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SUMMARY

In the filter well technique, cell populations from adult
organs are maintained in organized culture under conditions
that favor cell differentiation and function. The technique has
been improved for metabolic studies so that 14CO2 evolved

during cell respiration is collected directly into Hyamine for
assay by liquid scintillation counting. Populations of cells from
three hepatoma strains have been studied over 10 days in filter
well culture with specifically labeled glucose-14 C substrates
and thymidine-14C. Under conditions that did not favor pro

liferation, the hepatoma cells survived poorly as indicated by
vital dye staining and radioactive thymidine uptake, but
14C02 was produced from glucose-14 C labeled uniformly or

in positions 1 or 6 incorporated in the medium. Cells derived
from a Reuber H-35 minimal deviation hepatoma responded to
insulin in the medium by an augmented glucose uptake and an
increase in the conversion of utilized glucose-14 C (uniformly
or specifically labeled) to 14C02. Novikoff cells were highly

glycolytic and capable of producing lactic acid from substrates
other than glucose; they showed no metabolic response to the
presence of insulin in the medium. Fewer Novikoff cells than
Reuber cells remained viable after 10 days in culture. It is
suggested that the inability of the hepatoma cells to survive in
filter well culture may be a reflection of the extent to which
metabolism has become committed to uncontrolled DNA
synthesis and multiplication, thus preventing the cells from
existing in a nonproliferative state.

INTRODUCTION

In 1963, Dickson and Leslie (14) described the adaptation
of the Trowell type II organ culture apparatus for studying
metabolism in mixed cell populations obtained by enzymatic
disaggregation of tissues. A given number of cells of known
viability were maintained on a Millipore membrane attached to
a Pyrex glass ring to form a filter well. The technique favors
cell contact and interaction, as demonstrated by the reaggrega-
tion of cells isolated from adult guinea pig kidney to form
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organized histological structures (15), and a lesser degree of
cell regrouping occurs with cells of adult human thyroid gland
(10). With a modified glass culture unit (16), it has been
shown that, in filter well culture, cells from sheep thyroid
gland retain the capacity to incorporate 1311 into iodotyro-

sines and to respond to the presence of thyrotropic hormone
in the medium by the production of thyroxine (11).

The present paper describes metabolic studies on popula
tions of hepatoma cells maintained in an improved filter well
system in which the CO2 evolved during cell respiration is
trapped in Hyamine and the activity is determined by liquid
scintillation counting. The reduced size of the apparatus com
pared to the filter well unit previously described (16) and its
ease of manipulation render the system suitable for use with
human biopsy material.

MATERIALS AND METHODS

The filter well2 (Chart 1) consists of a 13-mm-diameter

Millipore filter (type DA, porosity 0.65 ju) cemented to a
Pyrex glass inner tube (IT) with Millipore cement (Formula
tion 1). The aperture (A) for introduction of the cell suspen
sion is grooved at its upper end and has a lip at the lower
margin. This facilitates insertion of a pipet and prevents cell
suspension from running down the outside of the tube into the
medium when the pipet is withdrawn. The distance between
the outer and inner tubes is such that the Millipore membrane
rests at the surface of 1.5 ml of medium. All-glass stopcocks
may be used instead of the more convenient glass and Teflon
ones illustrated in Chart 1. The preparation and sterilization of
the filter well units for culture is as described previously (16).

The cell populations were introduced onto the Millipore
membrane as a suspension in 0.3 ml medium, after the mem
brane had been wetted by 1.5 ml medium placed in the outer
tube. C02, 5% in air, was introduced into the system by
attaching a gas line to the inner tube and opening both Teflon
taps. Cultures were incubated in racks of 6 at 37Â°,and the

medium and gas phase were renewed at 2-day intervals.
Radioactivity Measurements. At the end of the experi

mental period, the filter well unit was connected to the
C02-collecting system2 by a short piece of thick-walled sili-

cone tubing, and the collecting system was attached to a

J The filter well and CO2-collecting system were made to specifica
tion by Norman Erway, glassblower, Oregon, Wis. The filter well unit is
now available from Kontes Glass Co., Vineland, N. J. (Catalog no.
K-881420).
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vacuum line (V). The vacuum developed by a small recipro-
cator pump (e.g., that produced by Stanhope-Seta, Ltd.,
Reciprotor A/S, Copenhagen-Bagsvaerd, Denmark), or by a
water vacuum pump if the water pressure is high, is adequate
for evacuation of the apparatus. The collecting tube (CT)
contained 10 ml of 0.5 M Hyamine (Hyamine 10X, Packard
Instrument Co., Inc., Downer's Grove, 111.)in methanol. The

collecting system and silicone tubing were evacuated
until no bubbles emerged from the fritted disc (FD). By con
trol of the vacuum line and the tap on the inner tube (IT), the
gas from the filter well unit was passed through the drying
column (DC), and the C02 was collected in the Hyamine solu
tion. The tap on the inner tube was then closed, and air was
admitted via the reservoir and side arm tap to bring the unit to
atmospheric pressure. The side arm was closed, and the unit
was again evacuated into the collecting system. After the unit
was flushed twice more in this manner, 1 ml of 30% trichlor-
acetic acid was introduced via the reservoir (/?) to release
bound C02in the medium, and the unit was again evacuated
into the collecting system. Finally, the unit was flushed a
further 3 times with air before connecting the vacuum directly
to the air via the side arm and reservoir. In preliminary experi
ments, it was found that the applied vacuum was sufficient to
remove free and bound C02 from the medium, and in all
experiments reported in this paper the filter well unit was
flushed 6 times with air after the initial evacuation, no tri-

chloracetic acid being used. Hyamine has a very high capacity
for absorbing C02 (18), and its adequacy under the present
circumstances was tested by passing the gas phase from several
filter wells in the manner described through 2 collecting sys
tems connected in series. No activity above background level
was detected in the Hyamine solution in the 2nd collecting
system; the sum of activity in C02, cells, and medium at the
end of the 2-day culture period was equal to the total activity
initially present in the medium.

