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INTRODUCTION

A new in vitro multicellular cluster model has been developed to assess the impact of nonuniform distributions of radioactivity on the biological response of mammaliancells, and
the relative importance of bystander effects compared to conventional radiation effects. Chinese hamster V79 cells are labeled with tritiated thymidine ([3H]dThd),mixed with unlabeled V79 cells, and centrifuged gently to form multicellular
clusters about 1.6 mm in diameter. The short range of the 3H
p particles effectively allows only self-irradiation of labeled
cells and no cross-irradiationof unlabeled cells. The percentage of labeled cells is controlled precisely by varying the number of labeled cells mixed with unlabeled cells prior to assembling the cluster. The clusters are assembled in the absence
or presence of 100 pIMlindane, a chemical that is known to
inhibit formation of gap junctions. After the clusters are
maintained at 10.5?C for 72 h, the cells are dispersed and
plated for colony formation. In the case of 100% labeling, the
survival of cells in the cluster depends exponentially (SF =
on the cluster activity A (in kBq), and lindane has no
e-A/1.8)
effect on the response. A two-componentexponentialresponse
is obtained for 50% labeling in the absence of lindane (SF =

Over the past several years there have been several reports that cells that have received no radiation exposure
suffer biological consequences when they are in the presence of cells that have been irradiated(1-5). This phenomenon has been termed the bystander effect. Nagasawa and
Little (1) used acute external beams of axparticles to irradiate monolayers of Chinese hamster ovary cells with low
doses. These exposures led to the formation of sister chromatid exchanges in 30-50% of the cells despite the fact
that statistically only about 1% of the cell nuclei could have
been traversed by an a particle. They concluded that genetic damage can be imparted to "bystander" cells when
cell populations are exposed to low doses from a particles.
Similar observations were made by Deshpande et al. (2).
Azzam et al. (5) studied the mechanisms of the bystander
effect by showing that the expression levels of TP53,
CDKN1A, CDC2, CCNB1 and RAD51 are significantly
modulated when human diploid cell populations are irradiated with low doses of a particles where only a small
fraction of the nuclei are actually hit. They also found that
the extent of modulation was significantly reduced when
lindane, an inhibitor of gap-junction intercellular communication (6, 7), was present during the irradiation period.
These data suggest that gap-junction intercellular communication may play an important role in the bystander effect.
While the studies described above involve the use of a
particles, Mothersill and Seymour (4) have irradiated cells
with y rays to study the bystander effect. In this case, the
gap-junction inhibitor phorbol myristate acid actually increased killing by the bystander effect. Based on these data,
they suggested that signal transduction mechanisms, as op-

0.33 e-A/0.81 + 0.67 e-A'118), and lindane has a marked effect
on the response (SF = 0.33 e-A'1.6 + 0.67 e-A/41-6).These data

suggest that bystander effects play an important role in the
biological response of V79 cells when the 3His localized in the
cell nucleus and distributed nonuniformlyamong the cells. In
contrast, bystander effects cannot be detected above traditional radiation effects (i.e. direct + indirect) when the 3H is
localized in the cell nucleus and distributed uniformly among
the cells. These results indicate that this multicellular cluster
model is well suited for studying the effects of nonuniform
distributions of radioactivity, including bystander and "hotparticle" effects. Furthermore, these results suggest that by1Author to whom correspondence and requests for reprints should be
addressed.
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posed to the release of a factor that is directlycytotoxic,
may controldeathor survivaldue to the bystandereffect.
The studies of Nagasawa and Little (1), Deshpandeet
al. (2) and Mothersill and Seymour (4) raise interesting
pointsregardingthe biologicaleffects of ionizingradiation,
in particularthe bystandereffect. As notedby these authors
and others(3, 8, 9), the bystandereffect is particularlyrelevant to the "hot-particle"problemas well as the biological effects of incorporatedradionuclidesin general.However, thereremainseveral aspectsto be addressedsuch as:
(1) What is the significanceof the bystandereffect comparedto the overall effect to the cell when it experiences
damage from both bystanderand traditionalradiationeffects (i.e. direct + indirect)?(2) Can bystandereffects be
observed in three-dimensionaltissue models? (3) Do bystandereffects indeedresultfrom nonuniformdistributions
of radioactivity?(4) If so, what types of ionizing radiation
producesignificantbystandereffects? The presentworkattempts to address some of these questionsusing a novel
three-dimensionalcell culture model and precisely controlled nonuniformdistributionsof incorporatedradionuclides to deliverradiationexposures.
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4 x 106 cells

Multicellular
Cluster
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MATERIALS AND METHODS

I

Radiochemicaland Quantificationof Radioactivity

I

Tritiatedthymidine([3H]dThd)was obtainedfromNEN Life Science
Products(Boston, MA) as a sterile aqueoussolution at a concentration
of 37 MBq/ml and a specific activity of 3000 GBq/mmol.The activity
of 3Hwas measuredwith a BeckmanLS3800 automaticliquid scintillation counter(Fullerton,CA) by transferring
aliquotsof radioactiveculture
medium into 6 ml of Aquasol? liquid scintillationcocktail (NEN ResearchProducts,Boston, MA). The detectionefficiencyfor the 5.7 keV
P particlesemittedby 3H was 0.65. The radionuclide3Hhas a physical
half-life of 12.3 years and emits P particleswith a mean energyof 5.67
keV (10) correspondingto a mean rangein waterof about 1 jim (11).

