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ABSTRACT The specific activity of mouse neuroblas-
toma choline-O-acetyltransferase (EC 2.3.1.6.) increased
5.7-fold when the rate of cell division was restricted (as
compared to cells kept rapidly dividing for 9 days); the
specific activity of mouse neuroblastoma thymidylate
synthetase increased 2.4-fold when nondividing cells again
entered the logarithmic phase of cell growth. The highest
specific activities for choline-O-acetyltransferase and low-
est specific activities for thymidylate synthetase were
obtained from cultures where cell division was restricted;
the opposite result was observed when the cells were
growing rapidly. Thus, the regulation of these two enzymes
is out of phase with respect to each other and is de-
pendent on the rate of cell division. The inverse relation-
ship for the regulation of these two enzymes is discussed
in relation to the needs of mitotic versus differentiated
neuroblastoma cells.

Mouse neuroblastoma 0-1300 tumor cells in culture synthe-
size acetylcholine and norepinephrine and also generate
spontaneous action potentials and action potentials in re-
sponse to acetylcholine and electrical stimulation (14).
Further, the tumor cells in culture possess a permease for
dopamine uptake, and electron micrographs show clusters of
dense-core vesicles in nerve terminals (3). Blume et al. (5)
recently demonstrated the regulation of mouse neuroblastoma
acetylcholinesterase specific activity in cell culture when the
rate of cell division was restricted, and showed that the regu-
latory mechanism for acetylcholinesterase was inversely re-
lated to the rate of cell division. Highest acetylcholinesterase
specific activity was obtained in cultures containing nondivid-
ing cells.
We report here that mouse neuroblastoma choline-O-

acetyltransferase (EC 2.3.1.6) and thymidylate synthetase
(the enzyme that converts dUMP to dTMP) activities are
regulatable and that the regulatory mechanism is out of phase
for these two enzymes. In confluent cultures in which cell
division is restricted, choline-O-acetyltransferase specific
activity is the highest and thymidylate synthetase specific
activity is the lowest. The opposite is true in cultures where
cells are rapidly dividing.

MATERIALS AND METHODS
Cell line

The mouse (Ajax strain) neuroblastoma C-1300 was originally
obtained from the Jackson laboratories, Bar Harbor, Me., and
clone N-18 was derived from a single-cell clone from tissue-
culture adapted cells by Dr. T. Amano. Clone N-18 was a gift

of Dr. Marshall W. Nirenberg, Laboratory of Biochemical
Genetics, National Heart Institute, Bethesda, Md. (June 30,
1970).

Culture conditions

Clone N-18 of mouse neuroblastoma C-1300 was grown in
Dulbecco's modified Eagle's medium with 10% fetal calf
serum, sodium penicillin G (25 units/ml), and streptomycin
sulfate (25 Mug/ml) in Falcon flasks or Petri dishes at 370C
in an atmosphere of 10% C02-90% air at 100% humidity.
For the choline-O-acetyltransferase experiments, 250-ml

Falcon flasks (75 cm2) were incubated with 2 X 106 cells,
grown to confluency and maintained confluent for 3 weeks.
The medium was changed in these flasks on alternate days for
the first 2 weeks and then daily for the last 7 days. At day
zero of the choline-O-acetyltransferase experiment, the
medium in each of the flasks was aspirated, and the cells were
dissociated from the plastic surface by incubation in Ca++-
and Mg++-free saline D-1 medium, supplemented with 5.6
mM glucose and 59 mM sucrose (modified D-1) for 15 min.
About half of the cells from each flask could be tapped off into
this medium. The cells were then centrifuged, resuspended in
modified Eagle's Medium, and counted with a hemocytometer
by the nigrosin method to determine viability (6). Plastic
Petri dishes, 100-mm size, containing 10 ml of modified
Eagle's Medium, 10% serum, 25 units per ml of sodium
penicillin G, and 25 ,ug per ml of streptomycin sulfate, were
prepared 24 hr earlier and kept at 370C in 10% C02-90% air
at 100% humidity. Into each dish were placed 3.7 X 105
viable neuroblastoma cells. Medium was changed on alternate
days, beginning on day 2, for the first 8 days, and then daily.
At day 7 in culture, several Petri dishes were dissociated in
0.1% trypsin (GIBCO 1: 250) after aspirating off growth
medium and washing the plate in modified D-1 medium.
New, preincubated 100-mm Petri dishes were inoculated with
3.7 X 105 viable neuroblastoma cells and are referred to as
split-cell plates. Medium was changed on the split-cell plates
on alternate days.
For the thymidylate synthetase experiments, cells were

