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ABSTRACT While neuronal mitosis is uniquely restricted
to early development, the underlying regulation remains to be
dermed. We have now developed a dissociated, embryonic
sympathetic neuron culture system that uses fully dermed
medium in which cells enter the mitotic cycle. The cultured cells
expressed two neuronal traits, tyrosine hydroxylase [L-
tyrosine, tetrahydropteridine:oxygen oxidoreductase (3-
hydroxylating); EC 1.14.16.2] and the neuron-specific 160-kDa
neuroframent subunit protein, but were devoid of glial fibril-
lary acidic protein, a marker for non-myelin-forming Schwann
cells in ganglia. Approximately one-third of the tyrosine
hydroxylase-positive cells synthesized DNA in culture, specif-
ically incorporating [3H]thymidine into their nuclei. We used
this system to define factors regulating the mitotic cycle in
sympathetic neuroblasts. Members of the insulin family of
growth factors, including insulin and insulin-like growth fac-
tors I and II, regulated DNA synthesis in the presumptive
neuroblasts. Insulin more than doubled the proportion of
tyrosine hydroxylase-positive cells entering the mitotic cycle, as
indicated by autoradiography of [3H~thymidine incorporation
into nuclei. Scintillation spectrometry was an even more
sensitive index of DNA synthesis, revealing a 4-fold insulin
stimulation with an ED50 of 100 ng/ml. Insulin-like growth
factor I was 100-fold more potent than insulin, whereas
insulin-like growth factor II was less potent, suggesting that
insulin growth factor type I receptors mediated the mitogenic
responses. In contrast, the trophic protein nerve growth factor
exhibited no mitogenic effect, suggesting that the mitogenic
action of insulin growth factors is highly specific. Our obser-
vations are discussed in the context of the detection of insulin
growth factors and receptors in the developing brain.

One remarkable aspect of the nervous system is that its
primary functional elements, the neurons, are not produced
during maturity (1, 2). Consequently, the organization of the
brain is critically dependent on the initial ontogenetic gener-
ation of neuronal populations. This realization has led to
extensive empirical documentation of the chronology and
geometry of developmental proliferation (3-8). Although
these studies suggest that neuronal mitosis is subject to
precise regulatory constraints (3-8), underlying mechanisms
remain to be defined.

Investigations have been almost exclusively descriptive (9,
10). Experiments performed in vivo have been difficult to
interpret due to the complexities of the fetal microenviron-
ment and maternal-fetal relations (11, 12). On the other hand,
studies employing isolated neural tissue in vitro have been
confounded by the use of undefined serum-containing me-
dium and by the presence of heterogeneous populations of
neural and nonneural cells (9, 10, 13-17). To overcome these
limitations, we have developed a defined cell culture system

in which presumptive neuroblasts enter the mitotic cycle in
serum-free medium. Dissociated sympathetic superior cer-
vical ganglia from rat embryos at gestational day 15.5 were
used.
We have begun to characterize mechanisms governing

neuronal proliferation to gain insight into unique temporal
restrictions on mitosis in the nervous system. Our studies
indicate that the insulin family of growth factors, including
insulin and the insulin-like growth factors I and II (IGF-I and
IGF-II, respectively), regulate entry of neurons into S phase
of the cell cycle. In contrast, the trophic protein nerve growth
factor (NGF), which is necessary for survival and differen-
tiation of the neurons under study, exhibited no mitogenic
effect. Consequently, insulin growth factors (IGFs) are
apparently highly specific mitogens for these cultured neu-
rons.

