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ABSTRACT Clonal mouse neuroblastoma cells without
tyrosine 3-monooxygenase [EC 1.14.16.2; tyrosine hydroxyl-
ase; L-tyrosine, tetrahydropteridine:oxygen oxidoreductase
(3-hydroxylating)] activity were fused with normal cells from
embryonic mouse sympathetic ganglia. One of the 37 hybrid
cell lines obtained possesses high tyrosine 3-monooxygenase
activity and synthesizes dopamine. These cells also have ex-
citable membranes and generate action potentials in re-
sponse to electrical stimuli. Thus hybrid cells, generated by
fusion of neuroblastoma cells with normal cells from the ner-
vous system, can acquire neural properties not found with
the parental neuroblastoma cells.

Although many murine neuroblastoma cell lines have been
derived from tumor C1300, new cell lines with different
neural phenotypes are needed. One approach has been to
obtain somatic cell hybrids since cell lines with specific neu-
ral defects and cells that have acquired neural properties
have been generated by cell fusion (1-5, 1).

In this study, clonal mouse neuroblastoma cells lacking
hypoxanthine phosphoribosyltransferase (EC 2.4.2.8; IMP:
pyrophosphate phosphoribosyltransferase) were fused with
sympathetic ganglion cells from embryonic mice. Sympa-
thetic ganglia were chosen as a source of neurons because
such ganglia contain only a few types of neurons which have
been well characterized biochemically and electrophysiolog-
ically. Neuroblastoma cells were used as the other parent
because they have neural properties and are related em-

bryologically to sympathetic ganglion neurons. Our objec-
tive was to determine whether cell lines with interesting
neural properties might be generated by the fusion of clonal
neuroblastoma cells with normal cells from the nervous sys-

tem.
In this communication, we describe a neuroblastoma X

sympathetic ganglion hybrid cell line that has acquired the
ability to synthesize dopamine.

MATERIALS AND METHODS
Cells and Media. Cells were grown in either F-14 (6) or
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the Dulbecco-Vogt modification of Eagle's minimal 'medi-
um (DMEM, GIBCO cat. no. H-21) supplemented with fetal
bovine serum in the ratio 95:5. Cultures were maintained in
a forced-draft incubator at 370 in an atmosphere of 90% air-
10% CO2 saturated with water.
The neuroblastoma parent was N18TG2 (1, 2). This cell

line is resistant to 1 X 10-4 M 6-thioguanine and lacks hypo-
xanthine phosphoribosyltransferase (HPRTase) activity. The
cells do not multiply in media supplemented with 1 X 10-4
M hypoxanthine, 1 X 10-6 M aminopterin, and 1.2 X 10-5
M thymidine (HAT). The N18TG2 cells were grown in the
presence of 1 X 10-4 M 6-thioguanine for at least four gen-
erations prior to use.

Primary cells were obtained from superior cervical and
paravertebral sympathetic ganglia dissected from 12- to 14-
day-old mouse embryos (C57BL/6) and dissociated with
trypsin as described (7). Single cells were suspended in com-
plete F-14 supplemented with 10 units/ml of 2.5S nerve
growth factor. Cells were seeded into 100-mm plastic tissue
culture dishes (Falcon, cat. no. 3003) and incubated for 4 hr
at 37'. Attached cells, which consisted predominately of fi-
broblast-like cells, were discarded or were used for kar-
yotype analysis. Floating cells and cells not firmly attached
to the substratum were harvested by gentle washing and
used immediately for hybridization. Aliquots of the cell sus-
pension enriched with respect to neurons were seeded in
separate dishes; after 36 hr 95% of the cells that attached re-
sembled neurons in morphology.

