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Abstract 

Tyrosine hydroxylase (TH) is induced by nerve growth factor (NGF) as well as by elevated K’ 
concentrations in cultures of sympathetic neurons dissociated from superior cervical ganglia of 
newborn rats. The two inductions were found to be mediated by different mechanisms. 

Cultures of sympathetic neurons required the continuous presence of 10 rig/ml of 2.5 S NGF for 
maximal survival. Increasing the NGF concentration in cultures grown at 10 rig/ml for 5 days to 100 
to 1,000 rig/ml for an additional 2 to 3 days resulted in an elevation of the specific TH activity by 50 
to 100%. Immunotitration demonstrated that the elevated TH activity was due to an increased 
number of enzyme molecules. The fact that the NGF-mediated TH induction was blocked by 
cycloheximide but not by a-amanitin suggests a regulation at the post-transcriptional level. Both 
dibutyryl CAMP and cholera toxin failed to elevate the activity of TH, indicating that CAMP does 
not act as a second messenger. The same is true for Ca’+, since the NGF-mediated TH induction 
was neither reduced by an inhibitor of transmembrane Ca2+ flux (D-600) nor by an inhibitor of 
cahnodulin (trifluoperazine) . 

Exposing cultures grown at 1,000 ng of NGF/ml for 1 to 3 days to medium with elevated K’ 
concentrations (55 mM) resulted in a further increase of TH activity by about 100%. Stimulation was 
maximal when normal medium was replaced by medium with elevated K’ concentrations 7 days 
after plating; no inductioin was observed when cultures were switched to elevated K’ concentrations 
later than 14 days thereafter. As for NGF, the K+-mediated TH increase was due to an augmented 
number of enzyme molecules (immunotitration). In contrast to the NGF-mediated induction, the 
K+-mediated induction appeared to be regulated at the transcriptional level, since it was markedly 
reduced by a-amanitin. The extent of TH induction by increasing concentrations of K+ paralleled 
the reduction in membrane potential as assessed by the uptake of methyltriphenylphosphonium. 
Reduction of the Ca2’ concentrations in the medium had no influence on TH induction. However, 
it was inhibited by D-600, Mg2+, and diphenylhydantoin, substances interfering with transmembrane 
Ca2+ fluxes. Moreover, TH induction was blocked by trifluoperazine and felodipine, drugs interfering 
selectively with cahnodulin-mediated processes. In electron micrographs of cells grown at elevated 
K+ concentrations, the incidence of mitochondria containing calcium precipitates was reduced by 
40%, suggesting that the K+-induced depolarization interfered with the mitochondrial sequestration 
of Ca’+. 

Nerve growth factor (NGF) is a protein which plays a 
central role in the development and maintenance of 
function of sympathetic and sensory neurons of the pe- 
ripheral nervous system. One of the most characteristic 
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effects of NGF on sympathetic neurons is the selective 
induction of tyrosine hydroxylase (TH) and dopamine 
,L&hydroxylase (DBH), enzymes necessary for the synthe- 
sis of norepinephrine (for review, see Thoenen and Barde, 
1980). After the administration of NGF to newborn or 
adult rats, the activity of these enzymes is elevated in 
sympathetic ganglia and in the adrenal medulla (Thoe- 
nen et al., 1971; Otten et al., 1977). NGF selectively 
induces TH and DBH, whereas dopa decarboxylase, the 
third enzyme involved in norepinephrine synthesis, in- 
creases only to the extent of the NGF-mediated hyper- 
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trophy of the target neurons (Thoenen et al., 1971; Otten 
et al., 1977). The induction of TH and DBH by NGF 
does not require an intact cholinergic innervation, indi- 
cating that NGF acts directly on the sympathetic neurons 
and, furthermore, that the preganglionic cholinergic 
nerves do not act as a permissive factor for the response 
to NGF (Thoenen et al., 1971; Otten et al., 1977). These 
effects seen in vivo were confirmed in vitro using organ 
cultures of sympathetic ganglia (MacDonnell et al., 1977; 
Max et al., 1978), where it was demonstrated additionally 
that the regulation of TH synthesis occurs at the post- 
transcriptional level (Rohrer et al., 1978). In organ cul- 
tures of rat superior cervical ganglia (SCGs), TH is 
induced not only by NGF but also by elevated K’ con- 
centrations. However, in adult ganglia, induction me- 
diated by elevated K+ concentrations is due mainly to 
the release of acetylcholine from presynaptic terminals 
(Otten and Thoenen, 1976a, b). 

Although experiments using organ cultures offer many 
advantages over those performed in vivo, they are not 
completely satisfactory because exact concentration-re- 
sponse relationships cannot be established due to the 
diffusion barrier between the medium and neurons to- 
gether with the extensive nonspecific binding of NGF to 
the extracellular matrix. Furthermore, the influence of 
non-neuronal cells cannot be controlled. Thus, we de- 
cided to study the induction of TH by NGF and by 
elevated K+ concentrations using primary cultures of 
sympathetic neurons dissociated from the superior cer- 
vical ganglia of newborn rats. 

In agreement with the findings of Chun and Patterson 
(1977a, b), who investigated the relationship between 
NGF-mediated survival and catecholamine synthesis, we 
observed a clear dissociation between the NGF concen- 
tration needed for maximal survival and that necessary 
to achieve a maximal increase in TH activity. Exposing 
cultures of sympathetic neurons grown at NGF concen- 
trations yielding maximal TH levels to elevated K+ con- 
centrations produced a further increase in TH activity. 
The additivity of the two effects and the different sensi- 
tivity to blockers of transcription and Ca”- and cahnod- 
ulin-mediated processes strongly suggests that the two 
effects are mediated by different intracellular mecha- 
nisms. 

