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Abstract 

In vitro populations of neurons dissociated from the superior cervical ganglion of the rat embryo can 
acquire many of the properties of cholinergic neurons and yet retain some of the characteristics of 
adrenergic neurons. To determine whether one neuron can stably express properties of two transmitter 
systems, identified neurons were characterized by both immunocytochemical and electrophysiological 
methods. It was found that more than 90% of the neurons that formed functional cholinergic synapses had 
tyrosine hydroxylase within their cytoplasm. Furthermore, this mixed phenotypic expression persisted for 
more than 1 month. It is concluded that, under certain conditions in vitro, most neurons from the superior 
cervical ganglion have at least the potential for dual function. 

Populations of the principal neurons from the superior 
cervical ganglion (SCGN) of the rat embryo can, under 
certain conditions in vitro, gradually acquire many of the 
characteristics of cholinergic neurons (reviewed by Pat- 
terson, 1978; Burton and Bunge, 1980). Thus, in disso- 
ciated cell cultures, the SCGN form nicotinic cholinergic 
synapses (O’Lague et al., 1974, 1978b; Ko et al., 1976), 
choline acetyltransferase activity increases more than 
lOOO-fold (Patterson and Chun, 1977; Johnson et al., 
1980), and the synaptic terminals come to contain syn- 
aptic vesicles with clear cores (Johnson et al., 1980). In 
these same cultures, the sympathetic neurons continue 
to express many of the characteristics expected of adre- 
nergic neurons, such as the capacity to transport (Pat- 
terson et al., 1975; Reichardt and Patterson, 1977; Wak- 
shull et al., 1978) and release norepinephrine (Burton 
and Bunge, 1975; Patterson et al., 1975). Two different 
cellular mechanisms are currently being considered as 
explanations for these changes in the properties of the 
population of dissociated SCGN (reviewed by Patterson, 
1978; Burton and Bunge, 1980). It is possible that indi- 
vidual neurons can stably express only one transmitter 
system, either adrenergic or cholinergic; the gradual ac- 
quisition of cholinergic traits in the culture could be 
accomplished by individual neurons forsaking the adre- 
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nergic phenotype and adopting a cholinergic phenotype. 
Alternatively, the changes in the properties of the pop- 
ulation may reflect alterations within single neurons. 
Thus, individual cells may retain some or all of the traits 
of an adrenergic neuron and, in addition, acquire char- 
acteristics of a cholinergic neuron. 

Single sympathetic neurons capable of synthesizing 
(Reichardt and Patterson, 1977) or releasing (Furshpan 
et al., 1976) both norepinephrine and acetylcholine have 
been observed in vitro. Since the neurons that synthe- 
sized both transmitters constituted only a small minority 
of the population, there was speculation that these rare 
dual function neurons might be in the process of changing 
from an adrenergic to a cholinergic phenotype (Reichardt 
and Patterson, 1977). This matter was not resolved, 
however, because there was the possibility that the bio- 
chemical methods were unable to detect a small amount 
of one of the transmitters in a cell that was actually 
bifunctional (Patterson, 1978). 

Observations have been made supporting the hypoth- 
esis that properties of both transmitter systems may 
persist in the same cell. Thus, most of the neurons that 
synthesized acetylcholine in these kinds of cultures re- 
tained the transport mechanism for catecholamines (Rei- 
chardt and Patterson, 1977; Wakshull et al., 1978). Fur- 
thermore, within cultures containing predominantly cho- 
linergic neurons, there were at least a few synaptic vesi- 
cles that reacted with a cytochemical stain for catechol- 
amines (Johnson et al., 1980) after exposure to norepi- 
nephrine. Finally, in cultures in which there were high 
levels of choline acetyltransferase activity, greater than 
95% of the neurons contained the specific catecholamine- 
synthesizing enzyme, tyrosine hydroxylase (TH); the 
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amount and activities of TE and dopamine P-hydroxyl- 
ase also increased in parallel with the increased level of 
choline acetyltransferase activity in these same cultures 
(Iacovitti et al., 1980). 