The collecting tube and fritted disc were washed twice with
5 ml of methanol, and the total volume of Hyamine solution
and washings were made up to 20 ml. Usually, 1 to 2 ml of the
Hyamine solution were lost by evaporation during the collec
tion procedure. The activity of the Hyamine carbonate solu
tion was determined by means of a Packard Automatic
Tri-Carb liquid scintillation spectrometer with external
standard. Ten ml of a scintillator solution of PPO (0.4%) and
POPOP (0.005%) in toluene were used per 1 ml of Hyamine
solution, and the counts were corrected for quenching, which
was small.

Activity in the medium was determined in the Packard Tri-
Carb spectrometer with 0.01 ml of medium and 10 ml of
Kinard's xylene-dioxane-ethanol system (23). The cells were

removed from the Millipore membrane by sonic extraction and
dissolved in 5 ml of Hyamine in methanol; 1 ml of the solution
was added to 10 ml of the toluene scintillator for counting.

The medium initially contained 0.5 Â¿iCiof glucose-14C/ml.

Uniformly labeled glucose (3.28 mCi/mmole) and glucose
labeled in position 1 (2.97 mCi/mmole) or position 6 (4.86
mCi/mmole) were obtained from the New England Nuclear
Corp., Boston, Mass. The preparations were diluted with
nonradioactive glucose to give specific activities of 2.5
mCi/mmole in all cases. Thymidine-2-14C (30 mCi/mmole),

Chart 1. Filter well unit and COa -collecting system. OT, outer tube
with small reservoir (R) and containing medium (A/); IT, inner tube
with gas openings and larger aperture (A) for introduction of cells; MF,
Millipore filter; GJ, 19/22 ground-glass joint with Teflon sleeve; DC,

drying column with silica gel; CT, collecting tube with Hyamine; FD,
fritted glass disc; GT, glass or Teflon stopcock with 2-mm-diameter

bore key (Pyrex no. 2); V, vacuum line.

from the same commercial source, was added to the medium in
the filter wells as a l-/uCi pulse for 6 hr.

Cultures on the Millipore membranes were fixed by freeze-
substitution at -70Â° in saturated picric acid-ethanol (15), and

autoradiographs were prepared by treating 10-^-thick sections
of the cell populations with NTB nuclear track emulsion (East
man Kodak Co., Rochester, N. Y.). The dip-coating method
was used, and the emulsion was subsequently developed at 10
days in D-19 developer (Eastman Kodak) and stained with
hematoxylin and eosin.

Chemical Measurements. Glucose in the initial and used
medium was determined by the glucose oxidase method (Glu-
costat, Worthington Biochemical Corp., Freehold, N. J.).

Lactic acid was measured enzymatically by the method of
SchÃ¶n(41), which used the NAD-independent lactic dehydro-
genase from yeast and a ferric iron-phenanthroline complex as
electron acceptor for the enzyme. Yeast lactic dehydrogenase
(6 units/vial) was obtained from Worthington. As obtained,
the commercial enzyme gives very high blank values at 510 m/i
(0.10 to 0.20 A). The enzyme was purified at 4Â°by ammonium

sulfate fractionation in 0.1 M phosphate buffer, pH 7.O. The
enzyme in each ampoule was dissolved in the buffer and, after
removal of impurities at 0.4 saturation, the enzyme was pre
cipitated at 0.7 saturation and collected by centrifugation at
20,000 X g for 30 min. The precipitate was suspended in
buffer which was 0.8-saturated with (NH4)2S04 and centri-
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Table 1
Metabolism o///,-//-Â£-C3 cells in filter wells on low-glucose medium

Each filter well initially contained 40 million cells with a viability of >99%. Glucose was at an initial concentration of 5.5 /umoles/ml, and
activity of glucose-1 4C was 0.5 ^Ci/ml. Insulin was added to the medium at a final concentration of 0.1 unit/ml. Figures given are the values
obtained from at least 3 cultures in each case.

Culture
period0
(days)2

6
10%

viability
of culture65

50
36Glucose

uptakeOimoles/ml)â€”
Insulin1.5

-1.7
2.1-2.42.4

2.6+

Insulin1.6-1.7

2.5 2.8
3.2-3.5Glucose-l-14CInsulin1.6-2.85.0-7.54.1-6.0+

Insulin2.5-

3.8
13.2-17.3
10.4 13.2%

glucose-14C->CO,bGlucose-6-14CInsulin1.3-2.4

6.5-9.1
8.2-9.8+

Insulin1.5

3.0
10.0-11.0
13.0 16.0Uniformly

labeled glucose-14Insulin1.8

2.7
10.1-13.0
12.7-14.4+

Insulin5.0-

7.2
22.3 26.2
23.4 27.5C

" The biochemical results are the values obtained for the preceding 2-day culture period, i.e., cultures were placed on radioactive medium at 0,

4, and 8 days, respectively.
b The values are the percentages of metabolized glucose-1 4C converted to ' 4CO,. No lactic acid appeared in the medium.

