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The ki net ics of stron tium, 85Sr, and ce sium, 134Cs, were eval u ated in a mouse ex per i men tal
model to de ter mine the im pact of these radionuclides on a liv ing or gan ism con cern ing to tal
body ir ra di a tion. Our study dem on strates that the elim i na tion rate of 134Cs from the skel e ton
and teeth is in flu enced by to tal body ir ra di a tion and the pres ence of 85Sr. Higher ac cu mu la -
tion and faster 134Cs elim i na tion rates were ob served in the skel e ton and teeth of mice ad min -
is trated with a mix ture of 134Cs + 85Sr radionuclides. Re gard ing 85Sr, only a min i mal ef fect
was ob served on its ac cu mu la tion rate in skel e ton, teeth, and mus cle in to tal body ir ra di a tion
mice. The ef fect of the 85Sr + 134Cs radionuclide mix on the ac cu mu la tion of 85Sr was more
ap par ent in teeth, show ing a higher re ten tion rate af ter 10-24 days of ad min is tra tion in
non-ir ra di ated mice. The eval u a tion of the ki net ics of these radionuclides pro vided much-
needed in sight on their ef fects dur ing the first two months af ter ex po sure, dem on strat ing that 
the ac cu mu la tion rate of 85Sr is greater than that of 134Cs. Fur ther, the elim i na tion rate of the
for mer is slower in com par i son to the lat ter. In ter est ingly, to tal body ir ra di a tion has a greater
ef fect on the he ma to log i cal pa ram e ters of the mice blood than the radionuclides alone.
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IN TRO DUC TION

The study of ion iz ing ra di a tion and radioprotective 
agents caught spe cial em pha sis dur ing the Cold War
when the threat of a mas sive nu clear event was a real pos -
si bil ity. In the pres ent day, the rel a tively re cent di sas ter at
the Fukushima Daiichi nu clear power plant (NPP) and
the re lease of 106Ru in Rus sia's South ern Urals has di -
rected the at ten tion of the rul ing in sti tu tions to wards the
po ten tial fall out of an in dus trial ac ci dent in stead. Fur ther, 
the con cen tra tion of radionuclides in the en vi ron ment is
cur rently in creas ing de spite the im ple men ta tion of strict
safety stan dards [1, 2] po ten tially threat en ing with se ri -
ous or ad verse ef fects the or gan isms ex posed to this
radionuclide con tam i na tion. It must be noted that their
long-term en vi ron men tal bur den is pre dom i nantly de -
fined by long-lived iso topes such as 137Cs and 90Sr [3].
As an ex am ple in this re gard, the 1957 di sas ter of the So -
viet Un ion's Mayak plu to nium pro duc tion plant had a
broad im pact on both the en vi ron ment and the lo cal pop -
u la tion [4, 5]. The ma jor risk put forth by 137Cs and 90Sr
re lease into the en vi ron ment is given by the over all con -

tam i na tion of the eco sys tem and the ab sorp tion of these
radionuclides into the food chain [6].

Re gret fully, the ex act tox ic ity mech a nisms of ce -
sium and stron tium in hu mans have not been de ter -
mined yet. In gen eral, the known ef fects of ce sium and
stron tium on the hu man body are based upon the avail -
able doc u mented ac ci dents and biokinetic mod els [4,
7]. Re gard less, the ef fort to sum ma rize a phys i o log i -
cally re al is tic and time-in de pend ent de scrip tion of the
be hav ior of ab sorbed radionuclides has yielded a bi o -
log i cal model for ce sium and stron tium poi son ing.
The ba sic biokinetic model is based on the gas tro in tes -
ti nal tract model [8] and a re fined hu man al i men tary
tract model, which al ready cov ers all ar eas of the di -
ges tive tract ICRP 100 [9]. If ce sium should be in -
jected, then the ki net ics model can be found in the
ICRP 134 and 137. A study sum mary on the
biokinetics of ce sium and stron tium can be seen for ex -
am ple in Leggett et al., [10].

The cor rect and full anal y sis of bi o log i cal sam -
ples treated with radionuclides used to be a com plex
and de mand ing pro cess. However, cur rent mi cro wave-
and ul tra sound-based meth ods are mark edly better,
safer, and faster re gard ing the prep a ra tion of sam ples
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and data ac qui si tion [11-13]. Due to its good sol u bil ity,
ce sium can be eas ily ab sorbed into the blood stream,
thus spread ing sys tem at i cally. Once in the or gan ism,
ce sium has sim i lar ki net ics to Po tas sium and can en ter
the cells and par tic i pate in the elec tri cal charge bal ance
[10]. Ce sium is re moved from the body soon af ter ab -
sorp tion and re leased through urine. In adults, 10-15 %
of ab sorbed 137Cs will be elim i nated af ter 2-3 days, with 
the rest be ing elim i nated dur ing the fol low ing 90 days
[14]. Trace amounts of ce sium can also be ex creted in
the fe ces. The ICRP 54 study shows an 80:20 % elim i -
na tion ra tio of urine to fe ces. The 137Cs can also be ex -
creted through sweat as well. Stron tium has sim i lar ki -
net ics to cal cium in the mam ma lian or gan ism. In adults,
stron tium  is  mainly  ac cu mu lated on the sur face of
bones (97 %) and teeth (3 %), thus ir ra di at ing the bone
mar row and bone stem cells in the su per fi cial and soft
tis sue sur round ing the bone [6]. 