Hybridization. Trypsinized neuroblastoma cells and nor-
mal cells from sympathetic ganglia were fused in suspension
for 2 hr at 370 in 1 ml of F-14 supplemented with 10 units
of nerve growth factor per ml in the absence of serum. The
cell suspension contained 500 hemaglutinating units of Sen-
dai virus inactivated with f,-propriolactone, 5 X 105
N18TG2 neuroblastoma cells, and 2.5 X 105 cells from sym-
pathetic ganglia (the fraction enriched with neurons). The
cells were gently resuspended every 20 min during incuba-
tion. After incubation, cells were suspended again and were
plated into 100-mm plastic culture dishes in complete F-14
medium supplemented with 10 units of nerve growth factor
per ml at concentrations of 0.25, 1.25, and 5 X 104 cells per
dish. After two days of incubation, the medium was changed
to complete medium plus HAT. After 15-30 days in the se-
lective medium, discrete colonies of greater than 100 cells
were observed. The medium was removed from the plates
and the colonies were individually isolated with cloning cyl-
inders and harvested with the aid of glass pipettes with fine
tips. After the cell lines were isolated and established in cul-
ture, the growth medium was changed to DMEM supple-
mented with 5% fetal bovine serum and HAT.

Characterization of Cell Lines. Karyotype analysis was
performed by counting total numbers of chromosomes and
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FIG. 1. Morphology of NX-31 hybrid cells. (A) NX-31 hybrid cells (logarithmic phase of growth) grown in complete DMEM. (B and C)
NX-31 hybrid cells cultured for 6 days in complete DMEM supplemented with 1 mM dibutyryl cAMP. Bar represents 100 Am.

identifying and counting the large metacentric chromo-
somes typical of the N18TG2 parent. Chromosome spreads
were prepared and stained with giemsa solution (8). Glu-
cosephosphate isomerase (EC 5.3.1.9; D-glucose-6-phosphate
ketol-isomerase) isozymes were separated by starch gel elec-
trophoresis as described by DeLorenzo and Ruddle (9) using
homogenates prepared from confluent cultures of NX-31,
N18TG2, or from superior cervical ganglia or brain of fetal
and weanling C57BL/6 mice (11, 13). Tyrosine 3-monooxy-
genase [EC 1.14.16.2; tyrosine hydroxylase; L-tyrosine, te-
trahydropteridine:oxygen oxidoreductase (3-hydroxylating)]
and choline acetyltransferase (EC 2.3.1.6; acetyl-CoA:cho-
line O-acetyltransferase) activities were measured as de-
scribed (10-13). Protein was determined by a modification
of the method of Lowry et al. (14). Monoamines synthesized
by the cultured cells from tyrosine were identified by the

procedures given in the legend of Table 3. The electro-
physiological properties of the cultured cells were studied by
techniques described (15). Spike rates of rise were measured
by fixing the responses on the expanded scale of a storage os-

cilliscope (horizontal axis 1 msec/cm, vertical axis 20 mV/
cm). Prior to assay for tyrosine 3-monooxygenase activity,
catecholamine synthesis, or electrophysiological properties,
the hybrid cells were cultured for at least two subcultures in
DMEM supplemented with 5% fetal bovine serum, 1 X 10-4
M hypoxanthine, and 1.6 X 10-5 M thymidine.

RESULTS
Isolation of hybrid cells
Mouse neuroblastoma N18TG2 cells and cells from mouse

sympathetic ganglia were fused as described in Materials

Table 1. Hybrid properties of NX-31 cells

HPRTase Glucosephosphate isomerase isozymes Chromosomes

Growth in GPI-1A GPI-1AB GPI-1B Total Metacentrics
HAT medium (A strain) (hybrid) (C57BL/6) (modal no.) (modal no.) n

N18TG2 clone - + - - 88 9 31
C57BL/6 primary +* - - + 40 0 15
X-31 hybrid + + + + 172 12 27

* Primary neurons have HPRTase activity, but are nonproliferating.
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and Methods. Approximately 500 colonies, comprised of Table 2.
1000 cells or more, were observed in medium containiixgrt -
HAT. The choice of culture medium and of parents favored
the selection of hybrid cells because sympathetic neurons do
not divide and the N18TG2 parent lacks HPRTase and con-
sequently does not grow in HAT medium. In contrast, hy-
brid cells that grow well in HAT medium were selected be-
cause the sympathetic ganglion cell genome complements Cell
the N18TG2 HPRTase deficiency. Greater than 95% of the
colonies contained cells with neuron-like morphology. About N18TG2
100 colonies were isolated, and 37 were successfully pas- NX-31
saged and maintained. Homogenates were prepared from NX-31
each cell line and assayed for tyrosine 3-monooxygenase and NX-31T
choline acetyltransferase activities as described in Materials
and Methods. None of the cell lines tested had appreciable
choline acetyltransferase activity. One cell line, designated
NX-31, had high tyrosine 3-monooxygenase activity. This Cells were gro
line was therefore chosen for further characterization. plemented with

