
Thediscovery(1)thatredbloodcellsofvarious
species could be tagged in vitro with Cr-5l in the anionic
hexavalent form of sodium [Cr-51]chromate was fol
towed by the rapid development of techniques for mea
suring RBC survival time, RBC mass, total blood vol
ume, and spleen-to-liver ratios (2). This led to the
widespread use of Cr-SI in cell biology, particularly for
the labeling of lymphocytes in immunological toxicity
assays (3â€”6).However, to the best of our knowledge, the
radiotoxicity of intracellular Cr-5l has not been inves
tigated. In this paper we report (a) experimental results
on the kinetics of uptake and retention of this radionu
clide by dividing mammalian cells in culture, (b) its in
tracellular distribution, and (c) its radiotoxicity as de
termined by the colony-forming assay (7,8).

Chromium-SI is produced by 50Cr(n,'y)51Cr or
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51V(d,2n)51Cr reactions. It decays with a 27.7-day
half-life (9) to stable VS1 entirely by orbital electron
capture (EC) and with the emission of highly penetrating
320-keY gamma photons (9.9%) having a mean free path
I.),â€˜s.'8.5 cm (10) in water-equivalent biological matter.
The primary EC decay process results in an inner atomic
shell vacancy in the V5l daughter atom. Consequently
there are emissions of 5.0-keV K x-rays (22%) of vana
dium (9) with l,@â€˜@â€˜250 sm (10), and several low-energy
Auger electrons (10 eV to 4.38 keY) with subceltular
ranges. To understand the observed radiotoxicity, theo
retical calculations of the dosimetry of tow-energy
electrons have been performed using the experimentally
determined intracellular content, distribution, and re
tention of the radionuclide. Our results demonstrate the
importance of localized irradiation of radiosensitive
targets in the cell nucleus by Auger electrons in causing
cytocidal effects. The present work is in general agree
ment with published studies on the radiotoxicity of
other tissue-incorporated Auger-electron emitters
(7,8,11â€”23).
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The kinetics of uptake and of radiotoxicity of chromium-51, an Auger-electron emitter,
havebeenstudiedinV79lungfibroblastsof theChinesehamster.Intracellular
radloactivfty was directly proportional to the incubation period and to the extracellular
concentration of the Cr-51. AbOUt 14% of the cellular activity was associated with the
nucleus, whereas approximately 2% was guanidine-precipitableand therefore bound
to DNA.Thegrowthrateof V79cellswasslowedfollowingintracellularincorporation
of Cr-51. The cell-survival curve, in terms of colony-forming ability, was of the low
LETtype, with a D37of 6.2 pCi/cell. Theoretical dosimetric estimates indicate that,
under the given experimental conditions, the mean lethal dose to the cell nucleus was
870 rad. Althoughthis value is somewhat larger than the x-ray D37dose of 580 rad for
this cell line, It Is more realistic than the gross underestimateobtained by classical
MIRD calculations (2â€”3red/cell).
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MATERIALS AND METHODS

Cell culture
Chinese hamster V79 lung fibroblasts are maintained

routinely in our laboratory as monolayers. These cells
have a doubling time of about 9 hr when grown at 37Â°C
(95% air-5% C02) in minimum essential medium
(MEM) supplemented with 15% fetal bovine serum
(FBS), 2 mM L-glutamine,0.1 mM nonessentialamino
acids, penicillin (5 units/mI), streptomycin (5 @tg/ml),
and gentamicin sulfate (5 @tg/mt).The plating efficiency
of these fibroblast-like cells is 60% to 80%.

Radionuclide
Chromium-SI was purchased as sodium chromate*

(Na251CrO4), with its specific activity varying in dif
ferent lots from 200 mCi/mg to 400 mCi/mg. The de
sired radioactive concentration was obtained by dilution
of the sodium [Cr-S I Jchromate in Ca2@-free MEM. The
freshly diluted radioactive solution was sterilized by
Millipore filtration (0.22 ,um) before use.

Cellular uptakeof Cr-51
Logarithmically growing monolayers of V79 cells

were trypsinized, suspended in Ca2+@freeMEM, and
counted on a hemocytometer. Cells (4 X l0@) were
seeded into sterile plastic t-tubes and incubated at 37Â°C
with constant shaking. Four hours later, various con
centrations of Cr-S I were added to each tube and the
cells reincubated for up to I 8 hr. Cell-incorporated Cr-St
activity was determined by layering l00-@slaliquots of
cell suspensions over 300 @.tlof FBS in microfuge tubes,
which were then spun for I mm at I 5,000 rpm (22,24).
The radioactivity in the pelleted cells was determined in
an autogamma scintillation counter.t Counting ef
ficiencies, as determined by blotting precise volumes of
a standard Cr-S I solution on filter papers, were 5% to
7%.

volume of the sucrose buffer containing 2% Triton X- I00
was added while vortexing, and the nuclei isolated (25).
Mitochondria were sedimented by centrifugation of the
cytoplasmic fraction at I4,000 rpm for 30 mm. Chro
mium-SI activity associated with various subcellular
fractions was determined, and the radioactivity precip
itated with trichloroacetic acid and/or guanidine-HCI
(6 M) was measured.