kept rapidly dividing in monolayer culture adherent to the
surface of a Falcon flask for seven generations. At day zero,
these rapidly dividing cells were tapped off into Ca++- and
Mg++-free modified D-1 medium, centrifuged, resuspended
in modified Eagle's Medium, and counted with nigrosin to
determine viability. Plastic Petri dishes, 150-mm size, were
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prepared 24 hr prior to the addition of cells with 20 ml of the
serum-containing medium described above, warmed to 370C,
and gassed with 10% C02-90% air at 100% humidity. Into
each plate were added 1.9 X 108 viable cells. Medium was
changed on alternate days for the first 7 days, and then daily.
At day 8 in culture, several plates were dissociated in 0.1%
trypsin after aspirating off the medium and washing each
plate in modified D-1 medium. New dishes that contained
20 ml of warmed, gassed growth medium were prepared, and
to each were added 1.9 X 106 viable cells. These are referred to
as split-cells no. 1. On day 1 in culture, split-cells no. 1 were
split again, and 5.5 X 105 viable cells were added to new
dishes and are referred to as split-cells no. 2. At various times
in culture, cell counts were performed by dissociating the
adherent cell monolayer with 0.1% trypsin and counting
viable cells by the nigrosin method in a hemocytometer.

Homogenates

The medium from each dish was aspirated, and the dish
surface was washed twice with modified D-1 medium. Dishes
were tilted and drained, and cell monolayers were recovered
by scraping. For choline-O-acetyltransferase assays, the cells
were scraped with small amounts of solution containing 50
mM potassium phosphate buffer (pH 6.8)-i mM EDTA, and
the scraped cells were sonicated at 40C for 5 min. For thy-
midylate synthetase assays, the cells were scraped with small
amounts of a solution containing 0.05 M Tris buffer-0.01 M
mercaptoethanol-1 mM EDTA, 25% sucrose, pH 7.4, and
freeze-thawed three times (minus 780C to 370C) in ethanol-
dry ice. All assays were performed on the same day as scraping.

Assays
Choline-O-acetyltransferase activity was determined by a
modification of the method of Schrier and Shuster (7). Each
reaction contained the following, in a final volume of 0.05 ml:
0.05 M potassium phosphate buffer (pH 6.8), 1 mM EDTA,
0.5% Triton X-100 (Packard Instrument Co.), 0.2 M NaCl,
2.5 X 10-3 M choline iodide, 1 X 10-4 M neostigmine
methyl sulfate, 2.18 X 10-4 M [1-14C]acetyl coenzyme-A,
and 0-1.4 mg of homogenate protein. Reactions were incu-
bated for 10 min at 370C, and stopped by the addition
of 1.0 ml of water at 40C. In all cases, the rate of
reaction was proportional to homogenate concentration. The
diluted reaction mixture, and an additional 2.0 ml of cold
water, were passed through a disposable 0.5 X 5 cm column
of Bio-Rad-1-chloride (100-200 mesh) washed with water.
The eluates were collected in a scintillation vial, and 15 ml of
scintillation fluid (188 ml of Triton X-100, 750 ml of toluene,
9.4 g of 2,5-diphenyl oxazole) was added; the radioactivity was
determined in a Beckman Liquid Scintillation Counter.
Most values represent the average of quadruplicate homoge-
nates. Each homogenate was assayed at four concentrations.
One unit of choline-O-acetyltransferase specific activity is
defined as 1.0 pmol of '4C-product formed/mg of protein per
10 min at pH 6.8 and 37°C. Protein was determined by a
modification of the method of Lowry et al. (8).
Thymidylate synthetase activity was assayed by a modifi-

cation of the methods of Roberts (9). Cells disrupted by the
freeze-thaw procedure were centrifuged in a Sorvall SS-34
centrifuge at 17,000 X g for 10 min at 40C, and the super-
natant fluid was assayed for enzyme activity. The total
incubation mixture (315,l) consisted of 0.76 mM tetrahydro-

(0.23 ,Ci), 2.9 mM MgC12, 72 miM Tris buffer (pH 7.4),
64 mM j-mercaptoethanol, and neuroblastoma cell extract.
Various aliquots of the supernatant fluid derived from the
original disrupted cell preparation (50-250 ,ul) were used. In
each case, the final volume was made up to 315 ul with
sucrose buffer (see Homogenates). The reaction mixture was