thymidine. The I
assay for tyrosin

Hybrid nature of the NX-31 line 20). Between 10C
Since the reversion frequency of N18TG2 is less than 1 x 7-to cpm/pmol.
10-7 (1, 2) and since only 5 X 105 neuroblastoma cells were
used for hybridization, it is likely that most of the colonies
that were selected in the presence of HAT were hybrids of blastoma lines
neuroblastoma and sympathetic ganglion cells. to be finer, mo
The hybrid nature of the NX-31 line was verified by iso- ly, NX-31 cells

zyme analysis (Table 1). The N18TG2 neuroblastoma cells, tured primary
which originated from an A-strain mouse, and the sympa- 1C).
thetic ganglion cells, which were obtained from C57BL/6
strain mice, have different electrophoretic variants of glu- Tyrosine 3-mo
cose phosphate isomerase (GPI) at the Gpi-1 locus (9). In contrast to th
NX-31 cells express the electrophoretic variants of both the brid cells had t
parental cell strains (GPI-1A of N18TG2 neuroblastoma and This enzyme,
GPI-1B of C57BL/6 sympathetic ganglia) as well as a third lyzes the conve
variant (GPI-1AB) of intermediate electrophoretic mobility (dopa), the first
which has been described in animals that are heterozygous suboultures (30-
at the Gpt-1 locus (9). With NX-31 cells, the staining intensi- tivity of conflu
ties of the two parental isozymes were almost equal and pmol of dopa fi
were approximately 50% that of the hybrid isozyme. suboulture (120

As shown in Table 1, the N18TG2 neuroblastoma and pri- enzyme had fal
mary cells cultured from C57BL/6 mouse embryos have per mg of protf
modal chromosome numbers of 88 (range 66-100) and 40, lected in compl
respectively. N18TG2 has a modal number of 9 large meta- for the selectioi
centric chromosomes (range 6-12). With NX-31 hybrid cells catalyzes the coi
examined 20-40 generations after hybridization, the modal as the conversioi
number of chromosomes was 172 (range 87-243). The hy- 3-monooxygenas
brid cells also contained large metacentric chromosomes shown in Table
(modal number 12, range 4-16). The relatively high number ygenase found f
of chromosomes in NX-31 cells suggests that the hybrid may approximately

f

have originated from the fusion of more than two cells. By protein. The p
the 16th subculture (120-150 generations after fusion), the N18TG2 neurob
NX-31 cell population was heterogeneous with respect to selection proced
chromosome number. Chromosome numbers were clustered ciency less than
around modes of 142, 175, and 225.

Characterizatic
Morphology cells
In the logarithmic phase of growth, most NX-31 cell bodies Confluent cultui
were round, and few cells extended processes (Fig. 1A). [I4C]tyrosine anc
When the hybrid cells were cultured for several days in the cell homogenates
presence of 1 mM dibutyryl cyclic AMP, they extended tography (see lel
long, branching processes (Fig. 1B). Treatment with dibuty- show that [14C]cc
ryl cyclic AMP has been shown to induce neurite outgrowth ities of authenti
from neuroblastoma cells (16, 17). The morphology of each of the foun

Tyrosine 3-monooxygenase activity of
hybrid NX-31 cells

Tyrosine
3-monooxygenase

specific activity
(pmol/min mg

Generations protein)

100-200 1
20-40 98
45-65 95
120-150 27

120-150 plus 10-13 394
after selection in
tyrosine-free medium

wn to stationary phase in complete DMEM sup-
1 X 10-4 M hypoxanthine and 1.2 x 10-5 M
preparation of cell homogenates and the method of
ae 3-monooxygenase are described elsewhere (11,
0 and 600 ,gg of protein were present in each reac-
he final specific activity of L-[3,5-3H]tyrosine was

in that the processes of the hybrid cells tend
ore branching, and more varicose. Occasional-
were observed which closely resembled cul-
sympathetic neurons in morphology (Fig.