Radiotoxicity of Cr-51
Toxicity of Cr-S I was determined by the colony

forming assay (7,8). Briefly, 4 X I05 V79 cells were
suspended in Ca2+@free MEM and exposed to varying
concentrations of Cr-S I for I 8 hr. then washed, serially
diluted, and sufficient cells seeded in 25-cm2 T-flasks to
yield 30 to 250 colonies 6 days later. Colonies were fixed
in Bouin's fixative, stained with trypan blue, air dried,
and counted. The ability of single cells to form visible
colonies (50 cells) was considered to indicate survival.
The survival fractions (S/So) were calculated (% growth
following exposure to Cr-5 I over % growth in the unex
posed controls) and plotted against cellular uptake.

EXPERIMENTAL RESULTS

Kinetics of cellular growth
When the V79 cells used in these experiments are

grown in monolayers, they have a characteristic doubling
time of about 9 hr. In the experiments described in this
paper, the cells were suspended in Ca2+@free MEM.
Under these conditions the cells exhibit a slower growth
during the first few hours (Fig. I) but resume their
regular 9-hr doubling time by about 4 hr. When exposed
to Cr-S I, however, the increase in cell numbers slows,
being related to the radioactive concentration in the
medium. For example, the incubation of V79 cells at I0
@tCi/ml results in the prolongation of thc doubling time

to about 20 hr (Fig. I).

Retentionof Cr-51
Following an I 8-hr incubation with Cr-S I , V79 cells

were washed free from extracellular radioactivity,
resuspended in Ca2@-free MEM, and incubated at 37Â°C
on a roller shaker. At varying time periods thereafter
(2-SO hr), the cellular Cr-S I content was determined as
described above.

Subcellulardistribution of Cr-SI

Following an incubation ( I 8-hr at 37Â°C)of 8 million
V79 cells at a single radioactive concentration of Cr-SI,
cells were washed twice in cold, calcium-free salt solution
(0.4 mM KH2PO4, 0.4 mM Na2HPO4â€¢7H20, 0.74 mM
MgSO4.7H20, S mM KCI, 0. 12 M NaCt), suspended
in cold, hypotonic sucrose buffer (0.25 M, 3 mM CaCl2,
SO mM Tris, pH 7.0) and kept on ice for S mm. An equal
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FIGURE 1
G'owth of V79 cells suspendedin Ca2@-freeMEMInabsence
(0) or presence (S) of Cr-51 (10 @tCi/ml)as function of in
cubation time. Each point represents mean of three sam
pIes
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FIGURE4
Uptake(pCI/cell)of Cr-51by V79 cells following18-hrin
Ã³ubationat variousradioactiveconcentrations(@sCi/ml).Each
point represents average value of three samples

as a function of incubation period (hr). The incorpora
tion of Cr-Si into these cells was dependent on the length
of incubation and was linear within the ranges
studied.

Figure 4 shows the uptake of Cr-S 1 by V79 cells fot
towing an 18-hr incubation at 37Â°C.The uptake was
dose-dependent and, except for an initial slight toe, the
incorporation of Cr-S 1 was linear when the external
radioactive concentration was in the range of 10 to SO
@tCi/m1.

Retentionstudies
Figure 5 shows the time-dependence of the cellular

radioactivity content following an 18-hr incubation in
10 .tCi/ml Cr-S 1. The biological half-time of this ra
dioactivity, corrected for radioactive decay, was 14 hr
during the 28-hr observation period. Since the cells
during this time interval also have a doubling time of 14
hr (Fig. 2), the radionuclide must be distributed equally
between each daughter cell, remaining bound
throughout.
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FIGURE 2
Growth of monolayers of V79 cells as function of time fol
lowing 18-hrpreincubatlonInCa2@-freeMEMin absence(S)
or presence(0) of 10 @zCi/mlCr-51.Eachpointrepresents
meanof threesamples

Following the 18-hr incubation with the radionuclide,
the cells are washed free of extracellular radioactivity
and seeded into T-flasks to determine their sui@vival.We
followed cellular growth for up to 50 hr during the T
flask incubation. As expected, and illustrated in Fig. 2,
unexposed cells proliferate with a doubling time of 9 hr.
Cells pre-exposed to 10 zCi/ml of Cr-5 1 showed a bi
phasic growth curve: an early phase with a doubling time
of 14 hr lasting for 28-hr postincubation, and a later
phase whose slope parallels that of the control, i.e., re
turns to a doubling time of 9 hr.