Table 2
Metabolism ofHll-II-E-C3 cells in filter wells on high-glucose medium

Each filter well initially contained 40 million cells with a viability of >99%. Glucose was at an initial concentration of 27.0 /nmoles/ml, and
activity of glucose-1 4C was 0.5 nCi/ml. Insulin was added to the medium at a final concentration of 0.1 unit/ml. Figures given are the values

obtained from at least 3 cultures in each case.

% glucose-14 C ->CO2b

Culture
period"

(days)2

610%

viability
of culture6052

43Glucose

jumÃ³leslactic acid produced
uptake (jumoles/ml) AmÃ³lesglucose uptakeGlucose-l-14C-

1 11Ml liM2.1-2.3

3.4-3.7
5.2-5.6+

Insulin3.0-3.2

6.0-6.1
8.1-8.4-

Insulin1.7-1.8

1.5-1.7
1.3-1.6+

Insulin1.7-1.8

1.6-1.7
1.5-1.6-

Insulin1.2-2.4

2.5-4.03.8-5.4+

Insulin3.0-

4.7
7.1-9.610.0-13.0Glucose-6-14Câ€”

Insulin1.7-3.0

4.4-5.34.3-6.2+

Insulin2.0-

4.0
7.0-9.39.0-12.6Uniformly

labeled
glucose-14C-

Insulin1.8-3.4

5.3-7.98.0-9.6+

Insulin5.5-

7.2
16.6-19.015.9-18.6

a The biochemical results are the values obtained for the preceding 2-day culture period, i.e., cultures were placed on radioactive medium at 0, 4,

and 8 days, respectively.
b The values are the percentages of metabolized glucose-14C converted to ' 4CO2.

fuged again. The enzyme was stored at -20Â° in 2.5 ml 0.1 M

phosphate buffer, pH 7.0, and was sufficient for 25 determina
tions. Reagent blank values with the purified enzyme meas
ured 0.05 to 0.06 A. Purification procedures which gave
enzyme preparations with a lower blank [acetone fractiona-
tion (41), passage through Sephadex G-25, dialysis against
phosphate buffer] always resulted in extensive loss of activity.
With lithium lactate as standard, the absolute recoveries of
lactic acid by the SchÃ¶nmethod were quantitative, and it was
confirmed that the reaction velocity is linear for concentra
tions of 10 to 70 mamÃ³les of lactic acid.

Cell Strains. Two of the cell strains were derived originally
from a Reuber hepatoma H-35 by Morse in this laboratory in
1961 (35). The explanted hepatoma gave rise to 2 cell types:
an epithelial strain, designated H4â€”IIâ€”Eâ€”C3,characterized by
the presence of hepatic "marker" enzymes (35); and a more
rapidly growing fibroblast strain, here designated H4-II-F,
which could be maintained in the presence of the epithelial
cells. The hepatoma cells were maintained routinely in T-60
flasks on a modified Swim's medium (29) containing gluta-

mine (final concentration, 4 mM) and penicillin (final concen
tration, 50 Mg/ml) and supplemented with 5% fetal bovine
serum and 20% horse serum. A Novikoff hepatoma strain

designated NjS! and growing in suspension culture on similar
medium, supplemented with 10% calf serum, was also studied.

For the present work, populations of 40 million cells were
used. The cells were counted on a hemocytÃ³mete r and intro
duced onto the Millipore membrane as a 0.3-ml suspension.
The cells settled as a layer with no supernatant medium in 6 to
8 hr, the medium in which the cells were suspended passing
into the outer tube. The medium in the outer tube can be
increased by 0.5 ml without submerging the cells; the larger
volume of medium (2.0 ml) is accommodated as a flattening of
the menisci between inner and outer tubes. Percolation of the
medium through the membrane was not accelerated by using
filters of larger porosity, filters of 0.8-, 1.2-, 3.0-, 5.0-, and
S.O-AÃ•porosity being tested. Cells of the 3 strains had an aver
age diameter of 12 to 16 p. Cells in filter wells were cultured
on the same media as were used to maintain the strains. Insulin
(Calbiochem, Los Angeles, Calif.; B grade bovine pancreas) was
used at a final medium concentration of 0.1 unit/ml, the con
centration used by Leslie et al. (26) to obtain a metabolic
response in cell strains derived from human carcinomas.

For determination of the percentage viability of the filter
well cultures, the cells were gently washed off the membrane
with calcium- and magnesium-free Rinaldini balanced salt solu-
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tion and viability of the unicellular suspension was assessed
with trypan blue (20) in medium containing 5% fetal bovine
serum.

