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In the previous paper (Matsumoto et al., 1987), pharmaco- 
logical evidence for secretion of serotonin (5HT) by cul- 
tured sympathetic principal neurons was reported. Here, we 
present further evidence that 5-HT is a transmitter of some 
of these neurons under certain culture conditions, and can 
also be a “false” transmitter. Sympathetic principal neu- 
rons, dissociated from superior cervical ganglia (SCG) of 
newborn rats, were grown in cell culture. The presence of 
serotonin was demonstrated with high-performance liquid 
chromatography (HPLC), immunocytochemistry, and elec- 
trophysiological recording. Homogenates of cultures con- 
tained a substance that comigrated with authentic 5-HT in 
HPLC. A voltammogram for this substance was superim- 
posed upon that for authentic 5-HT. When the cultures were 
examined with immunocytochemical staining, using the per- 
oxidase-antiperoxidase technique, many neuronal process- 
es contained 5-HT-like immunoreactive material. Many so- 
mata also contained 5-HT-like immunoreactivity when the 
neurons were grown in the presence of medium conditioned 
by heart cells (CM), but few somata stained above back- 
ground in the absence of CM. 

Medium that contained a raised concentration of K+ (54 
mu) or veratridine evoked Ca2+-dependent release of 5-HT, 
consistent with a neurotransmitter role for 5-HT in the cul- 
tures. In preliminary electrophysiological experiments on 
microcultures containing single sympathetic principal neu- 
rons and cardiac myocytes, a nonadrenergic excitatory 
(NAE) interaction was sometimes obtained after exposing 
the neurons to 100 PM 5-hydroxytryptophan. This interaction 
was sensitive to the serotonin blockers reserpine, methy- 
sergide, and gramine. 

Of major interest in this paper was determining the source 
of the 5-HT in the cultured principal neurons. Evidence was 
obtained for uptake from the rat serum added to the medi- 
um, as has long been known in viva. Moreover, evidence 
was obtained that after growth in CM (which promotes cho- 
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linergic properties while suppressing adrenergic ones), some 
principal neurons synthesized SH-5-HT from 3H-tryptophan; 
this occurred in cultures that lacked the small, intensely 
fluorescent interneurons that have been reported to contain 
5-HT in rat sympathetic ganglia in vivo. 

With a sensitive microculture assay involving coculture of single 
sympathetic principal neurons with cardiac myocytes, neuro- 
nally evoked effects on the myocytes attributable to the release 
of norepinephrine, acetylcholine, and adenosine have been ob- 
tained (Furshpan et al., 1982; 1986a, b). Some microcultured 
neurons also exert nonadrenergic excitatory effects on the my- 
ocytes that last from 1 to several minutes, are l-4 mV in am- 
plitude, and are insensitive to adrenergic, choline& and pu- 
rinergic antagonists (Matsumoto et al., 1987). In some of these 
cases, the NAE effect is sensitive to 5-HT antagonists; in other 
cases, an unidentified agent appears to produce the NAE effect 
(Matsumoto et al., 1987). 

To examine further the possibility that 5-HT is a neurotrans- 
mitter in these neurons, we have used biochemical methods to 
study its presence and release, and immunocytochemical meth- 
ods to study its distribution. In addition, we present bio- 
chemical evidence that there are 2 major sources of neuronal 
5-HT: synthesis and uptake from serum in the culture medium. 
We also present electrophysiological evidence that some neu- 
rons use 5-HT as a “false” transmitter after uptake from the 
medium, as has been previously reported in vivo (see Discus- 
sion). Interest in the synthesis of 5-HT by cultured sympathetic 
principal neurons is enhanced by a report by Happoll et al. 
(1986) that some of these neurons transiently exhibit 5-HT im- 
munoreactivity during postnatal development in viva 

Materials and Methods 
Cell culture. For biochemical and immunocytochemical experiments, 
“mass cultures” of dissociated sympathetic neurons (1000-3000 neu- 
rons per dish) were prepared as described in detail by Wolinsky and 
Patterson (1983). In brief, superior cervical ganglia (SCG) of newborn 
rats (Sprague-Dawley) were dissociated enzymatically, using collagenase 
(1 mg/ml; Worthington) and dispase (4 mg/ml; Boehringer-Mannheim), 
or mechanically. The cell suspension was plated into bicarbonate-buff- 
ered L- 15 growth medium, supplemented with glucose, glutamine, an- 
tibiotics, vitamins, additional nutrients, and nerve growth factor (NGF) 
(L- 15 CO,; Hawrot and Patterson, 1979). During 3 of the first 7 d in 
culture, the growth medium also contained (at 10 PM each) cytosine- l- 
,b’-n-arabinofuranoside and sometimes 5-fluorodeoxyuridine and uri- 
dine (Sigma) to eliminate non-neuronal cells. In a few platings, the 
growth medium also contained these antimitotic drugs at every other 
feeding. The cultures were fed 2-3 x per week. The neurons were grown 
in 3 types of medium, with or without 5% rat serum: (1) L-15 CO, 
medium, (2) depolarizing growth medium (“high K+“) with 20 mM KC1 
replacing an equal amount of NaCl (Walicke et al., 1977), and (3) L- 15 
CO, medium equivalent to 100-l 50°h heart-cell-conditioned medium 
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(CM). The serum-free CM was prepared according to the method of 
Fukada (1980), and then concentrated IO-fold by ammonium sulfate 
precipitation (Weber, 1981). This concentrated CM contained no de- 
tectable 5-HT or 5hydroxytryptophan (~0.5 nM), using HPLC with 
electrochemical detection (see below); serum-free L- 15 CO, medium 
equivalent to 150% CM contained less than 0.07 nM 5-HT plus 
5-hydroxytryptophan. Serum-free growth medium was supplemented 
with a mixture of hormones and nutrients devised by Wolinsky et al. 
(1985), based on the method of Bottenstein and Sato (1979): 100 pg/ 
ml transferrin (Sigma), 5 &ml bovine insulin (zinc salt; Sigma), 16 pg/ 
ml putrescine (free base; Sigma), 20 nM progesterone (Sigma), and 30 
nM selenious acid (Baker). The cultures were used 2-12 weeks after 
plating. 

