
transducin by rhodopsin leads to an ex- 
tremely rapid decrease in cyclic GMP 
concentrations in the cell which may 
affect sodium ion permeability in the rod 
outer segment plasma membrane. The 
ras gene products may be part of a 
comparable information processing sys- 
tem albeit controlling a different regula- 
tory pathway. There is a growing body of 
data to suggest that Ras protein mediates 
signals that regulate cell growth and cell 
division (16). Recent studies have shown 
that Ras protein is associated with cell 
surface receptors involved in growth 
control-for example, the insulin, epi- 
dermal growth factor (EGF) (II) ,  and 
possibly transferrin receptors (17). The 
Ras protein may behave like the cw sub- 
unit of G proteins in that it may cycle 
through alternative configurations as a 
result of its association with receptor and 
guanine nucleotides. Further under- 
standing of the G proteins and the Ras 
proteins and analysis of the genes that 
encode them will define in detail the 
relation between these two gene fam- 
ilies. 
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Effect of Cell-Cell Interactions on Drug Sensitivity and Growth 
of Drug-Sensitive and -Resistant Tumor Cells in Spheroids 

Abstract. Multicellular spheroids were grown from mixtures of rat brain tumor 
cells sensitive (9L) and resistant (R3) to 1,3-bis(2-chloroethy1)-I-nitrosourea. Per- 
centages of each cell subpopulation in these spheroids were estimated with the sister 
chromatid exchange assay and were found to be approximately the same as those 
used to initiate spheroids. Spheroids grown from 9L cells alone had a higher growth 
rate than spheroids grown from R3 cells alone. However, the growth rate of mixed- 
cell spheroids was essentially the same as that of pure 9L spheroids and was 
independent of the percentages of Rg cells in mixed-cell spheroids. The sensitivity of 
9L cells in mixed-cell spheroids treated with 1,3-bis(2-ch1oroethyI)-I-nitrosourea, 
estimated by changes in the number of sister chromatid exchanges per metaphase 
induced by treatment, decreased as the percentage of R3 cells increased. These 
effects are probably the result of an interaction between the two cell subpopulations 
held in three-dimensional contact, a situation similar to that in tumors in situ. The 
results suggest why one cell subpopulation of tumors does not become dominant 
during growth and indicate that interactions between cell subpopulations can 
influence the sensitivity of one subpopulation to I,3-bis(2-chloroethyl)-I-nitrosourea. 

Characterization of isolated tumor cell cent studies (I) in which interactions 
subpopulations has provided important between tumor cell subpopulations were 
information on the clonal diversity in a detected suggest that this information 
tumor and on the basic biology of indi- may be misleading if attempts are made 
vidual cell subpopulations. However, re- to discern the behavior of cells in tumors 

Number o f  S C E ' S  p e r  m e t a p h a s e  
4 

Fig. 1. (a to e) Histograms of the number of cells versus 0 
number of SCE's per metaphase for 9L, R?, and mixed- 

43 cells 

1 ( 7 k % )  9L1R3 ( 2 5 1 7 5 )  

cell spheroids (diameter, 200 to 300 pm) treated with 3 pM Number o f  SCE's  
BCNU, dissociated into single cells, and assayed (3). per  metaphase  
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in situ. Interactions between tumor cell 
subpopulations that affect drug sensitiv- 
ity and growth rate have been found in 
vivo and in vitro for cells grown under 
specific experimental conditions ( I ) .  
However, these interactions have not 
been reported when different cell sub- 
populations are grown in three-dimen- 
sional contact for extended periods of 
time, a situation similar to that in tumors 
in situ. The major obstacle to the study 
of cell-cell interactions has been the lack 
of a quantitative method that could dis- 
tinguish between cell types and could 
determine the drug sensitivities of each 
subpopulation. 

Multicellular spheroids approximate 
many characteristics of in vivo tumors 
that usually are not present in single-cell 
systems in vitro ( 2 ) ,  including three-di- 
mensional intercellular contact, ranges 
in pH, oxygen tension, nutrient levels, 
and the ability to be grown in culture for 
several weeks without trypsinization. 
Yet spheroids can be grown under the 
rigidly controlled environmental condi- 
tions common to culture systems in vi- 
tro. Spheroids used in this study were 
initiated and grown from mixtures of rat 
brain tumor cells sensitive (9L) and re- 
sistant (R3) to 1,3-bis(2-chloroethy1)-1- 
nitrosourea (BCNU) and simulate the 
heterogeneity, with respect to the drug 
sensitivity of cells, of solid tumors in 
situ. 

The sister chromatid exchange (SCE) 
assay is a sensitive, simple method for 

5 0  1f 

0  25  6 0  7 5  

R3 cells (%)  

Fig. 2. Plot of the number of SCE's per 
metaphase in the individual 9L cell popula- 
tions versus the percentage of R3 cells. Spher- 
oids were treated for 1 hour with 3 FM 
BCNU. Values are means r standard errors 
for three experiments for spheroids with di- 
ameters of 100 to 500 pm. 
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Table I. Initial and experimentally deter- 
mined percentages of 9L and R3 cells in 
spheroids. Results are shown for a repre- 
sentative experiment in which spheroids were 
treated for 1 hour with 3 FM BCNU and 60 
SCE's per metaphase were scored for each 
group of spheroids. 

