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Abstract

Previous studies have demonstrated that, when the predominantly adrenergic neurons of the
neonatal rat superior cervical ganglion (SCG) are grown under certain culture conditions, they
acquire many of the properties characteristic of cholinergic neurons. To determine whether this
occurs at the expense of certain of their adrenergic properties, cultured SCG neurons were charac-
terized by both biochemical and immunocytochemical methods. We report here data which dem-
onstrate that sympathetic neurons, cultured under conditions which foster the accrual of cholinergic
properties, exhibit parallel increases in the activities and amounts of the specific adrenergic enzymes,
tyrosine hydroxylase and dopamine §-hydroxylase, as well as the specific cholinergic enzyme, choline
acetyltransferase. Using immunocytochemical methods, we further demonstrate that essentially all
SCG neurons stain positively with antibodies to tyrosine hydroxylase, even at times in culture when
choline acetyltransferase levels are elevated significantly. These data indicate that virtually all SCG
neurons grown in our culture system are capable of dual neurotransmitter production and thus

express at least the potential for dual function for up to 7 weeks in culture.

While it is thought that the neonatal rat superior
cervical ganglion (SCG) is comprised predominantly of
adrenergic neurons in vivo, a number of studies now have
shown that these same neurons, under certain in vitro
conditions, can acquire many of the characteristics of
cholinergic neurons. These properties include: the devel-
opment of choline acetyltransferase (CAT) activity (Pat-
terson and Chun, 1974; M. Johnson et al., 1976; Ross et
al., 1977, M. 1. Johnson et al., 1980a, b), the acquisition
of clear vesicles in synaptic terminals (M. Johnson et al.,
1976; Landis, 1976; Ross et al., 1977; M. 1. Johnson et al.,
1980a, b), and the formation of nicotinic cholinergic
synapses (O’Lague et al., 1974, 1978; M. Johnson et al,,
1976; Ko et al.,, 1976; M. I. Johnson et al., 1980a, b;
Wakshull et al., 1979). It has been established that these
changes do not occur as a result of selection of neuronal
subpopulations during the period in culture (for discus-
sion, see Bunge et al., 1978; Patterson et al., 1978).

The finding that cultured SCG neurons express cholin-
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ergic properties may be interpreted in several ways. First,
it is possible that individual SCG neurons are able to
express stably only one transmitter system, either adren-
ergic or cholinergic, and that the acquisition of cholin-
ergic traits in culture actually represents a shift in the
cell’s choice of transmitter production. Alternatively, it
is possible that individual SCG neurons simultaneously
develop both adrenergic and cholinergic transmitter-syn-
thesizing mechanisms in culture, thereby, acquiring at
least the potential for dual function.

Earlier studies (Patterson and Chun, 1974, 1977a, b;
Patterson et al., 1976; Walicke et al., 1977), which showed
that increases in cholinergic function may be accompa-
nied by decreases in norepinephrine (NE) synthesis, were
interpreted as being consistent with the concept that
SCG neurons were able to express stably synthetic ca-
pacity for only one transmitter system. In these experi-
ments, synthesis of NE and acetylcholine (ACh) was
assessed by measuring the amounts of radiolabeled ty-
rosine and choline precursors which were incorporated
into end products. In this assay, the amount of radiola-
beled NE or ACh which was measured actually repre-
sented the end result in a number of cellular processes,
including biosynthetic and degradative pathways. Be-
cause changes in any one step in these pathways may
influence critically the amount of final product which is
measured, a complete understanding of the processes
involved requires analysis of individual metabolic steps.

Thus, in the present study, we sought to assess trans-
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mitter synthetic capacities directly by measuring, in the
same cultures, the activities and amounts of the specific
adrenergic enzymes, tyrosine hydroxylase (TH) and do-
pamine B-hydroxylase (DBH), as well as the specific
cholinergic enzyme, CAT. We further examined, using
immunocytochemical methods, the proportion of SCG
neurons which continued to contain TH throughout their
in vitro development. The results of these analyses in-
dicate that individual SCG neurons do not lose NE-
synthesizing capacity as ACh-synthesizing capacity in-
creases. This finding is consistent with the second inter-
pretation discussed above, i.e., that individual SCG neu-
rons in our culture system have the potential for dual
transmitter function.