incubated at 370C for 40 min. The tubes were then placed on

ice and 500 ul of 8.0 X 10-3 mM dUMP in water and 0.5 ml
of a solution containing 136 mg/ml of Norite in 8% trichloro-
acetic acid (TCA) was added to stop the reaction. The tubes
were agitated and allowed to stand on ice for 10 min. All tubes
were then centrifuged in an IEC-PR-2 centrifuge at 1500 X
g for 10 min at 4°C. An 800-M,1 aliquot of supernatant fluid was
removed to a clean tube on ice, 250 ,u of 16 X 10-3 mM
dUMP in 4% TCA and 500 ,l of 168 mg/ml Norite in 4%
TCA were added, and the tubes were mixed and centrifuged.
1-ml aliquots of supernatant fluid were pipetted into vials, 15
ml of counting fluid (100 g of naphthalene-5 g of 2,5-diphenyl
oxazole-1000 ml of dioxane) were added, and radioactivity
was determined in a Beckman Scintillation Counter. Most of
the values represent an average of two or three extracts of
different plates, and each extract was assayed at five different
concentrations. One unit of thymidylate synthetase activity
is defined as 1 nmol of thymidylate formed/,ug of protein per

40 min at pH 7.4 and 370C.

RESULTS
Choline-O-acetyltransferase activity as a function
of cell division

The specific activity of choline-O-acetyltransferase in relation
to cell growth is illustrated in Fig. 1. Flasks containing con-

fluent cells were subcultured on day 0, and 3.7 X 105 viable
cells obtained from the splitting were put into each of a series
of 100-mm Petri dishes. After a lag period, cells multiplied
rapidly, with a generation time of 28 hr. On day 8 in culture,
the maximum cell density of 17 X 106 cells was obtained. Cells
obtained from confluent flasks had the highest choline-
O-acetyltransferase specific activity. There was a two-fold
reduction in specific activity in cells subcultured from day-
zero flasks (131 units) to day-7 cells in culture (64.5 units),
that had been in the phase of rapid division for at least 6 days.
Cells split on day 7 and assayed 3 days later, thus -extending
their phase of rapid division to 9 days, had a 5.7-fold decrease
in choline-O-acetyltransferase specific activity (23.0 units) as

compared to confluent cells in flasks (131 units). Cells assayed
on days 10, 12, and 14 in culture, having been confluent for
2, 4, and 6 days respectively, showed increased specific
activities that approached the starting activities of the original
confluent cultures. Thus, the highest specific activities were
obtained in cultures in which neuroblastoma cell division was
restricted.

Thymidylate synthetase activity as a function
of cell division

The specific activity of thymidylate synthetase in relation to
cell growth is shown in Fig. 2. Cells were kept in the loga-
rithmic stage of cell growth for seven generations in Falcon
flasks and then subcultured on day zero by tapping offthe
cells into Ca++- and Mg++-free modified D-1 solution.
1.9 X 106 viable cells were placed into each of the series of
previously prepared 150-mm Petri dishes containing 20 ml of
growth medium and, after a lag period, they divided rapidly

folate, 10 mX1 formaldehyde, 0.038 mM [5-3H ]dUMP

Proc. Nat. Acad. Sci. USA 68 (1971)

with a gerwation'time of about 24 hr. Between days 4 and 8



1438 Biochemistry: Rosenberg et al.

36

18-

16-

0

T-
x

c.

w

-J
w

0U

1(

2

0

ORIGINAL
CELLS

0

U

SPECIFIC ACTIVITY
ORIGINAL CELLS _

SPLIT CELLS

160

140

120

0
I-

0
a.

80 E
a

0
60

U

I-
U

0
0

c:.

40 0-
0

-i
0

20 0.

0
-1 0 1 2 4 5 6 7 8 9 10 11 12 13 14

SPLIT CELLS 0 1 2 3 4 5 6 7
DAYS IN CULTURE

FIG. 1. The growth and number of cells present per Petri dish are shown in relation to the specific activity of choline-O-acetyltrans-
ferase. On the seventh day of incubation, some of the cells were dissociated with trypsin (as indicated by the vertical broken line). More than
90% of the cells were viable throughout the experiment. The rate of growth of cells incubated at day zero of the experiment and- not sub-
cultured is shown by the solid line and circles (-). Subcultured cell growth is shown by the broken line and circles (---C -). Choline-O-
acetyltransferase specific activity of the cells incubated at day zero and not subcultured is shown by the solid line and squares (- --- -), and
by a broken line and squares for the subcultured cells (- --- -).

in culture, the cells reverted from the phase of rapid division
to static, nondividing cultures. Between days 8 and 11, cell
division remained restricted. There was a progressive fall in
thymidylate synthetase specific activity between days 4 and
8 and between days 8 and 11. On day 8, several Petri dishes
were subcultured with 0.1% trypsin; split-cells no. 1, 1 day
later, showed a decrease in thymidylate synthetase specific
activity from 3.5 units to 1.9 units. 3 days after the split,
however, split-cells no. 1 showed a 2.4-fold increase (from 1.9

units) to 4.5 units. Subculture of split-cells no. 1 into split-
cells no. 2, and assay on day 2 before they could enter the
phase of rapid division, gave high specific activity. Thus, the
highest thymidylate synthetase specific activities were ob-
tained from cultures in which neuroblastoma cells were rapidly
dividing.