Our study sought to char ac ter ize the in flu ence of
to tal body ir ra di a tion (TBI) on 134Cs and 85Sr and in ter nal 
con tam i na tion in a mouse model eval u ated through a
hematopoietic anal y sis fo cused on the mi gra tion of pre -
cur sor cells into the thy mus and thymocyte de vel op ment.

MA TE RI ALS AND METH ODS

An i mals

The C57Bl/6 mice were used in this study (Velaz
a.s.; Prague, CZ). The an i mals were two-month-old at
the time of the ex per i ment and had an av er age weight
of 21 g ± 2 g. The an i mals were kept in a con trolled en -
vi ron ment with a 12 hours day/night cy cle, a tem per a -
ture of 22 ± 2°C, and 50 % ± 10 % hu mid ity. Tap wa ter
and stan dard chow ST-1 diet (CZ) were pro vided ad li -
bi tum. The an i mals were di vided into eight ex per i -
men tal groups, each con tain ing 24 an i mals. The eval u -
a tion was car ried out in groups of six an i mals at days 4, 
10, 24, and 46 af ter treat ment. The weight and health
sta tus of the an i mals was mon i tored daily. The pro to -
col was re viewed and ap proved by The Eth i cal Com -
mit tee of the Fac ulty of Mil i tary Health Sci ences in
Hradec Kralove and by The Eth i cal Com mit tee of the
Min is try of De fence of the Czech Re pub lic.

To tal body ir ra di a tion and
radionuclide ad min is tra tion

A group of mice was set as a con trol ref er ence
(non-ir ra di ated and no radionuclide treat ment). The
sec ond group was ex posed to TBI (4 Gy) from a 60Co
gamma source (Chisotron; Chirana, CZ) at a dose rate
of 1.3 Gy per min ute with out an es the sia in ver ti cal cy -
lin dri cal plexi glass boxes. The radionuclides 85Sr
(third group) and 134Cs (fourth group), or their com bi -
na tion (85Sr + 134Cs) (fifth group), were ad min is tered
via intraperitoneal in jec tion. The sixth (134Cs + 4 Gy),

sev enth (85Sr + 4 Gy), and eighth groups (134Cs + 85Sr
+ 4 Gy) re ceived a 4 Gy TBI dose one hour be fore the
ap pli ca tion of radionuclides. The radionuclides were
ad min is tered in liq uid so lu tion (85Sr – 20 mg SrCl2 per
li ter + 3 g HCl per li ter ± 8 %; 134Cs – 20 mg CsCl per
li ter + 3 g HCl per li ter ± 8 %, Eurostandard CZ s.r.o.). 

The 134Cs has a half-life of 2.0648 years; it has
beta de cay (b–) and pro duces sta ble 134Ba and 134Xe
iso topes. It emits 2.23 gamma-ray pho tons on av er age
with a mean en ergy of 0.698 MeV. The half-life of 85Sr
is of 64.84 days; it de cays to 85Rb via elec tron cap ture
and emits a strong gamma line of 513.99 keV. The to tal 
vol ume of radionuclides mixed with phys i o log i cal sa -
line so lu tion ap plied per an i mal did not ex ceed 0.5 mL, 
tab. 1. 

The ac tiv ity of the 85Sr and 134Cs radionuclides
in the mixed sam ple cor re sponds to one-half of the ac -
tiv ity of the in di vid ual radionuclides, thus its to tal ac -
tiv ity is com pa ra ble to the in di vid ual radionuclides.
Only male mice were in cluded in the ex per i ment due
to their higher re sis tance to ion iz ing ra di a tion. The
TBI dose of 4 Gy was se lected be cause it can in duce a
hematopoietic subsyndrome of acute ra di a tion syn -
drome (ARS)  with out be ing le thal. The 85Sr and 134Cs
radionuclides were cho sen due to their known ef fects
and ease of de tec tion. 

Tis sue col lec tion

The an i mals were euthanized by an es thetic over -
dose. Pe riph eral blood, bone, thy mus, in ci sor teeth,
and mus cle (m. ten sor fasciae latae) were col lected for 
biokinetics anal y sis and ba sic he ma to log i cal and im -
mu no log i cal pro file. Ex cept for mus cle, these sam ples
were col lected on days 4, 10, 24, and 46 af ter treat -
ment. Mus cle sam ples were col lected on days 10, 24,
and 46. Ap prox i mately 99 % of Stron tium is ab sorbed
in the skel e ton and teeth. Therefore, we de ter mined
the ab sorbed ra tio be tween them. The mus cle tis sue
was an a lyzed due to the known ki net ics of ce sium.

Ra dio ac tiv ity anal y sis

The sam ples were eval u ated in a gamma spec tro -
met ric sys tem con sist ing of a model 659 bias sup ply
(Ortec; TN, USA), AFT re search am pli fier (Can berra
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Table 1. Radionuclide ac tiv ity (kBq per 0.5 mL) (ap plied
to in di vid ual groups 134Cs, 85Sr, 134Cs + 85Sr, 134Cs + 4 Gy,
85Sr + 4Gy, 134Cs + 85Sr + 4Gy, on 3th Feb ru ary 2017)

Radionuclide A0
* A1

* A2
* A3

* A4
*

85Sr 182 175 164 141 113
134Cs 159 159 158 156 153

Mixed 85Sr 91 87 82 76 56
85Sr + 134Cs 134Cs 80 79 79 78 76

* A0 Ini tial ac tiv ity at time t = 0. * A1,2,3,4 ac tiv ity at time
t = 4, t = 10, t = 24, and t = 46. Does not con sider the bi o log i cal
half-life of 85Sr and 134Cs