I

Cell Line

ChinesehamsterV79 lung fibroblasts(kindlyprovidedby A. I. Kassis, HarvardMedicalSchool,Boston,MA) wereused in the presentstudy,
with clonogenic survivalserving as the biological end point. V79 cells
are known to exhibit some degree of gap-junctionintercellularcommunicationat 37?C(12, 13). The cells were culturedin minimumessential
medium(MEM)supplementedwith 10%heat-inactivated
(57?C,30 min)
fetal calf serumwith 2 mM L-glutamine,50 U/ml penicillinand 50 jLg/
ml streptomycin(MEMA).The pH of the culturemediumwas adjusted
to 7.0 with NaHCO3.All mediaand supplementsused in this studywere
from Life Technologies(GrandIsland, NY). Cells were maintainedin
175-cm2Falcon sterile tissue cultureflasks (Becton Dickinson,Lincoln
Park, NJ) at 37?C and 5% CO2,95% air, and were subculturedtwice
weekly or as required.
Radiolabeling and Assembly of Multicellular Clusters with 50% of
Cells Labeled

V79 cells growing as monolayersin 175-cm2Falcon flasks were
washedwith 10 ml of phosphate-buffered
saline,trypsinizedwith 0.05%
trypsin-0.53mM EDTA,and suspendedat 2 X 106cells/ml in calciumfree MEM with 10%heat-inactivated(57?C,30 min) fetal calf serum,2
mM L-glutamine, 50 U/ml penicillin and 50 jLg/ml streptomycin
(MEMB).Aliquotsof 1 ml were placedin two sets of sterile 17 X 100mm Falconpolypropyleneround-bottomculturetubes (10 tubes in each

I
I
I
I

FIG. 1. Assemblyof multicellularclusterof V79 cells in which 50%
of the cells are radiolabeledwith [3H]dThd.
set) and placed on a rocker-roller(FisherScientific,Springfield,NJ) for
3-4 h at 37?C in an atmosphereof 95% air and 5% CO2. After this
conditioningperiod, 1 ml of MEMBcontainingvariousactivityconcentrations(0-296 MBq) of [3H]dThdwas addedto the first set of culture
tubes containing1 ml of V79 cells. Only 1 ml of MEMBwas addedto
the other set of tubes. All tubes were then returnedto the rocker-roller
at 37?C, 95% air and 5% CO2. After a 12-h period of labeling with
radioactivity,the firstset of tubeswere removedandcentrifugedat 2000
rpm at 4?C for 10 min. Aliquotsof the supernatantwere used to check
the concentrationsof radioactivityadded.The cells were washed three
times with 10 ml of MEMwith 10%heat-inactivated
(57?C,30 min)calf
serum,2 mML-glutamine,50 U/ml penicillinand50 ,jg/ml streptomycin
(wash MEMA). The cells in the second set of tubes (unlabeled)were
similarlywashed and the contentsof a given tube transferredto one of
the first set of tubes containingradiolabeledcells. Finally, the pooled
cells in each tube were suspendedin 400 pxlof MEMAor 0.58%DMSO
(Sigma ChemicalCo., St. Louis, MO) in MEMAor 0.58%DMSO-100
j,M lindane (hexachlorocyclohexane,
y-isomer from Sigma) and transferred directly to a sterile 400-pl polypropylenemicrocentrifugetube
with attachedcap (HelenaPlastics, San Rafael, CA) (Fig. 1). The concentrationof lindane(i.e. 100 pJM)was selectedbasedon a separatestudy
as describedbelow, andDMSOservedas a controlfor lindane.The 400p.1tubes were centrifugedat 1000 rpm for 5 min at 4?Cto form a multicellularcluster -1.6 mm in diameter.The resultingclusterscontained
a total of 4 X 106cells, of which 50%were labeled(Fig. 1). The capped
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microcentrifugetubescontainingthe clusterswere placedin a perforated
to a refrigerator
at 10.5?C.This
microcentrifugetuberackandtransferred
temperaturewas selected because V79 cells can remain in the cluster
configurationat this temperaturefor long periods(up to 72 h) withouta
decreasein plating efficiency.This was also true for V79 cells in suspensionculture(14). Therefore,the cells accumulatethe preponderance
of theirradioactivedecays while in the clusterconfigurationas opposed
to the radiolabelingand colony-formingperiods.After 72 h at 10.5?C,
the supernatant
was carefullyremovedandthe tube was vortexedto disperse the cell cluster.The cells were resuspendedin MEMA,transferred
to 17 X 100-mmFalcon polypropylenetubes, washed three times with
10 ml of wash MEMA,resuspendedin 2 ml of MEMA,passedthrough
a 21-gauge needle five times to dispersecells, and seriallydiluted(four
dilutions(approximately
200
O1x dilutions),and 1 ml of the appropriate
cells for controltubes)was seeded in triplicateinto 60 X 15-mmFalcon
tissue culturedishes.The disheswere thenplacedin an incubatorat 37?C
with 95% air and 5% CO,. Aliquots were takenfrom each tube before
serialdilution,and the meanradioactivityper cell was determined(15).
The tissue culturedishes were removedfromthe incubatorafter 1 week,
and the resultingcolonies were washed 3 times with normalsaline and
2 times with methanoland finallystainedwith 0.05%crystalviolet. The
colonies were countedunderfluorescentlight. A colony countof 25-250
was consideredas a valid data point for each tissue culturedish. The
survivingfractioncomparedto the parallelcontrolwas determinedfor
each radioactivityconcentrationemployed.
Chemotoxicity and Optimum Concentration of Lindane

Multicellularclusterswere preparedwherein50% of the cells were
labeledwith a fixed activityconcentrationof [3H]dThd(148 MBq/ml)as
describedabove. The clusterswere maintainedat 10.5?Cfor 72 h in the
presenceof 20-200 iLMof lindane.To achieve this, lindane was first
dissolvedin DMSO (5 mg/ml),filteredthrougha Millex?-HVfilter(MilliporeCorporation,Bedford,MA), andsubsequentlydilutedwithMEMA
to a finalconcentration20-200 p.Mlindane,0.58%DMSO.Parallelcontrols were establishedwhereclustersof unlabeledcells were maintained
at the same concentrationsof lindanewith 0.58%DMSO.Thus,for each
concentrationof lindane,two tubes were prepared-one havinga cluster
of radiolabeledcells (50%) and one having a clusterof unlabeledcells.
After 72 h the cluster was dismantled,the mean activity per cell was
determined,and the cell survival was comparedto that of its matched
controlusing the procedureoutlinedabove.
Assembly of Multicellular Clusters with 100% Radiolabeled Cells