Biochemical assays. For analysis by high-performance liquid chro- 
matography (HPLC), 5-HT was extracted from sympathetic neuron 
cultures as follows. Cultures were rinsed 3 x with PBS. Excess fluid was 
wicked away and replaced with 30 ~1 of 0.05 M perchloric acid containing 
a-methyldopa (Sigma) or 3,4dihydroxybenzylamine hydrobromide 
(Sigma) as an internal standard. After 3 min at room temperature, the 
cells were homogenized mechanically and then by rapid freeze/thawing 
twice. The resulting suspension was passed through a 0.2 pm filter, and 
20 ~1 of the final solution was injected into the liquid chromatograph 
for analysis by reverse-phase HPLC with electrochemical detection. 
Absolute amounts of 5-HT were calculated from peak heights, with 
reference to the internal standard. 

Separation was obtained using a C,, reverse-phase analytical column 
(5 pm; Biophase). Running buffer contained 0.1 M NaHiPO,; 0.1 mM 
Na,EDTA: 2.5%. 10.2%. or 12% (vol/vol) methanol: and. in some ex- 
peGments,‘O.25 &IM sodium octyllsulfate as an ion pair. All were buff- 
ered to pH 3.0 with phosphoric acid and pumped at 1.0-1.3 ml/min. 
The retention times for authentic 5-HT were determined under the 
various conditions. Serotonin was measured by electrochemical detec- 
tion with an amperometric detector (Bioanalytical Systems) connected 
to a glassy carbon electrode. The potential of the working electrode was 
set at 0.60 V with respect to the Ag/AgCl reference electrode. 

To study 5-HT synthesis, the cultures were incubated with radioactive 
precursor, according to the method of Mains and Patterson (1973), with 
slight modifications. L [side chain-2,3JH]-Tryptophan (50 or 54 Ci/ 
mmol) was obtained from Amersham and tested for radiochemical 
purity by HPLC with fraction collection. No contamination by 5-HT 
was detected. The isotope was dried under a stream of nitrogen and 
redissolved in bicarbonate-buffered L- 15 lacking tryptophan (Gibco), 
so that the final concentration of radioactive precursor was 3.7-4.0 PM. 

All the additives in L- 15 growth medium were present. Rat serum was 
added at 1% if the neurons had been grown in serum. In addition, the 
radioactive precursor was supplemented with nonradioactive trypto- 
phan so that the total final concentration of tryptophan was 56 PM. 

Pargyline-HCl (Sigma) was included at 25 PM in most experiments. The 
cultures were washed twice with 1 ml growth medium lacking trypto- 
phan, and then incubated 10 min at 36°C in this medium. This medium 
was removed and replaced with 150 ~1 of medium containing radio- 
active tryptophan. The incubation was carried out for 17-l 8 hr at 36°C. 
At the end of the incubation, the incubation medium was wicked away 
and replaced with 2 ml growth medium for 10 min at 36°C. Most of 
this medium was removed, excess fluid was wicked away, and culture 
extracts were prepared for HPLC as described above. The extracts were 
injected into the liquid chromatograph, and 0.4 ml (20 set) fractions 
were collected and counted after the addition of 4 ml Ultrafluor (Na- 
tional Diagnostics). 

Transmitter release from the cultures was evoked by incubation with 
saline that contained 54 mM K+ (instead of the normal 5 mM) or ve- 
ratridine (75 P(M), as follows. Cultures were rinsed 3 x with nondepo- 
larizing isotonic saline (defined below) at room temperature, then in- 
cubated (for 5 min each) in normal Ca2+ nondepolarizing isotonic saline, 
and then depolarizing isotonic saline (defined below). After each incu- 
bation, the medium was gently removed and filtered through a 0.2 pm 
filter before injection into the liquid chromatograph for analysis. The 
5-HT remaining in the culture was extracted by the procedure described 
above. To examine the Ca*+ dependence of release, cultures were rinsed 
and then incubated sequentially in the following media: nondepolarizing 
saline, high-Mg2+/0 Ca2+ nondepolarizing saline (defined below), high- 
Mg2+/0 Ca2+ depolarizing saline, high-Mg*+/O Ca2+ nondepolarizing sa- 
line, nondepolarizing saline, and, finally, depolarizing saline. Again, the 
remaining 5-HT was extracted. 