In dus tries), Multiport II (Can berra In dus tries), and
HPGe de tec tor GC3020 (Can berra In dus tries). The
Ge nie 2000 v. 3.4 soft ware was used in the anal y sis.
En ergy cal i bra tion was per formed us ing a stan dard
radionuclide mix ture (241Am, 109Cd, 139Ce, 57Co,
60Co, 137Cs, 113Sn, 85Sr, 88Y, 133Ba, 210Pb, 22Na, and
54Mn). The ef fi ciency cal i bra tion was com puted us ing
an 85Sr or 134Cs so lu tion of known ac tiv ity

e =
NA

A tY
(1)

where NA is the net area of the se lected peak, A [Bq] –
the ac tiv ity of the sam ple, t – the live time of mea sure -
ment, and Y – the yield of the se lected peak (branch ing
ra tio). The data was cor rected us ing true co in ci dence
sum ming cor rec tions. The ac tiv ity of the sam ple was
cal cu lated us ing the same equa tion only ex press ing ac -
tiv ity A when us ing the cal cu lated ef fi ciency.

A0 (Bq) rep re sents the ini tial ac tiv ity of the in -
jected radionuclide at time t = 0, Am rep re sents the av -
er age ac tiv ity per weight unit in skel e ton, teeth, and
mus cles. The Am/A0 ra tio ex presses dis tri bu tion over
time  in  the  treated  an i mals.  The av er age weight of
the skel e ton (3.572 g), teeth (0.03 g), and mus cles
(3.247 g) was also de ter mined.

Am can be cal cu lated us ing the fol low ing equa -
tion

A
A m

m
m

tot

sample

=
×

(2)

where A is the mea sured ac tiv ity of the radionuclide in
the sam ple mass (msam ple), and mtot is the weight of the col -
lected tis sues as a whole (skel e ton, teeth, and mus cle).

Tis sue pro cess ing 

The tis sue sam ples were di gested as fol lows: 100 
± 20 mg of bone, 40 ± 20 mg of mus cle, or 1.8 ± 0.3 mg
of teeth were trans ferred into an HVT-50 di ges tion
ves sel and sub merged in 75 % HCl, tab. 2. The amount
of sam ple was cho sen ac cord ing to the pa ram e ters of
the mi cro wave di ges tion sys tem. The sam ples were
pro cessed in a Multiwave ECO de vice (Anton Paar
GmbH) to liquify the bi o log i cal ma te rial.

Ab so lute blood cell count and
immunophenotyping 

A pe riph eral blood sam ple was ob tained from a
car diac punc ture af ter eu tha na sia and col lected into a
1.0 mL BD Microtainer MAP K2EDTA (Becton

Dickinson, Sarstedt Ltd; UK). An ab so lute blood cell
count was per formed in an au to mated he ma to log i cal
an a lyzer Pentra 60 ABX (Horiba, Ja pan). The lym -
pho cytes were iso lated by mix ing 100 µL of the blood
sam ple with EasyLyse so lu tion (Dako, Glostrup, DK),
fol low ing the man u fac turer's di rec tions. The lym pho -
cytes were re sus pend ed at a cell den sity of 5×106

cells/mL and kept at 4 °C un til immunophenotyping. A 
monoclonal an ti body mix (anti-CD3 PECY 7, -CD19
BV 421, -NK-1.1 APC; BD Bio sci ences) was in cu -
bated with the iso lated lym pho cytes for 30 min/4 °C in
the dark. The cells were cen tri fuged and washed twice
in ice-cold stain ing buffer (PBS, 0.2 % gel a tin, 0.1 %
so dium azide; Sigma), and eval u ated in a CyAn ADP
flow cytometer (Beckman Coul ter; CA, US). 

Sta tis ti cal anal y sis

The ob tained data are shown as the mean value
(mean) ± stan dard er ror of the mean (SEM). To de ter -
mine any sta tis ti cal sig nif i cance a two-sided ANOVA
with  a  post-test was used (la beled * for p < 0.5, ** for p
< 0.01, and *** for p < 0.001). A Tukey-Kramer Mul ti -
ple Com par i sons Test was also used. If the value of q is
greater than 4.616 then the p-value is less than 0.05.

RE SULTS

The ini tial ef fect of ra di a tion and/or radionuclides 
was eval u ated through the over all health and weight of
the treated an i mals. A tem po rarily lower phys i cal ac tiv -
ity and re duced ap pe tite were ob served in the ir ra di ated
mice dur ing the first days af ter treat ment. The mice ex -
posed to TBI also showed hair loss and lower weight,
oth er wise, the mice treated with radionuclides or TBI
were not dif fer ent from the con trol group, tab. 3.

The ac cu mu la tion of 134Cs in the ex per i men tal
mice did not ex ceed 10 % of the ini tial radionuclide ac -
tiv ity through out the eval u a tion pe riod, reach ing a
higher ac cu mu la tion rate in bone and mus cle, fig. 1.
Within the study pe riod, 134Cs was grad u ally elim i -
nated from the mus cles and skel e ton of non-ir ra di ated
mice from day 4 figs. 1(a) and 1(e).