Materials and Methods 

Cultures. The procedure used to prepare cultures of 
dissociated SCG neurons was based on that of Mains and 
Patterson (1973). Since the method was modified and an 
enzymatic digestion step was introduced to dissociate the 
neurons, the procedure is described in detail. SCGs were 
dissected from newborn rats (0 to 2 days after birth). 
They were incubated at 37°C for 45 min in 0.1% (w/v) 
trypsin (Worthington), 0.1% collagenase (type “Worth- 
ington,” Seromed), and 0.01% DNase (DNase I, Sigma) 
dissolved in Dulbecco’s phosphate-buffered saline. This 
was followed by a second incubation in 0.3% trypsin for 
20 min. The ganglia then were washed twice in L-15 
“plating medium” (Mains and Patterson, 1973) and neu- 
rons were dissociated by repeated trituration with a 
siliconized Pasteur pipette. Dissociated cells were plated 
in multiwell dishes (16 mm diameter, Costar, Cambridge, 

MA) precoated with polyornithine (1 mg/ml, type I-B, 
Sigma). Neurons were grown in 0.5 ml of modified L-15 
medium as described by Mains and Patterson (1973) (L- 
15/COa, basic medium purchased from Gibco). This me- 
dium is referred to as “normal medium.” “High K+ 
medium” contained 55 mM K’, 92 mM Na+, and 1.3 mM 
Ca2+. In “low Ca2+ medium,” the addition of Ca2+ was 
omitted. The medium contained 5% (v/v) serum obtained 
from adult rats and various concentrations of 2.5 S NGF 
purified from mouse submaxillary glands according to 
Bocchini and Angeletti (1969) as modified by Suda et al. 
(1978). Cytosine arabinonucleoside (lo-” M) was added to 
suppress the growth of non-neuronal cells. The medium 
was replaced every 2 to 3 days. From each pair of ganglia, 
15,000 to 20,000 viable neurons (counted after 5 days in 
culture) were obtained. This corresponds to a recovery 
of 35 to 45% based on the number of sympathetic neurons 
counted in SCGs of newborn rats (Hendry and Campbell, 
1976). Neurons were plated at a density of 5,000 to 10,000 
cells/dish. (The specific activity of TH was not affected 
by variations in cell density between 2,000 and 20,000 
cells/dish.) 

The numbers of neurons in culture were estimated by 
counting five randomly distributed visual fields 2 mm in 
diameter per well. The area counted corresponded to 
7.8% of the total area of the culture surface. 

Biochemical measurements. Neuron cultures were 
washed four times with 1 ml of Dulbecco’s phosphate- 
buffered saline. They then were dissolved by heavy tri- 
turation in 200 ~1 of ice cold 50 mM Tris/acetate buffer, 
pH 6.0, containing 0.1% (v/v) Triton X-100. Twenty-five 
microliters of the homogenate were taken for the assay 
of TH activity by a modification of the method of Levitt 
et al. (1967) as described by Edgar et al. (1981). The 
incubation mixture contained 25 PM [3,5-3H]tyrosine, 640 
PM tetrahydrobiopterin, 20 mM ascorbate, 0.1 mM ferrous 
ammonium sulfate, and 24,000 units/ml of catalase 
(Boehringer Mannheim) in 100 ~1 of a 50 mrvr potassium 
phosphate buffer, pH 6.6. The mixture was incubated for 
5 min at 37°C. Initial reaction rates were linear with time 
and amount of sample. 

For immunotitration of TH, various amounts of a 
rabbit anti-TH serum (Max et al., 1978) were added to 
the homogenates and the mixtures were left for 2 hr at 
room temperature. They then were centrifuged at 20,000 
x g for 30 min and TH activity was measured in the 
supernatant. 

Lactate dehydrogenase (LDH) activity was measured 
in 50 d of the neuron homogenate according to the 
method of Johnson and Whitakker (1963). Ten microli- 
ters were taken for assaying the activity of acetylcholin- 
esterase (AChE) as described by Wilson et al. (1972). 
Both methods gave linear responses with regard to in- 
cubation time and amount of sample. Protein was meas- 
ured by the method of Bradford (1976) using bovine y- 
globulin as the standard. 

The incorporation of 3H-labeled amino acids into pro- 
teins was performed according to the procedure described 
by Gagnon et al. (1976). 

Uptake of methyltriphenylphosphonium (TPP). Two 
hundred microliters of medium containing 25 pM r3H] 
TPP (1.8 Ci/mmol, New England Nuclear) were added 
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to the cultured neurons. The cultures were incubated for 
60 min at 37°C. The cells then were washed five times 
with 1 ml of Dulbecco’s phosphate-buffered saline and 
were dissolved thereafter in 200 ~1 of 1% Triton X-100. 
An aliquot of this solution was taken for the measure- 
ment of radioactivity in a liquid scintillation counter. 
The uptake of TPP increased up to incubation times of 
45 min, after which an equilibrium was reached. With 
incubation times of 60 min, the uptake was linearly 
dependent on TPP concentrations and sample amount. 

Chemicals. Chemicals of analytical grade were pur- 
chased from Merck (Darmstadt, FRG) or Sigma if not 
otherwise stated. The drugs added to the cultures were 
dissolved in plating medium; total additions did not 
exceed 40 pi/well. D-600 was a gift from Knoll Chemische 
Fabriken (Ludwigshafen, FRG); trifluoperazine was from 
Rijhm Pharma (Darmstadt, FRG). 

Results 
Dependence of survival on NGF 

As described by Chun and Patterson (1977a, b), the 
presence of NGF in the medium was necessary for the 
survival of non-neuronal cell-free sympathetic neurons in 
culture (Fig. 1). The concentration resulting in half-max- 
imal survival of neurons 5 days after plating was 3 rig/ml 
of 2.5 S NGF; 10 rig/ml was the lowest concentration 
which supported the maximal number of neurons. At 
concentrations of 10 rig/ml and higher, the number of 
neurons remained constant from 3 to 5 days after plating 
until at least 14 days thereafter. Biochemical experiments 
therefore were carried out between 5 and 14 days after 
plating. During this time interval, the cell bodies were 
single or in groups of two to five; they were connected by 
bundles of processes. No non-neuronal cells were ob- 
served after 5 days (Fig. 2). 

Dependence of TH activity on NGF concentration 
After 7 days in culture, neurons grown at 1,000 ng of 

NGF/ml exhibited a significantly higher TH activity 
than those grown at 10 rig/ml (Fig. 3). Raising the NGF 
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Figure 1. Dependence of the survival of cultured sympathetic 
neurons on the concentration of 2.5 S NGF in the medium. 
Approximately 10,000 neurons were plated per well (16 mm in 
diameter). Neurons were first counted 1 day after plating; their 
numbers on subsequent days were expressed as a percentage of 
the initial counting. The vertical bars indicate SEM of 6 to 10 
dishes. 

concentration of cultures grown at 10 rig/ml for 5 days to 
1,000 rig/ml for an additional 2 days increased the activity 
of TH significantly above the activities measured in 
cultures permanently kept at 10 rig/ml. Such a shift in 
NGF concentration increased the protein content per cell 
by 36%, the activity of LDH per cell by 37%, and the 
activity of TH per cell by 102%. Expressed per protein, 
this resulted in a 53% increase in the specific activity of 
TH, whereas the specific activity of LDH remained un- 
changed. LDH, which is a ubiquitous cytoplasmic en- 
zyme, was used as a “point of reference” (see, for instance, 
Nishi and Berg, 1981, for ciliary neurons) for specificity. 
The small amounts of tissue ayjailable did not allow the 
determination of dopa decarboxylase activity, which, in 
contrast to TH and DBH, is not induced by NGF (Thoe- 
nen et al., 1971; Otten et al., 1977) and is therefore the 
favored “point of reference,” which, unfortunately, could 
not be used in the present experiments. 