Materials and Methods

Culture conditions. In these studies, dissociated sym-
pathetic neurons were isolated from perinatal rats by
previously described methods (Bunge et al., 1974). By
twice exposing the cultures to feed containing the anti-
mitotic agent, 5-fluorodeoxyuridine, and uridine, both at
107" M, we were able to grow the principal neurons of the
SCG free of all other cell types for at least 2 months.
Neurons were plated at a density of 2000 to 5000 neurons
per dish on an air-dried collagen substratum and main-
tained in an atmosphere of 5% CO, at 35°C on media
which contained 65% Eagle’s minimum essential medium
with added glutamine, 25% human placental serum, 10%
chick embryo extract, 3% 1.1 M glucose, and nerve growth
factor (25 units/ml prepared by the method of Bocchini
and Angeletti (1969) and assayed according to the
method of Varon et al. (1972)). Both human placental
serum and chick embryo extract foster the development
of cholinergic properties by SCG neurons in our culture
system (C. D. Ross, M. 1. Johnson, and R. P. Bunge,
unpublished data).

Biochemical methods. Using a gridded dish, the num-
ber of neurons present in each culture was determined
prior to biochemical analysis. At either 1, 3, 5, or 7 weeks
in vitro, cultures were rinsed in Hank’s balanced salt
solution (without Ca®* or Mg”*) and excess rinse was
blotted carefully. Cultures, including collagen substra-
tum, were dissected free of the culture dish, frozen on
dry ice, and stored at —80°C. For all enzyme assays,
tissues were homogenized in 5 mm Tris-HCI buffer, pH
7.4, containing 0.2% Triton X-100 at a dilution that
insured that the reaction was linear with enzyme concen-
tration and time. The homogenate then was centrifuged
at 10,000 rpm for 10 min and the supernatant was de-
canted for enzyme assay. The activities of TH, DBH, and
CAT were determined in the same tissue homogenate for
each sample. TH was assayed by a modification of the
method of Phillipson and Sandler (1975) in the presence
of 40 um tyrosine and 625 pM 6-methyl-5,6,7,8-tetrahydro-
pterine dihydrochloride and activity was expressed as
femtomoles of dopa formed per neuron per hr. DBH
activity was measured by the method of Henry et al.
(1975) in the presence of 8 um copper sulfate and ex-
pressed as picomoles of octopamine formed per neuron
per hr. CAT activity was measured by the method of
Schrier and Shuster (1967) in the presence of 256 mm
choline chloride and 10 uM [“Clacetylcoenzyme A and
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expressed as picomoles of ACh formed per neuron per
hr. To assure that we were measuring CAT and not the
related enzyme carnitine acetyltransferase, representa-
tive cultures were incubated with 0.5 mM naphthylvinyl
pyridine (NVP), a specific inhibitor of only CAT activity
(White and Wu, 1973). In addition, all cultures were
assayed in duplicate with and without a choline sub-
strate. We found that both NVP and 0 choline blanks
served as adequate controls, each inhibiting 95 to 100%
of the total activity.

