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SUMMARY

MORRIS, STEPHEN A. & MAKMAN, MAYNARD H. (1976) Cell density and receptor-
adenylate cyclase relationships in the C-6 astrocytoma cell. Mol. Pharmacol., 12,
362-372.

The maximum stimulation at saturating concentrations of epinephrine (Vmax) of cate-

cholamine-sensitive adenylate cyclase of rat C-6 astrocytoma cells in culture is signifi-
cantly enhanced when the cells achieve confluence. This relationship is apparent
whether measured as increased levels of adenosine cyclic 3’,S’-monophosphate (cAMP)
in intact cells, without or with serum present, or as ATP-dependent cAMP formation by

cell homogenates. Corresponding to this increase, the adenylate cyclase activity stimu-
lated by fluoride increased with increased cell density, as was also noted for cAMP

phosphodiesterase. When intact cells in the presence of serum are exposed to epineph-

rine for 2 mm, the epinephrine concentration giving half-maximal stimulation (K,,)
increases from 100 to 600 n� as cell cultures grow from low density to confluence;

similarly, an increase in the dissociation constant K,, for the antagonist propranolol,
from 1 to 10 n�, was found as cell density increased. The attribution of those trends to
intercellular interaction rather than to total cell number per plate or to manipulation of

cells at the time of subculture is supported by the absence of such trends in nonhomoge-
neously dispersed cell culture preparations. Thus, under these conditions of cell culture
and investigation, the effective affinity for catecholamine or antagonist decreases as a

function of cell density. It was further noted, however, that in the absence of serum the
K,, for epinephrine did not change with cell density, and after cells had been incubated
with propranolol for 45 mm the apparent K� was 1 n�, independent of cell density. It is

concluded that the increase in Vm(lx with increasing cell density is not associated with
any inherent change in the affinity or sensitivity of the catecholamine receptor-cyclase
complex, but may be related to an increase in total catalytic activity.

INTRODUCTION

A positive correlation between the cate-

cholamine-stimulated adenylate cyclase
activity of whole cells and increasing cell

This work was supported by Grants 5T5 GM

167411 and 5 ROl CA 13176 from the National Insti-

tutes of Health. A preliminary report of these find-

ings was presented at the 11th Annual Pathobiology

Seminar at the Given Institute of Pathobiology, As-

pen, Colorado, July 13, 1974.

density has been reported for WI-38 fibro-
blasts (nontransformed) (1) and the rat as-
trocytoma C-6 line (transformed) (2). In
contrast, using whole cells, an inverse cor-
relation has been reported with the cloned
tumor astrocyte line 1181N1 (3). Conflict-
ing results with the earlier studies on WI-

38 cells (1) have also been reported (4).
In the studies reported here, a trans-

formed cell line, the rat astrocytoma C-6

cell, was used to re-examine the cell den-
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The abbreviation used is: cAMP, adenosine

cyclic 3’ ,5’-monophosphate.

sity phenomenon as it affects catechola-

mine-sensitive adenylate cyclase in the in-

tact cell. These studies sought to deter-
mine the possible contribution to the phe-

nomenon of changes in either (a) the affin-
ity of the catecholamine receptor linked to

adenylate cyclase, (b) the sensitivity of the
receptor-cyclase complex, or (c) the activi-

ties of the subcellular components contrib-
uting to the whole-cell phenomenon, i.e.,

the adenylate cyclase that is stimulated by
fluoride and epinephrine, the cAMP’ phos-
phodiesterase, or the manipulation and
seeding of cells prior to subculture. In this
regard, determinations were made for
Vmax, defined as the amount of cAMP accu-

mulated in the presence of maximally

stimulating concentrations of epinephrine
in whole cells (with and without 10% calf-

fetal calf serum) and in homogenates; for
K,,,, defined as the concentration of epi-

nephrine at which half the maximum ac-
tivity (Vmax) occurs; for Kb, defined as the
dissociation constant for propranolol; and

for variations in the activity of both the
cAMP phosphodiesterase and the adenyl-
ate cyclase that is stimulated by fluoride.
Nonheterogeneously dispersed subcul-
tures were analyzed in the same manner.