Uptake studies
The results of the incubation of V79 cells with a single

radioactive concentration of Cr-51 (20 zCi/mt) are it
tustrated in Fig. 3. Cettular uptake (pCi/cell) is plotted

U

Ui

0.
:, FIGURE 3

Uptake (pCi/cell) of Cr-51 by V79 cells
exposedto singleradioactiveconcentration
(20 @Cl/ml),as functionof Incubationtime
(hr).Eachpointrepresentsaveragevalue
of threesamplesTime (hr)
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Cytoplasm Nucleus

Intracellular distribution
Chromium-Si content of various subcellular fractions

of V79 cells following an 18-hr incubation with the ra
dionuctide is indicated in Fig. 6. Approximately 86% of
the intracellular radioactivity was present in the cyto
plasm, the bulk of which (â€˜@â€˜78%)was TCA-sotubte.
Minimal (<0.2%) Cr-S 1 activity was associated with the
mitochondria. Most of the activity associated with the
nuclei (@â€˜@.â€˜l4%of the total) was TCA-precipitable, but
DNA-bound activity, as measured in a fraction precip
itable with guanidine-HCI, was only â€˜@-i4%ofthe total
nuclear activity (@2% of the whole cell activity).

The subcellular distribution of Cr-S I described above
did not change within the next 24 hr. Here too, about
86% of the activity was found in the cytoplasm while the
remaining 14% was located in the nucleus.

Clonal survival
The survival fractions (S/Se) of V79 cells incubated

for 18 hr at various concentrations of Cr-S 1 are plotted
in Fig. 7 as a function of cell-incorporated activity
(pCi/cell). The survival curve is characterized by a
well-defined initial narrow shoulder, followed by an
exponential decrease in survival. Using the mean ra
dioactive cellular content at 37% survival as a relative
index oftoxicity, the D37ofCr-5l in V79 is 6.2 pCi/cell
(corresponding to an extracellular radioactive concen
tration of 10.8 @tCi/mt).No cytocidat effects were ob
served when cells were exposed to equimolar concen
trations of stable sodium chromate under similar cx
perimental conditions.

FIGURES
Intracellulardistributionof Cr-SI inV79cellsfollowing18-hr
incubation In single radioactive concentration
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FIGURE7
Survival of V79 cells following 18-hr incubation at various
radioactive concentrations of Cr-51, as function of Intracel
lular content of radionuclide(pCi/cell). Eachpoint represents
average value of three flasks

lO 20
UPTAKE (pCi/Cell)

62 Kassis,Sastry,andAdelstein TheJournalof NuclearMedicine



AverageenergyYield perRange
(sm) in

unit-densitymatterElectron
group (keV)100 decays(32)

THEORETICAL ESTIMATES

Auger andCoster-Kronig (CK)electronicspectrum
following Cr-Si decay

These electrons are the only particulate radiations
emitted as a result of the EC decay of Cr-S 1, and a
knowledge of their energies and yields is needed for do
simetric purposes. To obtain this information, the pri
mary vacancies produced in the various atomic shells of
the VS 1 daughter atom by the decay process are calcu
lated using the theoretical expressions (9) for the EC
decay probabilities for the various shells, the Q values
(9), and the experimentalatomic bindingenergies (26).
The calculated initial vacancy distribution per 100 Cr-Si
decays on the average is in the ratio

K/L1/L2/M1 = 89.3/9.2/0.0/1.5.

Using (a) this information, (b) the K- and L-shell ra
diation transition probabilities of Scofield (27), (c) the
K- and L-shell radiationless transition rates of Chen et
at. (28), (d) the M-shell radiationless transition rates and
energies given by Yin et at., (29), and (e) the work of
Larkins (30), in which the effect of multiple electron
defect configurations on electron energies is taken into
account, we have evaluated the Auger and CK electron
spectrum to be expected, on the average, following the
EC decay of Cr-Si in the condensed phase. The experi
mental electron binding energies (26) and the â€˜Z/(Z+
1)' rule (31 ) are used where necessary. Table 1, con
taming the average values, is a concise presentation of
the complicated spectrum. The origin of each electron
group is indicated. On the average, a total of about 5.4
Auger and CK electrons is to be expected from Cr-Si EC
decay, with extremely short ranges in unit-density matter
(32), as indicated in the last column of Table 1. The
electron-range information is based on the experimental
data of Cole (Table III, in Ref. 32). The K and L Auger
energies and yields of Table 1 agree well with the data
given by Martin and Blichert-Toft (9) within calcula

KA
LA
L1CK
L1,M1CK
M2,3CK
McK
L1,M1c,@

tional uncertainties. The CK-electron data (Table I ) are
not available elsewhere.