Multicellularclustersin which 100%of the cells were radiolabeled
were assembledusing the cells preparedas above. In short, 1 ml of
MEMBcontainingdifferentconcentrationsof radioactivitywas addedto
culturetubes containing1 ml of conditionedcells (4 X 106cells). Half
of the concentrationsused for the 50% labelingexperimentwere used to
maintainapproximatelythe same clusteractivity.Afteran incubationperiod of 12 h at 37?C in an atmosphereof 95% air and 5% CO2,the
radiolabeledcells (4 X 106) were washedas above, suspendedin 400 [1
of MEMA,0.58%DMSO in MEMA,or 0.58%DMSO-100 IxMlindane
in MEMA, and transferredto a 400-pl microcentrifugetube and centrifuged as describedabove. The microcentrifugetubescontainingthe cell
clusterswere maintainedat 10.5?Cfor 72 h, after which the surviving
fractionof cells was determinedas describedabove.
Response of Multicellular Clusters to Chronic and Acute Exposure to
External y Rays

Microcentrifugetubes containingmulticellularclusterspreparedwith
4 X 106unlabeledcells as describedabove were transferredto a refrigeratorat 10.5?C.The tubeswere placedat differentdistancesfroma 370MBq 137Cssourcehousedin a small stainlesssteel capsule.Two control
tubes were similarlymaintainedat 10.5?Cwithout radiationexposure.
The cumulatedabsorbeddose to the irradiatedcells was measuredusing
a Thomson-Nielson(Ottawa,Canada)miniatureMOSFETdosimetersys-

tem. After 72 h of chronicirradiation,the cells were processedas describedabove to determinethe survivingfraction.Cumulateddoses of
2.4 to 12.7 Gy were deliveredover 72 h at dose ratesfrom 3 to 18 cGy/
h, dependingon the distancefrom the source.The responseof the multicellularcluster to acute 137Csy rays was also studiedby maintaining
identicallypreparedmulticellularclusters at 10.5?Cfor 72 h and then
in a J. L. ShepherdMark
irradiatingthemacutelyat the sametemperature
I irradiator(San Fernando,CA). The acutedose ratewas -1-1.7 Gy per
minuteand total doses rangedfrom 1 to 12.5 Gy. After the acute irradiation,the cells were processedas above and the survivingfractionwas
determinedcomparedto thatfor unirradiated
controlcells.
Gap-Junctional Intercellular Communication at 10.5?C

The scrape-loadingand dye transfertechniqueof El-Foulyet al. (12)
was used with slight modification.Approximately4 X 106 cells were
thawed from a stock of V79 cells maintainedat -70?C, washed with
MEMA,and immediatelyplatedin a 30-mmComingtissue culturedish
(Coming, NY) with 2 ml of fresh MEMA. The dish was placed in an
incubatorat 37?C,95% air and 5% CO2for 1 h and was then transferred
to a refrigeratorat 10.5?C.After 72 h, the confluentcell populationwas
rinsedthreetimes with Ca2+-Mg2+-free
PBS. Two millilitersof PBS containing0.05%Luciferyellow (MolecularProbes,Inc., Eugene,OR) was
addedto the dish at room temperatureand the monolayerwas scraped
alongthreeparallellines usinga sterilescalpelblade.The dish was placed
in the darkfor 5 min to complete dye transfer.As Luciferyellow is a
hydrophilicfluorescentdye with a low molecularweight(mol. wt. 457.2),
it can traversegapjunctionsandthereforeis an efficientmeansby which
to monitorgap-junctionalintercellularcommunication.The dye solution
was decanted,the dish was rinsedthreetimes with fresh PBS, and 2 ml
of PBS was addedto the dish. The plate was observedwith an Olympus
BX60 epifluorescencephase-contrast
microscopeilluminatedwith an Osram HBO 200 W lamp.

RESULTS
Response of Multicellular Clusters to External y Rays

Figure 2 shows the dose-responsecurves for multicellular clustersof V79 cells exposed to chronic(3-18 cGy/
h) and acute (1-1.7 Gy/min) 137Cs y irradiation.A leastmodel [SF
squaresfit of these data to the linear-quadratic
= exp(- aD - O3D2)] yielded a(chronic) = 0.0440 ?
0.0183 Gy-1, P(chronic) = 0.00391 ? 0.00231 Gy-2,
a(acute) = 0.118 ? 0.025 Gy-1, and p(acute) = 0.00566
+ 0.0042 Gy-2.

Response of Multicellular Clusters to [3H]dThd
Figure 3 shows the surviving fraction of cells in the
multicellular cluster as a function of the 3H activity in the
cluster when either 50% or 100% of the cells are radiolabeled. The response curve for 100% labeling is exponential,
whereas the curve for 50% labeling is two-component exponential. A least-squares fit of these data to a two-component exponential function yields

SF = (1 - b) e-A/A1 + b e-A/A2,

(1)

where SF is the survivingfraction,A is the clusteractivity,
and b, Al, andA2 are the fittedparameters.For 50%labeling, the fitted parametersb, A1, and A2 are 0.67 + 0.12,
0.81 ? 0.56 kBq, and 11.8 ? 3.1 kBq, respectively.In the
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FIG. 2. Survival of V79 cells after acute (*) and chronic (0) irradiation of multicellular clusters with 37Cs ry rays. Irradiations were carried out at 10.5?C. The acute dose rate was -1-1.7 Gy per minute. For
chronic irradiation, the tubes containing clusters were placed at different
distances from a 370-MBq 137Cs source housed in a small stainless steel
capsule. After the acute and chronic irradiation, the clusters were dismantled, cells were processed, and the surviving fraction was determined
compared to cells from unirradiated control clusters. Representative standard deviations are indicated by the error bars. Solid curves represent
least-squares fits to the linear-quadratic model.
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FIG. 3. Survival of V79 cells as a function of cluster activity of
[3H]dThd. Data are shown for experiments where 50% (0, O) or 100%
(A, A) of the cells were radiolabeled in multicellular clusters which were
maintained at 10.5?C for 72 h and then the surviving fraction was determined compared to unlabeled cells. Data from two independent experiments are plotted for each labeling condition and are differentiated by
open and closed symbols. Representative standard deviations are indicated by the error bars.