nooxygenase activity
Le parent N18TG2 neuroblastoma, NX-31 hy-
tyrosine 3-monooxygenase activity (Table 2).
rhich is found in sympathetic neurons, cata-
rsion of tyrosine to dihydroxyphenylalanine
t step in catecholamine synthesis. After four
-50 generations after fusion), the specific ac-
ent cultures of NX-31 cells was about 100
ormed/min per mg of protein. By the 16th
-150 generations), the specific activity of the
Hen to about 30 pmol of dopa formed/min
ein. Cells from subculture 16 were then se-
lete DMEM without tyrosine. The rationale
n process is that tyrosine 3-monooxygenase
nversion of phenylalanine to tyrosine as well
n of tyrosine to dopa; thus cells with tyrosine
se grow in the absence of tyrosine (18). As
2, the specific activity of tyrosine 3-monoox-
for NX-31 cells grown without tyrosine was
400 pmol of dopa formed/min per mg of
lating efficiency was 6 X 10-3. When
lastoma cells were challenged with the same
lure, no colonies were found (plating effi-
3 X 10-7).

an of catechols synthesized by NX-31

ires of NX-31 cells were incubated with
d the '4C-labeled products extracted from
s were characterized by thin-layer chroma-
gend of Table 3 for methods). The results
Dmpounds with the chromatographic mobil-
c dopa and dopamine were present with
chromatographic systems used. Labeled

NX-31 differs from that of N18TG2 parent and other neuro- norepinephrine, hhowever, was not detected. No conversion

Biochemistry: Greene et al.
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Table 3. Identification of dopa and dopamine synthesized
from [14C]tyrosine by hybrid NX-31 cells

Thin-layer
chroma-
tography Radioactivity recovered as (cpm):
solvent
system Tyrosine Dopa Dopamine

a 1227 597 404
b 1015 635 540
c 938 541 531
d 1080 555 432

NX-31 cells (subculture 14) in a 100-mm dish containing about
107 cells (10 mg of protein) were maintained for 11 days in complete
DMEM containing 1 mM dibutyryl cAMP, 1 x 10- M hypoxan-
thine, and 1.2 x 10-5 M thymidine. The culture was then incu-
bated for 17 hr in 3 ml of fresh medium which also contained 0.4
mM of uniformly labeled [14C]tyrosine (1.25 mCi/mmol). After
incubation, the medium was removed and the cells were washed
three times with phosphate-buffered saline and extracted and
homogenized in 0.5 ml of 0.2 M acetic acid. The extract was
centrifuged at 5000 x g for 10 min and the supernatant fraction
was collected and evaporated under nitrogen; the final volume was
approximately 50 pul. Aliquots of 10 yl were spotted on cellulose-
coated thin-layer chromatography sheets (Eastman 6064) with 1
,ug each of carrier dopa, dopamine, and norepinephrine. The four
solvent systems listed below were used, and catechols and cate-
cholamines were detected by the use of ferrocyanide-ethylenedi-
amine reagent (19). The chromatograms were cut into 1.0 x 0.5
cm strips and each strip was assayed for radioactivity. A 5-,ul ali-
quot of the incubation culture medium was also run in each system
in order to establish the purity of the tyrosine and the counting ef-
ficiency (38%). Solvent systems used were: (a) isopropanol/
pyridine/1 M acetic acid, 5:2:2; (b) butanol/ethanol/ammonium
hydroxide/water, 10:1:2:4 (21); (c) ethyl acetate/acetic acid/water,
10:3:6 (22); and (d) butanol/ethanol/1 M acetic acid, 35:10:10 (23).

of tyrosine to dopa or dopamine was detected in similar ex-
periments with N18TG2 cultures.

These results show that NX-31 cells synthesize dopamine
and suggest that cells have both tyrosine 3-monooxygenase
and aromatic-amino-acid decarboxylase (EC 4.1.1.28; aro-
matic-L-amino-acid carboxy-lyase) activities.

