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DISTRIBUTION OF THE TERAIISUFANIC ELEMENTS IN MAMMALS

By
Patricia W. Durbin

Lawrence Radiation laboratory
University of California, Berkeley

The earliest investigations of the metabolism of the actinide elements and

“the light weight lanthanides producéd in nuclear fission revealed some general

similarities in their biologic behavior:(l-T)fifst, their tendency to accumu-
late in and remain fixed in the skeleton,'énd second, their tendency to deposit
in the liver with subsequent repid elimination from that organ via the gastro-
' %
intestinal tract.
In recognition of their common properties, particularly their prolonged
residence in the skeleton, these elements have been classed in a general way as

"bone seekers". Autoradiographic investigations reveal.that the lanthanide and

actinide elements deposit in essentially the same anatomical locations in bone--
N . ~ .. ‘

on endosteal, ;ériosteal and trabecular surfaces, and in the vicinity of blood

vessels -- with minor quantitative variations. (See appendix)
Modern biochemistry has brought forth thoroughly convincing evidence of the

orderly and fundamentally chemical pature of living systems. It therefore seems

" reasonable to suggest that the biolcgical behavior of these nonessentiél élemegts

is the net resulf of orderly and chemically identifiable processes within the
animal. If the tissue deposition of these elements is, in fact, the result of

bona fide biochemical processes, such deposition shouldbe predictable on the

. basis of chemical properties.

(8)

It is helpful to review.some of the general chemistry of these elements.

Soon after the establishment of. the concept of atomic number, the rare earth

elements (cerium through lutetium) were properly fitted into the classification,

* : '
This work was performed under the auspices of the U. S. Atamic Energy
Commission.

The rate of femoval of these elements from the liver appears to be species
dependent. It is most rapid in rodents and much less so in larger species.
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and the periodic table assumed its present form. In the placement of the lan-

thanide elements their predominant tripositive character in agueous solution was

© the major consideration. - This was not the situation with the heaviest elements.

Before the discovery of the transwranic elements, the heaviest natural elements--
thorium, protoactinium and uranium--were placed in corresponding positions Just
below the VIth-period transition elements---hafnium, tantalum and tungsten, in

which the 54 electron shell is being filled. The evidence now available leads

‘to the definite view that the 5f shell is undergoing filling in this neighborhood,

and that the heavy rare earth seriés begins at actinium in the same sense that the .
light rare earth series begins.at lanthanmﬁ;

All the hf'elemeﬁﬁs, the lanthanides, exhibit trivalency, and most of them
show only this valence stéte. The ﬁmportant consequences. of the filling of the
hf shell aﬁe ?wo-fold. ?irst, the L4f elestrons do not participate in bond for-
mation, and as\é\;esult, étams_or'ioﬁs whose electronic configurationAdiffer
only in the number Sf 4f electrons will saow similar chemical behavior. Secondly,

the filling of the 4f sheli'is accompanied by a slow contraction in atomic di-

- mensions for a given valence state. The ionic radil of the lanthanides are shown -

7_in Table~I.(8’9) Since the degree of chemical similarity between any t&o atoms

with analogous electronic configﬁratibns depends on relative size, the effect of

this 4f contraction occurs regardless of whether the bonding is of ionic, co-

- valent or metallic character, and whether the valence is (II), (III), or (IV).

This gradual decrease in atomic dimensions is accompanied by a decrease in

basicity, an increase in solubility of the oxide, and an increase in the stability
of chelates. (10’ ll) |

Bohr suggested nearly'35 years ago that'electrons might begin to enter the
5f shell near the end of the periodic system as it was then known (analogously

to the 4f filling’in the lanthanide series). Pioneer tracer experiments with

neptunium revealed no similarity with ite supposed homologue, rhenium. Likewise,

~e




',.nides is showﬂ\iéVTable II.(S)ﬁ

L =5-
later work with plutonium failed to reveal any similarities with osmium. How-

‘ever, the existence of higher valence states for the elements thorium through

plutonium, and the absence‘of a stable (III) state for these elements continued
to confuse thé issue. Discovery and identification of americium, curium, ber-
kelium, and californium, for which the (ILI) state is dcminant and nearly ex-
clusive demonstrated conclusivelyfﬁhe exi%tence of a 5f transition series in
which thorium was the first member.