In this paper, we report the results of experiments in 
which single identified neurons were studied with both 
immunocytochemical and electrophysiological tech- 
niques. These experiments provide evidence that individ- 
ual sympathetic neurons release acetylcholine in culture 
and yet retain the rate-limiting enzyme for the synthesis 
of norepinephrine. 

Materials and Methods 

Neurons dissociated from the superior cervical gan- 
glion of rat embryos (19 to 21 d) were maintained in vitro 
in the absence of non-neuronal cells for up to 8 weeks by 
procedures that have been previously described (Wak- 
shull et al., 1978). Neurons were plated at low density 
((2 neurons/mm”) on an air-dried collagen substratum; 
neuronal densities below 1000 neurons per dish facilitated 
the detection of cholinergic synapses (Ko et al., 1976; D. 
Higgins, unpublished observations). After the 3rd day in 
vitro, the cells were maintained in a nutrient medium 
containing 65% Eagle’s minimal essential medium with 
added glutamine (1.4 mmol/liter) and glucose (33 mmol/ 
liter), 25% human placental serum, 10% chick embryo 
extract, and nerve growth factor (25 units/ml prepared 
by the method of Bocchini and Angeletti (1969) and 
assayed by the method described by Varon et al. (1972)); 
before this time, the cultures were maintained in a me- 
dium (Medium B in Table I of Wakshull et al., 1978) that 
contained an antimitotic agent. 

The experimental protocol consisted of obtaining si- 
multaneous electrophysiological recordings from pairs of 
neurons that were identified from photomicrographs. At 
the end of the recording session, the cultures were 
promptly processed for the immunocytochemical loca- 
tion of TH, and these neurons were relocated. The stain- 

ing properties of the physiologically studied neurons were 
then compared to the immunocytochemical reactions in 
adjacent, non-impaled neurons and to the reactions of 
neurons in control cultures (see below). 

The electrophysiological methods were similar to those 
previously described (Ko et al., 1976); however, several 
modifications were made that, together with the use of 
low density cultures, have allowed us to detect a higher 
incidence of synaptic interactions than in previous re- 
ports. First, recordings were obtained with hypertine 
micropipettes (l-mm Omega Dot glass pulled to resist- 
ances of 125 to 175 megohms on a Brown-Flaming Mi- 
cropipette Puller). Second, the perfusion system was 
improved to allow rapid (less than 3 min) changes of 
media so that a larger number of synaptic connections 
could be tested pharmacologically. The cultures were 
also maintained in a more excitable condition by perfu- 
sion with a balanced salt solution (120 mrvr NaCl, 12 mM 
NaOH, 30 mM HEPES (4-(2-hydroxymethyl)-l-pipera- 
zineethanesulfonic acid), 1 mM NaH2P04, 2 mM CaC12, 5 
mM KCl, 11 mM dextrose) rather than with L-15 medium. 
Third, in light of the high concentrations of choline 
needed for maximal acetylcholine synthesis in these cul- 
tures (Patterson and Chun, 1977), the concentration of 
choline in the perfusate was increased to 30 pM. Finally, 
recordings were obtained from neurons that were ob- 
viously connected by neuritic bundles within the fields of 
photomicrographs; neurons that were located at the 
edges of the field and whose processes appeared to leave 
the field were not impaled. 

A modification (Pickel et al., 1975) of the peroxidase- 
antiperoxidase method (Sternberger, 1974) was employed 
for the immunocytochemical localization of TH; details 
of our method have been described elsewhere (Iacovitti 
et al., 1980). The specificity of the antiserum to TH that 
was used in this study has been previously demonstrated 
in sections obtained directly from animals (Joh et al., 
1973; Pickel et al., 1975) and in preparations from tissues 
grown in culture (Iacovitti et al., 1980). 