RESULTS

Tables 1 and 2 indicate the degree of experimental variation
encountered in the present work. Table 1 illustrates the metab
olism of glucose by H4â€”IIâ€”Eâ€”C3cells when the medium con
tained 5.5 AmÃ³lesglucose/ml, and the cultures were fed and
gassed at 2-day intervals. The cells used approximately 30 to
45% of the available glucose and converted an increasing per
centage of the glucose used to CO2 with time in culture. There
was a 50% decrease in the number of viable cells over the first
6 days. The cells did not produce lactic acid into the medium.
In the presence of insulin, the cells used 27 to 64% of the
available glucose, and there was a significant increase in the
conversion of utilized glucose to C02 at all time intervals. The
hormone effect was due to an increased oxidation of both
glucose-l-14C and glucose-6-14C.

When the glucose concentration in the medium was in
creased 5-fold (Table 2), the cells used approximately 8 to
31% of the available glucose. The increase in the oxidation of
glucose to CO2 at 6 and 10 days was less marked than in cells
cultured on low-glucose medium (Table 1), and the cultures
produced lactic acid into the medium. The stimulatory effect
of insulin on glucose uptake and oxidation was observed; the
hormone caused a 2- to 3-fold increase in the percentage con
version of glucose used to CO2. The hormone had a slightly
greater stimulatory effect on the oxidation of glucose-1-14C
than on glucose-6-!4C.

Tables 3 and 4 illustrate the oxidative and glycolytic metab
olism of the fibroblast H4 -II-F cells on low and high concen
trations of glucose in the medium. The H4-II-F strain cells
are highly glycolytic, and on low-glucose medium (Table 3), all
glucose was utilized by the cultures over each 2-day culture

period. A maximum of 10% of the glucose taken up was oxi
dized to C02, and there was no preferential oxidation of
glucose-l-14C or glucose-6-14C to C02. Insulin added to the

medium had no effect on glucose uptake, lactic acid produc
tion, or C02 production. When the glucose concentration in
the medium was increased 5-fold, the cells used 40 to 50% of
the available sugar (Table 4). The percentage of glucose con

verted to C02 measured at 6 and 10 days was 50% less than
with cells on the low-glucose medium (Table 3), and this was
accompanied by a slight increase in the glycolytic ratios. There
was little difference between the percentage of oxidation of
glucose-l-14C and glucose-6-14C to CO2. Insulin had no effect

on the parameters studied.
Table 5 shows the results obtained when Novikoff cells were

cultured on low-glucose medium. The cells used 78 to 98% of
the available glucose per 2 days and converted an increasing
percentage of the glucose to CO2 over the first 8 days; the
percentage conversion subsequently decreased from approxi
mately 10% to 7% at 10 days. There was no preferential oxida
tion of glucose-l-14C or glucose-6-14C by the cultures. The

Novikoff cells did not survive culture under filter well condi
tions as well as the H4-IIâ€”Eâ€”C3 or H4-II-F cells. The
viability of the populations had decreased to 17% by 10 days
and this was reflected in a decreased glucose uptake by the
cultures. No effect of insulin on the glucose metabolism of the
cultures was observed.

When the Novikoff cells were cultured on high-glucose

medium (Table 6), the viability of the cultures decreased to
8% over 10 days. The glucose uptake was approximately
45%/2 days over the first 6 days in culture and decreased to
21% by 10 days. Less than 10% of the metabolized glucose
was converted to C02 over each 2-day culture period, and

Table 3
Metabolism of Ht-ll-F cells in filter wells on low-glucose medium

Conditions are as for Table 1 except that lactic acid appeared in the
medium and figures given aie the average values obtained in at least 3
cultures in each case. Initial glucose was 5.5 ^moles/ml, and none re
mained at 48 hi.

Culture
period
(days)2

6
10viability

of
culture56

4024MinÃ³les

lactic
acid produced

jumÃ³les
glucoseuptake-

In
sulin11

1.8
.7.7â€¢t-

In
sulin11

1.7
.8
.7%

glucose-1 4C-Â»Glucose-

1-14C-In

sulin1.2

4.25.5+

In
sulin1.7

3.96.4Glucose-

6-14C-

In
sulin2.03.6

5.4+

In
sulin1.9

4.0
5.8CO,Uniformly

labeled glu
cose-14C-

In
sulin2.0

7.69.2â€¢Un-sulin3.26.9
10.0

Table 4
Metabolism ofH4-II-F cells in filter wells on high-glucose medium

Conditions aie as foi Table 2 except that figures are the average values obtained in at least 3 cultures in each case. Initial glucose was 27.0
Mmoles/ml.

% glucose-14C-*COj

Cultuie
period
(days)2

6
10%

viability
of culture60

4227Glucose

uptake
Gumoles/ml)13.6

10.5
11.7/Â¿moles

lactic acid produced
Â¿imolesglucoseuptake-

Insulin1.91.9

1.8+

Insulin1.9

1.9
1.9Glucose-l-14Câ€”

Insulin2.0

1.6
1.9+

Insulin1.8

2.13.0Glucose-6-'4Câ€”

1nsulm2.1

2.02.6+

Insulin1.7

3.03.1Uniformly

labeled
glucose-14C-

Insulin3.0

3.3
4.6+

Insulin2.6

4.05.8
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glucose-1-14C was oxidized to approximately the same extent
as glucose-6-14C. The gjycolytic quotients were always in

excess of 2.0. Insulin had no effect on glucose metabolism.
Table 7 shows the results of experiments in which the glu

cose available to the Novikoff cells was increased by renewing
the medium every 24 hr. The cells used 73 to 85% of the
available sugar every 24 hr until 6 days when the uptake began
to decrease. Maximum conversion of the utilized glucose to
C02 occurred by 6 days, when almost 10% of the uniformly
labeled sugar was oxidized. Over the last 4 days in culture,
there was a decrease in glucose oxidation to CO2 in parallel
with a further decrease in viability of the cultures from 46 to
20%. Again, no preferential oxidation of glucose-1-14 C or glu-
cose-6-14C to C02 was observed, and the glycolytic quotients

were consistently in excess of 2.0. No significant alteration in
the results was produced by including insulin in the medium.