The skel e ton and teeth of TBI-treated mice dis -
played a higher radionuclide de po si tion rate be tween
days 10 and 24 af ter treat ment with 134Cs when com -
pared to 134Cs + 85Sr-treated mice, sug gest ing that the
mice treated with 134Cs show a slower elim i na tion rate
from skel e ton and teeth in com par i son with 134Cs +
+.85Sr-treated mice. At the end of the 24-46 day pe riod
when com pared to the 134Cs con tam i nated group.
How ever, this ef fect could not be ob served in the mus -
cle figs. 1(e) and 1(f). In ter est ingly, the ef fect of the
radionuclide mix in the mus cles was only ap par ent in
the higher ac cu mu la tion of 134Cs at day 10 af ter treat -
ment fig. 1(e). A sig nif i cantly higher 134Cs ac cu mu la -
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Ta ble 2. Mi cro wave di ges tion

Step T [°C] Ramp time
[min]

Di ges tion time
[min]

Power
[W]

1 100 10 10 30

3 130 1 5 65

4 160 1 20 75

5 50 1 20 0



tion rate was ev i dent in the teeth dur ing the first days
af ter treat ment with 134Cs when com pared to 134Cs +
85Sr con tam i nated mice. In gen eral, the teeth dis played 
up to two times higher 134Cs ac cu mu la tion whereas
134Cs + 85Sr-treated mice showed lower 134Cs ac cu mu -
la tion in bone.

In com par i son to 134Cs-treated mice, TBI led to
an or der of mag ni tude higher ac cu mu la tion of 134Cs in
both skel e ton and teeth fol low ing 134Cs + 85Sr treat -
ment figs. 1(b) and 1(d), how ever, this ef fect could not
be ob served in mus cle tis sue. The over all de creased
ac tiv ity in mus cle and teeth did not ex ceed 1 % of the
ini tial ac tiv ity at day 46 in ei ther the 134Cs- or 134Cs +
85Sr-treated groups. Dur ing the 4-46 day pe riod, 134Cs
ac cu mu la tion in teeth did not ex ceed 0.01 % of the ini -
tial ac tiv ity. It must be high lighted that 134Cs was un -
evenly elim i nated in TBI mice through out the eval u a -
tion pe riod, fig. 1. Fur ther, TBI did not in flu ence the
134Cs ac cu mu la tion value in mus cle. Re gard less, a
slight in cre ment in 134Cs ac cu mu la tion was ev i dent in
bone and teeth due to TBI, thus dem on strat ing its
strong in flu ence in 134Cs ki net ics. This higher 134Cs
ac cu mu la tion in TBI mice could be in re sponse to
ARS, where blood cell dif fer en ti a tion is dis rupted.

Con cern ing 85Sr, most of the ap plied radionuclide
was also de pos ited in the skel e ton and teeth. In ter est ingly,
its elim i na tion rate was also af fected by TBI in bone, teeth,
and mus cle tis sue, fig. 2. The ef fects of stron tium were
strongly in flu enced by cal cium ki net ics. Seem ingly, the
quan tity of 85Sr and 85Sr + 134Cs ac cu mu lated in the con -
tam i nated mice was an or der of mag ni tude greater than
that of 134Cs, figs. 1 and 2. In gen eral, it can be stated that a
ma jor ity (as much as 99 %) of the ac cu mu lated stron tium
was built into the bone struc ture. With one ex cep tion, the
ac tiv ity val ues de tected in teeth and mus cle did not ex ceed
1 % of the ini tial ac tiv ity fig. 2(d).

No ta bly, 85Sr elim i na tion from bones was slower
than that of 134Cs, fig. 2. Re gard less, ac tiv ity val ues
greater than 10 % of the ap plied dose were mea sured in

the bone at day 46 af ter treat ment, thus val i dat ing that
85Sr has a stron ger af fin ity for this tis sue than 134Cs.
Fur ther, TBI had only a min i mal ef fect on the elim i na -
tion rate of 85Sr and 85Sr + 134Cs from bones. In com par -
i son with the 85Sr-treated group, a higher 85Sr ac cu mu -
la tion was ob served in the teeth of 85Sr + 134Cs-treated
an i mals at days 10-24. Fur ther, TBI-treated mice
showed a higher 85Sr ac cu mu la tion on day 46 af ter
treated an i mals. In con trast, TBI had only an ephem eral
ef fect on the ac cu mu la tion of 85Sr in mus cle, which was
ob served dur ing the first days of the ex per i ment. In ter -
est ingly, stron tium was ac cu mu lated at a higher rate in
mus cle in the 85Sr-treated mice when com pared to the
85Sr + 134Cs-treated group on day 10. On day 46, 85Sr
ac cu mu la tion val ues in mus cle low, ac count ing for only 
0.01 % of the ini tial dose.

It is eas ily per ceived that 134Cs does not af fect
85Sr ac cu mu la tion in the bones figs. 2(a) and 2(b).
More over, the to tal ab sorbed ac tiv ity in both mus cles
and teeth was in sig nif i cant in com par i son with the
skel e ton with the mea sured val ues not ex ceed ing 1 %
of the ini tial dose on day 46. Con sid er ing the mea sured 
ac tiv ity value and the com par a tively small tooth mass,
a higher 85Sr ac cu mu la tion could be ob served in teeth
when com pared to bone. Fur ther, 85Sr elim i na tion
from the teeth of 85Sr- and 85Sr + 134Cs-treated mice
was vir tu ally in exist ent as it formed much stron ger
bonds in this tis sue than in bone or mus cle, thus re sult -
ing in a slower elim i na tion rate, fig. 2.