MATERIALS AND METHODS
Experimental Animals and Culture Techniques. Time-

mated pregnant Sprague-Dawley rats were obtained from
Hilltop Labs (Philadelphia). The day following a late-evening
mating was designated gestational day 0.5. Fifty-five to
seventy superior cervical ganglia from 15.5-day embryos
were dissected as described (18, 19) and incubated in
Ca2"/Mg2"-free Puck's saline G for 5 min at 21°C and then
in solutions of the same buffer containing trypsin (0.1 mg/ml)
for 20 min at 37°C and trypsin inhibitor (0.2 mg/ml) for 5 min
at 21°C. Ganglia were dissociated in appropriate control
medium lacking bovine serum albumin (see below) by tritu-
ration with a 6-inch Pasteur pipette, 75 strokes over 5 min.
Aliquots (100-200 ,ul) of dissociated cells were added to
35-mm culture dishes coated with poly(D-lysine) (0.1 mg/ml)
containing defined medium and fibronectin (5 ug/ml) (20).
Defined medium, derived from N2 medium of Bottenstein
and Sato (21), consisted of a 1:1 (vol/vol) mixture of Ham's
F-12 and Dulbecco's modified Eagle's medium containing
penicillin (50 units/ml) and streptomycin (50 ,ug/ml) and
supplemented with insulin (10 ,ug/ml), transferrin (100
,g/ml), putrescine (100 ,uM), progesterone (20 nM), selenium
(30 nM), glutamine (2 mM), glucose (6 mg/ml), guanosine
(200,M), and bovine serum albumin (10 mg/ml). Cultures
were maintained for 48 hr in a CO2 incubator as described (18,
19).
Immunocytochenistry and Autoradiography. After incuba-

tion with [ H]thymidine as below, cultures were rinsed,
fixed, and processed for immunocytochemical visualization
of tyrosine hydroxylase [TyrOHase; L-tyrosine, tetrahydrop-
teridine:oxygen oxidoreductase (3-hydroxylating); EC
1.14.16.2] as described (22-24). Alternatively, we used mono-
clonal antibody from clone NN18 to the neurofilament

Abbreviations: TyrOHase, tyrosine hydroxylase; IGF, insulin
growth factor; IGF-I and -II, insulin-like growth factors I and II,
respectively; NGF, nerve growth factor; LI, labeling index; GFAP,
glial fibrillary acidic protein.
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160-kDa subunit (Boehringer Mannheim) at a 1:5 dilution,
visualized with lissamine rhodamine-conjugated secondary
antibody at a 1:50 dilution. For control cultures, preimmune
serum was substituted for anti-TyrOHase antiserum or buffer
for neurofilament antibody. [Some cultures were generously
prepared by Cheryl Dreyfus (Cornell), to visualize glial
fibrillary acidic protein (GFAP) employing the Vector Lab-
oratories (Burlingame, CA) ABC kit for immunoperoxidase
staining, as described (25).] Subsequently, dishes were pro-
cessed for autoradiography as described (23). Cells were
examined and photographed with a Leitz Orthoplan micro-
scope and camera equipped with incident illumination for
fluorescence and transmitted light for visualization of silver
grains.
Thymidine Incorporation Assays. DNA synthesis was as-

sayed at 48 hr either biochemically by scintillation spectro-
metry or morphologically by determining the labeling index
(LI). Following a 24-hr incubation with [3H]thymidine (1
gCi/ml; 1 Ci = 37 GBq) (10, 15), medium was discarded and
cells were scraped from the dish in 80 Aul of distilled water,
transferred to 2.3-cm filter-paper discs, and batch-processed
as described (19). For experimental blanks, cultures were
incubated with isotope for 1 min.
The LI was determined by examining cultured cells after

processing by combined TyrOHase immunocytochemistry
and autoradiography. The LI represents the proportion of the
TyrOHase-positive population that incorporated thymidine
in the nucleus, reflecting the synthesis ofDNA (26). For each
experimental group of three culture dishes, 100 TyrOHase-
positive cells in three or four random nonoverlapping areas
were scored (at x 400 magnification) for silver grains on each
dish, until 1000 cells were counted.

Cell Counting. Three percent of the cells were counted as
described (18).

Statistics. Data were analyzed with the one-way analysis of
variance and the Neuman-Keul's test.

Materials. Bovine insulin was obtained from Sigma.
Recombinant human IGF-I was obtained from Amgen Bio-
logicals (Thousand Oaks, CA). IGF-II was a generous gift of
Michael Czech (Univ. of Massachusetts). NGF was isolated
as reported (18). All other materials were obtained commer-
cially.