Ana%ogous compounds of‘the elements actinium to californium are almost in-
variably isostructural.  Quite analogous fo,the lanthanide contfaction, there

is for isostructural compounds of the actinides a decrease in lattice dimen-

" sions with increasing:atomic number, and in addition, the ionic radius of a
. 8iven element is smaller for its higher #alence‘states."The magnitude of the

5t contractionvand the ionic radii of the different valence states of the acti-

It is essential to consider the diffzerences as well as the similarities
between the 4f and 5f elements. Among th2 most conspicuous differences are

(1) the greater multiplicity of valence states for the heavier series; and (2)

- the generally higher principal valence states of this group. Whereas no k£

element ever exhibits more than two valenze states, nemely (III) and (II) or

(IIT) and (IV), there are two higher states for protoactinium: (IV) and (V),

 and four bona fide states for the elements uranium through americium, (III),

(Iv), (V), and (VI). The trivalent state is, for all practical purposes, non-

- existent for thorium and protoactinium. These notable differences between the

Lf and 5f‘elements'arise primarily because of the lower binding and shielding

of' the 5f electrons.. J

It is perhaps useful to consider the actinides as consisting of two sub-

' groups--those for which the stable state is (ITT), and those for which the

stable state is (IV) or greater. :The most stable state of uranium is (vi),

; ;

~s
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and its most stable form in aqueous solutions is U02++. In biological systems
the uranyl ion behaves so differently frcm the other actlnld@s that it will bs
neﬁlecged in the subsequent dlscu<snon.< 2)

Comparison of Tables I and Il reveals that the size of the 5f atoms is not‘
much greatsr‘fhan that of the 4f atoms ir. corresponding valence states. Conse-
qpenfly, the 4f elements are extremely gcod chemical standins for the 5f els-
ments insofar as the tripositive end tetrapositine states are concerned. It
would seem, therefore, that‘in biological systems the tripositive actinides
should closely resemble their lanthanide homologues of simllar atomic dimensions. -

As soon as very pure specimens of the heavy lanthanides becane available,
end an intense neutron sourée (the MTR) was built, the metabolism of the entire
lanthanide grolp was 1nvest1gated systematically in our laboratory. The results

of these 1nvest1gatlons ‘have been reported, but bear repet1t¢on here. J(12-14)

A}
In Table’ EII are shovn the experlmentally determlned constants of the expo-
nential equations that describe the disappearance from the plasma and deposition

in the skeleton of four representetive 1anthanides.< 5) It is apparent that the

‘ heavier_lénthanides leave the plasma nore slowly. Following an initial rapid
. accumulation phase, the heavier lanthanides continue to deposit in theiskeleton.

‘Deposition of cerium in the skeleton is very nearly complete 20 minutes after an

intravenous injection; thulium,‘on the other hand, is still being laid down in
bone 2L hours after injection. Unpublished work indicates that actinium is laid

down in bone at essentially the same rate as is cerium, -and it is a common find-

ing that a significant proportion of protoactinium, neptunium, and plutonium

- remains in the circulation many hours after either intramuscular or intravenous

injection. I
Preliminary data suggest that a significant fraction of these highly
charged catlons ‘are ccmblned with the serum protelns shortly after their. intro-

duction intravenously as cltrate campleyes.
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Urinaxy excretién in the first 2L hours after intravenous or intramuscular in-
Jjection as a citrate complex varies from 3% to 5% for actinium and lanthanum,
and from 20% to 30% for thulium and neptunium. The known increase in chelate
stability with decreasing atomic anqen51ons suggests that some of the metal ions
remein in the circula@ion combined with citrate or some other small species
which caﬁ be filtered by the kidney. A systematic investigafion of the extent
and‘ngture of serum protein binding is an essenfial first step in our under-
standing of the biologicai behavicr of these elements.