Lym pho cyte num ber is strongly
de pend ent upon TBI

Non-ir ra di ated mice showed a com pa ra ble lym -
pho cyte count to the con trol group on days 4, 10, 24,
and 46 af ter radionuclide treat ment. There was a sig -
nif i cant dec re ment in the ab so lute lym pho cyte count at 
day 4 in the 134Cs-treated mice in com par i son with the
134Cs + 85Sr group. How ever, the ab so lute lym pho cyte

M. Nemcova, et al.: A Study on the Dis tri bu tion of 85Sr and 134Cs Radionuclides ...
364 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 4, pp. 361-371

Ta ble 3. Av er age mice weight at 4, 10, 24, and 46 days af ter treat ment with 85Sr, 134Cs, 85Sr + 134Cs, and 4 Gy TBI

Radionuclide/ir ra di a tion
Weight [g]

day 4 day 10 day 24 day 46

Neg a tive con trol (NC)
Mean 28 28.4 28.4 28.6

SEM 2 2 2 2.1

4 Gy
Mean 23.3 25.2 24.5 27.1

SEM 3.6 1 1.2 1.4

85Sr
Mean 25.1 26.5 24.3 26.8

SEM 0.6 2.5 1.4 0.6

85Sr + 134Cs
Mean 25.6 25.1 26.6 27.8

SEM 1.7 0.9 1.5 0.7

134Cs
Mean 25.1 25.6 25.2 26.1

SEM 3 1.5 2.6 0.9

85Sr + 4 Gy
Mean 25.3 24.7 25.6 26.9

SEM 2.5 1.6 1.1 0.8

85Sr + 134Cs + 4 Gy
Mean 24.4 24.4 26.8 27.6

SEM 0.9 1.2 1.1 0.8

134Cs + 4 Gy
Mean 24.4 24.6 25.5 26.5

SEM 0.3 1.2 0.3 0.4



count was sig nif i cantly in creased in the 134Cs-treated
mice on day 24 in com par i son with the other groups
fig. 3(a).

The ab so lute num ber of lym pho cytes in pe riph -
eral blood be came sig nif i cantly lower from day 4
through all of the ex per i men tal TBI groups fig. 3(b). It
must be high lighted that the ir ra di ated mice suf fered a
dra matic blood cell num ber de cline com pro mis ing their 
health, an ef fect that was not ob served in the an i mals
treated with radionuclides only. There af ter, grad ual in -
cre ments in lym pho cyte num ber could be ob served at
days 10, 24, and 46, al though it did not reach the value
of the NC cell pop u la tion ob served in non-ir ra di ated
mice through out the eval u a tion pe riod. The ad min is tra -
tion of radionuclides did not in duce an in flam ma tory re -

sponse; there fore, the ab so lute num ber of neu tro phils
did not in crease dur ing the ex per i ment. Re gard less, a
sig nif i cant in cre ment in neutrophil num ber could be ob -
served at day 24 af ter the ad min is tra tion of 134Cs into
the pre vi ously 85Sr-treated mice fig. 3(c). No sig nif i cant 
dif fer ence in neutrophil num ber could be ob served in
com par i son with the con trol group. The TBI and 85Sr,
85Sr + 134Cs-treated mice dis played a sig nif i cant re duc -
tion in the ab so lute num ber of neu tro phils on day 4 in
com par i son with the non-ir ra di ated con trol group (NC). 
How ever, the neutrophil pop u la tion re turned to com pa -
ra ble val ues with the non-ir ra di ated con trol group at
day 10 fig. 3(d). The ab so lute lym pho cyte count re -
mained vari able through out the eval u a tion pe riod.
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Fig ure 1. The 134Cs ac tiv ity at days 4, 10, 24, and 46 af ter treat ment with/out 4 Gy TBI in the skel e ton (a), (b), teeth (c), (d),
and mus cles (e), (f). The data was ob tained from six mice and is shown as the mean ± SEM. The ANOVA with post-test *p <
0.05,  **p < 0.01, ***p < 0.001. The data from con trol mice is not in cluded be cause its value is zero. Mus cle val ues are not
shown be cause this tis sue was not col lected on day 4 af ter treat ment. Other miss ing val ues were lower than the min i mum
de tect able ac tiv ity (MDA) of the in stru ment



Re gard ing the T, B, and NC cell pop u la tions in
pe riph eral blood, there was a sig nif i cant in cre ment in
the ab so lute num ber of T cells through out the eval u a -
tion pe riod in par tic u lar for 85Sr, 85Sr + 134Cs-treated
groups at day 10 af ter the ad min is tra tion and
134Cs-treated groups at day 24 af ter the ad min is tra tion, 
fig. 4. On day 46, the num ber of T cells dwin dled af ter
the ad min is tra tion of 85Sr. Fur ther, the TBI-treated
groups showed a sim i lar trend, al though it oc curred
sooner at day 10. The ab so lute num ber of B lym pho -
cytes in the ir ra di ated mice di min ished rap idly from
day 4 in com par i son with the non-ir ra di ated con trol
group (NC). On the other hand, the num ber of NC cells 

in creased from days 10-24 af ter radionuclide ad min is -
tra tion. On day 46, the pop u la tion of NC cells be came
de pleted through out the ex per i men tal groups. Fur ther, 
at this stage, there was a clear trend in all lym pho cytes
pop u la tion de ple tion when com pared with non-ir ra di -
ated mice.

DIS CUS SION

The tox ic ity and ki net ics of stron tium and ce sium
radionuclides are not fully un der stood. Pre vi ous stud ies
have de ter mined that the neg a tive ef fect of radionuclides
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Fig ure 2. The 85Sr ac tiv ity at 4, 10, 24, and 46 days af ter treat ment with/out 4 Gy TBI in the skel e ton (a), (b), teeth (c), (d),
and mus cles (e), (f). The data was col lected from six mice and is shown as the mean ± SEM. ANOVA with post-test *p <
0.05, **p < 0.01, ***p < 0.001. The data from con trol mice is not in cluded be cause its value is zero. Mus cle val ues are not
shown be cause this tis sue was not col lected on day 4 af ter treat ment. Other miss ing val ues were lower than the (MDA) of
the in stru ment



is di rectly con nected with their ra dio ac tive char ac ter is -
tics rather than with the na ture of the el e ment in ques tion
[15, 16]. In ter est ingly, sta ble ce sium and stron tium iso -
topes ex hibit very low tox ic ity [15, 16].