MATERIALS AND METHODS

Culture conditions. Cultured rat astro-
cytoma cells of the C-6 line were originally
derived from glial tumors induced in Wis-
tar rats with N-nitrosomethylurea (5). The
medium used was that of Dulbecco, sup-
plemented with 5% calf serum and 5% fetal

calf serum, antibiotics as previously de-
scribed (6), and Fungizone. Cells were
grown as monolayers on 60-mm Falcon

plastic tissue culture dishes in an atmos-
phere of 95% air and 5% CO2. When the

parent plates achieved full confluence, the
cells were subcultured after incubation in

0.25% trypsin and 0.04% sodium EDTA,
followed by gentle vortex-dispersion. Ex-

cept where noted, experiments were
carried out under the same conditions used
for growth and 10 hr after the last medium

change. Additions of 1.0 ml of 0.9% NaCl,
with or without appropriate agonists or

antagonists, were made to the 2.0-ml com-
plete medium already on the plate; al-

though such additions resulted in dilution
of the original serum content, control

plates did not show significant changes in
the baseline levels of cAMP or in pH.

Measurement of cAMP. For the meas-
urement of cAMP concentrations in intact

cells, medium was removed rapidly and an
aqueous acetic acid solution (1:1, v/v) was
added as originally described (7). The re-
sulting suspensions were heated for 3 mm
at 90#{176}and centrifuged to remove cellular
debris. Aliquots of the supernatant fluid

were dried at 80#{176}in small tubes and as-

sayed for cAMP by the modified binding
assay of Gilman (8, 9).

Cell density. Cell density was defined as

the total amount of protein determined in

the acetic acid suspension obtained from
the cells scraped off a 60-mm Falcon plate,
divided by the area of the plate. Protein
was determined by the method of Lowry et

al. (10). Such plates were not washed prior
to the addition of acetic acid. Corrections
for residual serum were made from a curve
constructed by correlating protein values
obtained in control experiments, in which
plates were washed three times succes-

sively in 5.0 ml of 0.9% NaCl, with protein
values obtained when plates were not

washed. Protein values given are corrected
and expressed as micrograms per square

centimeter.

Determination of V,,,(,,F, K,,,, and Kb. Ex-

cept where noted, l-epinephrine bitartrate,
in solution either alone or with dl-pro-
pranolol hydrochloride, was applied for 2
mm. Although whole cells were stimu-
lated maximally in 5 mm by epinephrine,

a 2-mm exposure was chosen to minimize
leakage of cAMP into the medium or in-

duction of phosphodiesterase activity (11).

K�2 was determined in the following man-

Kb (12) is defined as the dissociation constant of

a competitive antagonist and its receptor, deter-

mined by

log - 1] = logB - logK,,

where A ‘IA represents the dose ratio of agonist in

the presence (A’) and absence (A) of competitive

antagonist giving equivalent response; B is the con-



centration of antagonist; and Kb, the dissociation

constant, is read as the intercept in the plot of log

IA/A - 11 vs. log (B).
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Phosphodiesterase determinations were carried

out by Dr. C. Duttagupta of this laboratory.

ner. (a) A reference dose-response curve

was determined for a given subculture of
cells by exposing plates of cells to concen-

trations of epinephrine from 0.01 to 10 MM

in the manner previously described (each
order of magnitude divided into three divi-
sions, two plates per division, duplicate
assays of cAMP concentration per plate).
(b) Two sets of plates from the same sub-

culture were simultaneously exposed for 2
mm (except where noted) to concentrations

of propranolol from 0.001 to 10 MM and
either 1 or 10 MM epinephrine. When vari-
ability was so great that construction of an
accurate dose-response curve was not pos-

sible, the data were rejected totally. The

effective dose of epinephrine for a response
measured in the presence of propranolol
(A’) was then determined by reference to
the dose-response curve. In contrast to the
traditional method of determining Kb for
propranolol (12), that is, a more limited
range of propranolol concentrations and a