The immunochemical titration procedures, which uti-
lized antibodies of established specificities, were per-
formed by methods described previously (Joh et al., 1973;
Reis et al.,, 1974; Wooten et al., 1978; Luine et al., 1980).
In brief, tissues were homogenized in 10 mM potassium
phosphate buffer, pH 7.0, containing 0.2% Triton X-100
and centrifuged at 10,000 X g for 10 min, and the super-
natant was decanted for enzyme assay of TH and CAT
activity. Tissue extract from 7-week-old cultures was
diluted such that enzyme activity in an aliquot of diluted
supernatant was identical to that in an equal volume of
tissue extract from cultures grown 3 weeks in vitro. This
required that the tissue extract from 7-week-old cultures
be diluted with buffer at a 1:2.5 dilution for TH and a 1:
3.7 dilution for CAT. Next, increasing amounts of specific
antibodies were added to a fixed volume (50 pl) of tissue
extract and total volume was adjusted to 65 pl. The
antigen/antibody mixture was allowed to stand for 60
min at room temperature for TH or overnight at 4°C for
CAT with occasional shaking and then was centrifuged
at 10,000 X g for 10 min to remove the antigen-antibody
complex. TH and CAT activities were determined in an
aliquot of the supernatant according to previously de-
scribed methods (Schrier and Shuster, 1967; Joh et al.,
1973). As detailed above, specific CAT activity was de-
termined using several kinds of controls.

Histological methods. Immunocytochemical staining
procedures were adapted from a modification (Pickel et
al., 1975) of the peroxidase-antiperoxidase method
(Sternberger, 1974). Cultures were rinsed in Hank’s bal-
anced salt solution (without Ca®* and Mg”*) and fixed in
4% paraformaldehyde in 0.1 m phosphate buffer, pH 7.2,
for 20 min. Cultures then were treated with specific
antibodies to TH and the percentage of neurons which
stained positively was determined. In each experiment,
one of two controls for nonspecific staining was used.
Either cultures of SCG neurons were processed with IgG
isolated from pre-immune rabbit serum or cultures of
tissues other than SCG neurons (Schwann cells, fibro-
blasts, heart cells, or dorsal root ganglion neurons) were
treated with specific TH antibodies.

In addition, a number of attempts were made to local-
ize CAT using variations of the same staining procedure.
However, we were unable to stain reproducibly with CAT
antibodies and the results of these experiments are not
reported here.

Results

Our biochemical results derive from two experiments,
each utilizing 100 cultures which were established from
one group of fetuses and maintained in an identical
manner. As depicted in Figure 1, the activities of TH,
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Figure 1. Time course of changes in TH, DBH, and CAT
activities in cultures of dissociated perinatal rat SCG. Each
experiment represents cultures derived from one group of fe-
tuses and maintained in an identical manner. Each point rep-
resents the mean = SEM of five preparations. In experiments
1 and 2, CAT activity ((J) increased in an identical manner,
reaching levels of approximately 9 pmol of ACh/neuron/hr by
7 weeks in culture. While the magnitude of the increases in the
activities of TH (@) and DBH (O) remained the same for both
experiments, the maximal levels of activity reached at 7 weeks
in vitro differed in experiments 1 and 2. The activity of all three
enzymes in both experiments differed significantly between 3
and 7 weeks in vitro. In experiment 1: for TH, p < 0.05; for
DBH, p < 0.001; for CAT, p < 0.05; in experiment 2: for TH, p
< 0.05; for DBH, p < 0.01; and for CAT, p < 0.001.