Radiation doseto the cells:Conventionalestimate
The conventional dosimetry (33,34) of tissue-incor

porated radionuclides is based on the simplifying as
sumptions that both the radionuclides and the radiation
energy are uniformly distributed throughout the organ
or tissue. In this approach, the average absorbed radia
tion dose to the cells and their nuclei is the same as the
dose to the medium. In our system, cells were incubated
for 18 hr in 2 ml of the cell culture medium containing
varied concentrations of radioactivity in a tube of radius
(r) 0.8 cm. In this geometry, the height (h) of the liquid
column in the cylinder is 1 cm. Assuming that the cells
are uniformly distributed during the course of the in
cubation, the radiation dose rate is obtained from the
relation (33,34)

where

R = (2.13 X lOs) C@@ (1)

R = radiation dose rate (rad/@sCi-hr),
C = concentration of radioactivity (.zCi/mt),@ =averageyieldperdecayoftheithradiation,
E = average energy (keV) of the @thradiation,

and
4t1 = absorption fraction for the ith radiation.

The values of 4t@depend on the nature of the radiation
and on the geometry. For Cr-S 1, the Auger and CK
electrons (Table I) have very short ranges in biological
matter, and 4@= 1 for the macroscopic tube geometry.
The fractions 4@and 4, for the 320-keV gamma photons
and the 5.O-keV x-rays are estimated to be about 0.02
and 0.97, respectively (Table 2). In obtaining these
values, we have used the results of Powsner and Raeside
(35) and Widman and Powsner (36), who have pre
sented the absorption fractions as a function of the

67
143

13
31

218
53
17

TABLE 1
Summary of Average Theoretical Auger (A) and CK Electron Spectrum Following Electron-Capture

Decay of Chromium-51

4.38
0.449
0.091
0.046
0.020
0.011
0.003

0.65
0.023
0.005
0.003
0.001

<0.001
<0.0005

* 5.0-keV K x-rays of vanadium are also emitted with average yield of 21.7 per 100 decays.
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TABLE2Chromium-Si
: EstimatedAverage AbsorbedDoseto

Nuclei of V79 Cells (18-hr Incubation, 10.8@Ci/ml):Conventional
DosimetryRadiation

Absorbedfraction(4) Dose(rad)Electrons

11.5X-ray
(5 keV) 10.45Gamma-ray

(320keV) 0.020.25Total
absorbed dose 2.2

RadiationSource regionAv
energy(keV)

depositedElectronsNucleus

Cytoplasm
Extracellular3.43

0.21
Negligiblex,

gammaAll sourceregionsNegligible

(Table 1). The basic inadequacy of the conventional
dosimetric approach is that this aspect is not taken into
account, while the Auger-electron energy is spread over
macroscopic distances.

Estimation of realistic radiation dose to the
cell nucleus

It is widely accepted now that the DNA in the cell
nucleus is the primary radiosensitive structure. Ac
cordingly we calculate the total amount of energy
deposited in the cell nucleus to obtain the absorbed dose
to the nucleus. This energy is given by the product of the
total number of disintegrations (NT) occurring in the cell
on the average and the average energy (@cN)deposited
in the nucleus per decay in the same cell:

= NT@CN

photon energy for spherical and right-circular cylindrical
geometries. The linear energy absorption coefficients (j@)
in water (10) for the 320-keV and S.O-keV photons are
0.033 cm' and 40 cm', respectively, the corresponding
absorption parameters (zR) being 0.026 and 32. The /@
and 4@values given above are for a cylindrical shape with
h/r 1.25 for the tube geometry. Even for a spherical
geometry with r = 0.8 cm, the absorption fractions are
essentially the same. Accordingly, the precise details of
our geometry are not of critical importance for our
purpose. Since 4t@ 0.97, we have taken 4,@to be unity
for the low-energy x-rays in the dose calculation. Using
1'.@@= 0.099, E@= 320 keV, and the information on
energies and yields for the other radiations from Table
1, wecalculate from Eq. (1) a dose rateofO.01l4 rad per
hr for 1 jzCi/ml of Cr-S 1 in the medium containing the
cells. Since the total radioactivity concentration in the
tube (almost entirety in the medium) at 37%cell survival
is 10.8 @tCi/ml and the half-life of Cr-Sl is very long
(27.7 d) compared with the 18-hr incubation period, we
obtain an absorbed dose of 2.2 rad for the cells from
exposure to the radionuclide during the incubation at this
concentration (Table 2). About 70% of this dose is from
the electrons. Since the cells are removed from the ra
dioactive medium and plated immediately after the 18-hr
incubation, and since conventional dosimetry (33,34)
does not consider radioactivity taken up by the cells
during the incubation period, we conclude that the total
radiation dose to the cells is only 2.2 rad according to the
conventional approach. There are no chemotoxic effects
due to stable chromium or to other artifacts. Yet only
37% of the cells have survived the theoretical radiation
dose of 2.2 rad! In contrast, the mean lethal dose (D37)
of 2S0-kVp x-rays for the cells used in these experiments
is 580 rad (7). Clearly, conventional dose calculations
underestimate the actual dose considerably.