wider range of epinephrine concentra-

tions, the modifications used here allowed
exploration of a wider range of cell den-
sity. For one experiment, 60-80 plates
were used to determine a single Kb value;
titration with propranolol in the presence
of two fixed concentrations of epinephrine
provided several points of overlap and

gave a sufficient range of propranolol con-
centrations to establish whether inhibition
was competitive. Both Vmax and K,,, values
for epinephrine were determined by refer-
ence to the dose-response curve of a partic-
ular subculture. In all figures shown here,

the smooth curves were arbitrarily drawn
by hand to minimize the distance of the

points to the curve.
Adenylate cyclase determinations. Cells

were lysed in 20 m�i glycylglycine buffer

(pH 7.6)-5 m� MgSO4. Aliquots of the cell

lysate were incubated for 20 mm at 30#{176}
with ATP in the presence of MgSO4, theo-
phylline, phosphoenolpyruvate, pyruvate
kinase, Tris-HC1 buffer (pH 7.6) (concen-
trations specified under RESULTS), and the
appropriate agents in a shaker bath. Final

volume was 200 M1 The reaction was ter-

minated by boiling for 2 mm (13). Under
these conditions, formation of cAMP was

found to be linear for 30 mm. Precipitates
were centrifuged, and 25 M1 of the superna-

tant were assayed directly for cAMP, us-

ing the assay described above. Vmax for
epinephrine was determined in these prep-
arations by incubating the homogenates
with 10 MM epinephrine.

Phosphodiesterase activity.1 Cyclic nu-

cleotide phosphodiesterase activities were
determined by a two-step method previ-
ously reported (14). Cells were homoge-
nized in 40 m� Tris-HC1 buffer (pH 8.0). A

50-M1 aliquot was added to a reaction mix-
ture (volume, 250 Ml; composed of the ho-
mogenizing buffer with 3.75 mrvi 2-mercap-

toethanol, 10 m� MgC12, and the indicated
substrate concentrations of tritiated

cAMP) and incubated in a shaker bath at
30#{176}for 10 mm. The mixture was boiled for
1 mm, 25 Mg of Ophiophagus hannah
venom were added, and the tubes were

incubated for 10 mm at 30#{176};the reaction
was then stopped by the addition of Bio-

Rad AG 1-X8 resin. An aliquot of this mix-
ture was removed for counting by liquid
scintillation spectrometry.

RESULTS

Cell density and degree of cell-to-cell
contact. Three general gradations of cell
density were designated as follows. (a) no
or minimal cell contact occurring within 2

days following subculture, characterized
by a majority of cells isolated from one
another (as determined by phase micros-
copy) and expressing morphological fea-
tures characteristic of glial cells (10-24 Mg

of protein per square centimeter). A source
of variability in this range of cell density

may be explained by differences in the
metabolic state of the parent cultures im-
mediately prior to subculture. (b) Sparse to
dense cells, characterized by a population
in which all cells were in contact with
other cells, but no cells had yet lost their
distinct glial cell appearance (25-39 Mg of
protein per square centimeter). (c) Fully
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FIG. 1. cAMP formation in intact C-6 astrocytoma cells: relationship to cell density and maximal response

to epinephrine

Vmax (maximal activity in response to saturating concentrations of epinephrine in the presence of serum,

as determined by reference to the dose-response curve of the particular subculture as described in the text) is

expressed as total picomoles of cAMP accumulated per milligram of protein in 2 mm. 0, the same subculture

followed over time; #{149},individual assays.
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confluent cells, in which all cells appeared
to be rounded and to have lost most mor-

phological characteristics of glial cells (40-
100 Mg of protein per square centimeter).

Variation of V,,,e,x, K,,,, and Kb with cell
density. These studies (Fig. 1) encom-

passed cultures used over 18 months, dur-
ing which time, on several occasions, cul-

tures were started from frozen pellets
stored at -90#{176},so that a degree of varia-
tion with different batches of cell cultures
was expected. When the same subculture
was followed as it increased in cell density,

the increase in Vmax was quite evident (un-
interrupted line in Fig. 1). In the range of
the most active proliferation (15-35 Mg of

protein per square centimeter), doubling of
cell density appeared to result in signifi-
cantly more than a 2-fold increase in Vmax.