RESULTS
Identification of Ganglion Cells in Culture. To develop a

culture system for neuronal mitosis, sympathetic ganglia
from 15.5-day rat embryos were dissociated and grown in
fully defined medium. At this early developmental stage,
neuronal precursors normally undergo mitosis in vivo (27).
However, ganglia normally contain neuronal as well as a
variety of nonneuronal cell types (28, 29); therefore, before
analyzing mitotic potential, it was necessary to identify the
cell types that survived and grew in vitro. We defined the
expression of cell-specific phenotypic characters immuno-
logically.
A large proportion of sympathetic neuronal precursors in

vivo are identified by catecholaminergic phenotypic traits
that first appear in neuroblasts on embryonic day 12.5 (30,
31). To ascertain whether sympathetic neurons, or their
precursors, were present in the cultures, we examined cells
for expression of TyrOHase, the rate-limiting enzyme in
biosynthesis of catecholaminergic transmitters (27, 32). In
fact, the vast majority of cells were positive for TyrOHase.
Intense immunofluorescence was localized to the cell cyto-
plasm surrounding unstained nuclei and to long varicose
processes that terminated in growth cones (Fig. 1 A and B),
suggesting that the cultures were predominantly neuronal.
To further characterize the cultures, we examined cells for

the expression of neurofilament protein, one of the earliest

E

FIG. 1. Immunocytochemical staining of cultured cells from
embryonic sympathetic ganglia. Ganglia at embryonic day 15.5 were
dissociated and cultured in fully defined serum-free medium. At 48
hr, cultures were fixed and processed for immunocytochemistry.
Intense TyrOHase fluorescence is localized to the cell cytoplasm and
long varicose processes (A). Neurofilament staining is distributed
eccentrically in round cells, in punctate fashion, and extends linearly
in cells with processes (C). Specific primary antibodies were ex-
cluded in processing controls for TyrOHase (B) and neurofilament
(D). No specific GFAP peroxidase staining is observed in sympa-
thetic cultures (E), whereas non-neuron-like cells from serum-
containing cultures of brain at embyronic day 18.5 exhibit intense
fibrillary reaction product (F). (Bar = 50 /,m.)

neuron-specific markers to appear during ontogeny (28, 33,
34). After 48 hr in culture, approximately one-third of the
cells exhibited intense immunofluorescence subsequent to
labeling with a monoclonal antibody to the 160-kDa neuro-
filament subunit protein (Fig. 1 C and D). Staining was
distributed eccentrically in the cytoplasm of round cells and
extended into cellular processes, when present, in a linear
fashion (28). These observations suggest that the vast ma-
jority of cultured cells are sympathetic neuronal precursors
or perhaps more mature sympathetic neurons.
To detect nonneuronal cells, cultures were examined for

the expression of GFAP, a specific marker for non-myelin-
forming Schwann cells in peripheral ganglia (29). No cells
expressing GFAP were detected, suggesting that the cultures
were devoid of nonneuronal cells (Fig. 1 E and F). These
observations conform to reports indicating that Schwann
cells survive and proliferate poorly in serum-free medium (35,
36). Consequently, our culture protocol appeared to favor the
selective survival of neurons and prevent nonneuronal sur-
vival.
Thymidine Incorporation of TyrOHase-Positive Cells. To

determine whether TyrOHase-positive cells synthesized
DNA, cultures were incubated with [3H]thymidine from hr 24
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to 48 and were processed for combined immunocytochem-
istry and autoradiography. The percentage of TyrOHase-
positive cells that simultaneously incorporated thymidine
into their nucleus is referred to as the LI, which reflects those
cells synthesizing DNA in the culture (26). In fact, the LI was
20-35%, indicating that up to one-third of embryonic TyrO-
Hase-positive cells synthesized DNA in vitro (Fig. 2). The
specific incorporation of thymidine in the nucleus suggests
that a proportion of the TyrOHase-positive cells represent
neuron progenitors or presumptive neuroblasts.

Effects of Insulin on DNA Synthesis. Considerable evidence
indicates that hormones and growth factors regulate cell
division in nonneural systems (37-40). To examine the role of
defined factors in the present system, presumptive neuro-
blasts were cultured in control medium or in medium lacking
one of five components. DNA synthesis was estimated
quantitatively by scintillation spectrometry of culture acid-
precipitates.