The availeble data for the deposition of the lanthanide series, the acti-

.. hnide series and yttrium in skeleton and liver are collected in Table IV.NT Thé

animals were female albino rats 3 to 6 months old which were sacrificéd from

1 to 8 days after'isotope administration. Carrler-free or high specific activ-

ity radiolsotopes were used wherever POSﬂible- The mass of a partlcular ele~

‘ment administéred was occa51onally nore than 1 pg, but never. exceeded’ 5 ug

(Bu 152, l5h)

Rad101socopes were 1nJectec 1ntramuscularly (1n a few cases, in~
travenously) in isotonic sodium citrate. The liver deposition shown in the

Table iV,is the sum of the percent of dose in liver, gastrointestinal tract

~and feces up to the day of sacrifice. It has been shown that for the rat the

liver: depos1t is-eliminated almost excluclvely via the gastr01ntest1nal tract,i
so that this sum should represent the total liver burden & few hours after
injection. -

It can be seen f£am Table IV that fer the lanthanide series the skeletal
burden ingreaseé, and.the liver bur@en diminishes with increasing afbmic nﬁﬂber
(and_décreasing‘ionic size). On thé basis of the skeletal déposition, yttrium
has been placed in fhe tabulation jﬁst below its nearest laﬁthaﬁide neighbor,
erbium. The fit of yttrium in fhis:serence with resbect to liver burden would

be between europium and gedolinium. In any case, the appropriate parameter

-appeérs to be ionic size rather than atamic nﬁmbef"(yttriumris number 39).
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It was‘suggested eérlier that in biological systems, the fripositive
actinides should closely resemble their lanthanide homologues. It can be seen
from Teble IV that the actinides for which the most stable state is (III) are
] deposifed in the skeleton and liver of the rat éb about the same extent as
their nearest lanthanidevnéighbors. ‘The agreement between the groups is good

for americium, curium, and califofniﬁm; the abbe?ant behavior of actinium is
somevhat puzzling. The agreemeﬁt betweenAﬁhé bioloéical beh&vioerf these two
groups of elements is not surprising, if it is aséumed that their metabol;sm
has & fundamental chemical‘basis.

It is Worth recalling thét the lanthanide elements are eluted from a cation
exchange column with buffered citrate in order of their decreasing atomlc radii =-

(11)

lutetiuwm is removed flrst and lanthanum last. Not only the order of removal,
but the spacing between the elution peaks appears to depend on the size of the
'1ons, S0 that\%hg\sp301ng‘between Lanthanum and ceriuwm is greater than that be-
'tween holmium and erbium. ( ) Ytitrium elutes in the holmlum posmtlon, and

(8)

americium and curium peak between neodymium and promethium. Californium,
and berkelium, and elements 99, 100, and 10l were similarly identified by anaiogy
" to their[lanthanide homologues of theorétically similar ionic¢ radius. .

The biological data for the actinides whose stable state is () or (V)b
(Th, Pa, Np, and Pu), are iﬁcluded in Table IV alongside the lanthanides of
- similar ionic sizé. insofar'as the skeietal‘data are concerned, the relationéhip
between ionic radius and bone uptake is raasonably good except for thérium;

In Fig. 1 the liver and bone depositions for all of these elements are shown
on a linear scale as functlons ‘of icnic radius. Although the f£it is not perfect,
flt appears to be a good flrst approxxmatlon for the lanthanide elements, the
tripositive actinides, plutonlum,-and yttrlum. If this apparent relatlonshlp :

is real, it is obv1ously not 1nvar¢ant, nor can it be considered the sole

factor governlng “the metabollsm of any or all of these elements. The demon-

~/
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stration Qf a regular trend in bviological behavior as a function of a funda~
meﬁtal chemical property is, however, highly suggestive.