Table 8 shows the results of experiments in which the glu
cose in the medium (5.5 AmÃ³les/mi) was replaced by equi-

molar amounts of aspartic (5.4 jumoles/ml) and fumarie (5.6
/umoles/ml) acids (Medium AF). Medium containing 3 times
this amount of aspartic and fumarie acids (Medium 3AF) was
also used. The cultures were fed and gassed every 24 hr, and
the viability of the cells and lactic acid production into the
medium were assayed over 10 days. At 2, 6, and 10 days, the
Millipore membrane was detached intact from the inner tube
with the aid of a scalpel blade, and the cells were gently

washed off the membrane with calcium- and magnesium-free
Rinaldini balanced salt solution (40). Population viability was
assessed, and the mean cell generation time was determined, as
the doubling time of the population, in shaker culture at 37Â°.
For this determination, populations containing 1 X IO6 viable

cells were placed in 25 ml routine culture medium containing
glucose and serum, and a growth curve was plotted over 4
days. For Novikoff cells maintained continuously in shaker
culture under these conditions, the mean cell generation time
is 14.5 hr (12). From Table 8, it can be seen that, in the
absence of glucose, the N] $! cells died rapidly. Aspartic and
fumarie acids were able to replace glucose to some extent as an
energy source, but the cells rapidly deteriorated after 2 days
on the AF and 3AF media. Lactic acid was produced into the
medium, but this decreased as the populations became less
viable. There was a significant increase in the mean generation
time of cells removed from filter wells after 6 days on AF and
3AF media. Novikoff cells maintained in shaker culture nor
mally exhibit no lag phase in the growth curve (12). Cells
removed from filter well culture after 6 days on AF and 3AF
media showed a 24-hr lag phase before entering logarithmic
multiplication. The small number of viable cells (as determined
by dye uptake test) remaining in filter wells after 8 days on
AF and 3AF media showed no multiplication in shaker cul
ture.

In the experiments described, cell counts performed on

Table 5
Metabolism of Novikoff cells in filter wells on low-glucose medium

Conditions are as for Table 1 except that lactic acid appeared in the medium and figures are the average values from 2 cultures in each case.
Initial glucose was 5.5 /Â¿moles/ml.

% glucose-14 C ~>CO3

Culture
period
(days)2

4
6
8

10%

viability
of culture60

50
4535

17Glucose

uptake
GÃŒmoles/ml)5.15.3

5.4
4.6
4.3jumÃ³les

lactic acidproducedjumÃ³les
glucoseuptake2.2

2.0
1.8
1.81.7Glucose-1--

Insulin+1.8

2.7
5.1
6.03.8"CInsulin2.0

2.5
3.1
6.82.0Glucose

-6--

Insulin+1.62.1

3.2
5.63.814CInsulin2.0

3.1
4.0
4.43.0Uniformly

labeled
Glucose-14C-

Insulin3.0

4.98.6

10.3
7.0+

Insulin2.7

5.2
6.2

11.0
6.2

Table 6
Metabolism of Novikoff cells in filter wells on high-glucose medium

Conditions are as for Table 2 except that figures are the average values from 2 cultures in each case. Initial glucose was 27.0 jumoles/ml.

% glucose-'4 C-*CO2

Cultureperiod(days)246810%viabilityof

culture625540188Glucoseuptake(jumoles/ml)12.213.111.88.25.7/Â¿moles
lactic acidproducedAmÃ³les

glucoseuptake2.52.32.22.42.4Glucose-1-1

4C-

Insulin2.53.04.43.01.8+Insulin3.73.43.62.31.5Glucose-6-14C-Insulin2.03.35.03.62.4+Insulin1.93.35.53.61.4Uniformly

labeled
Glucose-14C-

Insulin3.15.38.25.04.0+Insulin4.66.18.04.23.2
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Table 7
Metabolism of Novikoff cells in filter well culture on low-glucose medium and 24-hourly feeding

Conditions are as for Table 5. Initial glucose was 5.5 pmoles/ml.

% glucose-14 C->CO2

UniformlylabeledCultureperiod(days)246810%viabilityof

culture5951463020GlucoseuptakeOumoles/ml)4.04.24.73.42.7uniÃ³les
lactic acidproducedAmÃ³les

glucoseuptake2.42.32.52.12.2Glucose-1-â€”Insulin+2.03.53.44.13.214CInsulin3.54.45.24.33.0Glucose-6--Insulin+2.53.03.62.63.114CInsulin3.34.05.63.82.2Glucose-1-Insulin+4.57.09.56.06.54CInsulin5.17.29.86.85.8

Table 8
Novikoff cells in filter well culture: effect of replacement of glucose in medium by aspartic and fumarie acids

Each filter well initially contained 40 million cells with a viability of >99%. The control medium contained glucose at 5.5 /nmoles/ml. In AF
medium, glucose was replaced by an equivalent amount of aspartic and fumarie acids. In 3AF medium, glucose was replaced by 3 times the amount
of aspartic and fumarie acids. Figures are the average values from 2 cultures in each case.