case of 100%labeling, with b = 0, the fitted value of A
is 2.44 ? 0.11 kBq.
Chemotoxicity of Lindane

Figure4 shows the fractionof survivingcells in multicellularclustersof V79 cells after a 72-h exposureto differentconcentrationsof lindanein the culturemedium.The
survivingfractioncomparedto that for untreatedcontrols
remainsclose to unity up to about 100 pLMlindane,whereupon a significantdecreaseis observed.These datasuggest
that concentrationsin excess of 100 1LMare not desirable
for experimentsinvolving inhibitionof gap-junctionintercellularcommunicationdue to associatedcytotoxicity.
Optimum Concentration of Lindane to Inhibit Bystander
Effect

Determinationof the optimumconcentrationof lindane
to minimizebystandereffects is an essentialelementof the
presentstudy.Figure5 shows the survivingfractionof V79
cells in multicellularclustersas a functionof lindaneconcentrationin the cell culturemedium.In these experiments,
50% of the cells in the cluster are radiolabeledwith approximately4.8 mBq/cell of [3H]dThdfor a total cluster
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FIG. 4. Chemotoxicity of lindane when V79 multicellular clusters
were exposed to the chemical at 10.5?C for 72 h. Representative standard
deviations for individual data points are shown. Data from three independent experiments are indicated by different symbols (0, [, A).
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FIG. 5. Effect of lindaneconcentrationon survivalof V79 cells from
multicellularclustersin which50%of the cells arelabeledwith [3H]dThd.
The survivingfractionincreasedsteadilywith increasinglindaneconcentrationup to 100 JiM,after which no additionalprotectiveeffect was
observed.Datafromthreeindependentexperimentsareindicatedby three
symbols (0, *, A). Representativestandarddeviationsare indicatedby
the errorbars.

activityof about 19 kBq. Multicellularclusterstreatedwith
neither[3H]dThdnor lindaneserved as controls.The concentrationof lindanein the culturemediumhas a marked
impact on the survivingfractionof cells in the cluster,elevating the fractionfrom about 10% at 0 IxMlindane to
lindanefor multicellularclusterswith
about50%at 100 FLM
50% labeled cells. No furthersignificantincrease in surviving fractionwas observed at lindane concentrationsin
excess of 100 JLM.These data indicatethat 100 piMis the
optimumconcentrationof lindanefor carryingout detailed
studies of bystandereffects in V79 cell multicellularclusters.
Response of Multicellular Clusters to [3H]dThd in the
Absence and Presence of Lindane
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Cluster Activity(kBq)

FIG. 6. Survival of V79 cells as a function of cluster activity of
[3H]dThdwhen 50%of the cells were labeled.Multicellularclusterswere
maintainedat 10.5?Cfor 72 h in the presenceof (1) [3H]dThd(V, V;
datareproducedfromFig. 3); (2) [3H]dThd+ 0.58%DMSO (U, O); or
lindane(*, 0). Data from
(3) [3H]dThd+ 0.58% DMSO + 100 FLM
two independentexperimentsareplottedfor eachtreatmentconditionand
are differentiatedas open and closed symbols. Representativestandard
deviationsare indicatedby the errorbars. The short-dashed,long-short
dashed,and solid curvesrepresentleast-squaresfits of the datato Eq. (1)
for cases 1, 2 and 3, respectively.

cell killing at higherclusteractivities.A least-squaresfit of
these data to Eq. (1) in the case of 100 jLMlindanegives
values of 0.67 + 0.03, 1.6 ? 0.3 and 41.6 ? 5.8 kBq for
for the three
b, A1 andA2, respectively.The fittedparameters
irradiationconditionsare summarizedin Table 1.
The survivingfractionof cells in multicellularclusters
assembled with 100% of the cells radiolabeled with
[3H]dThdis shown in Fig. 7 as a function of the cluster
activityfor the threeexperimentalconditions:(1) [3H]dThd,
(2) [3H]dThd + 0.58% DMSO, and (3) [3H]dThd + 0.58%

DMSO + 100 FLM
lindane.The fractionof cells surviving
comparedto untreatedcontrolswas calculatedin each case.
The survivalcurves in all threecases are single-component
exponential,whichis commensuratewith ourearlierstudies
that examinedthe radiotoxicityof [3H]dThdin V79 cells
maintainedin suspensionculture(14). Least-squaresfits of
these data to Eq. (1) with b = 0 give A1 values of 2.7 +
0.1, 2.7 + 0.2, and 2.8 + 0.1 kBq for cases 1, 2 and 3,
respectively.The fittedparametersfor the threeirradiation
conditionsare summarizedin Table 1.

Figure6 shows the survivingfractionof cells in the multicellularclusteras a functionof the 3Hactivityin the cluster
when only 50%of the cells are radiolabeled.In the absence
of lindane,when the clusteractivityincreases,the surviving
fractiondecreasessharplyto about50% and then continues
to decreasealbeitwith a moreshallowslope. Essentiallythe
same curve is obtainedwhen these clustersare maintained
Evidence of Gap-Junctional Intercellular Communication
in the presenceof 0.58% DMSO. In contrast,clustersthat
at 10.5?C
were maintainedin the presenceof 0.58% DMSO + 100
To verify the capacityof V79 cells to form intercellular
IxMlindaneshow a similarsharpdecreasein the slope of
the responsecurve to about50% survivaland only limited communicationthroughgap junctionsduringmaintenance
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TABLE 1
Fitted Parameters for Survival Curves for Multicellular Clustersa
Treatment
[3H]dThdb
[3H]dThd +
[3H]dThd +
[3H]dThdc
[3H]dThd +
[3H]dThd +