Figure 1. Specificity of the immunocytochemical reaction. a, Nonspecific staining in a culture of dissociated SCGN exposed to 
IgG from pre-immune serum. The bar represents 250 pm and applies to both micrographs. b, Specific staining of the neurons in 
a sister culture (28 days in vitro) exposed to the antibody to TH. The perikarya of all neurons in this micrograph were judged to 
have shown a positive reaction for TH. The arrow in b points to a driver neuron; the electrophysiological recordings obtained 
from this cell are shown in the lower traces in Figure 3. The neuron which was excited by the driver is indicated by the 
arrowhead. 
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Figure 2. Immunocytochemical localization of TH within 
SCGN at various times in vitro. All neurons in these micro- 
graphs (except those specifically indicated in f) were judged to 
have shown a positive reaction for TH. a, 16 days in uitro. 
Electrophysiological recordings from this cell are shown in 
Figure 4~~~~. 6, 21 days in vitro. One cell was lost (arrow) from 
this field during fixation. Simultaneous recordings from that 
cell (bottom trace) and from another cell (arrowhead, top trace) 
in this area are shown in Figure 4, bl and bz. c, 28 days in vitro. 
Simultaneous recordings from both cells are shown in Figure 4, 
cl and cp. The top trace was obtained from the cell indicated by 
the arrowhead. d, 35 days in uitro. Simultaneous recordings 
from both cells in this field are shown in Figure 4, dl and d,. 
The top truce was obtained from the cell indicated by the 
arrowhead. e, 35 days in uitro. The arrowhead points to the 
cell from which the records in Figure 4elm3 were obtained. f,  49 
days in vitro. There is a cluster of three cells in the lower right 
corner of this photograph (star). Two of them were scored as 
showing a negative reaction for TH. The arrow (top trace) and 
arrowhead (bottom trace) indicate two of the cells from which 
recordings were obtained (Fig. 4f). The calibration bar repre- 
sents 50 pm in a and 100 pm in b, c, d, and f  The magnification 
is the same in d and e. 

Results 
Tyrosine hydroxylase immunocytochemistry. In each 

experiment, two controls for nonspecific staining were 
used. First, cnitures of SCGN were processed with 1gG 

from pre-immune serum (Fig. la) and second, cultures of 
tissues other than the SCGN (heart cells, Schwann cells, 
fibroblasts, and dissociated dorsal root ganglion (DRG) 
neurons) were processed with the antibody to TH (data 
not shown). In agreement with previous findings, only 
very low levels of nonspecific staining were observed in 
either control group. As a control for the act of impale- 
ment, DRG neurons were impaled with microelectrodes 
and then exposed to the TH antibody; the level of non- 
specific staining was not increased. 

In every culture of SCGN that had been exposed to 
the TH antibody, specific, dark brown deposits were seen 
within the perikaryon of most cells (Figs. lb and 2). A 
region of lighter staining was generally visible over the 
nucleus in cells that had not been impaled with micro- 
electrodes; typical photomicrographs have been pub- 
lished elsewhere (Iacovitti et al., 1980). In impaled cells, 
the clear nuclear region was often, but not always, absent. 
However, the cytoplasmic staining reaction of nearly all 
impaled SCGN was identical to the predominant staining 
reaction of the other SCGN on the dish and to the 
staining reactions of SCGN in sister cultures of a com- 
parable age that had not been subjected to the conditions 
used for the electrophysiological experiments. Table I 
shows the incidence of neurons that stained for TH 
within the areas used for electrophysiological measure- 
ments. More than 95% of the cells that could be relocated 
showed a positive reaction within the soma. In addition, 
specific dark brown deposits were noted over all neurite 
bundles that had been visible in light micrographs before 
staining. However, as most processes ran in bundles, we 
cannot comment on the staining properties of individual 
fibers, nor was it possible to separate axons from den- 
drites by these methods (Banker and Cowan, 1979; Wak- 
shull et al., 1979a). 

Electrophysiology. Intracellular recordings were ob- 
tained from 91 neurons from cultures of various ages 
(Table II, Figs. 3 and 4). Upon stimulation, 77 of these 
neurons (termed drivers) caused excitatory synaptic po- 
tentials of either short (t5 msec) (Fig. 4) or long (>5 
msec) latency (Fig. 3). In 14 of 14 experiments with the 
neurons used for immunocytochemistry, all spontaneous 
(data not shown) and evoked synaptic potentials (Figs. 
3 and 4) were rapidly abolished or reduced by more than 
90% in the presence of 100 or 50 pM hexamethonium, 
respectively. The excitatory potentials were unaffected 
by atropine (0.3 pM, n = 4) or propranolol (0.3 pM, n = 6) 
(Fig. 3d). No instances of electrical transmission were 
found and, in agreement with the observations of others 
(Ko et al., 1976; O’Lague et al., 1978a), no inhibitory 
synaptic potentials were observed. 