The increase in the specific activity of TH by shifting 
the NGF concentration from 10 rig/ml to higher levels 
was concentration dependent (Fig. 4). However, the ex- 
tent of the TH stimulation in different experiments was 
somewhat variable. 

Evidence for NGF-mediated TH induction and level of 
regulation 

The NGF-mediated increase in TH activity does not 
result from an activation of this enzyme but rather from 
an increase in the number of enzyme molecules. Immu- 
nochemical titration with a specific antibody to TH 
demonstrated that the equivalence point of homogenates 
from cultures switched to 1,000 ng of NGF/ml was dif- 
ferent from that of cultures kept at 10 rig/ml. The shift 
of the equivalence point was proportional to the magni- 
tude of the elevation of the TH activity (Fig. 5). The 
NGF-mediated TH induction was prevented by cyclo- 
heximide but not by a-amanitin (Table I), suggesting 
that the synthesis of TH is regulated at the post-tran- 
scriptional level. At a concentration of 10e6 M, cyclohex- 
imide inhibited the incorporation of labeled amino acids 
by 80% and reduced the basic level of TH by only 16% 
but completely abolished the TH increase resulting from 
raising the NGF concentration from 10 to 1,000 rig/ml. 
The concentration of a-amanitin used (lop7 M) was the 
same as in previous experiments with organ cultures of 
sympathetic neurons in which the extent of the reduction 
of RNA synthesis, according to the selective blockade of 
polymerase II (synthesis of ribosomal and transfer RNA 
remain intact), was established (Rohrer et al., 1978). As 
in organ culture, the NGF-mediated elevation of TH 
activity was not affected by cu-amanitin (Table I). In view 
of the various possible pitfalls resulting from the use of 
metabolic inhibitors, such as nonspecific toxic effects or 
insufficient penetration into the neurons, it is particularly 
significant that, in the same culture system, the TH 
induction mediated by elevated K+ concentrations was 
reduced markedly by the same concentration of a-aman- 
itin (Table IV). 

Effect of NGF on AChE activity 

AChE activity, which has been shown to be increased 
by NGF in PC12 pheochromocytoma cells (Lucas et al., 
1980; Rieger et al., 1980; Greene and Rukenstein, 1981) 
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Figure 2. Sympathetic neurons after 5 days in culture. Magnification x 350. 
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Figure 3. Effect of NGF on TH activity in cultured sympathetic neurons. The hatched bars represent neurons grown at 10 ng 
of NGF/mI for 7 days; the solid bars represent neurons grown at 10 ng/mI from days 1 to 5 and at 1,000 ng/mI on days 6 and 7. 
The cross-hatched bars represent cells kept at 1,000 rig/ml for 7 days. The shift in NGF concentration for 2 days produced an 
increase in specific TH activity, whereas the cell number and specific activity of LDH remained unchanged. The bars represent 
the means -+ SEM of 4 to 8 determinations. X, Different from neurons grown at 10 ng/ml,p < 0.01; XX, p < 0.001 (t test). 

and also in calf adrenal medullary cells (Naujoks, 1982, ml) to 3.26 f 0.30 pmol/min/pg of protein (cells switched 
manuscript in preparation), is not affected by high NGF to 1,000 ng/mI for 3 days), the activity of AChE was 
concentrations in rat sympathetic neurons. In an exper- 0.482 + 0.015 and 0.411 + 0.020 nmoI/min/pg of protein, 
iment in which TH activity increased from 2.16 + 0.20 respectively (means & SEM; n = 6; increase in TH 
pmol/min/pg of protein (cells grown at 10 ng of NGF/ activity significant, p < 0.05). 
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TABLE I 
Effect of inhibition of RNA orprotein synthesis on the increase in 

TH activity induced by high NGF concentrations 
“NGF 10” refers to neurons grown at 10 rig/ml of 2.5 S NGF for 8 

days; “NGF 1000” refers to neurons grown at 10 rig/ml for 5 days and 
at 1,000 rig/ml for another 3 days. The means -t SEM of 4 to 6 
determinations are given. 
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Figure 4. Dose dependence of the increase in TH activity 
induced by shifting cultures from 10 ng of NGF/ml to higher 
concentrations of NGF. The cultures were grown at 10 rig/ml 
for 5 days and at the higher concentration for an additional 3 
days. The means + SEM are given. X, Significantly different 
from cells kept at 10 rig/ml, p c 0.001; n = 9. Control TH 
activity was 2.23 f  0.33 pmol/min/pg of protein; control LDH 
activity was 0.426 f  0.034 nmol/min/yg of protein. 
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Figure 5. Immunotitration of TH in homogenates of neurons 
grown at 10 ng of NGF/ml for 8 days (0) and cells grown at 10 
rig/ml for 5 days and at 1,000 rig/ml for an additional 3 days 
(0). The equivalence points, as calculated from linear regression 
(obtained with the least squares method), are 3.2 ~1 for the 
control group and 5.1 pl for those cultures switched to high 
NGF concentration. This indicates that the elevation in TH 
activity is due to an increased number of TH molecules. Each 
point represents the mean of triplicate determinations. 

Possible mechanism of NGF-mediated TH induction 

Neither the addition of the stable CAMP analog, di- 
butyryl CAMP (DBCA), nor of cholera toxin, which ac- 
celerates the synthesis of endogenous CAMP, increased 
TH activity in cultured sympathetic neurons (Table II). 
These results suggest that CAMP does not act as a second 
messenger in NGF-mediated TH induction, confirming 

TH Activity 

NGF 10 
NGF 1000 

pmol/min/~ protein 

1.56 + 0.25 
2.39 f 0.21” 

NGF 10 + cycloheximide, 10m6 M 

NGF 1000 + cycloheximide, 1Om6 M 

NGF 10 + cu-amanitin, 10e7 M 

NGF 1000 + oc-amanitin, 10m7 M 

n Different from NGF 10, p 5 0.05 (t test). 

