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SUMMARY

OTTEN, U. & THOENEN, H. (1976) Selective induction of tyrosine hydroxylase and
dopamine /3-hydroxylase in sympathetic ganglia in organ culture: role of glucocorti-
coids as modulators. Mol. Pharmacol., 12, 353-361.

In organ cultures of rat sympathetic ganglia dexamethasone enhanced the synthesis of

tyrosine hydroxylase and dopamine /3-hydroxylase in a strictly dose-dependent manner.
The maximal effect (tyrosine hydroxylase, +64%; dopamine /3-hydroxylase, +47%) was

achieved at 0.1 MM, and at 100 MM control levels were approached again. In contrast, the
smaller effect on dopa decarboxylase (+ 24%) was virtually the same over the concentra-
tion range from 10 n� to 1 m�. For all the enzymes studied a 4-hr exposure of the

ganglia to glucocorticoids was sufficient to produce a maximal effect after 48 hr. The
glucocorticoid-mediated induction of tyrosine hydroxylase and dopamine /3-hydroxylase
was dependent on the presence of intact preganglionic cholinergic nerves. In decentral-

ized ganglia the increase in tyrosine hydroxylase was reduced to + 22%, and that of
dopamine f3-hydroxylase, to +4%. The increase in dopa decarboxylase remained un-

changed. The addition of the ganglionic blocking agent chlorisondamine (10 MM) had the
same effect as decentralization. In organ cultures originating from adrenalectomized

animals carbamyicholine (100 MM) still produced a marked increase in tyrosine hydrox-
ylase and dopamine /3-hydroxylase. It is concluded that glucocorticoids exert a dual
effect on sympathetic ganglia: (a) a strictly concentration-dependent induction of tyro-
sine hydroxylase and dopamine /3-hydroxylase, which depends on the presence of intact
preganglionic cholinergic nerves, and (b) a nonspecific general effect on protein synthe-
sis, which is not dependent on intact preganglionic nerves and which is reflected by a
small increase of all enzymes studied. Since specific induction of tyrosine hydroxylase

and dopamine /3-hydroxylase by carbamylcholine is still possible in ganglia from adre-
nalectomized animals, the synthesis of these two enzymes seems to be regulated

primarily by the activity of the preganglionic nerves, with glucocorticoids playing a

modulatory role.

INTRODUCTION selective increase in the synthesis of tyro-

It is now well established and generally sine hydroxylase Ityrosine 3-monooxygen-

accepted that enhanced activity of the pre- ase, EC 1.14.16.2; L-tyrosine, tetrahydro-
ganglionic cholinergic nerves leads to a pteridine:oxygen oxidoreductase (3-hydrox-
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1.14.17.1] in the terminal adrenergic neu-
rons and adrenal chromaffin cells (1-3).
Other enzymes involved in the synthesis

or metabolic degradation of the adrenergic
transmitter norepinephrine, such as dopa

decarboxylase (3,4-dihydroxy-L-phenylala-
nine carboxylase, EC 4.1.1.28) and mono-

amine oxidase, remain unchanged (4-7).
This neuronally mediated enzyme induc-
tion can be abolished not only by transec-
tion of the preganglionic cholinergic nerves

(5, 8-10) but also by nicotinic blocking
agents (11, 12). This suggests that the first
messenger in this trans-synaptic enzyme
induction is acetylcholine. This assump-
tion is further supported by the observa-

tion that acetylcholine (13, 14) and carba-
myicholine (15) can mimic the effect of in-
creased preganglionic activity in decentra-
lized adrenals.

Moreover, in recent experiments it has
been shown that pulses of acetylcholine or
carbamylcholine can trigger the selective
induction of tyrosine hydroxylase and do-

pamine /3-hydroxylase in sympathetic
ganglia kept in organ culture (16).

At a very early stage in the investiga-
tion of the mechanism of tyrosine hydrox-

ylase induction in the adrenal medulla it
was shown that induction of this enzyme

could be achieved in hypophysectomized
rats (9). This observation suggests that the
pituitary-adrenal axis is not primarily in-

volved in the regulation of the synthesis of
tyrosine hydroxylase, in contrast to that of
phenylethanolammne N-methyltransfer-

ase, which is predominantly regulated by
glucocorticoids (17, 18). However, in recent
experiments it has been shown that the

inducibility of tyrosine hydroxylase in su-
perior cervical ganglia is subject to a diur-
nal rhythm and that this rhythm is deter-
mined by the diurnal variation in the pro-
duction of glucocorticoids (19).

Previous experiments showed that it is
possible to follow the whole process of
trans-synaptic induction in organ cultures
of sympathetic ganglia and that the time
course is very similar to that in vivo (16).
This system in vitro seemed to provide

favorable conditions for studying in more
detail the role of glucocorticoids in trans-
synaptic induction.