The percentage of neurons that functioned as driver 
cells remained rather constant as a f-unction of time in 
vitro (Table II). Thus, after 16 days, the earliest time 
studied, 76% of the neurons sampled were found to func- 
tion as drivers; after 7 weeks, 75% were drivers. 

The observations that 95% of the neurons in cultures 
of all ages studied have TH within their cytoplasm and 
that 85% of the neurons (average of all times in uitro) 
functioned as drivers, made it highly likely that most 
driver neurons had TH within their cytoplasm. That this 
is the case is shown by the data illustrated in Figures 3 
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and 4 and summarized in Table II. Of the 77 drivers 
studied, 70 remained on the slides and could be relocated 
after the immunocytochemical procedure. Sixty-nine of 
these driver neurons showed a positive reaction for TH 
(Figs. 1 and 2). Furthermore, the percentage of drivers 
that stained for TH remained constant from the 16th to 
the 49th day in vitro. Interestingly, all neurons that we 
could not identify as drivers also had TH within their 
cytoplasm (Table II). 

Discussion 

Iacovitti et al. (1980) found that more than 95% of the 
neurons of the embryonic superior cervical ganglion had 
TH molecules within their cytoplasm when they were 
maintained in vitro under the present conditions. In 
agreement with this finding, approximately 95% of the 
neurons observed in this study gave a positive reaction 
for TH; it is, therefore, likely that the restricted areas 
selected for electrophysiological studies were represent- 
ative of the total population of neurons in these cultures. 
The only morphological difference observed in this report 
was a loss of the lighter staining area over the nuclei in 

TABLE I 

Number of neurons showing a positive reaction within their 
perikarya when exposed to the antibody to TH at various times 

in vitro 
On the day before an experiment, micrographs were made of repre- 

sentative areas of cultures. The second column of this table gives the 
total number of neurons (impaled and unimpaled) observed in the 
micrographs of the area that were relocated for electrophysiological 
recordings. The third and fourth columns, respectively, show the num- 
ber of these neurons that had a positive or negative reaction for TH. A 
few neurons (column 5) could not be relocated after completion of the 
immunocytochemical procedure; a typical example of the location of a 
lost neuron is shown in Figure 26. 

Time In Vitro 
No. of 

NC%lVlS 
Observed 

TH TH 
Positive Negative Lost 

days 

16 

21 

28 

35 

49 

54 43 5 6 

49 42 2 5 

61 52 1 8 

11 11 0 0 
66 59 2 5 

Total of all aaes 241 207 10 24 

most of the impaled neurons; this occurred even when 
recording times were kept to a minimum (less than 10 
min). Since impalements were usually obtained by caus- 
ing the tip of the microelectrode to vibrate, it seems 
possible that this motion may have damaged the nuclear 
membrane. Alternatively, it is possible that the impale- 
ments caused such injury to the cell that the nuclear 
changes observed are those characteristic of cell death 
(Trump and Mergner, 1973). 

These results confirm the findings of previous physio- 
logical studies (O’Lague et al., 1974, 1978a, b; Ko et al., 
1976; Wakshull et al., 1978,1979b) in showing that nearly 
all of the excitatory potentials, spontaneous and evoked, 
observed in cultures of dissociated SCGN are caused by 
the release of acetylcholine and that these potentials can 
be specifically inhibited by nicotinic cholinergic antago- 
nists. The short latency responses are most probably 