Nondepolarizing isotonic saline contained 5 mM KCl, 140 mM NaCl, 
3 mM CaCl,, and 1.5 mM HEPES, buffered to pH 7.4 with Tris-OH. 

Veratridine-depolarizing saline contained, in addition, 75 PM veratri- 
dine-SO, (Sigma). High-K+ depolarizing saline contained 54 mM KC1 
and the above concentrations of other salts, except that NaCl was re- 
duced to 90 mM. Media with high Mg*+/O Ca*+ contained 3 mM MgCl, 
in place of CaCl,. 

Zmmunocytochemistry. For immunocytochemistry, cultures were 
treated with 100 ILM colchicine for 15-17 hr. rinsed with PBS several 
times, and then fixed with 4% paraformaldehyde in 0.12 M phosphate 
buffer, pH 7.4, for 40 min at room temperature. They were again rinsed 
3 x with PBS, then incubated for 90 min at 37°C with a rabbit antiserum 
against 5-HT conjugated to BSA (Immunonuclear): the antiserum was 
diluted 1:400 or 1:800 in high-ionic-strength buffer (0.5 M NaCl in 10 
mM uhosphate buffer at DH 7.4 with 5% BSA. or 10% aoat serum. 0.3% 
Triton X:100, and O.l%sodium azide). Cultures were-tised with high- 
ionic-strength buffer before incubation with the secondary antibody 
(goat anti-rabbit; Boehringer-Mannheim). Binding of the primary an- 
tibody was visualized using rabbit peroxidase-antiperoxidase (Stem- 
berger-Meyer) with 3,3’-diaminobenzidine (Sigma). Preadsorption con- 
trols were run in parallel. Experimental and control cultures were 
photographed at the same exposure. 

Electrophysiology. For electrophysiological experiments, single neu- 
rons dissociated from SCG of newborn rats were grown on cardiac 
myocytes in microcultures in the presence of 5% rat serum. They were 
examined electrophysiologically, as described by Furshpan et al. (1982, 
1986a) and in the preceding paper (Matsumoto et al., 1987). During 
recording, the culture was continuously perfused at 37°C. The perfusion 
medium contained 100 ml/liter basal L-15 medium and, in final con- 
centrations (mM), NaCl, 140; KCl, 5.4; CaCl,, 2.9; MgCl,, 0.18; Na- 
HCO,. 2.6: NaH,PO,. 0.56: alucose. 33: dutamine. 2.0: and choline 
chloride, 0107. In addition,‘@nicillih was-present at 20b,OOO U/liter 
and streptomycin at 200 mgliter. Microelectrodes for intracellular re- 
cording and stimulation were filled with 3 M KC1 and had impedances 
of 50-120 MQ. Drugs were obtained from the following sources: aten- 
0101, Stuart Pharmaceuticals; phentolamine (Regitine-HCl), CIBA Phar- 
maceutical; 8-(p-sulfophenyl)-theophylline, Research Biochemicals; 
gramine, Sigma. 

Results 
Identijcation of 5-HT in sympathetic neuron cultures 
Extracts of the cultures were examined with HPLC to determine 
whether they contained 5-HT. A peak with the same retention 
time as 5-HT was observed. Several chromatographic and elec- 
trochemical tests were performed to confirm that this peak rep- 
resented authentic 5-HT. A coelution experiment is shown in 
Figure 1. The sample injected in Figure la contained 0.23 ng 
5-HT (retention time, 8.1 min). In Figure 1 b, a pooled extract 
from 9 cultures produced a peak with the same retention time 
as authentic 5-HT. When authentic 5-HT was added to the 
extract before injection, only a single peak of increased height 
was visible (Fig. lc). In addition, when chromatographic con- 
ditions were varied with respect to methanol content and ion 
pair (see Materials and Methods), the 5-HT-like material ex- 
tracted from the cultures had the same retention time as au- 
thentic 5-HT. 

As a further test of the identity of the extract peak, a voltam- 
mogram was obtained by repetitive injection of aliquots of the 
same sample of culture extract while varying the potential of 
the working electrode. The profile for putative 5-HT from the 
cell extracts was superimposed upon that of the authentic com- 
pound (Fig. 2). The voltammogram for 5-hydroxytryptophol is 
shown for comparison (dashed line). On the basis of this evi- 
dence and further findings, reported below, it is assumed here- 
after that the appropriate peak represents 5-HT in the cultures. 