Spheroid Initial SCE 
diameter mixture assay 

(pm) (9LIR3) (9LlR3) 

measuring damage to DNA. Induction of 
SCE's in 9L cells treated in monolayer 
culture with BCNU has been directly 
correlated with cell kill (3), and agents 
such as a-difluoromethylornithine (4) 
and x-rays (5) that modify the cell kill 
caused by BCNU also modify the induc- 
tion of SCE's by BCNU. Thus in this 
system the SCE assay provides the same 
relative indication of cytotoxicity as the 
cell survival assay. However, because 
the SCE assay is based on analysis of 
individual cells, it can be used to distin- 
guish quantitatively between BCNU- 
sensitive and -resistant cells grown in the 
same culture. We have reported the re- 
sults of experiments in which various 
proportions of BCNU-sensitive and -re- 
sistant 9L cells were mixed in monolayer 
culture and treated with BCNU (6). 
When data obtained with the SCE assay 
were plotted as histograms representing 
the number of cells versus the number of 
SCE's per metaphase, two regions corre- 
sponding to the sensitive and resistant 
populations were obtained, and the ap- 
proximate percentages of each cell type 
could be predicted for each mixture. We 
have now extended these studies to 
spheroids grown from mixtures of 
BCNU-sensitive and -resistant 9L cells. 

The BCNU-resistant cell line used in 
these studies, R3, was cloned from the 
resistant line 9L2 (7). The R3 cell line has 
the same response to BCNU as reported 
for 9L2 cells (6). Doubling times for R3 
and 9L cells in monolayer culture are 
each approximately 19 hours; modal 
chromosome numbers are 57 and 55, and 
the background levels of SCE's per 
metaphase are 12.6 and 12 for R3 and 9L 
cells, respectively. Spheroids grown 
from 9L cells, R3 cells, or mixtures of 
both (mixed-cell spheroids) were initiat- 
ed by adding single-cell suspensions of 
9L and R3 cells, obtained from exponen- 
tially growing monolayer cultures, to 
spinner flasks in specified ratios (8). 

Mixed-cell spheroids with diameters 

of 200 to 300 pm were treated for 1 hour 
with 3 pM BCNU, dissociated into sin- 
gle cells, and the SCE assay was per- 
formed (3). Histograms were generated 
by plotting the number of cells against 
the number of SCE's per metaphase 
(Fig. 1). For each mixture (Fig. 1, c to e) 
there are two distinct areas in the histo- 
gram corresponding to the R3 and 9L 
populations, the percentages of which 
are very similar to the percentages of 
mixtures used to initiate spheroids. This 
procedure was repeated and histograms 
were generated for mixed-cell spheroids 
with diameters of 100 to 200 and 400 to 
500 pm (Table 1); results were similar to 
those determined for spheroids of 200 to 
300 pm. From Fig. 1 and Table 1 it is 
clear that the initial proportions of R3 
and 9L cells added as single-cell suspen- 
sions were maintained during spheroid 
formation and growth up to diameters of 
at least 500 pm. 

Because induction of SCE's is corre- 
lated with cell kill for 9L cells treated 
with BCNU, a change in the number of 
SCE's per metaphase in 9L or R3 cells 
would reflect changes in cellular sensi- 
tivity to BCNU, which are not detected 
readily by the cell survival assay (3). 
Comparison of regions corresponding to 
9L populations in all histograms suggest- 
ed that, as the percentage of R3 cells was 
increased, the relative sensitivity of 9L 
cells to BCNU decreased. To quantitate 
this finding, the mean number of SCE's 
per metaphase for the 9L cell population 
in each mixture was calculated and plot- 
ted against the percentage of R3 cells in 
the spheroid (Fig. 2). The results indicate 
that in spheroids an interaction occurs 
between the two cell lines that causes a 
decrease in the sensitivity of 9L cells to 
BCNU. The mean number of SCE's per 
metaphase in the R3 cell population was 

0 3 8 9 12 15 

Days 

Fig. 3. Growth curves for spheroids (initial 
diameter, 100 to 200 pm) grown from various 
proportions of 9L and Rj  cells. 
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In studies of cell subpopulations iso- 
lated from a mouse mammary carcino- 
ma, Heppner et al. (1, 9) found that 
specific subpopulations with different 
growth rates cultured together in mono- 
layer grew at the rate at which one or the 
other subpopulation grew when cultured 
alone. We observed a similar effect ori 
the growth of mixed-cell spheroids. 
Growth curves for untreated s~heroids 
show that 9L spheroids grew faster than 
R3 spheroids, yet mixed-cell spheroids 
grew at the rate of 9L spheroids (Fig. 3). 
Over the range of spheroid sizes and cell 
mixtures examined, growth rate was in- 
dependent of the percentage of 9L and 
R3 cells in the initial mixtures (Fig. 3). 
Because the percentages of 9L and R3 
cells in the initial mixtures were main- 
tained in spheroids with diameters up to 
500 km (Table I), results suggest that the 
growth of R3 cells is increased because 
of an interaction with 9L cells. The inter- 
action that affects the growth rate of 
tumor cell subpopulations reported here 
for spheroids and by others for monolay- 
er culture (1, 9) may explain why the 
fastest growing cell type in a tumor does 
not become the dominant cell population 
and why the cellular heterogeneity of the 
tumor is maintained. 