b C-6 
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Figure 3. Synaptic interactions blocked by hexamethonium. 
The records shown in this figure were obtained from the neu- 
rons which have been identified in Figure lb. a, Stimulation of 
a driver neuron (lower trace) caused a burst of action potentials 
and excitatory synaptic potentials (termed complex waves by 
O’Lague et al., 1978a) to occur after a long latency in both the 
driver neuron and in another neuron (top trace). b, After the 
addition of hexamethonium (C-6, 50 FM) to the perfusate, 
stimulation of the driver failed to evoke complex waves. c, 
Within 3 min of the removal of hexamethonium, stimulation of 
the driver again caused complex waves to occur in both neurons. 
d, In the presence of atropine (ATR, 0.3 PM) and propranolol 
(PRO, 0.3 PM), the complex waves could still be evoked (three 
superimposed traces). The vertical calibration bar in a repre- 
sents 20 mV; the horizontal bar represents 50 msec. Scale 
applies to all records. 

TABLE II 
The detection by immunocytochemical methods of TH within neurons that have been functionally characterized by 

electrophysiological methods 

Total No. of 
No. of Driver and 

Driver and 
Driver and No. of 

Non-driver Non-driver 
Time In Vitro Neurons TH Nega- and TH and TH 

Non-driver 

Impaled 
Drivers TH Positive 

tive Lost Non-drivers Positive Negative and Lost 

days 

16 

21 

28 

35 

49 

17 13 10 1 2 4 2 0 2 

26 24 22 0 2 2 2 0 0 

18 18 15 0 3 0 0 0 0 

6 4 4 0 0 2 2 0 0 

24 18 18 0 0 6 6 0 0 

Total of all ages 91 77 69 1 7 14 12 0 2 
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Figure 4. Representative electrophysiological recordings ob- 
tained from neurons containing TH within their perikaryon. 
The records shown in this figure were obtained from the neu- 
rons that have been identified in Figure 2. Driver neurons were 
stimulated at a constant rate of 0.1 Hz. al to a~, 16 days in 
uitro. aI, When the neuron shown in Figure 2a was stimulated 
by anode break, a series of depolarizations followed the evoked 
action potential. u2, In the presence of hexamethonium (50 
PM), such depolarizations were not observed. a:$ (two superim- 
posed truces), When hexamethonium was removed from the 
perfusate, the depolarizing responses again followed the evoked 
action potential. bI and bz, 21 days in uitro. Stimulation of 
either of the driver neurons identified in Figure 2b caused a 
suprathreshold excitatory potential of short latency to appear 
in the other neuron. One of the neurons (lower truce, b2) 
appeared to excite itself. cl and ~2, 28 days in uitro. Stimulation 
of either neuron caused a suprathreshold excitatory response 
to appear in the other neuron. Stimulation of one neuron (c2) 
sometimes caused a damped reverberation to appear in this 
network. dl and &, 35 days in uitro. Stimulation of either 
neuron caused excitatory potentials to occur in both neurons. 
el to e:,, 35 days in vitro. el, A repetitive response was obtained 
from the neuron identified in Figure 2e. e2, This response was 
depressed in the presence of hexamethonium (C-6, 50 pM) and 
(e:,) reappeared when hexamethonium was removed from the 
perfusate. k 49 days in uitro. Stimulation of the driver neuron 
(Lower truce) caused two action potentials to occur in another 
neuron. The horizontal and vertical calibration bars in a, 
apply to all records in this figure. The vertical bar represents 
20 mV in all records. The horizontal bar represents 20 msec in 
c,, c2, and dl; 5 msec in al to Q, bl, bp, d2, and f; and 100 msec 
in e, to eR. 

monosynaptic (O’Lague et al., 1978a); we conclude that 
acetylcholine was released by the driver neuron in these 
cases. The long latency responses are probably poly- 
synaptic. Since we have not recorded from the first 
synapse made by the neurons that evoked these re- 
sponses, we have no direct evidence for the mode of 
transmission used by these driver neurons. The inhibition 

by hexamethonium strictly allows us to conclude only 
that at least one neuron in the polysynaptic network 
released acetylcholine. However, in extensive electro- 
physiological investigations in similar cultures in which 
thousands of neurons have been impaled (O’Lague et al., 
1974, 1978a, b; Ko’ et al., 1976; Wakshull et al., 1978, 
1979b), the only excitatory mode of transmission (other 
than cholinergic) that has been observed is electrical 
transmission; none of the neurons in the present study 
and fewer than 7% of the cells in previous studies were 
found to employ such a mode of transmission. It is 
concluded, therefore, that acetylcholine was probably 
released by all of the driver neurons that caused long 
latency responses.” 

