for specific labeling with a
fluorescent or radioactive probe.

SIMS microscopy is a powerful technique
for studying the distribution of elements in
biological tissues at the cellular level. Although
having provided important information on stable
and radioactive iodine distribution within the
thyroid in normal and disturbed circumstances
(9,10,25, this technique has been considered a
marginal method in biology because of its poor
lateral resolution (1 to 0.5 um), and the
insufficient mass separation power of the early
instruments (8). Indeed, the main difficulty with
SIMS microscopy is signal specificity which is
highly dependent on mass resolution: the
complexity of the organic matrix leads to the
emission of a large number of ions which can
interfere with the study element. The latest high-
Figure 4. Digitized image in pseudo-colors with reso'““?” dynamic S_IMS device
superimposition of'P (green), and® (red) of a group 7N (NanoS|mSSUV') that we used in our work has
rat’s thyroid follicle, 4 hours after “contaminatibshowing both a very good transmission at high mass
Lhe different Pfatl:?mls 0(};1,2?' _bdit_smbu“:“- AferW d13 , resolutions, and a high lateral resolution §g
omogeneous Tollicular Istrioution. rrow an . : :
distrib%tion as a ring. Note: the distribution viitithe ring P2r7n) Recen_tly, the uItra_-structure_ll Ioca_llzatlo_n Qf
is itself highly heterogeneous. I-benzamide uptake in melanin grains within

melanocytes was performed using the

- NanoSims58" device (15).

b The animal model in our study was set up
80 to mimic the conditions of contamination by
"N radioiodine by Chernobyl fallout: young age and
aH mild iodine deficiency.

40 No increase of thyroid volume was
observed in the iodine deficient pups. All
= changes were manifested as differences in
P — === histological morphology of the thyroid. No

1 4 8 24 96 192 . .

Time of sacrifice (hours) difference was found between the follicular
diameter of iodine deficient pups and normal
pups, but significant differences were found for

Figure 5. Percentage of heterogeneous follicles as eolloid diameters and cell heights: the colloid

function of contamination time. The percentageallides \yas rarefied at the expense of cellular height in
with a heterogeneous distribution profile is higlier7N the iodine deficient pups

group than in 7H group. It seems that iodine deficy - . .
accelerates the intra follicular incorporation adine. The age of administration of radiotracer

was chosen to correspond to the typical age of
contamination of children who have developed
DISCUSSION thyroid papillary carcinomas, years after the
Chernobyl accident (32)
The use of* permits us to discriminate newly

. Iodl_ne distribution in thyro!d gland organified iodine (mass 129) to the initial pool of
follicles is usually evaluated indirectly by127I stable iodine (mass 127) using SIMS

autoradiography (1, 27) or the expression - 2 -
proteins involved in the iodine pathways such gélcroscopy. The™ radioisotope has a very long
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physical half-life (1.7x10years), which allows than those in a iodine equilibrated gland (29).
us to perform time-consuming sampléeThe kinetics of iodine distribution in the follicle
preparation without signal transformation, and tallow us to elaborate a model to calculate the
avoid radiobiological effects on the thyroid of thecontribution of short-lived radioiodines, to
newborn rats (administered activity: 1.2 Bq)accurately calculate the thyroid cellular doses.
Moreover, no evidence of cell necrosis was se&lle are working in this direction. Dose deposits
in the thyroid sections. The administered amouin biological matter can be described using a
of 200 ng ™ per pup was based on adetailed Monte Carlo model based on theoretical
compromise between the quantity incorporatectoss-section calculations (53 combination of
by the thyroid (10% of the injected mass ie 20 ngoth of the above models would allows us to
for normal pups and 20 % ie 40 ng for iodindollow, step-by-step at the nanometric scale, the
deficient pups) in order to provide correcprimary B~ particles produced by the entire
acquisition time of ionic images, and avoidancgpectrum of iodine decay, as well as the
of the Wolff-Chaikoff effect on the thyroid Ce||S.secondary B~ particles created along the
(The Wolff-Chaikoff effect is the inhibition of trajectory of the primary particles.
organic binding of iodine in the thyroid by an In conclusion, these observations suggest
excess of iodine) (24,33) that in case of contamination by a radioiodine

Our results clearly demonstrate thatcombination, most of the dose will be delivered
whatever the iodine status, distribution of newlguring the maximal intrafollicular heterogeneity
organified iodine is heterogeneous within andtage, regardless of iodine status, and thus the
between follicles newborn rat thyroids and thatinetic heterogeneity of iodine distribution must
the distribution varies as a function of timepe take in account in thyroid dose evaluation.
These results are in agreement with those Several studies using the NanoSim$50
observed previously by Hindié et al (19). Onlyare currently under way in our laboratory in order
slight influence of iodine status has beefp determine the precise role of age at
observed: lower number and fast disappearanggntamination on follicular iodine distribution.
of heterogeneous follicles in 7H pups. Thigndeed, Faggiano et al. (7) have found an age-
suggests that iodine deficiency should be aflated variability in the thyroid’s
element of acceleration of iodine intrafollicularmorphofunctional status and suggested that the
incorporation according to Desmarais et al. (6jjistribution of iodine in the follicles could vary
who concluded that previous levels of iodingeiccording to age. Nonetheless, to date, the
intake strongly influence the rate of iodinedecrease with age in thyroid radio-sensitivity is
incorporation. Furthermore, we noted a higlot entirely understood (34).
degree of heterogeneity in the distribution“oF
within the ring-like image, which could possiblyAcknowledgments -This study was supported by grant RB
be related to a functional heterogeneity 010.05- 09 from Electricité de France. The ag@hdntmk Dr
thyrocytes within the same follicle as alsdric Broneer and Pr Michael Stabin for editing neoript

. .and helpful comments.

suggested by the heterogeneity of the expression
of NIS (26)

Importantly, our observations imply that in
case of radioiodine contamination, the energy

: N : . . . Ahuja, S., Schiller, S. and Ernst H., An autoradigqdic
deposits vary (i) with time, (i) from one follicle study of postoperatively labeled thyroid tissue andine

to another, and (iii) from one thyrocyte tOstorageEur J Nucl Med1991, 18: 791-795.
another inside the same follicle. Early aftep. Balanov, M., Kaidanovski, G., Zvonova, 1., Kovtun,, A
contamination, the ring-like distribution of iodineBouville, ~A.,  Luckyanov, N. and Voillecque, P.,
within the colloidal matter may result in higherCon’gnbutlons of short-lived radioiodine to thyronlbse_s

. . . N received by evacuees from the Chernobyl area estiimat
concgntratlons of radloac_tlve '_Od',ne CI_Ose tot ing early in vivo activity measuremeni®adiat Prot Dos
thyroid cells; thus, short-lived iodine will have a003, 105: 593-599.
high proportion of decay events concentratedl Bleuer, J.P., Averkin, Y.I. and Abelin, T., Cherncbyl
close to the thyroid cells. In addition, it is wellrélated thyroid cancer: what evidence for shordiv

. T ._jodines?Environ Health Perspeci997, 105: 1483-1486.
known that therIdaI thake of radioiodine IS4. Cardis, E., Kesiniene, A., lvanov, V., Malakhoova, |

inversely proportional to the quantity of iodineéshihabata, Y., Krouch, Vet al Risk of thyroid cancer after
already present in the gland and in case efposure td*! in childhood.J Natl Cancer Inst2005, 97:

radioiodine contamination, thyroid cells of ar24-32.

iodine deficient gland will be more irradiated5' Champion, C., Theoretical cross sections for electron
collisions in water: structure of electron trackhys Med
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