Cell populations of human and animal 
tumors are heterogeneous with respect 
to drug sensitivity, growth rate, and oth- 
er biological characteristics (10). Hetero- 
geneity is thought to be a major obstacle 
to successful cancer therapy. While in- 
teractions between tumor cell subpop- 
ulations may influence the generation 
and maintenance of heterogeneity, tu- 
mor progression, and response to thera- 
py (I), their role in the biological behav- 
ior of tumors in situ remains unknown. 
Use of the spheroid system with the SCE 
assay to study interactions between cell 
subpopulations provides a model that in 
many ways simulates the tumor microen- 
vironment. Moreover, the effects of drug 
treatment on individual cells can be de- 
termined quantitatively. Results ob- 
tained with this model may provide a 
greater understandihg of the role of cell- 
cell interactions in tumor biology. 
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Cigarette Craving, Smoking Withdrawal, and Clonidine 

Abstract. Clonidine, an u-2-adrenergic agonist, signijicantly reduces opiate 
withdrawal. Fifteen heavy smokers abstained from cigarettes on three separate 
occasions and received irtstead clonidine, placebo, or the benzodiazepine alprazo- 
lam. Clonidine and alprazolam diminished withdrawal symptoms. The two drugs 
suppressed anxiety, tension, irritability, and restlessness equally but clonidine had a 
greater effect than alprazolam on cigarette craving. These observations suggest that 
noradrenergic activity is a common feature in the pathophysiology of withdrawal and 
that a special relationship exists between central noradrenergic activity and craving. 

The a-2-noradrenergic agonist cloni- 
dine diminishes the opiate withdrawal 
syndrome in chronically addicted human 
subjects (I). Central noradrenergic func- 
tion had long been implicated in the 
action of opiates, but the anatomical 
locus for that interaction remained un- 
known. In the 1970's, evidence began to 
accumulate that a major anatomical con- 
nection between the adrenergic and opi- 
ate systems existed in the locus coeru- 
leus. This nucleus accounts for nearly 
half of the noradrenergic neurons and 
produces the majority of norepinephrine 
in the mammalian brain. Its noradrener- 
gic cells are densely populated with in- 
hibitory opiate receptors. Enkephalins 
and opiates as well as u-2-noradrenergic 
agonists decrease the firing rate of these 
cells, and abrupt opiate withdrawal re- 
sults in a marked increase in this firing 
rate (2). Extensive data have now accu- 
mulated from both experimental animals 
(3) and man (4) confirming Gold's origi- 
nal observation (I), and animal data sup- 
port the assertion that this diminished 
withdrawal behavior is related to dimin- 
ished noradrenergic activity (5). 

We asked whether this concept of nor- 
adrenergic involvement in opiate with- 
drawal could be extended to appetitive 
behaviors such as smoking. We now 
report that clonidine alters the acute 
withdrawal syndrome associated with 
cigarette smoking and suggest that cen- 
tral adrenergic overactivity is a common 
feature in the pathophysiology of with- 
drawal syndromes seen with a variety of 
addictive substances, including ciga- 
rettes, alcohol, and opiates. 

Volunteers smoking more than 30 cig- 

arettes per day for at least 1 year, were 
recruited to participate in a double-blind 
crossover study of the effects of cloni- 
dine on the acute smoking withdrawal 
syndrome. In addition to a placebo con- 
trol, a benzodiazepine-like drug, alpra- 
zolam, was used in a second experimen- 
tal condition. Alprazolam has been 
shown to be equally anxiolytic and 
slightly less sedative than diazepam (6). 

All subjects were in good health and 
were drug-free, except for two female 
volunteers who used medication for birth 
control. All subjects were instructed to 
refrain from smoking for 24 hours on 
three separate occasions. On each occa- 
sion they were told not to smoke after 
going to bed and to report without smok- 
ing at 0830 the next morning. Baseline 
pulse, blood pressure, and psychological 
measures were obtained; then one of 
three treatment regimens was begun. 
Subjects received clonidine (0.2 mg), al- 
prazolam (1.0 mg), and placebo in one of 
three randomly assigned sequences. All 
treatments were given in two divided 
doses with the second dose given 90 
minutes after the first. Pulse and blood 
pressure, including orthostatic blood 
pressure, were measured every 90 min- 
utes. At the same time, subjects com- 
pleted a series of nine visual analog 
scales. These scales used a 10-cm line to 
assess tension, anxiety, irritability, crav- 
ing (thoughts about or wish to smoke), 
restlessness, impaired concentration, 
and sadness (or tearfulness). Subjects 
also completed similar scales for drowsi- 
ness and dizziness. At the end of each 
experimental day, they made a global 
assessment (on a scale of 1 to 10) of the 

SCIENCE, VOL. 226 