In view of the possible sources of varia-
tion in the cultures used for experimenta-
tion, it was thought that a more distinct

positive correlation with cell density could
be found when the ratio of Vmax to basal
cAMP levels in the whole cell (Fig. 2) was
determined as a function of cell density.
There indeed appears to be an enhance-
ment of the correlation, despite the fact

that basal levels of cAMP may represent

..-
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or include contributions from as yet unde-
scribed catecholamine-insensitive cyclases
that need not exhibit the same sensitivity
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FIG. 2. Correlation of ratio of V,�,,,. to baseline

(AMP accumulation as a function of cell density

Baseline cAMP levels are those accumulated in 2

mm in the presence of serum when cells were pres-

ent in the same volume of 0.9% NaCl but without

hormone added. The line represents linear regres-

sion analysis of the data (correlation coefficient,

O.86;p << 0.01, with a slope of 0.65).
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to cell density changes (13). The general

pattern of the baseline levels of cAMP in

the whole cell is, first, an increase with
increasing cell density, and then a gradual
decrease to virtually undetectable levels.

As shown in Fig. 3, individual subcul-
tures (represented by uninterrupted lines)
showed a distinct correlation of the K,,, for

epinephrine with increasing cell density.
Statistical analysis (Table 1) of the three
density gradations clearly indicated this

positive correlation with cell density. The

greatest rise in K,,, appeared to be associ-
ated with the most active period of cell
proliferation (15-35 Mg of protein per
square centimeter). In contrast, when se-

rum was absent from the medium during

assay, the K,,, for epinephrine remained

constant and, accordingly, independent of
cell density (Table 2).

The correlation of cell density with Kb
values for propranolol was more striking

than with the K,,, for epinephrine or with
Vmax values. Again, the greatest increase

in Kb values occurred when the cells were
proliferating most actively. However,
when the cells had been incubated with

propranolol for 45 mm prior to a 2-mm ex-
posure to epinephrine, the K6 was reduced
to a value of 1-2 n�, which apparently was

independent of cell density (Q-O, Fig.
4). Prior incubation with propranolol had

0L 1 1 1 1 1 1 1 1 i
10 ‘5 20 25 30 35 40 45 50 55 70 95

ag protern/cm2

FIG. 3. Correlation of K,. (concentration of epinephrine at which half-maximal stimulation of adenylate

cyclase occurs in the presence of serum) with cell density

0-0, values obtained by following the same subculture over time; #{149},individual assays.

TABLE 1

Statistical analysis of composite data of Figs. 1-4 when cast into three gradations

of cell density as described in results

Values are the means and standard deviations of the number of determinations given in parentheses.

Cell density V,,,,, K,. K,, V,,.,5/b asal cAMP

�g protein/em’ pmoles cAMP/mg nM aM

10-24 141 ± 57 (7) 260 ± 56 (6) 2.43 ± 0.51 (6) 7.0 Ha 5.66 (7)

25-39 390 ± 107” (9) 446 ± 165” (6) 6.78 ± 1.34” (6) 34.2 ± 14” (9)

40-100 515 ± 154” “(5) 582 ± 100” ‘(6) 9.76 ± 1.5” “(6) 69.36 ± 20”” (5)

p < 0.005 with respect to the cell density of 10-24 �g/cm2.
p < 0.10 with respect to the cell density of 25-39 �g/cm2.

p <0.025 with respect to the cell density of 25-39 �g/cm2.

“p < 0.05 with respect to the cell density of 25-39 �g/cm2.

p < 0.005 with respect to the cell density of 25-39 �g/cm2.
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FIG. 4. Correlation of K1 for propranolol with cell density, determined in the presence of serum

0-0, values obtained after incubation of cells with propranolol for 45 mm prior to the 2-mm exposure

to epinephrine; #{149}#{149},values obtained after simultaneous incubation of propranolol and epinephrine for 2

mm.