The amount of 5-HT in the cultures depended on growth 
conditions 
Serotonin was present in cultures in appropriate growth con- 
ditions at all culture ages examined (2-12 weeks, 20 platings). 
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The 5-HT in a single culture, containing approximately 2000 
neurons, was measured by HPLC with electrochemical detec- 
tion. The detection threshold of this method ranged from 0.03 
to 0.16 pmol of 5-HT. Levels of 5-HT varied from ~0.2 to 7.5 
pmol per culture, depending on the type of growth medium and 
the time elapsed since the last exposure to fresh serum (see 
below). As summarized in Table 1, when neurons were grown 
in medium containing serum, relatively high levels of 5-HT 
were present; cultures grown in high K+ (a medium that favors 
adrenergic status; see Walicke et al., 1977) contained more 5-HT 
than sister cultures grown in L- 15 CO, or CM (media that induce 
cholinergic status; see Patterson and Chun, 1977a, and Wolinsky 
and Patterson, 1983). It was found that cultured neurons could 
take up 5-HT that was present in the serum that had been added 

I v 

I Fimre 1. Coelution of authentic 5-HT 
an> putative 5-HT extracted and pooled 
from 9 sympathetic neuron cultures (3 
each grown in high K+, L- 15 CO,, and 
CM, with 5% rat serum for 15 d). a, 
Authentic 5-HT (0.23 ng) was injected 
at the arrow, resulting in a peak at 8.1 
min (arrowhead). b, An extract from 
sympathetic neuron cultures was in- 
jected, producing a peak with the same 
retention time as authentic 5-HT. c, A 
diluted sample of the culture extract was 
mixed with authentic 5-HT (0.23 ng) 
before injection; only 1 peak is visible. 
The running buffer was 0.1 M NaH,PO, 
with 12% (vol/vol) methanol. 

to the growth medium (see below). To eliminate this uptake, 
neurons were grown in serum-free medium; then only the cul- 
tures grown in CM contained detectable amounts of 5-HT (Ta- 
ble 1). These cultures were used to construct the voltammogram 
shown in Figure 2; thus, cultures grown with CM in serum-free 
medium contained authentic 5-HT. The 5-HT precursor, 5- 
hydroxytryptophan, was not detected in the cultures. In contrast, 
2 putative metabolites were observed. A substance that had the 
same retention time as 5-hydroxy-3-indole acetic acid was pres- 
ent at levels ranging from CO.05 to 1.2 pm01 per culture (data 
not shown). In addition, a substance that comigrated with another 
5-HT metabolite, 5-hydroxytryptophol, was present in the me- 
dium in which the neurons had been grown (data not shown). 

To compare the amount of endogenous 5-HT to that of en- 

Table 1. Serotonergic characteristics of neurons grown in the presence or absence of serum 

Rat serum No rat serum 

High K+ L-15 co, CM High K+ L-15 co, CM 

Total 5-HT (fmol/neuron) 9.8 + 1.0 5.5 f 1.9 4.0 * 1.9 co.1 * 0.1 co.1 + 0.1 0.6 + 0.4 

(2) (2) (2) (3) (3) (4) 
5-HT synthesis (fmol/neuron) 

+parg 0.008 -t 0.001 0.004 + 0.002 0.19 f 0.10 co.002 + 0.001 co.002 + 0.003 0.15 1- 0.10 

(1) (1) (3) (1) (1) (1) 
-Pa@ <O.OOl 0.000 0.024 I!Z 0.005 <0.001 0.000 0.037 

(1) (1) (2) (1) (1) (1) 
5-HT/CA <O.OOl * 0.001 co.002 + 0.002 0.023 k 0.016 

(2) (2) (4) 
5-HT-IR 

Positive cell bodies (OYe) 0.7 + 1.1 0.0 f 0.0 55 + 15 1.4 + 0.7 1.2 k 0.9 71 + 12 
Processes - - 

(3) (3) 

Cultures containing enzymatically or mechanically dissociated sympathetic neurons were grown in high K+, L- 15 CO,, or CM with 5% rat serum for at least 3 weeks. 
Cultures grown without rat serum contained only mechanically dissociated neurons. “Total 5-HT” was determined 15-17 hr after feeding for cultures grown in rat 
serum. 5-HT synthesis was determined after incubation in ‘H-tryptophan, with (+parg) or without (-pa& 25 PM pargyline, as described in Materials and Methods. 
“5-HT/CA” represents the ratio (in moles) of endogenous 5-HT to eatecholamine (CA, norepinephrine plus dopamine). Processes were scored for 5-HT immunoreactivity 
(5-HT-IR) as + + (many processed stained), + (some processes stained) or - (no processes stained). Each entry is the value from 1 plating, or the average of 2-4 
platings, f the standard deviation. The number of platings is shown in parentheses for each growth condition. For each plating, l-5 replicate cultures were assayed. 
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mer, cultures were examined for synthesis and accumulation of 
3H-5-HT from 3H-tryptophan, using HPLC with electrochem- 
ical detection and fraction collection. After 17-I 8 hr incubations 
at 36°C in 3.7-4.0 PM 3H-tryptophan and 25 I.IM pargyline (to 
block 5-HT degradation), significant amounts of radioactivity 
coeluting with 5-HT (peak retention time, 28.15 min; Fig. 4) 
could be detected in cultures grown in CM (4 platings), but not 
in cultures grown in L- 15 CO, or high K+ (2 platings), with or 
without rat serum (Table 1). Radioactive tryptophan eluted with 
a retention time greater than 34.0 min. Cultures grown in CM 

20- 
synthesized an average of 0.18 fmol 3H-5-HT per neuron during 
the 17-18 hr incubation, while in cultures grown in L-15 CO, 
or high K+ synthesis was less than 0.008 fmol ‘H-5-HT per 

0 I I 1 I I neuron (Table 1). In the absence ofthe MAO inhibitor pargyline, 
.52 .54 .56 58 .60 cultures grown in CM accumulated 4-8-fold less 3H-5-HT (Ta- 

Electrode Potential (volts) ble 1). 