Our study sought to clar ify and eval u ate the po -
ten tial prob lem of com bined ex po sure to ex ter nal and
in ter nal ir ra di a tion sources that may oc cur af ter a nu -
clear di sas ter. It must be noted that a sin gle ir ra di a tion
dose is ex tremely un likely un der the prem ise of a nu -
clear event.Therefore, an op ti mis tic prog no sis for the
ex posed in di vid u als is not to be ex pected. The
hematopoietic sys tem and the gas tro in tes ti nal tract are
par tic u larly sen si tive to TBI. Re gard ing the for mer,
the num ber of pe riph eral lym pho cytes de creases as
soon as 24 hours af ter the ex po sure event, re sult ing in
a state of in duced immunosuppression. Therefore, the
risk of sub se quent in fec tions rep re sent a ma jor hall -
mark of ARS. Be sides, the hematopoietic stem cell
pop u la tion can also be come de pleted, thus com pro -
mis ing the pro cess of hematopoiesis.

In our ex per i ments, we ob served a di min ished
num ber of lym pho cytes in all of the TBI-treated
groups, an ef fect that was also pres ent in the non-ir ra -
di ated, 134Cs + 85Sr -treated group af ter three weeks. In 
con trast, in di vid ual treat ment with ei ther of the eval u -
ated radionuclides did not af fect the lym pho cyte pop u -
la tion dur ing the first six weeks af ter TBI-treat ment,
thus sug gest ing their min i mal im pact in this re gard. In
the case of neu tro phils, the ef fect of the radionuclides
and TBI could only be ob served af ter 24 days. Chua et

al. [17] re ported a sig nif i cantly lower neutrophil and
lym pho cyte count in TBI-treated mice af ter 20
months, con firm ing an ini tial de cline in the num ber of
neu tro phils and the grad ual re cu per a tion of the lym -
pho cyte pop u la tion in a pe riod of 1.5-5 months af ter
TBI. In gen eral, ex po sure to ion iz ing ra di a tion of ten
re sults in neutropenia, thrombocytopenia, and ane mia
[18, 19], all of which may be come a pre vail ing con di -
tion in mice for more than 30 days.

It must be high lighted that the cells of the im -
mune sys tem do not share the same de gree of
radiosensitivity and dis play vari able de ple tion and re -
newal times. This may af fect the bal ance be tween the
di verse im mune cell subpopulations and re sult in an
al tered im mune func tion. Lym pho cytes are par tic u -
larly radiosensitive and can be af fected in a higher or
lesser de gree ac cord ing to their phe no type as fol lows
(in de scend ing or der): B cells [20], T reg u la tory cells,
T helper cells, cytotoxic T cells, mem ory T cells, and
NC cells [21]. The ca pac ity to cor rectly eval u ate the
amount of ab sorbed ion iz ing ra di a tion in an ex posed
per son, ei ther by ac ci dent or as part of treat ment, mer -
its a whole sep a rate study [22]. One such was con -
ducted by Bertho et al. [23], who eval u ated the ef fects
of chronic ex po sure to 137Cs and 90Sr in mice.

Due to its high sol u bil ity and sim i lar ki net ics of
Po tas sium, ra dio ac tive ce sium is trans ferred as a free
ion into the pe riph eral blood af ter oral ad min is tra tion,
thus pre sent ing an im me di ate sys temic dis tri bu tion
[10]. The di ver gence be tween K+ and Cs+ ions de ter -
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*NC – Neg a tive control
Fig ure 3. Lym pho cyte (a), (b) and neutrophil (c), (d) count at days 4, 10, 24, and 46 af ter treat ment and with/out TBI. The
data was ob tained from six mice and is shown as the mean ± SEM. The ANOVA with post-test *p < 0.05, **p < 0.01, ***p <
0.001. Other miss ing val ues were lower than the (MDA) of the in stru ment



mines their func tion within the or gan ism; on the one
hand, ce sium is un able to com pletely re place the func -
tion of Po tas sium thus com pro mis ing nor mal cell
func tion, es pe cially in mus cle and neu ral cells [10,
15]. Ad di tional stud ies have shown a sim i lar dis tri bu -
tion of ce sium in rats, mostly ac cu mu lat ing in mus cles, 
skin, gas tro in tes ti nal tract, and liver and with only low
con cen tra tions found in the pe riph eral blood and brain
shortly af ter oral or intraperitoneal ad min is tra tion
[24]. In our study, we found a higher ac cu mu la tion of
134Cs in mus cle and skel e ton, with only min i mal ac cu -
mu la tion in teeth.