Table 4 and unpublished observations.
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TABLE 2
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cAMP formation in intact C-6 astrocytomna cells: influence of omission of serum on V,,,,� amid K,,, for

epinephrine and K,, for propranolol

Plates were washed once in Dulbecco’s phosphate-buffered NaCl, allowed to equilibrate for 2 hr in the

same medium, and assayed as previously described. Preliminary incubation in propranolol was carried out

for 45 mm as described.

Cell density V,,,,,� K,,, K,, K,, after preliminary
incubation

pg protein/cm- pmo/cs ,.4.tlP,mg nM nt! aM

17.32 435 110 1.2 0.5

53.64 535 330 7.6 1.2

55.7 700 95

94 930 100 10 1.4

no effect on the activity of either the fluor-
ide-stimulated adenylate cyclase or phos-

phodiesterase .�

The K6 values obtained by simultaneous
incubation of propranolol and epinephrine
and the K,,, values for epinephrine ex-
hibited a linear correlation with one an-

other (Fig. 5). This relationship depended
on the presence of serum when the K,,, was
determined, and on simultaneous incuba-
tion with propranolol and epinephrine for
2 mm when K6 was measured. Thus the

absence of serum from the incubation re-
duced the K,,, to a nearly constant value

(Table 2), whereas previous incubation
with propranolol reduced the Kb to a

nearly constant value independent of cell
density (Fig. 4).

Role of serum. Because previous investi-
gators had explored related cell density
phenomena only in the absence of serum, a
study was done on the time course of ef-
fects in glial tumor cells with and without
serum.

The data in Fig. 6 represent the qualita-
tive response to changing from a medium

with serum to one without serum of a par-
ticular subculture of glial cells followed

over time. From this, and from other ex-
periments not shown, the basal concentra-
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FIG. 5. Correlation of K,,, with Kb

The line represents linear regression analysis fit, with a slope of 0.72. Data were derived from Figs. 3

and 4.
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tion of cAMP appeared to be more sensi-
tive to a change of medium when cells
were at low density. Thus cells at low but
not high density showed an apparent ini-

tial increase and then a final decrease to a
new steady-state level that was only

slightly higher (at most 2-fold) than those
levels occurring in the presence of serum
(Fig. 6a). These changes occurred within 2
hr. Nontransformed 3T3 cells, when

changed to medium without serum, attain
after 20 hr a higher final steady-state base-
line that is significantly more than twice
the baseline of the control plates assayed
in the presence of serum (15).

Following a change to medium with no
serum, the response to maximum concen-
trations of epinephrine also first increased
and then decreased to a value that, at 2 hr,
was higher than the corresponding value

observed in the presence of serum (Fig.
6b), and again these changes appeared to
be more marked for lower- than for higher-

density cell cultures.
Homogeneity of cell dispersions. As

shown in Table 3, if the cell cultures on the
plates were not homogeneously dispersed,

the previously obtained relationships be-
tween cell density and the Vmax and K,,, for

6

0

3

2

epinephrine and Kb for propranolol were
no longer observed. This result confirms

the hypothesis that these relationships are
indeed due to cell density and not merely

the total mass of cells per plate. We cannot
yet explain the tremendously high values
obtained for the heterogeneous prepara-
tions at the low average densities. How-

ever, they must represent primarily the
contributions of the highly dense patches

of cells, which were in the majority. The
remainder of the plate was occupied by
cells, relatively few in number, that
showed minimal contact. It should also be
noted that the cells in dense patches

showed almost complete loss of the mor-
phological character of glial cells, whereas
the sparse patches retained the usual mor-
phology. As the average cell density in-

creased in such poorly dispersed prepara-

tions, the over-all appearance became es-

sentially like that of cell cultures prepared
with good dispersion and grown to high

density.
Trypsinization. To rule out any contri-

bution to this phenomenon of the tryspsin-
ization procedure prior to subculturing,

the maximal response of whole cells to
saturating concentrations of epinephrine



I I I I I
5 0 IS 20 25 30

Minutes after change of media

C-6 ASTROCYTOMA CELL DENSITY AND ADENYLATE CYCLASE 369

4

FIG. 6. cAMP formation in intact cells: effect of dhanging medium with 100 serum to mnediun, without

serum on baseline measurements and maximally stimulated epinephrine activity

(a) Cells of the same subculture, grown to the densities indicated (#{149},19 �g/cm2; 0, 78 �.cg/cm2) in full