The mean radius of V79 cells is 5.1j@m(7) and the cell
volume is about 560 @m3.With an extraceltular con
centration of 10.8 .zCi/ml, the average cellular uptake
of radioactivity is 6.2 pCi/cell at 37% survival (Fig. 7).
From these numbers we obtain an intracellular-to-ex
tracellular concentration ratio of about 1000. The cx
cessive intracellular localization of Cr-S I should be cx
pected to irradiate selectively the radiosensitive sites in
the cell by the short-range, low-energy Auger electrons

(2)

Calculation of the quantity @CNin Eq. (2) is facilitated
by the work of Kassis et at. (7), who have given a gen
eralized energy absorption curve (Fig. 2 in Ref. 7) for
V79 cells using a spherical geometry for the nucleus and
the cytoplasm. Assuming uniform distribution of hy
pothetical monoenergetic electron emitters with unit
electron yield per decay, they calculated iNN, the average
energy deposited in the nucleus per decay in the nucleus,
and ?NCy, the average energy deposited in the nucleus
per decay in the cytoplasm. The details of the calcula
tions are in the appendix of their paper (7). The values
of CNNand @NCyare given as a function of electron en
ergy by curves C and A, respectively, in Fig. 2 of Ref. 7.
Using these results, and the Auger-electron data in Table
1, we obtain @NN 3.43 keV and @NCy0.21 keV for
decay of Cr-Si in the nucleus and cytoplasm, respectively
(Table 3). Thus nuclear rather than cytoplasmic decay
of Cr-Si contributes primarily to the nuclear dose, which
is mainly due to the Auger electrons. The intracellular
distribution studies presented earlier show that Cr-Si
decay per cell occurs with a probability rc@ 0.86 in the
cytoplasm, and rN 0.14 in the nucleus. With these
weight factors, we obtain @CN= 0.66 keV per decay of
Cr-Sl in the cell.

The total number of disintegrations, NT, in the cell in
Eq. (2) is the sum of the cumulated activities A1and Apj
during the incubation (I) and postincubation (P1) pen
ods. The area under the uptake curve (Fig. 3) gives A1.

TABLE 3
Average EnergyDeposited in Nucleus per Decay in

SourceRegion
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TimeperiodCumulated

intracellular
activity
(pCi-hr)No.

intracellular
decaysNuclear

dose
(red)Oâ€”i8hr55.87,430290(incubation)0â€”28hr94.012,500488(postincubation)29â€”56hr17.62,35092(postincubation)Total167.422,300870

TABLE 4
AccumulatedNuclearDosefor D37Uptake(6.2 pCI/Cell)

Since the uptake per cell at the end of the 18-hr incu
bation is 6.2 pCi/cell for 37% survival, the contribution
ofA1 to the D37value ofthe nuclear dose amounts to 55.8
pCi-hr (Table 4). The postincubation value Ap@is cal
culated in two parts, since the effective half-time (T) of
Cr-S 1 in the cells is 14 hr during time t 0 to 28 hr, and
is 9 hr thereafter, as indicated by our experimental data
(Figs. 2 and 5). For t = 0 to 28 hr postincubation,

where

dosimetry. We have already investigated the radiotoxi
city of the Auger-electron emitters Se-7S (7), Br-77 (8),
and Tl-20l (22) in the same V79 cell tine. This com
munication is concerned with the uptake and radiotox
icity of Cr-S 1. All these studies have repeatedly dem
onstrated that the intracellular concentration and dis
tnibution of the radionuclideâ€”as well as the time-dc
pendent uptake, retention, and eliminationâ€”are essen
tial considerations. The physical characteristics of the
Auger-electron spectrum and the relative location of the
radionuclide in relation to the DNA in the nucleus are
additional considerations.

In estimating the D37dose to the cell nucleus, we have
adopted a purely experimental approach in determining
the total number of disintegrations occurring in the cell.
The intracellular distribution of the radionuclide, which
was obtained experimentally, is important for this pur
pose; that this distribution remained the same in the
postincubation period was also verified. From a theo
retical point of view, we have used the complete Auger
electron spectrum, the accepted range-energy relations,
and energy-loss data in biologically equivalent matter
(32). The estimated energy deposition in the nucleus is
only weakly dependent on the assumed spherical ge
ometry for the cell (7). As shown in Table 3, the bulk of
the radiation dose derives from the short-range Auger
electrons emitted from the vanadium daughter deposited
within the nucleus.