The direct observations obtained from individual neu- 
rons with both electrophysiological and immunocyto- 
chemical techniques allow three conclusions. First, sym- 
pathetic neurons in culture that possess a physiologically 
demonstrable ability to release acetylcholine can have 
TH molecules in their perikaryon. Second, under some 
conditions, this mixed phenotype is not a property of a 
small minority of the neurons, but rather of nearly all of 
the neurons. Third, this mixed phenotypic expression can 
be a stable rather than a transient phenomenon that is 
manifest by at least the 16th day in vitro and persists for 
over a month. Since others (Furshpan et al., 1976; Landis, 
1976; Reichardt and Patterson, 1977; Wakshull et al., 
1978) have observed that physiologically identified cho- 
linergic neurons retain the capacity to transport and 
release catecholamines, there is now evidence that at 
least three principal characteristics of adrenergic neurons 
can be stably expressed by cholinergic neurons in vitro. 
These results clearly show that these neurons have the 
potential for dual function in retaining the specific en- 
zymes for nonepinephrine synthesis while they are pro- 
ducing and releasing acetylcholine. At this time, it is 
unclear whether the presence of mixed transmitter sys- 
tems within a single neuron is an artifact of the tissue 
culture environment. It should be noted, however, that 
Grazanna and Coyle (1978) have presented strong evi- 
dence that another adrenergic enzyme, dopamine ,lI-hy- 
droxylase, can be found within some parasympathetic 
neurons in the intact animal. Furthermore, Bloom and 
Edwards (1980) and Lundberg et al. (1980) have indicated 
that some cholinergic neurons may release a peptide 
transmitter. 

While we have shown that it is possible for parts of 
two transmitter systems to persist in a neuron, it does 
not necessarily follow that this dual expression is stable 
under all conditions in vitro. The apparent discrepancy 
between our data and that of Reichardt and Patterson 
(1977) may be attributable to the differences in the 
nutrient media used by the various investigators. Alter- 
natively, the differences may have been caused by the 
types of assays that were used. The parameter measured 
by Reichardt and Patterson is the net result of the 

‘I If this extrapolation is not accepted, one is still confronted with a 
dual function neuron that has TH within its perikaryon and yet excites 
other neurons by a mechanism that does not involve receptors for 
catecholamines (Ko et al., 1976; O’Lague et al., 1978b; Wakshull et al., 
1979a). 
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synthesis, storage, and degradation of catecholamines; 
changes in any of these processes could yield a negative 
result. Our immunocytochemical experiments establish 
only the presence of TH within these neurons. Although 
this enzyme is active in homogenates (Iacovitti et al., 
1980), we do not know yet whether it is active in the 
neurons and whether it has all of the cofactors needed to 
bring about catecholamine synthesis. Dopamine ,&hy- 
droxylase activity is, however, increasing at the same 
time and rate as TH and choline acetyltransferase in 
comparable cultures. 

The present findings do not indicate the cellular mech- 
anisms that allow a neuron that produces catecholamines 
in uivo to adopt a cholinergic mode of transmission in 
uitro. The presence of TH within these neurons, which 
have a predominance of round, agranular synaptic vesi- 
cles (Johnson et al., 1980), may indicate that these cells 
have not abandoned the catecholamine enzyme system 
but rather have put aside or modulated some function 
characteristic of an adrenergic neuron in uivo. The res- 
olution of this problem may require an understanding of 
the factor(s) or mechanism(s) that determine how, and 
possibly which, neurotransmitters are packaged in syn- 
aptic vesicles. However, any mechanism, including pos- 
sible competition for synaptic vesicles in a dual potential 
neuron, will also have to explain the relationship between 
the packaging of acetylcholine and the persistence of the 
biosynthetic enzymes for catecholamines (Iacovitti et al., 
1980). 
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