 An autoradiographic study eval u ated the dis tri -
bu tion of ce sium in rats af ter intraperitoneal ad min is -
tra tion of 1.5 Bq ce sium over a pe riod of 5 min utes to 3
months find ing a higher con cen tra tion of 137Cs in the
ab do men and si nuses af ter 1 hour [25]. Nel son et al.
re ported that the ac cu mu la tion of 137Cs in teeth and
bones could not be de tected within the first hour af ter
ad min is tra tion, fur ther, the high est ac tiv ity re corded
was found in car ti lage [25]. How ever, an in creas ing

amount of 137Cs could be ob served in mus cle af ter one
day of ad min is tra tion, in creas ing dur ing the fol low ing
3 days. The 137Cs ac tiv ity de creased sig nif i cantly af ter
one month in both mus cle and bones [25]. In our study, 
134Cs ac tiv ity de cline in bones and mus cle could be ob -
served from days 4 to 46 af ter treat ment. Con trary to
the re port by Nel son et al., [25] the ac tiv ity of 134Cs
was not in creased, prob a bly due to the dif fer ent sam -
pling pe riod.

Our ex per i ments dem on strated that TBI in the
pres ence of 85Sr and 134Cs had a sig nif i cant ef fect on
the ac cu mu la tion and elim i na tion rates of 134Cs in both 
the skel e ton and teeth and par tially in mus cles. On day
10 af ter 134Cs ad min is tra tion, ap prox i mately 10 % of
the ini tial ac tiv ity could be mea sured in the mus cles, at
day 46. However, the mea sured ac tiv ity val ues were
two or ders of mag ni tude lower. This sug gests the rel a -
tively strong abil ity of an or gan ism to elim i nate ce -
sium ions, very likely through urine. In this re gard, a
pre vi ous study dem on strated the high con cen tra tion of 
137Cs in the kid neys and uri nary blad der of mice af ter
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Fig ure 4. The NC, T, and B cell pop u la tion anal y sis in non-ir ra di ated and TBI-treated mice. The T lym pho cytes (a), (b);
B lym pho cytes (c), (d); NC cells (e), (f). The data was ob tained from six mice and is shown as the mean ± SEM. ANOVA and
Tukey-Kramer test p < 0.5*, p < 0.01** p < 0.001***. Other miss ing val ues were lower than the MDA of the in stru ment



one day of treat ment, thus sup port ing the hy poth e sis
that the ad min is tered radionuclide is ex creted through
urine dur ing the first few days [25].

In con trast, TBI-treated mice dis played a higher
rate of ce sium re sorp tion. Carsten et al. [26] re ported
that, af ter whole-body ir ra di a tion, the num ber of bone
mar row cells in the treated mice was dras ti cally di min -
ished show ing a grad ual re cu per a tion over time; how -
ever, the hematopoietic stem cell pop u la tion did not
re cover.

The ex act lo ca tion for 85Sr ac cu mu la tion in the
gas tro in tes ti nal tract re mains un clear. A pre vi ous
study per formed on ham sters sug gests that 85Sr could
be ac cu mu lated in the stom ach and small in tes tine
[27]. Chem i cally sol u ble stron tium grad u ally per me -
ates into the blood stream be com ing sys tem i cally dis -
trib uted in the form of pro tein com plexes [27]. The ex -
cre tion mech a nism of stron tium has been closely
re lated to its ini tial form of en try, e.g. af ter an in tra ve -
nous ap pli ca tion of 85Sr ap prox i mately 35 % is ex -
creted through urine. Stron tium can mimic the ki net ics 
of cal cium in the or gan ism; there fore, it is ac cu mu -
lated in the sur face of bones and the teeth [16], where
ap prox i mately 99 % of the ab sorbed stron tium be -
comes strongly bound.

Upon i.v. en try, Stron tium rap idly finds its way
into a crit i cal or gan, lead ing to a higher ac cu mu la tion
rate (³55 %) and a lower elim i na tion rate when com -
pared to oral in take (³11 %) [19]. The re port by Nel son 
et al. [23] in di cates that 5 min utes af ter intraperitoneal
ap pli ca tion, 90Sr is mostly ac cu mu lated in the bones.
How ever, the un ab sorbed radionuclide re mains within 
the peritoneal cav ity. Four hours af ter ad min is tra tion,
the in cor po ra tion of 90Sr from soft tis sues and pe riph -
eral blood into the bones is com plete. Four days af ter
ad min is tra tion, 90Sr re ten tion in the pi neal and
dentinal  epiphyseal  seg ments is now  ap par ent,  and
no re main ing radionuclide can be de tected in soft tis -
sues [25]. Buldakov and Moskalev [28] dem on strated
that 42.6 % and 17.8 % of the ad min is tered 90Sr are ac -
cu mu lated in the skel e ton af ter 4 to 6 days. In ap par ent
con tra dic tion, our study re vealed that 85Sr ac tiv ity
could still be mea sured in mus cles af ter 24 days. How -
ever, this may be due to the more sen si tive method
used in our pro to col. Nel son et al. [25] also re ported
that the max i mum ac tiv ity val ues of 90Sr in teeth were
reached 1 hour af ter ad min is tra tion and re mained con -
stant for 16 days, quickly drop ping af ter ward. In our
study, the ac cu mu la tion of 85Sr had a grow ing ten -
dency through out the eval u a tion pe riod. Pre vi ous
stud ies dem on strated that the ad min is tra tion of higher
90Sr doses (higher ³ 8.0 ± 0.3 MBq vs. low dose £ 200
± 0.3 kBq) had a di rect ef fect on the abil ity of the or -
gan ism to ex crete the radionuclide in as much as a 6:4
ra tio (low vs. high dose), more over, a higher dose also
in flu ences the ac cu mu la tion rate in the body [6].