1.31 k 0.08 
1.30 f 0.07 

1.63 + 0.21 
2.23 f 0.06” 

TABLE II 
Lack of effect of cholera toxin and dibutyryl CAMP (DCBA) as well 

as of trifluoperazine and D-600 on the TH induction mediated by 
NGF 

The definitions of NGF 10 and NGF 1000 are given in Table I. The 
values represent the means f  SEM of 6 to 8 determinations. 

TH Activity 

pnol/min/~protein 

NGF 10 3.09 f 0.33 
NGF 1000 7.12 -c 0.43” 
NGF 10 + cholera toxin, 0.1 pg/ml 2.51 +- 0.96 
NGF 10 + DBCA, 1 mM 2.91 f  0.44 
NGF 1000 + DBCA, 1 mM 6.66 f 0.64 a 

NGF 10 1.48 + 0.04 
NGF 1000 3.86 + 0.05” 
NGF 10 + triofluoperazine, 10 pM 1.22 + 0.11 
NGF 1000 + trifluoperazine, 10 pM 3.13 f 0.26” 

NGF 10 2.72 k 0.12 
NGF 1000 3.82 + 0.10” 
NGF 1000 + D-600, lo-” M 4.14 f 0.126” 

” Different from the corresponding NGF 10 group, p < 0.01. 

earlier investigations in organ culture or rat SCGs (Otten 
et al., 1978; Thoenen et al., 1981). 

Transmembrane fluxes of Ca2+ and a subsequent stim- 
ulation of calmodulin-dependent processes are involved 
in a variety of regulatory mechanisms (Cheung, 1980; 
Klee et al., 1980). We therefore tested whether inhibitors 
of Ca2+ transmembrane flux or inhibitors of calmodulin 
block the TH induction mediated by high NGF concen- 
trations. D-600, an inhibitor of Ca2+ flux (Hagiwara and 
Byerly, 1981) failed to reduce the increase in TH activity 
(Table II). Trifluoperazine at a concentration of 10 ,uM, 
specifically blocking calmodulin-dependent processes in 
other systems (Cheung, 1980; Klee et al., 1980), did not 
prevent the increase in TH activity induced by switching 
the cultures from 10 to 1,000 rig/ml (Table II), suggesting 
that calmodulin is not involved in the NGF-mediated TH 
induction. Again, this (negative) result is particularly 
significant in view of the fact that inhibitors of calmod- 
ulin completely prevented the TH induction mediated by 
elevated K+ concentrations (Table VII). 
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Increase in TH activity induced by elevated K” 
concentrations 

Exposing cultures of sympathetic neurons to elevated 
K+ concentrations (55 mM) resulted in an increase in TH 
activity similar to that observed after switching from 10 
to 1,000 ng of NGF/ml (Table III). The increases caused 
by the two treatments were additive and therefore prob- 
ably mediated by different mechanisms. 

The major increase in specific TH activity induced by 
high K’ medium was reached after 2 days; a slight further 
increase was observed after 3 days (Fig. 6). The increase 
in TH activity was almost linearly dependent on the 
concentration of K’, measured 3 days after switching 
from normal medium to medium with elevated K+ con- 
centrations (Fig. 7). A maximal increase was observed 
with K+ concentrations between 55 and 100 mM. 

Evidence for high K”-mediated induction: Level of 
regulation 

As indicated by immunotitration, the increase in TH 
activity induced by high K+ medium was due to an 
increased number of enzyme molecules and did not re- 
flect an activation of this enzyme. Immunochemical ti- 
tration with a specific antibody to TH demonstrated that 
the equivalence point of homogenates from cultures 
grown in high K’ medium for 3 days was higher than 
that of homogenates of cells grown in normal medium 
(Fig. 8). The difference between the equivalence points 
was proportional to the magnitude of the elevation in 
TH activity. 

The regulation of TH induction by high K’ medium 
appears to take place largely at the transcriptional level, 
since the effect of high K+ medium (in contrast to that of 
NGF; Table I) was reduced markedly by a-amanitin 
(Table IV). As in the case of TH induction effected by 
raising the NGF concentration from 10 to 1,000 rig/ml, 
the K’-mediated TH increase also was abolished by 
cycloheximide (Table IV). However, in this series of 
experiments, the “basic” TH level was reduced much 
more than in the preceding experiments (Table I). This 
is easily understandable in view of the fact that, here, 
the “basic” (i.e., control) levels of TH represent the TH 
levels achieved by maximally enhancing the TH synthe- 
sis by 1,000 rig/ml of NGF. 

TABLE III 
Effect of elevated K+ concentrations on TH and LDH activity in 

cultured sympathetic neurons 
The definitions of NGF 10 and NGF 1000 are given in Table I. In 

the groups labeled “K’, 55 mM,” the normal medium (containing 5 mM 

K+) was replaced by medium containing 55 mM K+ on days 6 to 8 after 
plating. The osmolarity was preserved by reducing the Na+ concentra- 
tion. 

LDH Activity TH Activity 

nmol/nin/ygprotein pmol/min/~protein 

NGF 10 0.245 rt 0.037 2.60 -c 0.37 
NGF 1000 0.276 f 0.056 4.63 f 1.01” 

NGF 10 + K+, 55 mM 0.308 + 0.108 4.91 rt 0.97” 
NGF lOOO-+ K+, 55 mM 0.285 + 0.048 7.33 f 0.99”, b 

a Different from NGF 10, p < 0.05. 
b Different from NGF 1000 and NGF 10 + K+, 55 mrvr, p < 0.05. 

The continuous presence of high K+ medium during 
the 3-day period was not necessary to elevate TH activ- 
ity. A pulse of 12 hr was sufficient to elicit maximal 
increases 2 to 2% days later (data not shown). 

The increase in TH activity induced by high K+ me- 
dium depended on the age of the cultures (Fig. 9). The 
stimulation increased in magnitude up to 7 days after 
plating and decreased thereafter. No increase in TH 
activity was observed when cultures were switched to 
high K+ medium later than 14 days after plating. 