For the cell line used in this study, the cumulated dose,
D37 870 rad, is larger than the mean lethal 250-kVp
x-ray dose, D37 580 nad (7), by a factor of 1.5. This
difference may stem from several causes. First, it may
reflect the possibility that the nuclear volume (270 j@m3)
in the dose calculations might be an underestimate. This
is not unreasonable, since cell nuclei become larger as
cells grow to divide. Since the volume is proportional to
the cube of the radius, effective increases in the nuclear
radius of the order of 10â€”15% could account for the
difference. For a given radioactive content, such changes
in the nuclear dimensions have negligible effects on the
total energy deposited in the nucleus by the electrons,
considering their very short ranges (Table 1). In view of

(Ap1)j= (A18)(Ti/ln2)[1â€”e(I@2)(t/T1],

A18 initial postincubation activity in the cell (6.2
pCi/cell),

T1 = 14 hr, and
t =28hr.

For t = 29 to 56 hr postincubation,

where

(Ap1)2 (A28)(T2/ln2)[1â€”e(@@@2)(t/T2)],

A28 (A18)/4 = 1.55 pCi/cell,
T2 9hr,and
t 27hr.

The contribution from t > 56 hr after incubation is
negligible. Hence we obtain A@1= 111.6 pCi-hr.

The total cumulated activity in the cell is 167.4 pCi-hr
from the above estimates (Table 4) and NT = 22,300.
The total amount of energy deposited in the cell nucleus
is therefore 14.7 MeV. Since the nuclear volume of V79
cells is 270 @m3(7), the average cumulated dose (D37)
received by the cell nucleus is 870 rad (Table 4). The
average dose to the nucleus per decay in the cell is 0.039
rad.

DISCUSSION

This work expands our continuing efforts to under
stand the biological effects of tissue-incorporated
Auger-electron emitters and the various physical and
biophysical factors that are important for Auger-electron
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this, the estimated dose to the nucleus (870 rad) may be
an upper limit.

Second, the dose rate from the radionuclide is quite
protracted as opposed to that from x-rays. Such pro
longed exposure allows for the repair of radiation injury,
especially for the low-LET components of the damage.
The small shoulder on the Cr-S I survival curve suggests
that there is a low-LET component to the Cr-S 1 injury,
as previously seen with Se-7S (7) and Tl-20i (22).

Third, the heterogeneity in the intracellular distni
bution of Cr-S I suggests that decays need not all be
equally damaging, since their effectiveness could depend
upon the relative distance from the radiosensitive site(s),
presumably the DNA. In this regard Cr-Sl differs from
Tl-201 , which is distributed in the water space of the cell
including nucleus (22), also from [Se-7S]setenometh
ionine, which is incorporated into cytoplasmic proteins
(7), and from Br-77 and I- I 25 as halodeoxyuridines,
which are incorporated into DNA (8,1 1â€”21). Our sub
cellular biodistnibution studies show that Cr-SI is het
erodispersed in the cell nucleus, with 14% of the nuclear
activity bound to DNA (guanidine-precipitable), 57%
bound to protein (TCA- but not guanidine-precipitabte),
and 29% soluble.

The intracellular distribution of Cr-Sl has been cx
amined by others. Scaife and Vittonio (37), in studying
the kinetics of Cr-Si uptake following x-inradiation of
rat thymocytes, have reported that 62% of the radioac
tivity was localized in the nucleus, as contrasted with the
14% found in this study in V79 cells. Since the nuclear
activity is mainly responsible for the radiotoxicity of
Cr-Sl, one wonders whether radiolabeling cells with this
radionuclide may produce certain undesirable effects
that may interfere with the immunological assay systems
in which these cells are being used. On the other hand,
Tsang et at. (38) have been unable to detect any mea
surable toxicity following Cr-Sl labeling as measured
by vital dye exclusion (trypan blue). While the radio
active content of the leukocytes in their studies (â€˜@-â€˜i
pCi/cell) is probably insufficient per se to exhibit mea
surable toxicity, the lack of experimental data on the
intracellular distribution of Cr-S 1 does not allow us to
draw any conclusions. This is especially important
sinceâ€”as shown in this and earlier studies
(5,39,40)â€”Cr-S 1 does not leave the cell following in
tracellular incorporation, and its subcellular distribution
remains constant even 24 hr after removal of all extra
cellular radioactivity.