The tox ic ity of stron tium was pre vi ously eval u ated 
dur ing a study fo cused on the treat ment of os teo po ro sis

us ing stron tium-ranelate, an anti-osteoporotic agent [29], 
prov ing that traces of stron tium be come het er o ge neously 
in cor po rated into the skel e ton [27]. An other study con -
ducted on rats re ported that stron tium is highly ac cu mu -
lated in the hip joint (iliac crest), in ci sors, the lower man -
di ble, and the skull cap (calvaria) [30]. A sim i lar study
per formed on mon keys showed that a high stron tium in -
take leads to its in clu sion into the min eral struc ture of
both com pact and po rous bone [31], be ing es pe cially
pre dom i nant in new bone [32]. The mech a nisms for the
in clu sion and bond ing strength of stron tium into tooth
and bone struc tures dif fer slightly. In teeth, stron tium is
of ten ac cu mu lated in dentine (dentium), enamel
(enamelum), and ce men tum [33]. The min eral com po -
nent of teeth plays an im por tant role in its com po si tion
and its mostly rep re sented by hydroxyapatite in var i ous
mod i fi ca tions. Un der an ex ces sive amount of stron tium
in the or gan ism, ap prox i mately 1 out of 10 Ca2+ ions are
re placed with the Sr2+ cat ions [30, 34], bind ing with the
tooth's ap a tite crys tal lat tice in stead of cal cium.

It is com mon knowl edge that an al tered cal cium
bal ance leads to bone decalcification and that the ex -
change be tween extracellular fluid and bone de pends
strongly upon the level of phys i cal ac tiv ity. In gen eral,
500 mg of cal cium on av er age are elim i nated from the
bones, largely through stool [35]. These facts pro vide
a clearer ex pla na tion for the re sults of our ex per i -
ments. The ra dio ac tive stron tium iso topes were grad u -
ally elim i nated from the skel e ton through out the eval -
u a tion pe riod. How ever, a grad ual in cre ment was
de tected in the teeth through out the same. This in -
creased ac cu mu la tion could be ex plained by the
higher elim i na tion rate of cal cium and stron tium from
the bones, be sides, part of the stron tium re leased into
the blood stream could be re-in cor po rated into the
teeth. The struc ture of the enamel is also in flu enced by
sev eral fac tors, in clud ing diet. In our case, the mice
were pro vided with un tainted food and wa ter and the
bed ding was changed daily. There fore, these can be
ruled out as po ten tial stron tium sources, as sum ing in -
stead that the re sorp tion of cir cu lat ing 85Sr into the
mus cles was in sig nif i cant.

Com par ing our re sults in stron tium and ce sium
biokinetics, it was ap par ent that the for mer was more
strongly ac cu mu lated in the or gan ism thus ex tend ing
its elim i na tion time in com par i son with ce sium, an ob -
ser va tion that is con sis tent with an other study [6]. Ce -
sium is also char ac ter ized by a faster pen e tra tion rate
into all tis sues of the body and thus by a more even dis -
tri bu tion re sult ing in a con stant ir ra di a tion rate for
most cells; in change, stron tium mainly led to the ir ra -
di a tion of soft tis sue cells in bone and ad ja cent tis sues.
The syn er gis tic ef fect of stron tium and ce sium was
prob a bly due to the ra dio ac tive ef fect of 85Sr in cor po -
ra tion in the bone. In ter est ingly, the ex cre tion of ce -
sium was in flu enced in part by TBI and by the pres -
ence of 85Sr within the or gan ism.

A higher in ci dence of break age was re corded
when col lect ing the bone sam ples (bone fra gil ity)
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from the treated mice, thus im ped ing their ex trac tion.
Bone strength is de pend ent upon its mass and
microarchitecture, fur ther, min er al iza tion in flu ences
the me chan i cal re sis tance and den sity of bones. There -
fore, a higher pro pen sity to me chan i cal dam age af ter
24 to 46 days af ter the ad min is tra tion of stron tium
should be ex pected.
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STUDIJA  O  RASPODELI  RADIONUKLIDA  85Sr i 134Cs
NAKON  TOTALNOG  OZRA^EWA  TELA

Kinetika stroncijuma, 85Sr, i cezijum, 134Cs, procewena je na eksperimentalnom modelu
mi{a kako bi se utvrdio uticaj ovih radionuklida na ̀ ivi organizam u pogledu totalnog ozra~ewa
tela.  Na{a studija pokazuje da na stopu eliminacije 134Cs iz kostura i zuba uti~e totalno ozra~ewe
tela i prisustvo 85Sr. Ve}a akumulacija i br`e eliminisawe 134Cs zabele`ene su u skeletu i zubima
totalno ozra~enih mi{eva kojima se daje sme{a radionuklida od 134Cs + 85Sr. [to se ti~e 85Sr,
zabele`en je samo minimalan efekat na wegovu akumulaciju u skeletima, zubima i mi{i}ima kod
totalno ozra~enih mi{eva. Efekat me{avine radionuklida 85Sr + 134Cs na akumulaciju 85Sr bio je
o~igledniji u zubima, pokazuju}i ve}u stopu zadr`avawa nakon 10-24 dana primene kod neozra~enih
mi{eva. Procena kinetike ovih radionuklida pru`ila je preko potreban uvid u wihove efekte
tokom prva dva meseca nakon izlagawa, pokazuju}i da je brzina akumulacije  85Sr  ve}a od stope  134Cs.
Daqe, stopa eliminacije 85Sr je sporija u pore|ewu sa 134Cs. Uo~qivo je da totalno ozra~ewe tela
ima ve}i efekat na hematolo{ke parametre krvi mi{eva od samih radionuklida.

Kqu~ne re~i: 85Sr, 134Cs, model mi{a, unutra{wa kontaminacija, totalno ozra~ewe tela