DBH, and CAT were initially quite low in these cultures.
However, with time in vitro, the activities of all three
enzymes in both experiments rose in a synchronous and
linear fashion with no sign of reaching a plateau even at
7 weeks. Between weeks 3 and 7, there was a 2.5- to 5-
fold increment in all three enzyme activities. To deter-
mine whether the increase in TH and CAT activities
during this 4-week period was due to an increase in the
numbers of enzyme molecules or rather due to activation
of existing enzyme molecules, homogenates of cultured
SCG neurons were titrated with specific antibodies to
either TH or CAT (Fig. 2). When homogenates from
SCG neurons grown 7 weeks in culture were diluted so
that the enzyme activity in an aliquot of tissue extract
was identical to that in an equal volume of tissue extract
from cultures grown 3 weeks in vitro, immunochemical
titration curves for both TH and CAT were overlapping.
These data indicate that the increase in enzyme activity
seen between weeks 3 and 7 in culture was due entirely
to an increase in the number of TH and CAT molecules
with no evident change in the catalytic state of the
enzymes.
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To determine whether individual neurons comprising
the population of cultured neurons were developing ex-
clusively either adrenergic or cholinergic mechanisms or
whether, in fact, each individual neuron was capable of
dual transmitter synthesis, sister cultures were stained
with specific antibodies to TH and the proportion of
neurons which stained positively was determined. Cul-
tures processed with IgG from pre-immune rabbit serum
served as controls. As shown in Figure 3D, only low levels
of background staining were found in these cultures.
Similarly, cultures of tissues other than SCG (Schwann
cells, fibroblasts, heart cells, and dorsal root ganglion
neurons) (data not shown) also stained very lightly when
reacted with TH antibodies, especially when compared
with the specific dark brown staining reaction found in
the perikarya (not in the nucleus) (Fig. 44) and in the
processes (Fig. 4B) of SCG neurons treated similarly.
When examined at 2, 4, or 7 weeks in vitro (Fig. 3, A, B,
and C), 95 to 99% of all SCG neurons were found to stain
positively with antibodies to TH. Note that there were
no apparent differences in the intensity of staining with
relation to age in culture (cf., Fig. 3, A, B, and C). Thus,
the proportion of neurons containing TH and the inten-
sity of the staining reaction for TH did not increase
during a time when TH protein underwent a marked
increment. One possible explanation for this apparent
contradiction is that TH concentration per unit volume
of neuronal cytoplasm may remain the same even though
total cytoplasmic volume increases with time in culture.
The increasing numbers of neuronal processes which are
seen with increasing age in culture (cf., Fig. 3, A, B, and
C) are consistent with this idea. However, since the
conditions which insure the linearity of the staining
reaction were not determined beforehand, it is possible
that the immunocytochemical procedure used in this
study did not provide a quantitative measure of enzyme
concentration.
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Figure 2. Immunochemical titration curves of (A) TH and
(B) CAT in homogenates of SCG neurons grown 3 (@) or 7
(O) weeks in culture. Note that the immunochemical titration
curves for both TH and CAT are overlapping, indicating that
the increase in TH and CAT enzyme activities found between
weeks 3 and 7 in vitro is due to an increase in the number of
specific enzyme molecules.
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Figure 3. Inmunocytochemical localization of TH in SCG neurons using the peroxidase-antiperoxidase method (Sternberger,
1974). At (A) 2 weeks, (B) 4 weeks, or (C) 7 weeks in vitro, cultures were rinsed in Hank’s balanced salt solution and stained with
specific antisera to TH. Sister cultures stained with IgG isolated from pre-immune rabbit sera (D) served as controls in each
experiment. In addition, negative staining with antisera to TH in cultures of either dorsal root ganglion cells, Schwann cells,
fibroblasts, or heart cells (not shown here) also served as controls for nonspecific staining. The above cultures were photographed

at the same magnification (X 4).
Discussion

Whereas earlier studies (M. Johnson et al., 1976; Ross
et al.,, 1977; M. L. Johnson et al., 19804, b) have reported
increases in CAT activity of similar magnitude to those
reported here (as well as acetylcholinesterase), the only
index of adrenergic enzyme function in these studies was
measurement of the activity of the relatively nonspecific
enzyme, dopa decarboxylase (DDC). We now have dem-
onstrated that the activities and amounts of the rate-
limiting enzyme (TH) and the final enzyme (DBH) in the
NE biosynthetic pathway increase in parallel with both
those of the ACh-synthesizing enzyme, CAT, and those
reported for DDC (M. L. Johnson et al.,, 1980a, b).

Furthermore, the present study provides immunocy-
tochemical evidence that virtually all cultured SCG neu-
rons contain TH for up to 7 weeks in vitro. Taken
together with the biochemical demonstration of CAT

enzyme accrual and with data derived from physiological
studies showing that up to 90% of neurons identified as
cholinergic “drivers” also contain TH in their cytoplasm
(Higgins et al., 1981), the findings from the present study
suggest that essentially all individual neurons comprising
the SCG population in our culture dishes express the
simultaneous capacity for both NE and ACh synthesis in
culture.