Mechanism of TH induction by elevated K” 
concentrations 

Depolarization. The increase in specific TH activity 
as a function of the K+ concentration in the medium 
paralleled the depolarization of the sympathetic neurons 
(Fig. 7). The magnitude of the depolarization induced 
was assessed by measuring the uptake of TPP, a hydro- 
phobic, charged molecule that crosses the plasma mem- 
brane and distributes according to the membrane poten- 
tial (Lichtshtein et al., 1979). The exact value of the 
membrane potential can be calculated from the TPP 
uptake, if the total volume of the neurons is known. In 
the present study, the volume was not determined. By 
assuming that the membrane potential entirely reflects 
the Kf equilibrium potential and neglecting the contri- 
bution of other ions, an approximation of the membrane 
potential can be calculated (Cheng et al., 1981): increas- 
ing the extracellular concentration of K’ above 75 to 100 
mM does not decrease the TPP uptake further (i.e., the 
membrane potential can be assumed to be zero) and the 
internal K+ concentration is equal to the external one (75 
to 100 mM). Using the Nernst equation, membrane po- 
tential = -6l(log [K+]internal - log [K+],,t,,,i), and the 
concentrations, [K+]internai = 75 to 100 mM and [K+lexternal 
= 5 mru, a membrane potential of 70 to 77 mV is calcu- 
lated. With electrophysiological techniques, O’Lague et 
al. (1978) found resting potentials between 50 and 70 mV 
in cultured rat sympathetic neurons. 

The notion that high K+ medium induces TH in sym- 
pathetic neurons by depolarizing them is supported fur- 

/I K+ 55 mM 

t 

,t’ t 
CONTROL 

0 1 2 3 
DAYS 

Figure 6. Time course of the increase in TH activity induced 
by high K+ medium. Cells in the experimental group were 
grown in normal medium (5 mu Kf, 1,000 rig/ml of 2.5 S NGF) 
for 5 days and then were switched to high K+ medium (55 InM 

Kf) for the indicated interval of time. Controls were kept 
permanently in normal medium. The means + SEM of 4 to 6 
determinations are given. 
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Figure 7. Dose-response relationship between increases in TH activity and the KC concentration in the medium. Neurons were 
grown for 5 days in normal medium (5 mM K+, 1,000 rig/ml of 2.5 S NGF) and for an additional 3 days at the indicated KC 
concentration. The uptake of TPP (25 pM; 60 min; see “Materials and Methods”) provides an estimate of the membrane potential. 
The means + SEM of 4 to 10 determinations are given. 
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Figure 8. Immunotitration of TH in homogenates from cells 
grown in normal medium (5 mM K+, 1,000 rig/ml of 2.5 S NGF) 
for 8 days (0) and cells grown in normal medium for 5 days and 
in high Kf medium for another 3 days (0). The equivalence 
points, as calculated from linear regression, were 5.3 ,ul for 
controls and 8.7 ~1 for the high K+ group. This indicates that 
the elevation in TH activity induced by high Kf medium is due 
to an increase in TH molecules. Eachpoint represents the mean 
of triplicate determinations. 

ther by studies with veratridine. Veratridine depolarizes 
neurons by opening voltage-dependent sodium channels. 
As assessed by the uptake of TPP, 10e4 M veratridine was 
necessary to depolarize the sympathetic neurons com- 
pletely (Table V). However, at this concentration, verat- 
ridine was toxic to the cells when present for 1 to 3 days. 
An intermediate concentration (lop5 M) was not toxic, 
produced a small depolarization, and increased TH activ- 
ity significantly but to a smaller extent than 55 mM K+ 
(Table V). 

Ca’+. Depolarization of sympathetic neurons is likely 
to activate voltage-sensitive Ca2+ channels, resulting in 
an influx of external Ca2+. We therefore tried to block 
the effect of high K+ medium on TH induction by inhib- 
itors of Ca2+ fluxes, namely, D-600 (a derivative of vera- 
pamil), diphenylhydantoin, and Mg2+ (Hagiwara and 
Byerly, 1981). All of these drugs markedly reduced the 
increase in TH activity induced by high K+ medium 

TABLE IV 

Effect of cycloheximide and a-amanitin on the increase in TH 
activity by high K+ medium 

Controls were grown in normal medium (5 mM K’) for 8 days. “K’, 
55 mM” refers to cells grown for 5 days in normal medium and for an 
additional 3 days in high K’ medium (55 mM K’). The medium always 
contained 1,000 rig/ml of 2.5 S NGF. The values indicate the means + 

SEM of 4 to 6 determinations. 

TH Activity 

pnol/min/~protein 

Controls 
K+, 55 mM 
Cycloheximide, lo-’ M 

K+, 55 mM + cycloheximide, lo-” M 

a-Amanitin, 10e7 M 

K+, 55 mM + a-amanitin, 10m7 M 

” Different from controls, p < 0.001. 
* Different from controls, p < 0.05. 

3.66 zk 0.20 
7.10 f 0.13” 
2.15 k 0.14 
2.64 f 0.25 

3.43 + 0.20 
5.12 + 0.46’ 

(Table VI). However, no reduction was observed when 
neurons were grown in medium with reduced Ca2’ con- 
centrations (i.e., in low Ca2+ medium, which still contains 
small amounts of Ca2+ due to the addition of rat serum). 
Even the addition of EGTA, a specific chelator of Ca2+, 
to low Ca2+ medium failed to reduce the TH induction 
(Table VI). 

It should be noted that neurons grown in low Ca2+ 
medium or in medium containing Mg2+ exhibited slightly 
increased activities of TH in the absence of elevated K’ 
concentrations (Table VI). 

Calmodulin. Besides activating Ca2+ channels in the 
plasma membrane, depolarization probably also mobi- 
lizes Ca2+ from intracellular stores. This internal mobili- 
zation cannot be blocked selectively. However, an in- 
crease in intracellular Ca2+ levels should stimulate the 
processes regulated by calmodulin, which appears to 
mediate any actions of Ca2+ (Cheung, 1980; Klee et al., 
1980; Means and Dedman, 1980). We therefore tried to 
inhibit the effect of high K+ medium with antagonists of 
calmodulin. The increase in TH activity by high K’ 
medium was blocked completely by trifluoperazine at a 
concentration of 10 PM (Table VII), the concentration 
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Figure 9. Increase in TH activity induced by high K+ medium 
as a function of the age of the cultures. Neurons were grown in 
normal medium for the time indicated on the abscissa; the 
experimental groups then were switched to high K+ medium 
for 3 days. The means + SEM of 4 to 8 determinations are 

given. 