Control medium Control medium minus glucose Medium AF Medium 3AF

Culture Lactic acid
time Viability produced

(days) (%) (jjmoles/ml)

Mean
generation Viability
time (hr) (%)

Lactic acid Mean Lactic acid Mean
produced generation Viability produced generation Viability

(/umoles/ml) time (hr) (%) (jumoles/ml) time (hr) (%)

Lactic acid Mean
produced generation

(/Â¿moles/ml) time (hr)

1234567891062605140241210.61539.4
14.529.710.811.011.2

13.69.28.16.35.9565326142.44.04.53.02.72.21.66015.0

503022.7

1657.05.03.53.23.02.01.214.820.6

filter well populations of the 3 cell strains at 2-day intervals to
10 days in culture revealed the total cell numbers to be rela
tively unchanged (40 X IO6) within the limits of error of

hemocytometer counting (10 to 15%).
When populations of the 3 cell strains were subjected to a

6-hr pulse of 1 /aCi thymidine-14C added to the medium (con

taining 5.5 jumÃ³les glucose/ml), autoradiographs of the cul
tures showed that the nucleoside was taken up by the cells
during the first 6 days in culture. Subsequently, no thymidine
uptake occurred. The uptake pattern was similar for the 3
strains and is illustrated in Fig. 1. After 24 hr, the population
had settled on the Millipore membrane as a uniform plaque in
which a layer of cells at the culture-air and culture-medium
interfaces shows intense thymidine uptake (Fig. la). With the
passage of time, culture viability decreases due to death of the
superficial cell layers and thymidine uptake is confined to cells
at or near the culture-medium interface, as shown in Fig. \b
for a 6-day culture.

DISCUSSION

In the filter well technique of cell culture, cell interaction
and tissue organization are encouraged (10, 15). Cells from

freshly dissociated organs retain the ability to respond to
hormones, and cell multiplication is minimal (10, 11, 16). A
well-recognized characteristic of cancer cells is their rapid rate
of multiplication and, as pointed out by Connors and Roe
(7), all the currently used biological screening tests for chemo-
therapeutic activity are, in effect, screens for antigrowth or
antimitotic activity. It was of interest, therefore, to study the
metabolism and survival of cancer cells under conditions that
did not favor cell multiplication.

The epithelial (H4-IIâ€”Eâ€”C3)cells, which now have a mean
generation time of 16.8 hr (12) compared with 3.2 days 6 years
ago (35), survived filter well culture better than the fibroblast
(H4 â€”IIâ€”F)strain or Novikoff cells, which have mean genera
tion times of 12.8 and 14.5 hr, respectively (12). In a low-
glucose medium [1 mg/ml (Table 1)], the H4-II-E-C3 cells
did not glycolyze (i.e., did not secrete lactic acid into the
medium). Glycolysis was induced by high-glucose medium [5
mg/ml (Table 2)], and there was a decrease in the percentage
conversion of metabolized sugar to C02, suggesting that oxida
tion became limiting as glucose became more available. The
hepatoma cells responded to the presence of insulin in the
medium by an increase in glucose uptake and a marked in
crease in the conversion of glucose to CO2. The insulin re-
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Fig. 1. Autoradiographs of populations of 40 X IO6 H4-II-E-C3
cells in filter well culture, a, uptake of thymidine-14C by cells in the
region of the culture-air and culture-medium interfaces at 24 hr.
Labeled cells are shown as solid black areas, the unlabeled nuclei ap
pearing as dots. The Millipore membrane appears in section at the
bottom. H & E, X 50. b, sporadic uptake of thymidine-14C by cells in
region of the culture-medium interface at 6 days. H & E, X 125.

spense persisted when the cells were glycolyzing. If it is
accepted that the H4â€”IIâ€”Eâ€”C3cells originated from liver
parenchymal cells (35), under present culture conditions they
differ from normal liver cells (13) in that glycolysis can be
induced by high glucose concentration in the medium and that
glucose conversion to CO2 is much less marked. Insulin did
not influence the oxidation of glucose-l-14C preferentially
over that of glucose-6-14C, as has been found for normal liver

cells in filter wells (13). Loss of hormone responsiveness in
cells cultured in vitro is well recognized [see the review by
Morris (28)] and escape from insulin control is a feature of
some cancers (27, 45). The importance of insulin-antiinsulin

control at the hexokinase level in tumors has been emphasized
by Burk et al. (5). These workers have also pointed out that
demonstration of an insulin effect on liver and hepatoma cells
in vitro is rendered difficult because of the many varying
factors in the response, such as substrate concentration and
antiinsulin restraint. Insulin sensitivity of continuously culti
vated cell strains has been found to be very low [see the review
by Paul (32)], although Leslie et al. (26) reported that cells of
cancerous origin were more responsive to the hormone than
cells originating from normal tissues. It is noteworthy, there
fore, that these cells derived from a minimal deviation hepa
toma still retain their response to insulin after 6 years in
monolayer culture. In support of these findings, Potter et al.
(39) have recently reported that insulin stimulated tyrosine
transaminase activity in H4-II-E-C3 cells in monolayer
culture.