Dulbecco’s medium, were changed to Dulbecco’s medium without serum and incubated at 370 for the times

noted. Response to maximal concentrations of epinephrine (b) were assayed in the same manner as those

shown in Fig. 6a, except that epinephrine (added in saturating concentration, 10 #M) was added during the

last 2.0 mm of incubation. Points at zero time in Fig. 6b represent activities at 2 mm determined by

reference to Fig. 1, i.e., in the presence of serum.

TABLE 3

Influence of nonhomogeneity of cell culture on

determination of V,,,,� and K,,, for epinephrine amid K,,

for propranolol in intact cells

In these experiments cells were analyzed as be-

fore, but during subculture they were seeded with-

out prior vortex-dispersion, resulting in points of

highly dense (clustered) and nondense (minimal)

growth on the same plate. Hence cell density repre-

sents the average protein on a series of plates, and is

not at all indicative of the degree of contact.

Average cell K,,, K,, V,,,,,0

density

pg protein/cm’ nM aM pmoles cAMPI2 mm

31 2200 98 2800

43 620 22.5 1900

53 390 17.5 875

73 370 13.3 750

was measured in preparations 2 days after
seeding at low and high cell concentra-

tions. The ratio of Vmax to basal cAMP
levels in the low-density plates (13.5 Mg/

cm2) was 2.8, whereas the same ratio in
the high-density plates (50 �g/cm2) was 62,

values expected from Fig. 2. Hence the

relationship of Vmi,x to cell density is due

solely to cell density and not to the inter-
val between trypsinization and subcultur-

ing.
Adenylate cyclase and phosphodiester-

ase activities in relation to cell density.

Studies were carried out to ascertain the
relationship of the whole-cell phenomenon
to its subcellular components in broken-

cell preparations. The results shown in
Fig. 7 indicate clearly that the baseline

enzymatic activities and the maximal ac-

tivities which resulted from stimulation by

either epinephrine or NaF increased in re-
lation to increasing cell density. Fluoride-
stimulated adenylate cyclase activity was
used as an index of cyclase activation that
occurs via a mechanism different from hor-
monal stimulation (16).

Studies on cAMP phosphodiesterase ac-
tivity (Table 4) revealed that, as cell den-
sity increased, the activity of the low-K,,,

enzyme for cAMP also increased. In con-
trast, even with tripling of cell density, no



TABLE 4

Influence of cell density on phosphodiesterase activity

pg protein cm2
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FIG. 7. Adenylate cyclase activity and cell density

Cells were washed three times in Dulbecco’s

phosphate-buffered NaCl (pH 7.4), scraped into 1.0

ml of the same buffer, and centrifuged at 500 rpm for

10 mm at 4#{176},and the pellet was homogenized in

various volumes of 5 m� MgSO4-20 mi�i glycylgly-

cine buffer (pH 7.4); 50 �.tl of the enzyme mixture

(containing 50-80 j.cg of protein) were added to 150 M1

of reaction mixture (over ice) containing final con-

centrations as follows: 40 m� Tris-HC1 (pH 7.6), 5

mM theophylline, 2.5 m�s MgSO,, and 1.125 mM

ATP. An ATP-regenerating system, as described in

MATERIALS AND METHODS, and the various stimula-

tory agents were also present. Reactions were car-

ried out as described in the text. Standard devia-

tions are negligible (average ±10%) for baseline val-

ues. #{149},basal activity; A, epinephrine (10 j.cM)-stim-

ulated activity; 0, fluoride-stimulated activity.

significant change in the activity of high-
K,,, cAMP phosphodiesterase could be de-

tected.