Figure 2. Voltammograms for authentic 5-HT (open circles) and 
5-hydroxytryptophol (open squares), and putative 5-HT (closed circles) 
extracted and pooled from 30 symnathetic neuron cultures grown with 
CM in serum-free medium for i0 h. Each point represents the average 
of 2 samples of pooled extract, except that for 0.56 V, which represenm 
1 sample. The running buffer was 0.1 M NaH,PO, with 10.2% (vol/vol) 
methanol and 0.25 mM sodium octyl-sulfate. 

In iivo, the presence of 5-HT in sympathetic ganglia has been 
attributed to small, intensely fluorescent (SE) interneurons (see 
Discussion). It was therefore of interest to compare 5-HT syn- 
thesis in cultures that contained enzvmaticallv dissociated neu- 
rons, including a few SIF cells, with cultures that contained 
mechanically dissociated neurons. Doupe et al. (1985) reported 
that the latter rarelv contained SIF cells. This was confirmed bv 
glyoxylic acid-induced fluorescence (data not shown). In 11 cull 

dogenous catecholamine, total catecholamine (norepinephrine tures that contained enzymatically dissociated neurons, a total 
and dopamine) content was measured using HPLC with elec- of 3 brightly fluorescent cells were observed, while in 4 cultures 
trochemical detection, and used to calculate the ratio of endog- that contained mechanically dissociated neurons, no brightly 
enous 5-HT to catecholamine (in moles) in cultures grown with fluorescent cells were observed. These 2 types of cultures syn- 
serum-free medium. For cultures grown with CM, this ratio was thesized comparable amounts of 3H-5-HT (data not shown). 
0.023-at least 12-fold higher than ratios obtained for cultures Thus, there seems no reason to doubt that cultured principal 
grown in high K+ or L- 15 CO, (Table 1). neurons can synthesize 5-HT. 

Zmmunocytochemical staining Uptake 
To determine whether the neurons were heterogeneous with 
respect to 5-HT levels, cultures were examined with immuno- 
cytochemical staining, using the peroxidase-antiperoxidase 
technique (Fig. 3 and Table 1). When the neurons were grown 
in the presence of rat serum (3 platings), many neuronal pro- 
cesses contained 5-HT-like immunoreactive material. The 
number of stained processes was highest in high-K+ cultures, 
lower in L- 15 CO, cultures, and lowest in cultures grown in CM 
(Fig. 3). The total number of processes in these growth condi- 
tions is probably similar, because total protein and total lipid 
phosphate are not significantly different with or without CM 
(Patterson and Chun, 1977a). Few cell bodies (O-2.0%) con- 
tained 5-HT-like immunoreactive material unless CM was pres- 
ent in the growth medium. The proportion of cell bodies that 
stained above background varied between 43 and 72% in cul- 
tures grown with different preparations of CM, as might be 
expected, given prior observations that different batches of CM 
are not equally effective in promoting cholinergic behavior, and 
evidence that unpurified CM is a complex mixture of molecules 
released by cardiac myocytes and fibroblasts (Weber, 198 1; Fu- 
kada, 1985). When neurons were grown in serum-free medium 
(3 platings), only cultures grown with CM possessed 5-HT-pos- 
itive processes and somata (Fig. 3 and Table 1). Preadsorption 
of the antibody with 5-HT conjugated to BSA prevented the 
staining. 

Synthesis 
There are 2 potential sources of neuronal 5-HT: synthesis and 
uptake from the growth medium (see below). To study the for- 

Another potential source of 5-HT was the culture medium 
that contained 5% rat serum. Our rat serum contained 5-10 MM 

5-HT, as measured by HPLC with electrochemical detection; 
thus, the concentration of 5-HT in the culture medium was 
0.25-0.50 PM. Levels of 5-HT in the cultures were highest just 
after replacing the culture medium with fresh medium (feeding), 
and declined to very low levels over a period of several days 
(Fig. 5) consistent with 5-HT uptake and metabolism. If the 
cultures were incubated with fresh medium for 1 hr at 37°C 
when 5-HT levels were low, their 5-HT levels rose lo-20-fold 
(data not shown). Furthermore, when the cultures were grown 
in serum-free medium (i.e., without exogenous 5-HT, co.07 
nM 5-HT plus 5-hydroxytryptophan; 3 platings), high K+ and 
L- 15 CO, cultures no longer contained detectable amounts of 
5-HT, while cultures grown in CM did, presumably as a con- 
sequence of synthesis and accumulation from tryptophan. 