Insulin deletion resulted in a marked 77% decrease in
[3H]thymidine incorporation [control, 6915 ± 203 cpm;
minus insulin, 1582 ± 185 cpm (mean ± SEM)]. Moreover,
the magnitude of the insulin deletion effect differed signifi-
cantly from that of all other component deletions (transferrin,
21% decrease; progesterone, 22% decrease; putrescine, 40%
decrease; selenum, 52% decrease; data not shown), suggest-
ing that insulin was critically required for DNA synthesis. To
further characterize the effects of insulin, dose-response
relationships were defined. Increasing the insulin concentra-
tion produced a 4-fold increase in [3H]thymidine incorpora-
tion with a plateau at 5-10 pAg/ml, suggesting that insulin
acted through a saturable receptor-mediated mechanism
(Fig. 3A).
The apparent insulin stimulation of DNA synthesis may

have been attributable to several processes. Experiments
were performed to determine whether insulin simply in-
creased cell survival or, alternatively, increased the propor-
tion of cells undergoingDNA synthesis. Cultures were grown
with or without insulin and assessed for survival by morpho-
metry and forDNA synthesis by scintillation spectrometry or
by combined TyrOHase immunocytochemistry and autora-
diography.
Exposure to insulin did not alter cell numbers after 48 hr,

whether counting was performed on living cultures or after
fixation [control, 30,500 ± 1150 cells; plus insulin, 32,050 +

FIG. 2. Combined TyrOHase immunocytochemistry and
[3H]thymidine autoradiography of dissociated ganglia cultures. Cells
were cultured as in Fig. 1, except for the addition of [3H]thymidine
(1 ,iCi/ml) for the final 24 hr of incubation. At 48 hr, cultures were

processed for combined TyrOHase immunocytochemistry and au-

toradiography and assayed for the LI. Three TyrOHase-positive cells
are shown. One cell (lower center) also exhibits dense black silver
grains localized to the nucleus. (Bar = 50 ,m.)
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FIG. 3. Effect of IGFs on [3H]thymidine incorporation. Cultures
were incubated for 48 hr with various concentrations of insulin (A)
or IGF-I (B). [3H]Thymidine (1 uCi/ml) was added at 24 hr of
incubation, and incorporation into culture acid-precipitates was
assayed 1 day later. Each experimental value represents the mean
incorporation of three culture dishes (calculated after subtracting
blank; range = 25-50 cpm) and is expressed as cpm [mean ± SEM
(vertical bars)]. Note that insulin was used in concentrations of
ug/ml, whereas IGF-I was used in concentrations of ng/ml.

1050 cells (mean ± SEM)], suggesting that insulin did not
alter survival. In contrast, insulin increased the LI >2-fold,
indicating that the hormone more than doubled the number of
cells entering S phase of the cell cycle (Fig. 4). Further, in
sister cultures, insulin elicited a 5-fold increase in [3H]thy-
midine incorporation, assayed by scintillation spectrometry,
confirming the LI results and indicating that spectrometry is
a sensitive method for screening potential mitogens (Fig. 4).

Effect of IGF-I and -II on DNA Synthesis. Insulin is but one
member of a family of growth factors that bind homologous
and heterologous receptors, serving as autocrine growth
regulators during histogenesis (37-39, 41, 42). In a number of
nonneural systems, micromolar concentrations of insulin, as
we employed, evoke mitogenesis through IGF type I recep-
tors (37-39). To determine whether IGF-I stimulated DNA
synthesis in our neuronal system, a dose-response study was
performed. In fact, IGF-I elicited a 5-fold increase in
[3H]thymidine incorporation, reaching a plateau at 10-50
ng/ml (Fig. 3B). IGF-I was more potent than insulin: the
ED50 for IGF-I was 1 ng/ml, whereas that for insulin was
-100 ng/ml (Fig. 3), indicating that IGF-I was at least 100
times more potent than insulin. In contrast, incubation of the
cultures with IGF-II (100 ng/ml) increased [3H]thymidine
incorporation only 53% above control (data not shown).
Consequently, although all IGFs stimulated DNA synthesis
in presumptive neuroblasts, IGF-I was the most potent,
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FIG. 4. Assessment of insulin-stimulated [3H]thymidine incor-
poration by spectrometry and LI. Cultures were incubated without
insulin (control) or with insulin (10,ug/ml) for 48 hr. [3H]Thymidine
incorporation was assessed in sister cultures either by scintillation
spectrometry (as cpm), as in Fig. 3, or by combined TyrOHase
immunocytochemistry and autoradiography (LI), as in Fig. 2, and is
expressed as percent of control (mean ± SEM). The data were
derived from three independent experiments. (*) Differs from control
atP< 0.005.