In the presence of high levels of glucose in the medium, the
epithelial cells, fibroblasts, and Novikoff cells tended to waste
this energy source, and glycolysis became the predominant
energy pathway. It was reported by Wilson et al. (44) that, in
the presence of a persistent high level of glucose in the
medium, chick embryonic expiants maintained a high rate of
glycolysis and tended to waste this fuel source. A similar effect
has been observed by Munyon and Merchant (30) for prolifer
ating cultures of L strain fibroblasts. From experiments with
monolayer cultures of chick embryo fibroblasts and of HeLa
cells, Abdel-Tawab et al. (1) have also described the effect of
increased glucose concentration in the medium leading to
increased glycolysis, and Danes and Paul (8) found the increase
in glycolysis to be accompanied by inhibition of respiration in
strain L cells. The Crabtree effect is a characteristic feature of
cell strains multiplying in vitro (32).

The Novikoff cells did not survive as well as the Reuber cells
in filter well culture. As with the H4-II-E-C3 and H4-II-F
cells, there was a rapid decrease in the viability of the popula
tion over the first 2 days in culture (Table 5). This was fol
lowed by a more gradual but progressive decrease in viability
until 10 days. The cells were highly glycolytic, oxidizing only
a small percentage of the utilized glucose to C02. Although
the population viability decreased over the culture period, the
cells did achieve some degree of equilibrium with their sur
roundings, as shown by the stable glycolytic quotients, and the
increase in percentage glucose conversion to C02 over the first
8 days in culture.

When the glucose concentration in the medium was in
creased 5-fold (Table 6), the glycolytic quotients increased to
values consistently in excess of 2.0 and less of the glucose used
was oxidized to CO2 over Days 6 to 10. A rapid reduction of
cell viability occurred over the last 4 days in culture. When
24-hourly feeding was used as the means of maintaining a high

level of glucose in the medium (Table 7), cell viability was
better maintained over the last 4 days in culture, with little
alteration in the conversion of glucose to lactic acid and C02.
If conditioning the medium is an important factor in pro
longed survival of the N,Si cells in filter wells, a shortened
feeding interval would be expected to have deleterious results.
The enhanced survival of the cells over the terminal stage of
culture with 24-hourly feeding may indicate a toxic effect of
prolonged high lactate levels in the medium.
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Results of experiments in which glucose was replaced by
equimolar amounts of fumarie and aspartic acids (Table 8)
show that the cells were capable of converting the added
dicarboxylic acids to lÃ¡clatebut survived poorly in the absence
of glucose. On removal from filter wells to suspension culture,
cells which had been maintained on medium in which glucose
had been replaced by aspartic and fumarie acids were still
capable of multiplication but with an increased mean genera
tion time. After more than 6 days in filter wells, the cells did
not multiply although cells which did not take up trypan blue
were present. It would appear, therefore, that a contributory
factor to the nigh glycolytic quotients of the NtSi cells is the
conversion of Kreb's cycle intermediates and possibly other

metabolites to lactic acid.
The results of other workers support the finding that lactic

acid can arise from sources other than glucose in the medium
of cultured cells. Willmer (43) found that, in cultures of chick
osteoblasts, it was not possible to account for lÃ¡clateproduc
tion solely on the basis of glucose utilizalion. Similarly, Paul
and Pearson (33) reporled lhal the lactic and pyruvic acid
production of chick embryo heart expiants was too great to be
explained solely as the result of glucose breakdown. They con
cluded thai lÃ¡clate could arise from amino acids and other
melaboliles in Ihe medium, even in Ihe presence of glucose,
depending on Ihe conditions of culture. The level of lactic acid
in the medium is also dependent upon the amount of glucose
present. Both lÃ¡clale and pyruvale can by ulilized when Ihe
glucose level becomes low (26, 33, 44). No evidence was ob-
lained in Ihe presenl experimenls to indicale lhat the NjSj
cells can utilize lÃ¡clate. As pointed out by other workers (1,
31), glycolysis and respiration are labile indices of cell metabo
lism and are readily affected by environmenlal conditions. The
present studies on glucose melabolism by hepaloma cells sup
port Ihis view.

Allempls have been made by several workers lo assess Ihe
relative significance of the Embden-Meyerhof-Parnas-tricarbox-
ylic acid pathway and the hexose monophosphate shunt in the
oxidalion of glucose by various tissues (see Refs. 21 and
22 for references). A rapid and convenient method of doing
Ihis is lo determine Ihe ralio of CO2 formalion from glucose-
6-14C lo CO2 formalion from glucose-l-14C, when Ihe tissue

is incubated wilh appropriately labeled glucose, as proposed
by Bloom and Sielten (3). These authors suggest lhal Ihe ralio
is equivalenl lo Ihe fraclion of C02 formed via Ihe Embden-
Meyerhof-Parnas-lricarboxylic acid palhway on Ihe basis lhal
C-l and C-6 of Ihe glucose molecule are melabolized identi-

cally in Ihe degradalion of glucose by Ihis roule, both con
tributing lo CO2 formalion, while in Ihe hexose monophos-
phale shunl C-l is Ihe chief conlributor to CO2. From Ihe
percenlage conversion of specifically labeled glucose lo C02 in
Ihe presenl experiments, there is no evidence of an active
shunt operaling in any of the 3 cell strains studied. It must be
pointed out, however, lhal Ihe calculations of Katz and Wood
(21, 22) show lhal, owing lo Ihe complexities of the melabolic
palhways involved, C-6/C-1 ralios may noi even give a qualila-
tive indication of Ihe operalion of Ihe hexose monophosphale
shunl.