Recalling that with decreasing'afomic'size there is a regular increase in
solubility and chelate'stability and a decrease in basicity, it wou;d appear
that‘the iﬁitial deposition patterns of these elements in liver and skeleton
are the net result of fundamental chemical processes. In the absence of
systematic data onvthe adsorption of colloidal metal pydroxides or oxides onto.
bone crystals, the existence of_such & process eannot be sumarily dismissed.
However, the available evidence points more strongly to formation of a chelate
or a series of’competing chelates as the initial biochemicel process in the
skeletoﬁ. The eventual fate of these elecments undoubtedly depends as nmuch or
more on the subsequent blologlcal procesaes in the tissues as on the chemlcal
nature of the“elements in question..

We are obvieusly.a leng way from a satisfactory expianation of why these

highly charged cations behave as they do in mammalian systems. Their chemical

‘state in the circulation, the identity of the chelating molecules at the sites

of depésition, and perhaps most impoftent, the mechanisms invelved injtheir ‘
transporf across- the cells lining the‘capillaries remain to be elucidated. I
should like to suggest,thaf'our attention tufn £0 these problems, for in the
course of their solution, we wiii learn much about the tissues themselves, and
much about the.practical.problem of{remoVing them from the huﬁan'skeleton.

\

~/ .
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Table I

IONIC RADII OF LANTHANIDE ELEMENTS IN VARIOUS VALENCE STATES

Jonic radius, A,
in indicated valence state

Blement _ : T SR ) +3 o i+l;
Cesium® A ‘ 167 '
- Barium® E o _ : , o 1;29
Lanthanum ; R : .-1;05
Cerium . ' o _ _ L o 1:03 - 0.92
' Praseodymium - : S ‘ 1.0 . 0.90
Neodymium - - . ‘v R o - 1.00 V
Premethium ‘.. | . -_ - (0.98)
Samarium -i Il - 1.1 0.96 'r
' Europium‘. . - S 1.09 0.95
Gadolinium SN R . 0.9k
Terbium | ' : _ C _;,,. _ 0.92  0.84
Dysprosium ' _ ' 0.91
Holmwn e ' . 0.89
Erbiun - o /  0.88
Thulium / ' 0.87
Ytterbiun S __ 0.93 0.86
TLutetium _ , L - . 0.85
Hafnium ' _ | ) . ' 0777

The ionic radii of cesium and barium and hafnium are shown here for ccmparison.



-Table II

IONIC RADII OF >f ELEMENTS IN VARTOUS VALENCE STATES

Element

“Actinium

Thorium

Protactinium_

Uranium
Neptunium
 Plutonium
Americiun
Curdum
Berkelium

Californium

Tonic radius, A,

in indicated valence state

+h

13
- .
“(1.08)
(1.05)
1.03
1.01
1.00
o0 :

Z7

'0.98

0.9%

0.99
0.96
0.9
0.92
0.90

0.89

+5‘

OlO
\O
o

87

~

.86

bot ]b>
Al

p

0.85

0.82

0.8%

0.801

-~



Table IIT

CONSTANYTS OF EXPONENITAL EQUATIONS DESCRIBING DISAPPEARANCE FROM THE SERUM
AND UPTAKE IN THE SKELETON OF FOUR RADIOACTIVE LAWTHANIDE ELEMENTS
INJECTED INTRAVENOUSLY IN THE FORM OF THEIR CITRATE COMPLEXES.

COEFFICIENTS (N) ARE IN PERCENT OF INJECTED D
CONSTANTS (k) ARE EXPRESSED IN MIN

SSE AND RATE

Celhh

Eu152,15h
160

TmlTO

o
Ce

Eu152,15u
160

Th
Tm170

-1

ﬁi kl x 10

90 T

0 T

66 3.5
58 3.5
6.8 b6

20.5 . 4.6

13.2 3.5

i7.5 345

N,

8.2

16.5

29

25

50.5

Disappearance from serum

-2 _
. k2 x 10 ﬁi'
5 _' 0.7
3.5 2.4
35 5.8
ggnc uptake -
e 8 _
16
] 48.1

Ky x 207

5
b

h.2

33 .0

6.7 .