0.58% DMSOb
0.58% DMSO + 100 ,pM lindaneb
0.58% DMSOC
0.58% DMSO + 100 FM lindanec

Percentage cells
labeled

b

100
100
100
50
50
50

0
0
0
0.67 ? 0.12
0.75 ? 0.04
0.67 ? 0.03

A, (kBq)

A2 (kBq)

?
?
?
?
?
+

11.8 + 3.1
9.3 + 0.7
41.6 + 5.8

2.7
2.7
2.8
0.81
0.70
1.6

0.1
0.2
0.1
0.56
0.17
0.3

a Standard errors are indicated.
b

Least-squares fit to data in Fig. 7.
c Least-squares fit to data in Fig. 6.

at 10.5?Cfor 72 h, the transferof Luciferyellow dye between neighboringcells was studiedin cells in monolayers.
As shown in Fig. 8, Lucifer yellow was transferredinto
contiguouscells afterthe parallellines were scrapedin the
monolayerwith a scalpel. The highest intensityof Lucifer
yellow was noticed in cells at the peripheryof the scraped
areas, and a gradientof decreasingintensityis evident as
the dye spreadsfurtherinto contiguouscells throughgap
junctions.

MulticellularModel
The datain the presentwork have been obtainedwith a
new three-dimensionaltissue culturemodel that has been
designedspecificallyto quantifythe impactof nonuniform
distributionsof radioactivityin tissues on the biologicaleffect of the incorporatedradionuclides.It is demonstrated
thatmulticellularclusterscan be assembledby mixing suspensions of radiolabeled and nonradiolabeledcells to
achieve a controlleddegreeof nonuniformityof radioactivity in an in vitro multicellularclustermodel (Fig. 1). This

DISCUSSION

are used widely in clinical mediRadiopharmaceuticals
cine to diagnoseand treata varietyof medical conditions.
are adIt is well known that when radiopharmaceuticals
ministeredto the patient,the radioactivitylocalizes in different tissues in the body and its distributionat the macroscopicand microscopiclevels is nonuniform.The degree
of nonuniformitycan vary widely dependingon a variety
of factors.The biological consequencesof nonuniformdistributionsof radioactivityin a given tissue can also vary
substantially.Despite these well-knownfacts, currentinternationally accepted methods for assessing risks from diagnostic nuclearmedicine proceduresassume that the radioactivity is distributeduniformlyin organs and tissues
and thatthe biological responsedependsprincipallyon absorbeddose, radiationtype and tissue radiosensitivity(16).
Bystandereffects and otherpotentialconsequencesof nonuniformdistributionsof radioactivityare ignoredin these
risk estimates.The same assumptionis frequentlymade in
assessing risks from environmental(e.g. 222Rn)and accidental(e.g. '37Cs,131) exposuresto radioactivity.Adelstein
et al. (17) and Makrigiorgoset al. (18) have raisedimportant concerns regardingthe assumptionof uniformdistribution of radioactivityand their impact on risk estimates.
However,one of the majorstumblingblocks to predicting
the biological response of tissues with nonuniformdistributions of radioactivityhas been the absence of experimentalmodels thatallow tight controlover the distribution
of the radioactivity.
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FIG. 7. Survival of V79 cells as a function of cluster activity of
[3H]dThd when 100% of the cells were labeled. Multicellular clusters
were maintained at 10.5?C for 72 h in the presence of (1) [3H]dThd (V,
V); (2) [3H]dThd + 0.58% DMSO (-, [D); (3) [3H]dThd + 0.58%
DMSO + 100 pLMlindane (*, (O). Data from two independent experiments are plotted for each treatment condition and are differentiated as
open and closed symbols. Representative standard deviations are indicated by the error bars. The short-dashed, long-short dashed, and solid
curves represent least-squares fits of the data to Eq. (1) for cases 1, 2
and 3 respectively.
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FIG. 8. Transfer of the fluorescent dye Lucifer yellow through gap junctions in V79 cells maintained as a
monolayer culture at 10.5?C for 72 h.

new model affords a high degree of control over the percentage of radiolabeledcells in the cluster.The use of different radiochemicalscan providefurthercontrol over the
subcellulardistributionof the radioactivityin the labeled
cells. These degreesof controlover the model are a major
departure from past in vitro multicellular cluster models

whereinmulticellularspheroidsare preparedpriorto treatment with radioactivity,thus leading to a conditionwhere
only cells at the peripheryof the cluster are effectively
labeled (19, 20).

The response of the multicellularclusters used in the
presentwork to externalbeams of 137Csy rays is characterizedin Fig. 2 for both acute and chronicirradiation.The
dose-response curves with shouldersare characteristicof
the responseof mammaliancells to radiationsof low linear
energy transfer(LET). The acute doses were deliveredat