DISCUSSION

To our knowledge, this report on the rat

astrocytoma C-6 glial cell is the first de-
tailed study of the variation with cell den-
sity of properties of both the epinephrine

receptor for adenylate cyclase (as deter-
mined by the Kb for propranolol) and the

epinephrine receptor-mediated activation
of adenylate cyclase (K,,, for epinephrine

and Vmax) in the intact cell. It also de-
scribes how these relationships are af-
fected by the presence and absence of se-
rum. Furthermore, these cell density stud-

Activity was determined as described in MATERI-

ALS AND METHODS. Activity of the enzyme with low

K,,, was determined in the presence of 5 LM cAMP,

and activity of the enzyme with high K,,, was deter-

mined in the presence of 100 /.LM cAMP. Preliminary

incubation in propranolol was carried out as de-

scribed in Table 2.

Conditions Cell density Phosphodiesterase activity

Low-K,,, en- High-K,,, en-
zyme (5 tLM( zyme (100

�LM)

pg protein/cm’ pmo/es ode nosin, for med/mg pro.
teiri 1mm

Control 9.5 41.22 (2) 680 (2)

Propran- 9.5 36.3 (3) 531 (4)

olol

Control 25 200 (2) 503 (2)

ies have been extended to assays with bro-
ken-cell preparations to permit analysis of
individual components (adenylate cyclase

and phosphodiesterase) that are large con-
tributors to the events measured in the
whole cell.

The results here confirm an earlier re-

port (2) that the Vmax of the catecholamine-
sensitive adenylate cyclase of the whole

cell increases with increasing cell density
in the absence of serum. In contrast, work
(3) using the human cloned cerebral glio-
blastoma tumor multiforme 1181N1 de-
scribes a relationship opposite to that
found here with respect to cell density and
Vmax in the whole cell. Although the rat C-

6 and the human cerebral glioblastoma
lines are both transformed glial cells, at
least one property, the capacity to synthe-

size increased amounts of S100 protein
with increased cell density, is found in the
rat C-6 line and not the human line (17).
Species differences may extend to adenyl-
ate cyclase activity as well. In this work
with human glioblastoma tumor multi-

forme 1181N1 (3), incubation with the hor-
mone was performed immediately after
the medium with serum was changed to

medium without serum, and for 5 mm
thereafter. The response of the cells to this

change of medium may have masked the
significant response to the catecholamine
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stimulus (see Fig. 6). A similar explana-
tion may be offered for the differing results
reported for the nontransformed line, WI-

38 (4), obtained in a manner similar to that
for the human glioblastoma tumor multi-

forme 1181N1 (3). In the experiments re-
ported, in agreement with our present re-
sults (1, 2, 13), final exposure to the cate-
cholamine was preceded by a lengthy incu-
bation period in the medium without se-
rum to which the cells had been changed.
However, the relationship between Vmax

and cell density may be unique to the indi-
vidual cell line studied, and have no spe-

cial connection with serum.
The results in the present studies agree

with the findings in WI-38 cells (4) that, in

the absence of serum, there is no signifi-
cant difference in K,,, with different cell

densities. This supports the contention
that an increase in cell density is not ac-

companied by a change in the sensitivity

of the catecholamine receptor-adenylate
cyclase complex. Furthermore, in other
experiments with C-6 cells (data not pre-

sented here), we found that the K,,, for
epinephrine does not change significantly
when velocities are measured at 5 rather

than 2 mm. Even at the higher cell densi-
ties, diffusion for epinephrine does not ap-
pear to be rate-limiting.

In the present report, the presence of
serum appears responsible for the eleva-
tion of the apparent K,,, for epinephrine

with increasing cell density. Serum has
previously been reported to suppress the
maximum response to epinephrine of cells
in culture (1); the possible relationship of

this effect on Vmax to the effect on K,,, re-
ported here is not known. The possibility
that serum might enhance the destruction

of epinephrine, and that this loss of ago-
nist may be more critical at the higher cell
densities, has not been evaluated.