suggesting that IGF type I receptors mediated the mitogenic
effect.

Effect of NGF on DNA Synthesis. To further define the
specificity of IGF action, we examined the effect of NGF, the
potent sympathetic trophic protein (43). NGF has multiple
effects on sympathetic neurons, including enhanced survival
during development (44,45). To ascertain whether NGF may
affect sympathetic mitogenesis or interact with insulin, cul-
tures were exposed to NGF alone or to insulin and NGF.
NGF exposure had no effect on the LI of presumptive

neuroblasts compared to controls not cultured with insulin or

NGF (Fig. SB). In contrast, insulin more than doubled the LI
compared to controls (Fig. SB). Further, even cells stimu-
lated by insulin were unaffected by NGF, suggesting that
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FIG. 5. Effect ofNGF on [PH]thymidine incorporation. Cultures
were incubated in control medium or in medium containing insulin
(10 ,ug/ml), NGF (10 units/ml), or insulin plus NGF for 48 hr.
[3H]Thymidine (3H-Thy) incorporation was assessed in sister cul-
tures by scintillation spectrometry (A), as in Fig. 3, or by determi-
nation of the LI (B), as in Fig. 2. Results are expressed as mean +
SEM. (*) Differs from control at P < 0.005.

NGF exerts neither positive nor negative effects on mito-
genesis (Fig. 5B).
While NGF did not alter the fraction of cells synthesizing

DNA, some presumptive neuroblasts were, indeed, sensitive
to NGF. NGF increased neurite complexity and TyrOHase
staining intensity in responsive neurons (data not shown),
well-delineated effects of NGF, and even had a small, but
reproducible, effect on [3H]thymidine incorporation by spec-
trometry (Fig. 5A). However, NGF did not change the LI of
this presumptive neuroblast population (Fig. 5B).

DISCUSSION
Mechanisms regulating neuronal mitosis have been virtually
unexplored, heretofore, due to the lack of suitable in vitro
model systems (9-17). We have developed a defined neuronal
system that largely circumvents previous difficulties, permit-
ting the examination of mitotic regulation. Our observations
indicate that presumptive sympathetic neuroblasts synthe-
sized DNA in fully defined medium and that IGFs influenced
entry into the mitotic cycle.
To define a system for the study of neuronal mitosis, we

focused on an in vitro system to avoid the undefined com-
plexities of the embryonic microenvironment and the mater-
nal-fetal unit (11, 12). We used only serum-free conditions,
which allowed us to examine the effects of specific growth
factors (13, 20, 21, 37-40). A dissociated-cell culture system
was developed that consisted of specifically identified neu-
rons in the virtual absence of nonneuronal cells to eliminate
the confounding interactions of various cell types (9, 10,
13-17, 46). Finally, specific phenotypic markers were em-
ployed to ensure that neuronal mitogenesis itself was being
examined.