dose ratesof 1-1.7 Gy/min,whereasthe chronicirradiation
was carriedout at a dose rate of 3-18 cGy/h. The latter
dose rates are more in keeping with those encounteredin
therapeuticnuclearmedicine. Clearly,dose rate has a significantimpacton the response.
The survival curves in Fig. 3 correspondto the case
where V79 cells are labeled with [3H]dThd.The dose responsesfor 50% and 100%labelingare markedlydifferent
from those observedwhen the cells are irradiatedwith externaly rays. In the case of 100%labeling of the cells in
the cluster,the dose-responsecurve is exponentialwith a
value of Al of 2.44 kBq. This exponentialresponseis commensuratewith the responseof suspensionculturesof V79
cells labeled with [3H]dThd(14). In contrast,the doseresponse curve for 50% labeling is two-componentexponential, with the second component having a relatively
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shallow slope comparedto the first componentas charac- perimentalin vitromodel,coupledwith ourtheoreticalmulterized by the parametersA1 = 0.81 kBq and A2 = 11.8 ticellulardosimetry model (22), may be consideredas a
kBq. In otherwords,for a given amountof 3Hradioactivity candidatefor this purpose.It shouldbe noted,however,that
in the cluster, the two labeling conditions (50%, 100%) the currentexperimentalprotocoluses a maintenancetemyield very differentsurvivingfractions.Therefore,the dis- peratureof 10.5?C,whichmay have an impacton metabolic
tributionof radioactivityin the clusterplays an important processes such as DNA repairand cell proliferation.Ward
role in the biological response of the cells in the cluster. et al., (23) have shownthatirradiatedV79 cells arecapable
of repairingDNA single-strandbreaksat temperaturesas
This is an importantaspect of this new model that can be
low as 10?C,albeit at a reducedrate.Double-strandbreaks
exploited to obtain quantitativedata on the response of
multicellularsystems to nonuniformdistributionsof radio- were not repairedat this temperature.However,despitethe
dependenceof repairon temperature,a 3-h incubationof
activity.
Anothersignificantfeatureof this new model is thattyp- the irradiatedcells at this temperaturehad no impact on
in
cell survival.Nevertheless,the maintenancetemperature
ical cell survival experiments in vitro using radioprotectors
or gap-junctioninhibitorsinvolve acuteradiationexposures the presentmodel can be increasedto 37?C;this will reduce
in the presence of chemotoxic concentrationsof these the capacityto introduceadequateconcentrationsof chemical modifierssuch as DMSO and lindanewithoutleading
agents. The cells are usually washed free of the agent imforto undesiredchemotoxicity.
for
and
after
the
irradiation
colony
plated
mediately
mation. When cells are irradiatedby incorporatedradionuclides,the radiationdose is deliveredchronically.To exThe BystanderEffect
amine the capacity of radioprotectorsor gap-junctioninThe P particlesemittedby 3H have a spectrumof enhibitorsto modify effects caused by chronicirradiationby
should
be
the
chemical
ergies from 0-18.6 keV (10) with correspondingrangesin
agent
incorporatedradionuclides,
the
irradiation
period (21). However, waterfrom0-7 xm (24). The meanenergyis only 5.7 keV,
present throughout
chronicexposureof culturedcells to these chemicalagents which correspondsto a range of only 1 ,m in water(24).
at 37?Cleads to extremechemotoxicity,particularlywhen The mean diameterof a V79 cell is 10 Ixmand its nucleus
levels sufficientto affordprotectionare used (21). The re- has a mean diameterof 8 xm (21). Since the 3H is incorsults in Figs. 4 and 5 show that this problemcan be over- poratedinto the DNA of the nuclei of labeled cells, the
nuclei in these cells will be efficientlyself-irradiated
come by maintainingthe cells at 10.5?C.Underthese conby the
ditions, the V79 cells did not divide and only minimal low-energy ,3 particlesemittedby the radionuclide.Howchemotoxicitywas observed for both control and treated ever, (3particlesemittedby 3H decays in the cell nucleus
cells when the lindaneconcentrationwas maintainedat or must travel 2 pm (rangeof 10 keV electron,ref. 24) just
to get from the perimeterof the nucleus of a labeled cell
below 100 IJM.
ChinesehamsterV79 cells maintainedat 37?Chavebeen to the perimeterof a nucleus of an unlabeledcell. The
shown to exhibit intercellularcommunicationthroughgap distanceto the nucleus of the unlabeledcell is considered
junctions. This has been demonstratedby freeze-fracture importantbecausethe nucleuspresumablycontainsthe pricoupled with quantitativemorphology(13) as well as the mary radiosensitivetargets.Since the electronsare emitted
scrape-loadingand dye transfertechnique(12). However, by decays occurring randomly throughoutthe nucleus,
to the best of our knowledge,the capacityof V79 cells to
nearlyall of the P particleswill have to travelsubstantially
form gap junctions at 10.5?Chas not been demonstrated. more than 2 ixmjust to reach the nucleus of an unlabeled
In the presentstudy,this aspecthas been exploredby main- cell. Given that very few of the 3 particlesemittedare in
excess of the minimumrequirementof 10 keV, the crosstainingconfluentmonolayersof V79 cells at 10.5?Cfor 72
h and then studyingthe transferof the fluorescentdye Lu- dose receivedby cells in the clusteris negligible.This precifer yellow to detect gap-junctionalintercellularcommu- mise is supportedby the multicellulardosimetrycalculanication.Figure 8 shows that V79 cells indeed retaintheir tions of Goddu et al. (22) that show that cross-dose for
ability to form membranechannelsthroughgap junctions electronsin this energyrangeis negligiblewhen the radioeven at 10.5?C, a process that can be seen efficiently activity is localized in the cell nucleus. Therefore,in the
absenceof bystandereffects, one anticipatesessentiallyno
throughpositive dye transferinto contiguouscells.