Electrical excitability
As shown in Fig. 2, NX-31 hybrid cells possess electrically
excitable membranes and generate action potentials in re-
sponse to electrical stimulation. Membrane excitability in-
creased when cells were cultured for several days in the
presence of 1 mM dibutyryl cyclic AMP similar to the be-
havior of other cell lines (15; A. Chalazonitis, J. Minna, D.
Schoenberg, and M. Nirenberg, in preparation). Under these
conditions, the active electrical properties of NX-31 hybrid
cells resembled more closely those of primary sympathetic
neurons than did those of N18TG2 (Fig. 2). The most strik-
ing difference was in the maximum rate of rise of the
evoked spikes. For N18TG2 and NX-31 cells, the average
maximum rates of rise were 24 and 85 V/sec, respectively.
The latter value is similar to that of sympathetic neurons in
situ (24, 25) and cultured in vitro (8). The electrical proper-
ties and chemosensitivity of NX-31 hybrid cells are de-
scribed in detail elsewhere (26).

DISCUSSION

The results show that fusion of mouse neuroblastoma
N18TG2, which lacks tyrosine 3-monooxygenase activity,
with cells from mouse sympathetic ganglia that have this en-

FIG. 2. Comparison of action potentials elicited from parental
neuroblastoma N18TG2 and hybrid NX-31 cells. (A) Parental
neuroblastoma N18TG2: Upper trace shows stimulation pulse 3
nA in intensity, 35 msec in duration. Lower trace shows cell mem-
brane potential recorded at the cell resting potential of -55 mV.
The cell had been cultured in the presence of 1 mM dibutyryl
cAMP for 14 days. (B) NX-31 hybrid: Upper trace shows stimula-
tion pulse 0.2 nA in intensity, 22 msec in duration. The record was
obtained at the cell resting potential of -45 mV. Note the differ-
ence in the intensity of current needed to elicit action potentials in
A and B. Note also the sharper rate of rise of the NX-31 spike, the
greater overshoot amplitude, and more rapid repolarizing phase
compared to the N18TG2 spike. The cell was cultured in the pres-
ence of 1 mM dibutyryl cAMP for 13 days. Both spikes are preced-
ed by a calibration pulse 20 mV in amplitude and 10 msec in dura-
tion.

zyme yields a somatic cell hybrid line that has high tyrosine
3-monooxygenase activity and synthesizes dopa and dop-
amine. Under appropriate culture conditions, the hybrid
cells resemble neurons in morphology and possess highly ex-
citable membranes that are capable of generating action po-
tentials. Additional studies to be reported elsewhere show
that these cells have nicotinic and possibly muscarinic exci-
tatory acetylcholine receptors (26).

Both sympathetic ganglion neurons and interneurons have
tyrosine 3-monooxygenase activity, which raises the possibil-
ity that at least part of the genome of the normal ganglion
parent cell may be expressed in hybrid cells. On the other
hand, certain neuroblastoma X glioma hybrid cell lines have
neuronal properties not exhibited by either parent cell line,
such as choline acetyltransferase activity (3, 5). Whether the
neural properties of NX-31 hybrid cells are due to the ex-
pression of genes from the normal or the neoplastic cell, or
to the genomes of both parents remains to be determined.
The neural properties of NX-31 cells are retained and are

expressed many generations after fusion. For example, the
electrical excitability of cell membranes was high 150 gener-
ations after hybridization (the oldest cells tested). Also, al-
though the specific activity of tyrosine 3-monooxygenase in
NX-31 cultures decreased after 16 subcultures, a subline
with over 10-fold higher specific activity of this enzyme was
obtained by growing the cells in selective medium lacking
tyrosine. Such cells have been continuously grown in media
lacking tyrosine for many generations with full retention of
tyrosine 3-monooxygenase specific activity.
The evidence presented here shows that NX-31 cells syn-

thesize dopamine, but not norepinephrine, which suggests
that cells possess tyrosine 3-monooxygenase and aromatic
amino-acid decarboxylase activities, but not dopamine ,B-
monooxygenase (EC 1.14.17.1) activity. Thus NX-31 hybrid
cells more closely resemble sympathetic ganglion interneu-
rons which reportedly contain dopamine but not norepi-
nephrine (27), than ganglion neurons, which synthesize nor-

epinephrine.
In summary, fusion of neuroblastoma cells with normal

Proc. Nat. Acad. Sci. USA 72 (1975)
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cells from the nervous system can yield hybrid cells with
new neural properties. Such cell lines should be useful as
model systems for studying synapse formation and other
neural properties.
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