Ca2+-dependent release of 5-HT 
The 5-HT present in the cultures was releasable in a @+-de- 
pendent manner. To evoke release of 5-HT from the cultures, 
we used high K+ (54 mM) or veratridine (75 PM). The presence 
of 5-HT in the incubation medium was then determined with 
HPLC and electrochemical detection. Incubation in high K+ led 
to a large increase of 5-HT release over basal levels (2 platings); 
in the experiment shown in Figure 6 (L-15 CO, cultures), the 
increase was 6-fold. This release was Ca*+-dependent; in the 
presence of high-K+ saline with high Mg*+/O Ca2+, there was no 
increase in 5-HT release. Approximately 17% of the total 5-HT 
stored in this culture was released by a 5 min exposure to high 
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Figure 3. Serotonin-like immunoreactivity in sympathetic neuron cultures grown in high K+, L-15 CO,, or CM, with (Rs) or without (N2) 5% 
rat serum, for 3 weeks. In cultures grown with rat serum, high-K+ cultures contained many processes moderately stained for 5-HT-like immuno- 
reactivity, while L-15 CO, cultures contained fewer processes that were 5-HT-immunoreactive. Very few cell bodies stained above background 
levels unless CM had been present in the growth medium. In serum-free growth medium, stained processes were no longer present in high-K+ or 
L-l 5 CO, cultures, but many cell bodies and processes were still 5-HT-immunoreactive in CM cultures. Staining was eliminated by preadsorption 
of the primary antibody with 5-HT conjugated to BSA. Calibration bar, 50 Nrn. 

K+. A 5 min incubation in 75 MM veratridine evoked release of 
27% of stored 5-HT (Fig. 6). Again, this release was Ca2+-de- 
pendent; 5-HT release fell to basal levels when Mg*+ was sub- 
stituted for Ca*+ during incubation in veratridine. 

Do neurons exposed to 5-hydroxytryptophan acquire 
serotonergic function? 

In microculture, solitary neurons with adrenergic function could 
be induced to display NAE (nonadrenergic excitation of the 
myocytes) by loading them with the 5-HT precursor, 
5-hydroxytryptophan, which itself has no detectable effect on 
the cardiac myocytes. One such case, a neuron with adrenergic, 
purinergic, and NAE function, is shown in Figure 7. In control 

solution, stimulation of the neuron produced an excitation of 
the cardiac myocytes (Fig. 7a). Addition of adrenergic and pu- 
rinergic antagonists revealed an NAE effect (Fig. 7b). After 14 
trials, the NAE effect ran down (Fig. 7c) and was restored by 
loading with 5-hydroxytryptophan (Fig. 7d). This restored NAE 
effect was at least partially sensitive to the 5-HT antagonist, 
gramine (Fig. 7e). Although the restored effect was similar in 
amplitude and time course to the original NAE effect, it is not 
known if the 2 effects were mediated by the same neurotrans- 
mitter. In attempts to load 7 other neurons in microculture, 3 
loadable neurons all exhibited prior adrenergic function. The 
remaining 4 neurons were not loadable and displayed no de- 
tectable prior adrenergic function (data not shown). 
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Figure 4. Synthesis and accumulation of 3H-5-HT from 3H-tryptophan 
in sympathetic neuron cultures grown with CM in serum-free medium 
but not in high-K+ or L-l 5 CO, medium (2 1 d in vitro). Sister cultures, 
each containing approximately 2000 neurons, were incubated for 17 hr 
in 4.0 PM )H-tryptophan with 25 PM pargyline. Culture extracts were 
injected onto the HPLC, and 0.4 ml (20 set) fractions were collected 
and counted (upper 3 panels). For comparison, authentic 5-HT (5.2 
pmol) was injected (bottom panel), resulting in a peak at 28.15 min. A 
peak of radioactivity, coeluting with authentic 5-HT, was present only 
in cultures grown in CM. The running buffer contained 0.1 M NaH,PO,, 
2.5OYo (voVvo1) methanol, and 0.25 mM sodium octyl-sulfate. 

Discussion 
We have demonstrated that principal neurons derived from the 
SCG of the newborn rat synthesize, take up, store, and release 
5-HT in culture, consistent with a transmitter role. Mains and 
Patterson (1973) did not detect synthesis and accumulation of 
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Figure 5. Decline of 5-HT levels in cultures with time after feeding. 
Four sister cultures grown in L- 15 CO, medium with 5% rat serum for 
3 weeks were fed fresh culture medium at time 0. Each point represents 
the amount of 5-HT extracted from a single culture, as determined by 
HPLC with electrochemical detection. 
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Figure 6. Ca*+-dependent release of 5-HT from sympathetic neuron 
cultures grown in L- 15 CO, medium with 5% rat serum for 15 d (release 
evoked by high K+) or 33 d (release evoked by veratridine). Release is 
expressed as the percentage of total (released + extracted) 5-HT in 1 
culture, as measured by HPLC with electrochemical detection. Cultures 
were stimulated with either 54 mM K+ (K, left bars) or 75 PM veratridine 
(ver, right bars) for 5 min at room temperature, in the presence of Ca2+, 
without Mg*+ (Ca) or in the presence of Mg2+, without Ca*+ (Mg). 