TABLE V 

Increase in TH activity induced by veratridine 
The uptake of TPP serves as an index for the membrane depolari- 

zation produced (cf., “Materials and Methods”). Cells were treated as 
described in Table IV. The values represent the means ~fr SEM of 6 to 
10 determinations. 

Controls 
K’, 55 mM 

K+, 100 mM 

TPP Uptake TH Activity 

fmol/dkh pmol/min/~ protein 

115 + 4 7.28 f 0.28 

62 f 7” 13.60 f 1.50" 

40 +-4" -h 

Veratridine, 10e4 M 47 f 12" -e 

Veratridine, IO-” M 90 f 10” 9.63 f 0.38" 

Veratridine, IO-” M 111 f 20 7.15 r+r 0.43 

n Different from controls, p < 0.05. 
b Not determined. 

’ Toxic to neurons when added for more than a few hours. 

blocking calmodulin-mediated processes in other systems 
(Cheung, 1980). The effect of trifluoperazine cannot be 
due to the general cell toxicity of this drug, since the 
same concentration failed to block the NGF-mediated 
TH induction (Table II). Furthermore, it seems unlikely 
that the inhibition of TH induction by trifluoperazine 
reflects the ability of this drug to block dopamine recep- 
tors: concentrations of lOPa M are sufficient to block these 
receptors (Creese et al., 1978), whereas the TH induction 
was not reduced by concentrations up to low6 M (Table 
VII). The increase in TH activity also was reduced by 
felodipine, a clinically used Ca2+ antagonist that recently 
has been shown to inhibit cahnodulin-mediated processes 
(Bostrom et al., 1981; Church and Zsoter, 1980). This 
drug is unstable in solution, which might explain why it 
only partially reduced TH induction. 

Role of neurotransmitters. The TH induction me- 
diated by depolarization might reflect the action of neu- 
rotransmitters that are released into the medium after 
depolarization. The finding that calmodulin may be in- 
volved in the TH induction mediated by high KC medium 

TABLE VI 
Involvement of Ca2+ in the TH induction mediated by high K’ 

medium 
Cells were treated as described in Table IV. The values given 

indicate the means f SEM of 4 to 10 determinations. 

Controls 
K’, 55 mM 

D-600, lo-“M 

K+ 55 mM + D-600 lo-” M 

Diphenylhydantoin: 0.4 mru 

TH Activity 

pmol/min/~protein 
7.28 + 0.28 

13.60 f 0.60" 

6.96 f 0.29 

9.80 f 0.49”. b 
5.17 f 0.53 

K+, 55 mru + diphenylhydantoin, 0.4 mM 9.07 + 0.60",* 

M&l*, 20 mM 10.00 + 0.20” 
K+, 55 mM + MgCL, 20 mM 10.21 + 0.28’ 

Controls 
K+, 55 InM 

Ca*+, 0 mru 

K’, 55 mM + Ca*+ 0 IIIM 

Ca2’, 0 mM + EGTA, 0.5 mi% 

4.87 + 0.36 

13.18 + 0.93 
6.75 + 0.52 

15.06 + 0.53' 

7.25 + 0.55 

K+, 55 mM + Ca*+, 0 mM + EGTA, 0.5 mM 13.67 + 0.40' 

n Different from the corresponding control, p < 0.05. 
h Different from the corresponding K’, 55 mM value, p < 0.05. 

’ Different from the corresponding control, p < 0.01. 

TABLE VII 
Effect of calmodulin antagonists on the TH induction mediated by 

high k” medium 
Cells were treated as described in Table IV. The values given 

indicate the means & SEM of 4 to 8 determinations. 

Controls 

K’, 55 mM 
Trifluoperazine, lo-” M 

Trifluoperazine, 10e5 M 

K’, 55 mM + trifluoperazine, lo-” M 

K+, 55 mM + trifluoperazine, 5 X lo-” M 

K’, 55 mM + trifluoperaziue, 10m5 M 

Felodipine, IO-” M 

K+, 55 mM + felodipine, 10m6 M 

(2 Different from controls, p < 0.01. 
* Different from K’, 55 IIIM group, p < 0.05. 

TH Activity 

pmol/min/ELgprotein 
7.86 I !Z  0.40 

14.43 + 0.64” 
8.83 + 0.66 

8.49 + 0.64 

14.74 -c 0.73” 
9.97 + o.57b 

7.08 zk 0.61b 

7.59 f 0.50 

10.13 -I o.70b 

is consistent with such an assumption, since cahnodulin 
also seems to play a role in exocytosis (Grab et al., 1979). 
Cultured sympathetic neurons might release norepineph- 
rine and, possibly, acetylcholine after depolarization. 
However, the addition of norepinephrine, of the ,8-adre- 
nergic agonist isoproterenol, or of the cholinergic agonist 
carbachol failed to increase TH activity (data not shown). 
Furthermore, cultivating neurons in the presence of ele- 
vated K+ concentrations and the antagonists of (Y- and 
j?-adrenergic receptors, phenoxybenzamine and propran- 
0101, respecitvely, or of hexamethonium, an antagonist of 
nicotinic acetylcholine receptors, did not reduce the TH 
induction mediated by high K’ medium alone (data not 
shown). 

Electron microscopy 

On examination by phase contrast microscopy, the cell 
bodies of many neurons grown in high K+ medium were 
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found to contain small dark spots scattered throughout 
the cytoplasm. We therefore analyzed such neurons at 
the electron microscopic level. The cytoplasm of cells 
kept in high K’ medium for 3 days contained multila- 
mellar sheath-like structures which appeared to be de- 
rived from aggregating membranes of endoplasmic retic- 
ulum (Fig. 10). Such structures often were accompanied 
by large fields containing free ribosomes, suggesting that 
they were derived from former rough endoplasmic retic- 
ulum. No such sheath-like multilamellar structures were 
observed in neurons grown in control medium. These 
alterations resemble those seen during the chromatolytic 
reaction of neuronal cell bodies after injury of their axons 
(Lieberman, 1971). The mitochondria of cells grown in 
high K’ medium appeared slightly swollen. Furthermore, 
significantly fewer calcium precipitates were found in the 
mitochondria of neurons grown in high K+ medium as 
compared to the mitochondria those grown in normal 
medium. Calcium precipitates were found in 18.5 + 1.0% 
of the mitochondria of neurons grown in normal medium 
(mean + SEM; n = 28 cells; 1,738 mitochondria); in 
neurons grown in high K’ medium, the incidence 
dropped to 11.4 + 1.0% (n = 40 cells; 2,157 mitochondria; 
significantly different from controls, p < 0.001). Thus, 
depolarization by high K+ medium reduces the seques- 
tration of Ca2+ in mitochondria. 