When propranolol and epinephrine were

added simultaneously for 2 mm, the Kb
determined at the higher cell densities was
markedly increased. This suggests that
cell-to-cell contact decreases the intrinsic

affinity of the receptor (12). The finding
that incubation with propranolol for 45
mm prior to exposure to epinephrine gave
a constant Kb independent of cell density

implies that the ability of propranolol to

establish rapid equilibrium with the recep-
tor is restricted at the higher cell densities;
studies using homogenates of heart have
shown that blocking by propranolol is not
complete before 2 mm (18), and studies
with homogenates of Ehrlich ascites tumor
cells did not rule out a 2-mm lag time (19).
However, a slow onset of action by pro-

pranolol is insufficient to explain the ele-
vation of Kb with increasing cell density,

since the assays were performed under
identical conditions at both high and low

densities. Furthermore, there appears to
be no diffusion barrier for epinephrine at
higher cell densities, and under conditions
in which the K,,, remains constant inde-

pendent of cell density (assays in the ab-
sence of serum) the Kb remains elevated at
higher cell densities. In preliminary ex-
periments we have found that millimolar
concentrations of unlabeled propranolol

only partially displace tracer-tritiated pro-
pranolol bound to these intact cells. Thus a
large reservoir of nonspecific propranolol

binding sites may exist in these cells. Fur-
thermore, experiments not reported here
indicate that incubation of whole cells
with propranolol, followed by washing and
homogenization, results in persistent

blockade of the epinephrine-stimulatable
adenylate cyclase, presumably by re-equil-
ibration of this trapped propranolol with
the reaction mixture and subsequent

blockade of the specific receptor, as sug-
gested by results similar to these (20, 21).
An augmented concentration of these non-
specific binding sites at higher cell densi-
ties could reduce the effective concentra-
tion of propranolol at the specific recep-
tors, resulting in the apparent elevation of
Kb with increasing cell density. If the non-

specific binding sites have a lower affinity
but faster rate of association, the prelimi-

nary incubation period would be required
to establish equilibration. Further studies
will be needed to confirm this possibility.

Despite a difference in the method of

determining Kb values, the value reported
here for the dissociation constant Kb of

propranolol (1-2 n� obtained after prelim-
inary incubation) agrees well with values
reported for kitten right atria, 3 n�i (18),



372 MORRIS AND MAKMAN

We gratefully acknowledge the technical assist-

ance of Mrs. Elaine Keehn. We are indebted to Dr.

and for turkey erythrocyte ghosts, 2.5 nM,

that were obtained by direct measurement

of binding of 3H-labeled propranolol and by

competition with adenylate cyclase activa-
tion (22).

That these correlations of Vmax, K,,,, and

K6 require homogeneous cell-to-cell con-
tact and are not simply artifacts of the
trypsinization procedure is indicated both

by the results obtained with the cultures
dispersed nonhomogeneously (Table 3) and
by the ratios of Vmax to basal cAMP levels

measured in plates 2 days after seeding at
low and high cell concentrations. Thus
neither total cell mass nor time after tryp-

sinization can account for the phenome-
non.

When these density-related studies were
extended to measurements with broken-

cell preparations, the basal and fluoride-
and epinephrine-stimulatable adenylate
cyclase activities were found to increase
with cell density, as did phosphodiesterase

activity, data in agreement with other re-
ports (1, 13, 23, 24). Such an increase in

phosphodiesterase activity does not negate

the augmented capacity of intact cells to
respond to epinephrine at higher cell dens-
ities but might be responsible for the lack

of increase in basal levels of cAMP meas-
ured in these preparations. In conclusion,
the total activity (Vmax) of the epineph-
rine-sensitive adenylate cyclase in the

whole cell of the rat astrocytoma C-6 line
increases with increasing cell density
without a change in the apparent affinity

of the receptor or the sensitivity of the
receptor-cyclase complex. Furthermore,

the subcellular components of the whole-

cell phenomenon all increase with increas-
ing cell density. On the basis of these data,
one may consider that cell-to-cell contact is

associated with either (a) the appearance
de novo of additional receptor-cyclase
units, or the activation and incorporation

of nascent units into the membrane, thus
increasing the concentration of such sub-
units per milligram of protein, or (b) an
increase in the specific activity of the
adenylate cyclase linked to the receptor.
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