radioactive 5-HT from 3H-tryptophan in cultures of SCG neu- 
rons grown without CM. Similarly, we did not detect 5-HT 
synthesis and accumulation in cultures grown in L- 15 CO, or 
high K+. CM in the growth medium was required for the de- 
tection of 5-HT synthesis and accumulation. Since the rat SCG 
in viva contains 5-HT and tryptophan hydroxylase (Linzzi et 
al., 1977), which have been attributed to SIF cells in the ganglion 
(e.g., Verhofstad et al., 1981), it was important to determine 
whether a residual population of SIF cells in the cultures was 
responsible. This was unlikely, since cultures obtained from 
mechanically dissociated ganglia grown in NGF and in the ab- 
sence of glucocorticoid for more than 3 weeks rarely contain 
SIF cells (Doupe et al., 1985, and personal observations with 
glyoxylic acid-induced fluorescence). These cultures synthesized 
amounts of 5-HT comparable to those of cultures obtained from 
enzymatically dissociated ganglia; the latter contained a few SIF 
cells. Moreover, the immunohistochemical staining of the prin- 
cipal neuron cell bodies for 5-HT appeared to represent endog- 
enously synthesized 5-HT; when cultures were grown with CM 
in serum-free medium to eliminate uptake of 5-HT from serum, 
the proportion of cell bodies containing 5-HT-like immuno- 
reactivity was comparable to that in sister cultures grown in 
serum. However, staining of processes present in cultures grown 
with serum in L- 15 CO, or high K+ was no longer present with 
serum-free L- 15 CO, or high K+. These cultures also no longer 
contained detectable amounts of 5-HT, as assayed with HPLC 
and electrochemical detection. Thus, staining of processes in 
cultures grown in L- 15 CO, or high K+ was attributable to uptake 
of 5-HT from the growth medium, while staining in the cell 
bodies, after growth in CM, apparently represented 5-HT syn- 
thesis. Since many large principal neurons grown with CM in 
serum-free medium stained above background levels, we see no 
reason to doubt that these neurons synthesized and stored 
5-HT. This is the first evidence known to us that sympathetic 
principal neurons can synthesize 5-HT. It is clearly of interest 
to investigate whether induction of 5-HT synthesis by CM is 
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Figure 7. Functional loading with 5-hydroxytryptophan in microculture. The neonate-derived neuron had been in culture for 55 d, in the presence 
of 5% rat serum. For the first 25 d, it was in high-K+ culture medium, which favors retention of adrenergic function. a, In control (cant) solution, 
stimulation (20 Hz) of the neuron produced an excitation of the cardiac myocytes. b, Addition of 10 PM atenolol (aten), 0.1 PM phentolamine 
(phentol), and 10 PM 8-(p-sulfophenyl)-theophylline (8SPT) blocked much of the excitation, leaving an NAE effect. c, This effect ran down after 
14 trials (2-20 min between trials; rundown), and (d) was restored after 15 min of loading the neuron with 100 PM 5-hydroxytryptophan. In c and 
d, atenolol, phentolamine and 8-(p-sulfophenyl)-theophylline were still present. In e, 1 FM gramine (Gr) was added to the adrenergic and purinergic 
antagonists, blocking much of the restored NAE effect. J; This block was substantially reversed upon washout of the gramine. (The increase in noise 
level in c-fcompared to b was probably due to an increase in the impedance of the microelectrode.) 

due to the factor that induces choline& status (see Fukada, 
1980, 1985) or to another agent. 

Uptake of 5-HT from serum in the medium is an important 
source of the neuronal 5-HT in culture. Levels of 5-HT achieved 
by uptake are an order of magnitude greater than those achieved 
by synthesis. In vivo, sympathetic neurons are not normally 
exposed to serum. However, adrenergic nerves can accumulate 
and then secrete exogenous 5-HT (e.g., Thoa et al., 1969) or 
5-HT released from aggregating platelets (Cohen, 1985) or pi- 
nealocytes (Axelrod, 1974; Jaim-Etcheverry and Zieher, 1980). 
It is imaginable that the terminals of SCG neurons are exposed 
to 5-HT released by mast cells in the target tissues. Thus, 5-HT 
uptake from extraneuronal sources other than pinealocytes may 
occasionally occur in vivo as in cultured neurons. 

Some neurons in microculture release a substance that is 
blocked by 5-HT antagonists (see the preceding paper by Ma- 
tsumoto et al., 1987). It is of interest to determine whether the 
source of 5-HT in these neurons is synthesis and/or uptake from 
the growth medium. This is being examined by first assaying a 
neuron with respect to serotonergic function, and then staining 
that neuron for 5-HT. The evidence discussed above implies 
that if the soma is immunoreactive for 5-HT, the neuron syn- 
thesized 5-HT, but that if only the processes stain, the source 
of 5-HT is likely to have been uptake from the serum in the 
growth medium. 

The percentage of NAE plus that of S (serotonergic function) 
in figure 4 of Matsumoto et al. (1987)-12%-is much lower 
than the proportion of cell bodies that are immunoreactive for 
5-HT after growth in CM. There are several possible causes of 

this discrepancy. Neurons grown with CM may not be identical 
to those grown with cardiac myocytes in microculture with re- 
spect to serotonergic function. Moreover, immunocytochemical 
staining may be a more sensitive method than a bioassay in- 
volving cardiac myocytes, a target tissue that is relatively in- 
sensitive to 5-HT (compared to the action of norepinephrine 
and acetylcholine on this tissue, and compared to the action of 
5-HT on vas deferens smooth muscle; see Matsumoto et al., 
1987). Furthermore, the former technique gives a measurement 
of the total pool of 5-HT, while the latter only gives a measure 
of the releasable pool, so that a direct comparison may not be 
appropriate. In addition, the releasable pool may be significantly 
depleted with successive stimulus trains, resulting in a progres- 
sive decline in the cardiac myocytes’ response. Thus, we may 
have reduced the probability of detecting NAE and/or seroto- 
nergic function by presenting many stimulus trains to a neuron 
before examining it for these functions. 