>

AN



SKELETAL AND LIVER DEPOSITION OF HIGH SPECIFIC ACTIVITY RADIOISOTCPES OF
THE LANUHANIDE AND ACTINIDE RARE EARTHS 1 TO 8 DAYS AFTER PARENTERAL
- ADMINISTRATION CORRELATED WITH THE IgNIC
RADIUS OF THE VARIOQUS ELEMENTS

% dose i o . % dose
. © Idver ‘ . : o Liver
Ionic . &y Tonic ' & 4 -
Valence Radius Skeleton Feces™ . Valence Radius  Skeleton - Feces
S T ac??l 1.11 6.8  62.2
12140 TIT 1.06 8.4 6Tk S - | | §\§
- gt 1.0 . 277 59.0 S ‘ | .
pritd 1.01 | 26.6 57.0 | N |
a7 1.00 31l 372 mhool v .99 66.3 9.6
7 .98 361 R e TTT .99 32.8 - s57.4
snt0? | 9% . U332 W79 cm2u2 . TIIT .98 . 20.L 58,9
' .Eul52,15u .'95' ' 155.6' . 6.1 B |
gato? o Sk W% - 2003 o2 o gy . 55.0 216
,}.Tblso S Loe- 6045 o 13.7 E o | . | .
| Dyl66 o1 59.9 . 9.0 pa®20 v .90 4.6 3.3
-'Hol66 - .89 55.6 15.6 Pu?38 v .90 55.% 1 29.7 |
Er'® 88 56.1 8.6  m>T v 88 Wy 17.8 |
(?h - .88  55.6 22.8 i
1O .87 6h4.1 6.4
w7 ‘ .86 57.8 - 9.8 ///(
wr 85 67.6 10.0
a Original references containing the metabolic data for these elements are as follows: Y9l(l6), Lalho through

wtl(13), ac?21(17), m227(18), PaBI0(19), m57(20), Pue3B(21), AnPMl(22), nB'2(23), and CI249,252(2l).

b Includes G.I. tract




57 058 [ 59 60 ] 61 [ 62 | 63 [ 64 | 65 [ 66 [ 67 | 68 {69 | 70| N | | N I
La{Ce|Pr|{Nd|{Pm|Sm|Eu|Gd|Tb|Dy|Ho|{Er |Tm}{Yb!Lu
89 190 | 91 |92 |93 194 | 95 {96 |87 |98 ) 93 | 100 101[102]103
Ac|Th|{Pa|] U |Np|Pu|Am|[Cm|Bk|Cf | E |Fm|Mv
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1.2 1 -
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‘/Gdy //
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' ) \\ -~
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the actinide and lanthanide elements plotted as linear
functions of the ionic radius of the most stable valence

state.




“ (V) -- are deposited in vew

- and to a lesser degree on the periosteal surface.

LAPPENDIX
Autoradiographs of deposition in btone are shown in Figs. 2 through 15 for
‘ " -
some representative lanthanide and actinide elementsy radiocalcium, yttrium,

niobium, and zirconium. Although many have aiready been published, it seems

.~ appropriate to collect them in this review. Figures 3 and 10 have been repro-

duced from ref. 6, and Figs. 4 and 9, and'll'throughvlh appeared in ref. ba.
Autoradiographs were prepared from histologic sections oflundecalcified

bone cut L4 to 6 microns thick from nitrbcellulose blocks (excepi for the bone

L5

'containing Ca '@ which was embedded whole in plastic and milled to a flat sur-

face). Two autoradiographs of the same radioelement, Celhh, are shown in

Figs. 2 and 3 to indicate the extent of variations that can be expected with ,v

the seme element in the same animal but using different fibn, a slightly
thicker section (1n the case of Fig. 2), and a dlfferent method of malntalning

close contact between sectiog and filni.  The autoradlograph of Ca 45 (Flg 5)

© . is included to show those regions of the'lonz bone diaphysis and metaphysis

| in which there is still active bone growth in the 120-day old female rat.