Wilh Ihe 3 cell slrains studied in the present work there was
a marked decrease of viabilily in Ihe region of 40% over Ihe

Isl 48 hr in filler well cullure. This is reminiscenl of the
"shock" or "lag" phase which occurs inilially when fresh

lissue adapls ilself lo in vitro condilions (2, 33, 34) and is
accompanied by rapid changes in metabolism including a
decrease in DNA content of Ihe explanled lissue (34). The
DNA level of Ihe expiants usually rises again, however, when Ihe
medium is renewed al 48 hr. In previous experiments with the
filter well, cells of a human fetal liver slrain (HLM) survived
well over 10 days wilh no inilial "shock" phase on trans

ference from monolayer cullure (16), while cells of Ihe highly
malignant HEp! strain failed to survive in the wells beyond 4
days (9, 10). Populalions of cells obtained from normal tissues
by disaggregation survive well in Ihis type of culture (10, 11,
15). In the present work, the H4-II-E-C3 cells survived
better than Ihe NjS, and H4-II-F cells and also retained

hormone responsiveness to insulin. Thymidine uptake oc
curred in populations of Ihe 3 cell slrains over Ihe first 24 hr
in culture. The acute decrease in viabilily of the cultures over
Ihe initial 48 hr may indicate thai cells lhal took up thymidine
in the S phase did noi enter mitosis or that newly formed cells
did not survive. The counting procedure is noi sufficienlly
accurale lo be used as an index of cell mulliplicalion in Ihe
present experiments. Thymidine uplake decreased rapidly
after Ihe first 24 hr in culture, but sporadic uptake was present
until 6 days. Cells transferred from filler wells to monolayer or
suspension culture at 6 days are capable of mulliplicalion (12),
so uplake of Ihe nucleoside al Ihis time probably indicates
cells with replicative potenlial. After 10 days in filter wells,
cells placed in suspension or monolayer cullure show no mul
liplicalion (12), allhough Ihe cultures still contain viable cells
al Ihis lime (Tables 1, 3, and 5). Survival of Ihe cells does noi
appear lo be governed by cell number in Ihe wells; resulls
similar lo Ihose reporled were oblained wilh 20 million cells
of each cell slrain per filler well. Of Ihe cell strains studied lo
date by Ihis melhod of cullure, only Ihe human felal liver cells
do not metastasize and cause death when injected into rats. The
epithelial H4-II-E-C3 cells are characterized by Ihe relen-
tion of hepalic "marker" enzymes (35), while Ihe Novikoff

cells are a classic example of a progressed lumor wilh many
enzyme delelions (37). Il is tempting, therefore, to speculate
thai Ihe inabilily of cells lo survive in Ihe filter well is a
reflection of how abnormal the cells are in terms of Potter's

concepÃ¬of minimal and mulliple devialion (38). An essenlial
fealure of lumor melabolism is unconlrolled DNA synlhesis
and cell replicalion (36), and il may be thai such cells are
unable lo adapl lo conditions which favor cell differentiation
and organization rather lhan multiplication. U was pointed out
by Champy (6) that differentialion is a funclion of Ihe speed
wilh which cells divide milotically, and this reciprocal relalion-
ship has been confirmed and discussed by others subsequently
(17, 42, 43). The anlagonism between proliferation and func
tion is not absolute as illuslrated by the classic example of
mammalian liver in which, after partial hepaleclomy, Ihe
dividing cells remain differentiated (4, 19). Nevertheless, as
pointed oui by Fell (17), Ihere is little doubt lhal in vitro
differenlialion is favored by conditions which limit prolifera
tion, and vice versa.

The inilial decrease in viabilily of populalions of Ihe 3 cell
slrains and Ihe subsequenl furlher decrease wilh lime was noi
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prevented by the use of media other than that on which the
cells proliferated in T-flasks or suspension culture. The im

provement in viability of the N^ cells obtained over the last
4 days in culture on a 24-hourly feeding schedule, however,
suggests that a nutritional factor may be involved in the failure
of these cells to survive well in this type of culture and that
optimal survival may require an elegant arrangement of
medium renewal such as that used by Kruse and Miedema
(25), Kruse et al. (24) have recently reported that multiple-
layered cultures of human diploid fibroblasts [embryonic lung
(WI-38) and tonsillar cells from an 8-year-old boy] can be
maintained for weeks in a nonmultiplying but viable state by
continuous perfusion with medium containing 0.1% serum.
One of the cell types (WI-38) which had been transformed by
SV-40 virus was also studied, and it is of note that the trans
formed cells could not be maintained in a nonmultiplying state
in the system.
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