Considering the interaction of Cr-S 1 with various
subcellular constituents, the question arises as to whether
the radiolabeling interferes with the metabolic activity
of cells. Whereas the results reported earlier by Szabo
et at. (40) did not show any alterations in protein and
nucleic acid synthesis in Ehrlich ascites cells following
the incorporation of Cr-S 1, our results with V79 cells
produced a definite increase in cell doubling time. These

differences in results may be due to the higher intracel
lular radioactivity in the present study, the inherent
differences in cell type, and/or the different biological
endpoints utilized.

Watson (41 ) has recently raised the question as to
whether alternatives should be adopted in lieu of the
traditional approaches used to calculate the average
radiation dose to an organ from incorporated radionu
clides (33,34). In vitro (22) and in vivo (23) studies with
Tl-20i following its intracellular concentration in
mammalian cells have already pointed out inadequacies
in the traditional macroscopic methods. That the con
ventional dose estimate (2.2 rad) from Cr-S 1 is essen
tially negligible compared with the recalculated dose
(870 rad) derived from biophysically relevant parame
tens emphasizes once again the need for taking into ac
count the microscopic distribution of the radionuclide
and the energy in the cell. Clearly much work needs to
be done in obtaining the necessary information for an
improved dosimetry of tissue-incorporated Auger
electron emitters.

FOOTNOTES

*New England Nuclear Corp.
t Packard 1145.

ACKNOWLEDGMENTS

This investigation was supported by PHS grant number
CA15523-10of the National Cancer Institute, DHHS. The
authors gratefully acknowledgeMs. Carol Hirschmann for
excellent technical assistance and Ms. Rebekah Taube for
editorial help.

REFERENCES

t. Gray SJ, SterlingK: The taggingof redcellsand plasma
proteins with radioactivechromium. J Clin Invest 29:
1604â€”1613,1950

2. Powsner ER, Raeside DE: Diagnostic Nuclear Medi
cine. New York, Grune and Stratton, 1971, pp 293â€”
319

3. Weinrach RS, Lai M, Talmage DW: The relation be
tween hemolysinconcentration and hemolytic rate as
measured with chromium-5 I labeled cells. J Infect Dis
102:60â€”73,1958

4. Goodman HS: A general method for the quantitation
of immune cytolysis. Nature 190:269â€”270,1961

5. Bach MK, Brashler JR. Perper PJ: An in vitro correla
tive assay for the immunosuppressive activity of horse
anti-rat lymphocyte sera: Estimation of lymphocytophilic
antibody activity using 51Cr-labeled thymocytes. J Im
munol105:746-754,1970

6. Maslow DE: Incorporation and release of 5tCr and
â€˜4C-labeledamino acids in Ehrlich ascites carcinoma
cells.JNuclMed 14:84â€”88,1973

7. Kassis Al, Ad@lsteinSi, Haydock C, et at: Radiotoxicity
of 755eand 35S:Theory and application to a cellular

66 Kassis,Sastry,andAdelstein TheJournalof NuclearMedicine



model.Radiat Res 84:407-425, 1980
8. Kassis At, Adelstein SJ, Haydock C, et at: Lethality of

Auger electrons from the decay of bromine-77in the
DNA of mammalian cells. Radiat Res 90:362-373,
1982

9. Martin MJ, Blichert-Toft PH: Radioactive atoms,
Auger electron, a-, @-,y-, and X-ray data. Nuci Data
TablesA8:tâ€”198,1970

I0. Storm E, Israel HI: Photon cross-sections from 1 keY
to 100 MeV for elements Z = 1 to Z = 100. Nucl Data
TablesA7:565â€”68l,1970

11. Hofer KG, Hughes WL: Radiotoxicity of intracellular
tnitium, â€˜25iodineand â€˜31iodine.Radiat Res 47:94â€”109,
1971

12. Burki HF, Roots R, Feinendegen LE, et at: Inactivation
of mammalian cells after disintegration of 3H or@ 251in
cell DNA at â€”196Â°C.mt J Radiat Biol 24:363-375,
1973

13. Bradley EW, Chan PC, Adelstein Si: The radiotoxicity
of iodine-125 in mammalian cells. I. Effects on the sur
vivalcurve of radioiodine incorporated into DNA. Radiat
Res64:555â€”563,1975

14. Feinendegen LE: Biological damage from Auger effect
and possiblebenefits.Radiat EnvironBiophys12:85-99,
1975

I5. Hofer KG, Harris CR, Smith JM: Radiotoxicity of in
tracellular67Ga,1251and 3H.Nuclearversuscytoplasmic
radiation effects in munine L1210 leukaemia. mt j Ra
diatBiol28:225â€”241,1975

I6. Chan PC, Lisco E, Lisco H, et at: The radiotoxicity of
iodine-125 in mammalian cells. II. A comparative study
on cell survival and cytogenetic response to â€˜25IUdR,
â€˜31IUdR,and 3HTdR. Radiat Res 67:332â€”342,1976