In view of the versatilityand reproducibilityof this new killing of unlabeledcells, which shouldtranslateinto a 50%
multicellularclustermodel, it is possible that it may merit survivingfractionin the case of 50%labelingat high cluster activities. The steep first component(A1 = 0.81 kBq)
considerationfor assessingbystandereffects as set forthby
Mill et al. (8) in their recent Letterto the Editor.Mill et
of the two-componentdose-responsecurve in Fig. 3 shows
al. (8) have arguedthat to clearly establishthe existence that about50% of the cells are indeedkilled. However,the
of a bystandereffect in the case of hot particles(and non- second component(A2 = 11.8 kBq) indicatesthat the ununiformactivity distributionsin general), "an internation- labeled cells continue to be killed as the activity in the
labeled cells is increasedeven thoughthe unlabeledcells
ally validated in vitro assay together with an internationally
arenot significantlyirradiated.This suggeststhata bystandvalidated dosimetry protocol" is needed. The present ex-
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er effect is responsiblefor the killing of unlabeledcells and, surroundedby approximately13 neighbors(22). Hence the
unlikethe resultsof Mothersilland Seymour(4), the effect biological effect impartedto a given targetcell in the clusdoes not saturatewith increasingdose (i.e. activity in the ter is due not only to the 3Hdecays thatoccur in the target
cell but also to the sum of the bystandereffects imparted
labeled cells).
To elucidate the potential mechanismsresponsiblefor by the neighboringcells. Therefore,since lindanehad no
the bystandereffect observed in Fig. 3, the gap-junction impact on cell survival,the contributionof the bystander
effect appearsto be negligible for this biologicalend point
inhibitorlindanewas addedto the culturemediumpriorto
formationof the multicellularclustersin which 50%of the in the case of 100% labeling, at least over the range of
cells were labeled.Figure6 shows that 100 ILMlindanehas activitiesconsidered.
It thus standsto reasonthat the impactof the bystander
a markedimpacton the survivalof V79 cells with the value
of A2 in Eq. (1) changingfrom 11.8 kBq to 41.6 kBq. The effect on cell survival dependson the percentageof cells
in the cluster that are labeled, with the effect being most
solvent 0.58% DMSO had no impact on the response of
the V79 cells. If the bystandereffect blockingfactor(BBF) pronouncedat low labeling percentagesand when crossirradiationbetweencells is absentor minimal.Accordingly,
is definedas the ratio
it is anticipatedthat a somewhatsmallerbystandereffect
may be observedwhen cells are labeledwith radionuclides
BBF = A2 (with lindane)
(2)
A2 (without lindane)'
that emit particleswith rangesof severalcell diametersor
then the bystandereffect blocking factorfor 50% labeling more (e.g. 131I)because cross-irradiation plays a more imof cells in the multicellularclusterwith [3H]dThdandmain- portantrole in these cases (22).
Finally, it should be noted that the argumentsmade
tenancein culturemediumwith 0.58% DMSO + 100 FLM
above
are based on cell survivaldataalone. While it is not
lindaneis 3.5 ? 1.0. Since lindaneis known to be a gapthatdatabasedon otherbiologicalend pointswill
expected
junction inhibitor(6, 7), and it has been demonstratedin
toward
very differentconclusionsthanthose reached
point
the present study that V79 cells form gap junctions at
of examiningotherend pointsis recthe
above,
importance
10.5?C,it is likely thatthe bystandereffects observedwhen
50% of the cells in the cluster are labeled with [3H]dThd ognized.
are due primarilyto intercellularcommunicationprocesses
ACKNOWLEDGMENTS
that dependon the formationof gap junctionswhich connect adjacentcells (25).
The authorswould like to thank Prof. James E. Trosko,Michigan
While lindaneis known to be an inhibitorof gap-junc- State UniversityCollege of HumanMedicine,for providingadvice and
tion intercellularcommunication,it is also knownto affect his protocolsfor the scrape-loadingand dye transfertechnique.They are
also gratefulto Dr. SatamBanga,UMDNJ-NewJerseyMedicalSchool,
other processes that may pertainto its apparentability to
for his assistancewith the fluorescencemicroscopytechniquesused in
decrease bystandereffects. For example, lindane may inthis work.
creaselevels of superoxidedismutaseandthe extentof lipid
peroxidation(26, 27) and cause alterationsin intracellular Received:March31, 1999; accepted:May 6, 1999
free calcium and mitochondrialtransmembranepotential
(28). It may also increase the activity of NADPH-cytoREFERENCES
chromeP450 and the ratioof superoxideanionproduction/
1. H. NagasawaandJ. B. Little,Inductionof sisterchromatidexchanges
superoxidedismutaseactivity(29) and the formationof reby extremelylow doses of alpha-particles.CancerRes. 52, 6394active oxygen species that result from the metabolismof
6396 (1992).
lindane(30). Therefore,it is possiblethatmitigationof by2. A. Deshpande,E. H. Goodwin,S. M. Bailey,B. L. MarroneandB. E.
sisterchromatidexchangein normal
Lehnert,Alpha-particle-induced
standereffects by lindanemay be due not only to inhibition
humanlung fibroblasts-Evidencefor an extranuclear
target.Radiat.
of gap-junctionalintercellularcommunicationbut also to
Res. 145, 260-267 (1996).
these otherprocesses.
3. M. Sigg, N. E. A. Cromptonand W. Burkhart,Enhancedneoplastic
BystanderEffectsRelativeto ConventionalRadiation
Effects
To assess the relative importanceof bystandereffects
comparedto conventionalradiationeffects (i.e. direct +
indirect),the clusters were assembled such that 100% of
the cells were againlabeledwith [3H]dThd.Figure7 shows
the responseof multicellularclusterstreatedwith [3H]dThd,
[3H]dThd+ 0.58% DMSO, or [3H]dThd+ 0.58% DMSO
+ 100 ,uMlindane.The response of the V79 cells to the
threetreatmentregimensis essentiallythe same withinexperimental uncertainties. Each of the cells in the cluster is