In fact, the vast majority of cells in the cultures expressed
TyrOHase, indicating that the cells were catecholaminergic.
Moreover, the cells also exhibited the 160-kDa neurofilament
subunit, a neuron-specific protein expressed during or after
the final mitotic cycle (28, 33, 34). Conversely, the cultures
were virtually devoid of nonneuronal cells, since no cells
were positive for GFAP, a specific marker for non-myelin-
forming Schwann cells in ganglia (29). Our observations
suggest that the serum-free dissociated-cell cultures were
composed almost exclusively of sympathetic neurons or their
precursors.
The nuclei of as many as one-third of the TyrOHase-

positive embryonic cells incorporated [3H]thymidine, sug-
gesting that these cells were in S phase of the cell cycle in
culture. The ongoing synthesis ofDNA suggests that the cells
are sympathetic progenitors or presumptive neuroblasts (7, 9,
10, 26, 27). Our observations in vitro are entirely consistent
with studies in vivo (27), indicating the occurrence of mitosis
in sympathetic neurons expressing catecholaminergic traits
at this stage. Nevertheless, several alternative explanations
must be considered. For example, [3H]thymidine incorpora-
tion may conceivably have represented mitochondrial DNA
synthesis or entry into cytoplasmic precursor pools. How-
ever, the discrete distribution of grains over nuclei is incon-
sistent with localization to mitochondrial or cytoplasmic
precursor pools. Similarly, insulin did not appear to simply
increase [3H]thymidine uptake since (i) labeling of a putative
cytoplasmic pool was undetectable, (ii) extensive study has
failed to indicate an effect of the hormone on thymidine
transport (37, 38), and (iii) conversely, NGF, which is known
to increase nucleoside uptake (43-45), did not alter the LI in
our experiments. Alternatively, [3H]thymidine incorporation
may have reflected DNA repair. However, since potential
DNA injury was most likely to have occurred during ganglion
dissociation, all cultures should have exhibited incorporation
that was not specifically responsive to insulin regulation.
Finally, although the production of polyploidy or binucleate

Neurobiology: DiCicco-Bloorn and Black



4070 Neurobiology: DiCicco-Bloom and Black

cells might have increased incorporation (14), <1% of the
neurons in our cultures were binucleate. Consequently, we
conclude that embryonic sympathetic neurons synthesized
DNA in fully defined medium in culture, signifying entry into
S phase of the cell cycle. Since regulation of mitosis tends to
occur prior to entry into S phase (47), we were in a position
to examine regulatory factors in the present neuronal system.
Our studies indicate that the IGF family specifically reg-

ulates the entry of cultured presumptive neuroblasts into the
mitotic cycle. Insulin more than doubled the proportion of
neurons initiating DNA synthesis. Insulin stimulation of
neuroblasts was not accompanied by increased cell numbers
at 48 hr. The production and detection ofnew cells, however,
is a function of the cell cycle length, including the time
required for actual cell division after DNA synthesis. Cycle
length is known to vary from 24 to 72 hr or more, depending
on cell type and culture conditions (47). In the present studies
we explicitly chose conditions under which the cell number
was constant, to' avoid confounding survival with DNA
synthesis and the LI.
While insulin regulated neuroblast mitosis in culture, other

members of the IGF family were also active. Indeed, IGF-I
was at least 100 times more potent in stimulating DNA
synthesis. Based on work in nonneural systems, our obser-
vations suggest that IGF effects were mediated by binding to
IGF type I receptors (37-39). This hypothesis is consistent
with the finding that IGF-II stimulated DNA synthesis by
only 50%o at concentrations higher than those required for
peak IGF-I effects.
The effects of NGF were examined to determine whether

mitogenic stimulation was relatively specific to the IGF
family of molecules. While neurons exhibited characteristic
developmental responses to NGF in culture, the proportion
of cells entering the mitotic cycle was not altered by NGF.
We conclude that IGFs are specific neuronal mitogens in our
culture system.
Our observations in culture naturally raise questions re-

garding the role of IGFs in neuronal mitogenesis in vivo. In
fact, IGFs appear to serve as autocrine growth factors during
histogenesis of many tissues, apparently regulating prolifer-
ation (37, 41). While little is known regarding regulation of
neurogenesis studies indicate that IGFs are synthesized
locally in the central nervous system during ontogeny (41, 48,
49). Further, IGF receptors appear in the brain at the onset
of neurogenesis and decrease with the cessation of neuronal
proliferation (15, 42, 50-52). Finally, IGFs are detectable in
cultured embryonic brain that, in turn, responds to the agents
(13, 15, 48, 53). Our fully defined dissociated neuronal culture
system may aid in the investigation of the regulation of
neuronal mitosis.
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