Discussion 

The results of the present study have shown that, in 
dissociated cultures of rat sympathetic neurons (free of 
non-neuronal cells), the concentrations of NGF necessary 
to elicit a maximal TH induction are distinctly higher 
than those necessary for maximal neuronal survival. The 
elevated TH activity is due to an increased number of 
TH molecules and the NGF-mediated induction of this 
enzyme seems to be regulated at the post-transcriptional 
level. We failed to obtain evidence for a role of CAMP or 
Ca2+-calmodulin as second messengers in NGF-mediated 
TH induction. Exposing cultures of sympathetic neurons 
grown at NGF concentrations that result in maximal TH 
levels to elevated K’ concentrations produced a further 
increase in TH activity. The mechanism by which ele- 
vated K’ concentrations induce TH involves depolari- 
zation of the neurons, mobilization of Ca2’ from internal 
stores, and probably activation of a calmodulin-depend- 
ent process which then regulates TH synthesis at the 
transcriptional level. 

NGF-mediated TH induction. Our results are in agree- 
ment with previous investigations by Hill and Hendry 
(1976), who found a dissociation between the concentra- 
tions of NGF necessary to elicit maximal fiber outgrowth 
and the maximal increase in TH activity with explants of 
rat SCGs. However, it cannot be decided whether the 
fiber outgrowth observed in these explants reflects the 
survival of the neurons. In addition, the concentrations 
necessary to elicit a maximal increase in TH activity are 
considerably higher in explants than those necessary in 
dissociated cultures, reflecting the limitations of the use 
of organ cultures in establishing concentration-response 
relationships as delineated in the introduction. In disso- 
ciated SCG neurons of newborn rats, Chun and Patterson 
(1977a, b) observed a dissociation between the concen- 

tration-response curves for survival and the stimulation 
of synthesis of 3H-catecholamines from [3H]tyrosine. A 
stimulation of 3H-catecholamine synthesis could not only 
reflect an induction of TH but also a TH activation, an 
increase in the availability of the cofactor, or an increase 
in tyrosine uptake. The parallelism between the findings 
of Chun and Patterson (1977a, b) and those of the present 
study suggests that the increase in the synthesis of 3H- 
catecholamines measured by these authors does indeed 
reflect TH levels. 

The separation between the effects of NGF on survival 
and those on TH activity might reflect the interaction of 
NGF with receptors of different affinity. However, in 
contrast to the chick (Olander and Stack, 1980), in cul- 
tured rat sympathetic neurons, only one type of receptor 
has been observed with a dissociation constant of 2 to 5 
X lo-’ M (Claude et al., 1982). This concentration (50 to 
130 ng of NGF/ml) is intermediate to those producing 
half-maximal effects on survival and TH induction (Figs. 
1 and 4), indicating that both (maximal) effects are 
mediated by differing occupancies of the same receptors. 

The increase in TH activity mediated by NGF reflects 
an induction of this enzyme as indicated by the results of 
immunotitration and by the fact that the increase was 
blocked by cycloheximide. In confirmation of results with 
SCGs in organ culture (Rohrer et al., 1978), we found 
that the regulation of TH synthesis by NGF occurs at 
the post-transcriptional level. After it had been estab- 
lished that NGF injected into the cytoplasm of target 
cells (reaching there from the nuclear chromatin by 
diffusion) is without any biological effect and that anti- 
NGF antibodies injected into the cytoplasm do not im- 
pair the plasma membrane receptor-mediated effects 
(Heumann et al., 1981; Schwab et al., 1982) of NGF, it 
has to be concluded that the biological effects of NGF 
have to be mediated by a second messenger mechanism. 
In the present experiments, neither DBCA, a stable 
analog of CAMP, nor cholera toxin, which stimulates the 
synthesis of endogenous CAMP, produced an increase in 
TH activity. These results confirm those obtained in 
adult SCGs in organ culture, in which TH activity can be 
increased in the absence of alterations in endogenous 
levels of CAMP (Otten et al., 1978), and conversely, 
prolonged elevations in endogenous CAMP levels do not 
induce TH (Thoenen et al., 1981). Therefore, CAMP can 
be excluded as a second messenger of NGF-mediated TH 
induction in sympathetic neurons. 

As an alternative to CAMP, Ca”+ has been considered. 
An influx of external Ca2’ or its mobilization from inter- 
nal stores might stimulate processes which are regulated 
by calmodulin (Cheung, 1980; Klee et al., 1980). In cul- 
tures of dissociated SCG neurons, the effect of NGF was 
neither abolished by the inhibitor of transmembrane 
Ca2+ flux, D-600 (Hagiwara and Byerly, 1981), nor by the 
inhibitor of calmodulin, trifluoperazine (Cheung, 1980) 
(Table II). The relevance of this experiment is empha- 
sized by the fact that, in the same culture system, inhib- 
itors of calmodulin blocked the TH induction mediated 
by elevated K’ concentrations. 