4.

5.

6.

7.

in an inhomogeneousradiationfield:An effect of the
transformation
presenceof heavilydamagedcells. Radiat.Res. 148, 543-547 (1997).
C. Mothersilland C. B. Seymour,Cell-cell contactduringy irradiation is not requiredto induce a bystandereffect in normalkidney
keratinocytes:Evidencefor releaseduringirradiationof a signalcontrollingsurvivalinto the medium.Radiat.Res. 149, 252-262 (1998).
E. I. Azzam, S. M. de Toledo,T. Goodingand J. B. Little, Intercellularcommunicationis involvedin the bystanderregulationof gene
expressionin humancells exposed to very low fluences of alpha
particles.Radiat.Res. 150, 497-504 (1998).
X. Guan and R. J. Ruch, Gap junction endocytosisand lysosomal
degradationof connexin43-P2in WB-F344 rat liver epithelialcells
treated with DDT and lindane. Carcinogenesis 17, 1791-1798
(1996).
K. A. Criswelland R. Loch-Caruso,Lindane-induced
eliminationof

RAPIDCOMMUNICATION

97

gap junctionalcommunicationin rat uterinemonocytesis mediated
by an arachidonicacid-sensitive cAMP-independentmechanism.

The effect of antigenconcentration,antibodyvalency and size, and
tumorarchitectureon antibodybindingin multicellspheroids.Nucl.

8. A. J. Mill, M. W. CharlesandP.J. Darley,Enhancedneoplastictransformationin an inhomogeneousradiationfield:An effect of the presence of heavily damagedcells. Radiat. Res. 149, 649-651 (1998).
[Letterto the Editor]
9. N. E. A. Crompton,M. Sigg and W. Burkart,Enhancedneoplastic
in an inhomogeneousradiationfield:An effect of extransformation
posure to supralethallydamagedcells. Radiat. Res. 149, 651-653
(1998). [Letterto the Editor]

20. R. Sutherland,E Buchegger,M. Schreyer,A. Vaccaand J. P. Mach,
antiPenetrationand bindingof radiolabeledanti-carcinoembryonic
gen monoclonalantibodiesand their antigenbinding fragmentsin
humancolon multicellulartumorspheroids.CancerRes. 47, 16271633 (1987).
21. R. W. Howell, D. V. Rao, D-Y. Hou, V. R. Narraand K. S. R. Sastry,
The questionof relativebiological effectivenessand qualityfactor
for Auger emittersincorporatedinto proliferatingmammaliancells.
Radiat.Res. 128, 282-292 (1991).
22. S. M. Goddu,D. V. Rao and R. W. Howell, Multicellulardosimetry
for micrometastases:Dependenceof self-dose versus cross-doseto
cell nuclei on type and energyof radiationand subcellulardistribution of radionuclides.J. Nucl. Med. 35, 521-530 (1994).
23. J. F. Ward,C. L. Limoli, P.M. Calabro-Jonesand J. Aguilera,An
examinationof the repairsaturationhypothesisfor describingshoulderedsurvivalcurves.Radiat.Res. 127, 90-96 (1991).

Med. Biol. 18, 753-764 (1991).

Toxicol. Appl. Pharmacol. 135, 127-138 (1995).

10. E. Browne and R. B. Firestone, Table of Radioactive Isotopes. Wiley,

New York, 1986.

11. ICRU, Photon, Electron, Proton and Neutron Interaction Data for

Body Tissues. Report 46, InternationalCommissionon Radiation
Units and Measurements,Bethesda,MD, 1992.
12. M. H. El-Fouly,J. E. Troskoand C. C. Chang, Scrape-loadingand
dye transfer:A rapidand simple techniqueto study gap junctional
intercellularcommunication.Exp. Cell. Res. 168, 422-430 (1987).
13. S. B. Yancey,J. E. Edens,J. E. Trosko,C. C. Changand J. P. Revel,
Decreasedincidenceof gap junctionsbetween ChinesehamsterV79 cells upon exposure to the tumor promoter12-o-tetradecanoyl
phorbol-13-acetate.
Exp. Cell Res. 139, 329-340 (1982).
14. R. W. Howell, S. M. Goddu,A. Bishayee and D. V. Rao, Radioprotection againstlethal damagecausedby chronicirradiationwith ra-

24. ICRU, Stopping Powers for Electrons and Positrons. Report 37, In-

25.
26.

dionuclides in vitro. Radiat. Res. 150, 391-399 (1998).

15. A. I. Kassis and S. J. Adelstein,A rapidandreproduciblemethodfor
the separationof cells fromradioactivemedia.J. Nucl. Med.21, 8890 (1980).

27.

16. ICRP, Radiation Dose to Patients from Radiopharmaceuticals. Pub-

lication 53, InternationalCommissionon RadiologicalProtection,
PergamonPress, Oxford,1987.
17. S. J. Adelstein,A. I. Kassis and K. S. R. Sastry,Cellularvs. organ
approaches to dose estimates. In Proceedings of Fourth International
Radiopharmaceutical Dosimetry Symposium (A. T. Schlafke-Stelson

and E. E. Watson,Eds.), pp. 13-25. NationalTechnicalInformation
Service, Springfield,VA, 1986.
18. G. M. Makrigiorgos,S. J. Adelsteinand A. I. Kassis, Cellularradiationdosimetryand its implicationsfor estimationof radiationrisks.
Illustrativeresults with technetium-99m-labeled
microspheresand
J. Am. Med. Assoc. 264, 592-595 (1990).
macroaggregates.
19. V. K. Langmuir,J. K. McGann,F Bucheggerand R. M. Sutherland,

28.

29.

30.

ternationalCommissionon RadiationUnits and Measurements,Bethesda,MD, 1984.
R. Bruzzone,T.W. White and D. A. Goodenough,The cellularinternet:On-linewith connexins.Bioessays 18, 709-718 (1996).
B. C. Koner,B. D. Banerjeeand A. Ray, Organochlorine
pesticideinducedoxidativestressandimmunesuppressionin rats.Ind.J. Exp.
Biol. 36, 395-398 (1998).
B. Descampiaux,J. M. Leroux,C. PeucelleandF Erb,Assay of freeradicaltoxicityand antioxidanteffect on the Hep 3B cell line: A test
surveyusing lindane.Cell Biol. Toxicol.12, 19-28 (1996).
R. Rosa, E. Rodriguez-Farre
and C. Sanfeliu,Cytotoxicityof hexachlorocyclohexaneisomers and cyclodienes in primaryculturesof
cerebellargranule cells. J. Pharmacol. Exp. Ther. 278, 163-169
(1996).
K. A. Simon Giavarotti,L. Rodrigues,T. Rodrigues,V. B. Junqueira
and L. A. Videla, Liver microsomalparametersrelatedto oxidative
stressandantioxidantsystemsin hyperthyroid
ratssubjectedto acute
lindanetreatment.Free Radic.Res. 29, 35-42 (1998).
P. Perocco, A. Colacci, C. Del Ciello and S. Grilli, Cytotoxicand
cell transformingeffects of the insecticide,lindane (-y-hexachlorocyclohexane) on BALB/c 3T3 cells. Res. Commun. Mol. Pathol.

Pharmacol.89, 329-339 (1995).