While several prior studies of the SCG neuron in vitro
also have reported the existence of neurons which were
dual function, these studies did not establish whether
this represented a transient phase preceding the neurons
actual “shift” from adrenergic to cholinergic function or
rather the permanent condition of this neuron in culture.
Reichardt and Patterson (1977), measuring the capacity
of intact individual neurons to synthesize NE (from ty-
rosine) or ACh (from choline), found simultaneous syn-
thesis of NE and ACh in only two cases, although all
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Figure 4. Immunocytochemical demonstration of TH in the
(A) perikarya of neurons grown 6 weeks in culture and (B)
neuronal processes of SCG neurons grown 4 weeks in vitro.
Note the abundance of specific dark reaction particles through-
out the neuronal cytoplasm with the exception of the nucleus.
Both A and B were photographed at X 25 magnification.

neurons, including those which synthesize only ACh,
retained their uptake mechanisms for NE. On this basis,
these authors suggested that the number of neurotrans-
mitters made by most mature individual neurons in their
culture system was restricted. The apparent discrepancy
between these earlier findings and those reported here
may result from differences in culture conditions or in
assay methods.

Additional studies by Furshpan et al. (1976), utilizing
a very sensitive test system in which transmitter release
capacity of single neurons was measured physiologically,
found that, under specific culture conditions, a certain
number of neurons could release both NE and ACh. In
these experiments, however, a single neuron was not
followed through a dual function state to a subsequent
stage of single transmitter production, and therefore, the
question of whether the dual functional state persisted
was left open. Under the culture conditions reported in
the present study and in a recent study by Higgins et al.
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(1981), the capacity for dual transmitter production was
found to persist for at least 7 weeks in vitro.

Earlier reports from our laboratory (M. Johnson et al.,
1976; Ross et al., 1977, M. 1. Johnson et al., 1980a, b) and
others (Landis, 1976, 1980) have found that, as choliner-
gic function increases in culture, synaptic profiles contain
fewer vesicles with dense cores (i.e., adrenergic) and
display increasingly greater proportions of synaptic ves-
icles with “clear” (i.e., cholinergic) morphology. Since
the present results demonstrate that, during this same
time in culture, adrenergic enzyme activity continues to
increase, it is somewhat puzzling that vesicles should lose
their dense cores. Several possible explanations are being
considered: (I) that while these neurons contain the
enzymatic machinery needed to produce NE, they, in
fact, do not manufacture end product; preliminary stud-
ies, however, indicate that endogenous levels of NE in-
crease at least 5-fold between weeks 1 and 7 in culture
(L. Iacovitti, unpublished data); (2) that NE and ACh
coexist within the same synaptic vesicles but that, under
these conditions, cytochemical reaction for NE no longer
results in the demonstration of a dense core; or (3) that,
while NE and ACh may both be manufactured in these
cells, cholinergic mechanisms compete more successfully
in the vesicle loading process. Distinguishing between
these possibilities awaits further study of the mechanisms
of vesicle loading in neurons exhibiting both adrenergic
and cholinergic properties.

Thus, the findings from the present study on popula-
tions of cultured SCG neurons, taken together with the
previous demonstration that up to 90% of individual SCG
neurons both release ACh and contain TH (Higgins et
al,, 1981), strongly suggest that these cells are not aban-
doning their adrenergic phenotype in order to adopt a
cholinergic one but rather that essentially all of these
neurons express the simultaneous capacity for dual trans-
mitter synthesis. Since this capacity is not lost even at 7
weeks in vitro, the potential for dual function in SCG
neurons appears to be a persistent rather than a transient
property. Finally, it should be noted that neural crest
cells destined to become catecholaminergic cells in the
developing embryo may, if provided with an alternate
site of residence, express cholinergic characteristics (for
discussion, see Le Douarin, 1980). Thus, the neuronal
properties evident from these in vitro observations also
may be expressed, at least in part, in vivo.
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