227 241

- Yttrium, the lenthanides, and the tripcsitive actinides (Ac A

o and Cm l‘2) ‘are dep051ted in essentlally the seme anatomical locatlons--on.

. trabecular surfaces,,below the periosteun and endosteum (to a lesser degree

than on the periosteum), beneath the articular surface, and in the neighbor-

. hood of blood vessels in the compact bone of the diaphysis.

- Insofar as they also deposited to a lar?e extent on the surfaces of

trabeculae, and on the periosteal and endosteal surfaces, the cations whose

-most stable state is (IV) or (V) resemble the tr1pos1tive lanthanide and

actinide elements. There’are, however, some notable differenCes between the

two groups. The more highly cl rged catlons - Th(IV), Pu(IV), 2r(IV), and

hlgh concentrations on the endosteal surface
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APPENDIX (continued)

¢

 the articular surface, and aré;z?ry nearly absent from the areas around the

blood vessels in the compact bone..

These differences in tﬁe skeletal:deposition of the trivalent ions and

‘those ions with a stable valence state of (IV) or (V) were originally noted

by Hamiiton(6a) who pointed out thet the autoradiographs of the tripositive
elements all resembled cerium, and that the distribution patterns of plutonium,
zirconium, thorium, and niobium, while similar to one another, were not

exactly the same as those of the "cerium" group.

~/



10.

 0ld female rat sacrificed 16 days after isotope injection.

11..

15.

.“Ac

, ' APPENDIX FICURES
Ce*uu autoradiograph on industrial x-ray film, type A; distal femur,
Ji-month old female rat saérificed 4 days aftér isotope injection.

1kh

“Ce adtoradiograph on no-screen x—ray film; distal femur, 10 to 12

month old female rat sacrificed 8 cays after isotope injection

Pmlh?

4

5 e

autoradiograph on@no—screen L-ray fllm distal femur, 6 to 8 month '
0ld female rat sacrificed 4 days after- 1sotope injection.
Cez,h5 autoradiograph on industrial. x-ray flhm, Type A; proxxmal tibla,'

4 month old female rat sacrificed h days after isotope injectlon.

152,15h autoradiograph on industrlal X-ray fllm, type A; distal femur,

h month old female rat sacrificedlh days after isotope injection.

170

Tm autoradiograph on industrial x—ray film,‘type A;,distal femur, L

month old female rat sacrificed h days after 1sotope 1njection. .
!

Y9l autoradiograph on no-screen Xx-ray £ilm; dlstal femur, hz day old

female rat s;:}lflced L days afterzlsotqge injection.

22T autoradiograph on no-screen x-ray film; distal femur, 6 to 8 month

old female rat sacrificed 17 days after isotope injection.
4Am2hl autoradiograph on no-screen x-ray film; distal femur, 6 to 8 month

'
i
.

Cmgl"2 autoradiograph on no—écreen X-ray fiim; distal femur, 6 to 8 month

old female rat sacrificed T‘days‘af%er isotope injection.
w5

autoradiograph on no-screen x-ray film; distal femur, 10 to 12 month

0ld female rat sacrificed 8 days after isotope injection.

, Zr95 autoradiograph on no-screen x-ray film; distal femur, 10 to 12 month

0ld female rat sacrificed 14 days after isotope injection.

I o .
Th231L autoradiograph on no-screen x-ray #ilm; distal femur, 6 to 8 month
0ld female rat sacrificed 8 days after isotope injection.

Pu259 autoradiograph on no—scréen x-ray Lilm; distal feémur, 10 to 12 month

old female rat sacrlficed 8 days after 1£otope injection.

Magniflcatlon varies fram ﬁ 5 x to 5 2 X. ot L ’//i
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