17. Halpern A, Stocklin G: Chemical and biological con
sequencesof a-decay. Part I. Radiat EnvironBiophys
14:167â€”183,1977

18. Halpern A, Stocklin G: Chemical and biological con
sequences of $-decay. Part II. Radiat Environ Biophys
14:257â€”274,1977

19. Warters RL, Hofer KG, Harris CR, et at: Radionuclide
toxicity in cultured mammalian cells: Elucidation of
primary site of radiation damage. Curr Top Radiat Res
Q 12:389â€”407,1978

20. Commerford SL, Bond VP, Cronkite EP, et at: Radio
toxicity of intracellular 125!atoms not bound to DNA.
mtj RadiatBiol37:547â€”554,1980

21. Bloomer WD, McLaughlin WH, Weichselbaum RR, et
at: The rote of subcellular localization in assessing the
cytotoxicity of iodine-i 25 labeled iododeoxyunidine, io
dotamoxifen,and iodoantipyrene.J Radioanal C/tern.
65:209â€”221,1981

22. Kassis Al, Adelstein SJ, Haydock C, et at: Thallium
201: An experimental and a theoretical radiobiologicat
approach to dosimetry. J Nucl Med 24:1 164â€”117S,
1983

23. Rao DV, Govetitz GF, Sastry KSR: Radiotoxicity of

thatlium-20t in mouse testes: Inadequacy of conventional
dosimetry.J NuciMed 24:145-153,1983

24. Kassis At, Adelstein Si: A rapid and reproducible
methodfortheseparationofcellsfromradioactivemedia.
J NuclMed 21:88â€”90,1980

25. Hymen WC, Kuff EL: Isolation of nuclei from mam
malian tissues through the use of triton X-tOO.J Histo
chernCytochern12:359-363,1964

26. Bearden iA, Burr AF: Re-evaluation of X-ray atomic
energy levels. Rev Mod Phys 39: 125- 142, 1967

27. Scofield JH: Relativistic Hartree-Slater values for K
and L x-ray emission rates. Atomic Data Nucl Data
Tables14:121â€”137,1974

28. Chen MH, Crasemann B, Mark H: Relativistic radia
tiontessprobabilitiesforatomicK-and L-shelts.Atomic
Data Nucl Data Tables 24:13-37, 1979

29. Lin LI, Adler 1, Tsang 1, Ct at: Widths of atomic M
shell vacancy states and quasiatomic aspects of radia
tionlesstransitions in solids.Phys Rev A9:l070â€”1080,
1974

30. Larkins FP: L1, L2,3M Coster-Kronig transition ener
gies.JPhys B7:37-46, 1974

31. Chung MF, ienkins LH: Auger electron energies of the
outer shell electrons. SurfSci 22:479â€”485,1970

32. Cole A: Absorption of 20-eV to 50,000-eV electron
beams in air and plastic.Radiat Res 38:7â€”33,1969

33. Loevinger R, Berman M: A Revised Schemafor Cal
culating the Absorbed Dosefrorn Biologically Distrib
uted Radionuclides. MIRD Pamphlet No. 1, revised.
New York, The Society of Nuclear Medicine, March
1976

34. ICRU Report 32: Methods of assessment of absorbed
dose in clinical use of radionuclides. International
Commission on Radiation Units and Measurements,
Washington, D.C., 1979

35. Powsner ER,Raeside DE: Diagnostic Nuclear Medicine.
New York, Grune and Stratton, 1971, pp 163-166

36. Widman JC, Powsner ER: Energy absorption in cylin
denscontaininga uniformlydistributed source. I Nuci
Med 8:179â€”186,1967

37. Scaife iF, Vittorio PV: The use of chromium-St as a
sensitive quantitative criterion of early radiation damage
to rat thymocytes. Can J Biochem 42:503-5 12, 1964

38. Tsang PH, Tangnavarad K, Lesnick M, et at: Ra
dioisotopic 51Cr-leukocyte adherence inhibition (LAI)
assay. I. Demonstration of anti-tumor immunity in pa
tients with breast carcinoma. J Immunol Meth 36:
119â€”135,1980

39. Rajam PC, Jackson A-L: Distribution and valence state
of radiochromium in intracellularly labeled Ehrlich
mouse ascites carcinoma cells. Proc Soc Exp Biol Med
99:210â€”213,1958

40. SzabÃ³ MI, HrabÃ¡k A, Antoni F: Radiochromate
bindingcapacityof humantonsillarlymphocytes.J Nucl
Med 15:750â€”756,1974

41 . Watson EE: Cell labeling: Radiation dose and effects.
JNuclMed 24:637-640,1983

Volume26 â€¢Number1 â€¢January1985 67