The microcultured neurons that displayed serotonergic func- 
tion also exhibited adrenergic, or adrenergic and purinergic, 
function. As noted above, a small sample of neurons with ad- 
renergic function that were exposed to 5-hydroxytryptophan 
subsequently evoked an NAE effect blockable by 5-HT-receptor 
antagonists, presumably due to release of 5-HT. In contrast, a 
few neurons that lacked adrenergic function were not loadable 
by this procedure. Different levels of aromatic amino acid de- 
carboxylase (the enzyme that converts 5-hydroxytryptophan to 
5-HT), plasma membrane uptake, or vesicular storage might 
account for the inability of these choline@ neurons to load 
with 5-hydroxytryptophan. The results of these preliminary 
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electrophysiological experiments are consistent with the idea 
that adrenergic function is required for a neuron to take up 5Ht 
from the medium, store, and release it in physiologically de- 
tectable amounts. 

It is of interest, in this connection, that no cholinergic/sero- 
tonergic or purinergic/serotonergic neurons have yet been en- 
countered (Matsumoto et al., 1987); among the microcultured 
neurons that exerted NAE effects without prior loading with 
5hydroxytryptophan, serotonergic function has been coex- 
pressed with adrenergic function thus far (3 cases in which the 
neuron was fully characterized, these are included in fig. 4 of 
the preceding paper). Again, this is consistent with the idea that 
vesicular storage and release of 5-HT in these cultured principal 
neurons is dependent on the presence of adrenergic function. 
Whether or not neurons with adrenergic/cholinergic function 
can also express serotonergic function remains to be seen. 

The present work shows that conditioned medium, which 
contains a factor (Fukada, 1980, 1985; Weber, 198 1) that en- 
hances expression of choline& properties and diminishes 
expression ofadrenergic properties (Patterson and Chun, 1977a; 
Landis, 1980; Wolinsky and Patterson, 1983; Potter et al., 1986), 
also promotes synthesis of 5-HT. This seems dissonant with the 
preliminary physiological evidence just discussed-that sero- 
tonergic function is dependent on adrenergic function. If the 
cholinergic-inducing factor in CM is also responsible for the 
presence of serotonergic properties, then this factor has 2 seem- 
ingly conflicting effects: lowering the neuron’s capacity to secrete 
5-HT (via the adrenergic vesicles), while promoting its capacity 
to synthesize 5-HT. Another obvious possibility is that the con- 
ditioned medium fed to our cultures contained 2 agents, the 
cholinergic-inducing factor and a second factor that allowed 
expression of serotonergic properties, and that in our cultures 
these agents acted simultaneously on the neurons, with the ob- 
served conflicting effects. It is clearly of interest to determine 
whether neurons grown with CM that are strongly immuno- 
reactive for 5-HT (as in the lower-right panel of Fig. 3) and 
presumably synthesize 5-HT always simultaneously display at 
least moderate adrenergic function. This is being checked in 
microcultures by assaying the physiological function(s) of a neu- 
ron and then its immunoreactivity. 

In the autonomic nervous system, 5-HT is known to be an 
endogenous transmitter of principal neurons only in the enteric 
plexuses (Gershon et al., 1977; Wood and Mayer, 1979; Costa 
et al., 1982), where 5-HT synthesis has been demonstrated 
(Dreyfus et al., 1977). However, there are several reports that 
autonomic nerve terminals can take up and release exogenous 
5-HT, e.g., in the pancreas (Koevary et al., 1983), vas deferens 
(Thoa et al., 1969), and blood vessels (Kawasaki and Takasaki, 
1984). In the pineal gland, nerve terminals from the SCG take 
up and store 5-HT that is synthesized and released by the pi- 
nealocytes (Axelrod, 1974; Jaim-Etcheverry and Zieher, 1980). 
The presence of 5-HT and tryptophan hydroxylase has been 
demonstrated in the adult rat SCG in vivo (Liuzzi et al., 1977) 
and attributed to the SIF cells that contain 5-HT-like immu- 
noreactivity (Verhofstad et al., 198 1). Recently, however, it has 
been shown that during the first 5 postnatal weeks, some of the 
principal neurons of this ganglion transiently contain 5-HT im- 
munoreactivity (Happiila et al., 1986). Our experiments show 
that in culture, after growth in CM, some postnatal principal 
neurons synthesize and accumulate 5-HT. It will be interesting 
to examine the development and plasticity of serotonergic prop- 

erties in vitro, both in mass cultures and in single identified 
neurons in microculture, as has been done with adrenergic and 
cholinergic properties (e.g., Johnson et al., 1976; Patterson and 
Chun, 1977b; Landis, 1980; Potter et al., 1986). 
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