Choline-O-acetyltransferase and thymidylate synthetase
specific activities were therefore out of phase with respect to
each other. During the phase of rapid cell division, low

Proc. Nat. Acad. Sci. USA 68 (1971)

1:11



Regulation of Enzyme Synthesis in Neuroblastoma 1439

5.00

4.75

36 - 4.50

34 - 4.25

32 - 4.00

30-3.75

28 - 3.500

26-3.25 Z
SPECIFIC ACTIVITY W

o 24 - ORIGINAL CELLS 3.00 0
a-

x 22 - 2.75 "-0

3 20 -

ORIGINAL I| / SPECIFIC ACTIVITY 2.50 i
F18CELLS 9 g z - SPLIT #1 CELLS
~18 I .5.

0j
2.25 a-

= 16 / *.... .* 2.00 L

~14 SPECIFIC ACTI VITY 1.75 0
Xj SPLIT #2 CELLS La7 .

12 1 1.50

10 1.250
E

8I SPLIT #1
6 I CELLS 0 0.75

4 000
de| 0.50

2-6 SPLIT #2 CELLS 0.25

1 1 1 1 1 1I---0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 0

(SPLIT #1)- 0 1 2 3
(SPLIT *2)- 0 1 2

DAYS IN CULTURE

FIG. 2. Thymidylate synthetase specific activity is shown in relation to the growth rate and number of cells present per Petri dish.
Some cells were subcultured with trypsin on day 8 of incubation, and some of these subcultured cells were subcultured again 1 day later (as
indicated by the vertical broken lines). More than 90% of the cells were viable throughout the experiment. The rate of growth of the cells
incubated at day zero of the experiment and not subcultured is shown by the solid line and circles (- ). The rate of growth of cells sub-
cultured on day 8 of incubation is shown by the broken line and circles (--0- -), and the rate of growth of those cells subcultured again 1
day later is shown by the dotted line and circles (-.0- *). Thymidylate synthetase specific activities are shown as follows: solid lines and
squares (-U-), cells incubated on day zero and not subcultured; broken line and squares (- ----), cells subcultured on day 8 of incubation;
dotted line and squares (* ---U ), cells subcultured again 1 day later.
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choline-O-acetyltransferase and high thymidylate synthetase
specific activities were obtained; in cultures in which cell
division was restricted, high choline-O-acetyltransferase and
low thymidylate synthetase specific activities resulted.

DISCUSSION

The results show that neuroblastoma choline-O-acetyl-
transferase and thymidylate synthetase activities are regu-
lated and are inversely related to one another. When the rate
of cell division was restricted, choline-O-acetyltransferase
specific activity increased about 6-fold, compared to cells
kept rapidly dividing for at least 9 days. Thymidylate
synthetase specific activity, however, increased about 2.4-
fold when confluent cultures were split and began to divide
rapidly.
The opposite effects on these two enzymes are under-

standable in terms of the needs of dividing or differentiating
neuroblasts. Dividing cells, which are replicating their DNA
content, have a greater need for thymidylate and, thus,
increased thymidylate synthetase specific activity could main-
tain the thymidylate pool under these conditions of greater
demand. The thymidylate synthetase pathway is active in this
tumor cell line and that thymidylate formation is not en-
tirely dependent on preformed thymine and thymidine kinase.
Nondividing neuroblastoma cells are capable of neuronal
differentiation, and four differentiated properties have been
found thus far to increase when cell division was restricted:
acetylcholinesterase (5), formation of acetylcholine receptors
(4), axon-dendrite development (10), and the presence of
electrically excitable plasma membranes (2). We now report
an additional differentiated function, increased choline-O-
acetyltransferase specific activity with restricted cell growth.
The finding of reciprocal choline-O-acetyltransferase and

thymidylate synthetase specific activities in neuroblistoma

cell cultures in which cell division was restricted may be
analogous to how these enzymes function during the embryo-
genesis of the central nervous system. Autoradiographic data
from developing mouse brain indicate that periventricular
cells divide a specific number of times, migrate outward as
postmitotic young neurons, and then generate axons (11).
In vivo, embryonal neuroblasts, like neuroblastoma cells in
culture, may be committed to a similar program of either
dividing and inducing enzymes essential for this process, or
become postmitotic and differentiated, with induction of
neuronal enzymes for neurotransmitter synthesis.
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