TH induction mediated by elevated K’ concentra- 
tions. Elevated K’ concentrations increased the synthe- 
sis of 3H-catecholamines from [3H]tyrosine in cultures of 
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rat SCG neurons (Walicke et al., 1977; Walicke and 
Patterson, 1981a, b). A similar increase was observed 
after electrical stimulation of the cultured neurons (Wal- 
icke et al., 1977). The stimulation of catecholamine syn- 
thesis was attenuated by D-600. In cultures of parasym- 
pathetic ciliary neurons, elevated K’ concentrations in- 
creased the activity of choline acetyltransferase, LDH, 
and the total protein content to a similar extent; the 
specific activity of choline acetyltransferase was not ele- 
vated (Nishi and Berg, 1981). These increases were mim- 
icked by veratridine and were blocked by D-600. Walicke 
and collaborators (1977, 1981a, b) and Nishi and Berg 
(1981) concluded that the mechanisms by which these 
alterations are induced involve depolarization and a re- 
sulting influx of Ca2+ through voltage-sensitive Ca2+ 
channels. Our own findings on the effect of elevated Kf 
concentrations on TH levels in rat sympathetic neurons 
support the notion that depolarization is involved; how- 
ever, we failed to obtain conclusive evidence for an 
involvement of a Ca2+ influx. The increase in TH activity 
was inhibited by D-600 but not by reducing the extracel- 
lular Ca2+ concentration. However, it is probable that 
even the media prepared without Ca2+ and supplemented 
with EGTA still contained micromolar concentrations of 
Ca2+ which might be sufficient to sustain an accelerated 
influx of Ca2+ during depolarization (Walicke and Patter- 
son, 1981b). Unfortunately, the inhibitory effect of D-600 
does not provide conclusive evidence for an increased 
Ca2+ influx either, since verapamil (from which D-600 is 
derived) recently has been suggested to interfere directly 
with calmodulin (Bostrom et al., 1981; Church and Szo- 
ter, 1980). The induction of TH by elevated K+ concen- 
trations was blocked completely by Mg2+, an antagonist 
of Ca2’ influx in most systems (Hagiwara and Byerly, 
1981). However, in electrophysiological studies on SCG 
neurons, Ca2’-dependent afterpotentials were not 
blocked by Mg2+ (McAfee and Yarowski, 1979). Further- 
more, diphenylhydantoin, which markedly reduces the 
increase in TH activity, probably interferes with both 
the influx of Ca2+ and its mobilization from internal 
stores (DeLorenzo, 1980). Although clearly indicating 
that Ca2+ is involved in the stimulation of TH by elevated 
K’ concentrations, these findings do not necessarily sug- 
gest an increase in Ca2+ influx. The data, however, are 
compatible with the possibility that Ca”+ is released from 
intracellular stores. This assumption is supported by the 
results of our electron microscopic studies, showing that 
mitochondria in neurons grown at elevated K+ concen- 
trations contained fewer calcium precipitates. Ca2+ re- 
leased from intracellular stores by depolarization might 
associate with calmodulin, and hence stimulate calmod- 
ulin-dependent processes, since the induction of TH was 
blocked by trifluoperazine and felodipine (i.e., inhibitors 
of this protein; Bostrom et al., 1981; Cheung, 1980). It 
remains to be established how the Ca2’-calmodulin 
mechanism is linked to the regulation of TH synthesis at 
the transcriptional level. 

Sympathetic neurons from SCGs express cholinergic 
properties when cultivated in the presence of a factor 
produced by heart cells. Elevated K’ concentrations 
prevent this shift in transmitter specificity (Walicke et 
al., 1977; Walicke and Patterson, 1981a, b). This effect is 

mimicked by veratridine and is blocked by D-600, Mg2+, 
diphenylhydantoin, and high concentrations of EGTA. 
Since no major differences have become apparent be- 
tween the mechanisms by which elevated K+ concentra- 
tions affect catecholamine synthesis, TH induction, the 
transmitter choice of rat sympathetic neurons, and the 
activities of choline acetyltransferase and LDH in chick 
ciliary ganglion neurons, it seems possible that calmod- 
ulin mediates all of these effects. 

Do the effects of elevated K+ concentrations reflect 
processes operating in. uiuo? It has been postulated that 
they might mimic the influence of an excitatory input to 
these cells in vivo (Nishi and Berg, 1981). The presence 
of the excitatory cholinergic input to the sympathetic 
neurons in SCGs is a requirement for their normal mor- 
phological and biochemical development (Black, 1978). 
Transection of the preganglionic trunk or administration 
of cholinergic receptor antagonists to newborn rats pre- 
vents the 6- to lo-fold increase in TH activity which 
normally occurs later in development (Black and Geen, 
1973,1974). However, at least in adult SCGs, the selective 
induction of TH and DBH by increased preganglionic 
(cholinergic) activity is not identical to the response to 
general depolarization produced by elevated K’ concen- 
trations or veratridine in vitro (Otten and Thoenen, 
1976a, b; Thoenen and Otten, 1977). Increased activity of 
the preganglionic neurons in vivo or pharmacological 
stimulation of nicotinic receptors in organ cultures of 
SCGs results in an induction of TH and DBH but not 
dopa decarboxylase (cf., Thoenen and Otten, 1977). Con- 
versely, depolarization of previously decentralized gan- 
glia by elevated K’ concentrations produced not only 
small increases of TH and DBH activities but also of 
dopa decarboxylase and monoamine oxidase activities 
(Otten and Thoenen, 1976a, b). The acetylcholine- or 
carbachol-mediated induction of TH is mediated by nic- 
otinic receptors and was not affected by tetrodotoxin 
which blocks the voltage-dependent Na’ channels (Otten 
and Thoenen, 1976b; Thoenen and Otten, 1977). These 
observations in organ cultures are in agreement with 
those of Zigmond and Chalazonitis (1979), who demon- 
strated that, in rat SCGs, TH can be induced only by 
stimulation of the preganglionic cholinergic fibers and 
not by depolarization of the cell bodies of the adrenergic 
neurons by antidromic stimulation. This clear dissocia- 
tion between the effects of stimulation of the cholinergic 
input and those of general depolarization have been 
established in adult rats. Unfortunately, less information 
is available in the case of young animals. In organ cultures 
of SCGs from young mice, elevated K’ concentrations 
equally elevated the activities of TH and dopa decarbox- 
ylase (Goodman et al., 1974); however, these experiments 
are insufficient to determine whether this effect is me- 
diated by transmitter release from preganglionic nerve 
terminals or by a direct effect on the adrenergic neurons. 
Carbachol, which induces TH in SCGs from adult rats, 
failed to affect TH activity in SCGs in organ cultures 
from newborn animals (Goodman et al., 1974; Mackay, 
1974). It therefore seems possible that sympathetic neu- 
rons go through a maturation process, in vivo, during 
which they lose their biochemical responsiveness to gen- 
eral depolarization but become reactive to the regulation 
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of the synthesis of TH and DBH via nicotinic receptors, 
which is not mediated via voltage-dependent sodium 
channels. In the cell culture system used in the present 
study, dissociated SCG neurons failed to respond with a 
TH induction to carbachol (data not shown). Conversely, 
the TH induction mediated by elevated K’ concentra- 
tions disappeared with increasing age of the cultures. 
Therefore, dissociated SCG neurons in cell culture might 
go through a maturation process in vitro which is similar 
to that occurring normally in uiuo. 
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