MATERIALS AND METHODS

Experimental procedures. Female
Sprague-Dawley rats (120-150 g) were

killed by a blow on the head. The superior
cervical ganglia were rapidly removed un-
der sterile conditions, desheathed under a
dissecting microscope, and placed on lens
tissue lying on metal grids in sterile plas-
tic culture dishes containing 1 ml of incu-

bation medium. The details of the dissect-
ing and incubation procedure have been

described previously (16). Particular care
was taken not to injure postganglionic fi-

bers and to make sure that the postgan-
glionic fiber bundles were at least 5-7.5
mm long. BGJ1, medium (modified accord-
ing to Fitton-Jackson as indicated in the

Gibco catalogue) supplemented with 10%

fetal calf serum and freshly prepared glu-
tamine, which was added to a concentra-
tion of 2 m�, was used for all experiments.
Incubation was carried out in an atmos-
phere of 87% 02-13% CO2 at 36#{176}in a hu-
midified incubator for up to 72 hr. The

culture medium was replaced after 48 hr.
The pH of the medium was maintained at

7.4. Compounds to be tested were each
added in a volume of 10 M’ Adrenalectomy
was performed 14 days, and decentraliza-
tion of the right superior cervical ganglia 7
days, prior to the beginning of the organ
culture experiments.

Enzyme preparation. After incubation
ganglia were rinsed thoroughly in Dul-
becco’s phosphate-buffered NaC1. One

ganglion was homogenized in 0.5 ml of ice-
cold 0.005 M Tris buffer (ph 7.4) containing
0.1% Triton X-iOO. The homogenates were
centrifuged at 27,000 x g for 20 mm. Con-

trol ganglia in vivo were dissected, de-
sheathed, and homogenized immediately
after removal from the animal.

Enzyme analyses. Radioactivity was de-
termined in toluene containing 6 g of
(2,4’ ‘-tert-butylphenyl)- 5- (4’ ‘-biphenyl-

1,3,4-oxidazole) and 300 ml of Triton X-lOO
per 1000 ml, except for dopamine /3-hy-
droxylase, where the Triton X-lOO was

omitted. Protein concentations were deter-
mined according to Lowry et al. (20).

Tyrosine hydroxylase. The activity of

this enzyme was assayed according to Lev-
itt et al. (21) with modifications described
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in detail by Muelleret al. (22), using 100 Ml

of enzyme preparation and with concentra-

tions of 15 MM L-tyrosine and 720 MM 6,7-
dimethyl-5,6,7,8-tetrahydropteridine HC1.
The assay is based on the liberation of half
the total tritium from the substrate 3’,S’-
ditritiotyrosine upon hydroxylation.

Dopamine /3-hydroxylase. The activity
of this enzyme was measured in 75-M1 sam-
ples of the enzyme preparation according

to Molinoff et al. (23) with modifications
described by Oesch et al. (24). The sub-

strate (phenylethylamine) concentration
was 1 m�, and an optimal concentration of
CuSO4 (10 MM) was used in order to inacti-
vate endogenous inhibitors. After homoge-
nization in 0.005 M Tris buffer (pH 7.4)

containing 0.1% Triton X-lOO, more than
90% of the enzymatic activity was present
in the 27,000 x g supernatant.

Dopa decarboxylase. The enzyme activ-

ity was determined in 50-M1 samples of
the enzyme preparation according to

H#{226}kanson and Owman (25) with modifica-
tions described in detail by Oesch et al.

(24). The assay is based on the conversion

of radioactive dopa to dopamine in the

presence of a monoamine oxidase inhibi-
tor. The reaction product, [1H]dopamine,
was separated from unreacted substrate,

[1H]dopa, on Dowex 50-X4 (Nat). The con-
centration of L-[1H]dopa in the assay was 1
mM; pyridoxal phosphate, 0.24 mM; and
tranylcypromine, 1.2 mM.

Monoamine oxidase. The activity was

determined in 25 M1 of the whole homoge-
nate by the method of Wurtman and Axel-
rod (26).

Statistics. Student’s t-test was used for

determination of the significance of differ-
ences between means (27). The measure of
variation in this study is the standard er-

ror of the mean.
Materials. L-[ring-3,5-1H]Tyrosine (spe-

cific radioactivity, more than 30,000 mCi!
mmole), L-[side chain-2,3-3H]dopa (spe-
cific radioactivity, more than 1000 mCi!
mmole), and S-adenosyl-L-[methyl-3H]-
methionine (specific radioactivity, 5000
mCi/mmole) were purchased from the Ra-

diochemical Centre, Amersham. [side

chain-2-’4C]Tryptamine bisuccinate (spe-
cific radioactivity, more than 85 mCi!

mmole) was obtained from New England
Nuclear Corporation; 6,7-dimethyl-5,6,7,8-

tetrahydropteridine HC1, B grade, from
Calbiochem; dexamethasone, cyclohexi-
mide, and carbamylcholine chloride, from
Sigma Chemical Company; eserine, from
Fluka, Buchs, SG, Switzerland; and chior-
isondamine and (2,4’ ‘-tert-butylphenyl)-S-

(4’ ‘-biphenyl-l ,3,4-oxidazole), from Ciba-
Geigy, Basel. Tissue culture media and

other solutions, including modified BGJI)
medium, fetal calf serum, Dulbecco’s phos-
phate-buffered NaCl, and glutamine (200

mM), were obtained as sterile solutions
from Gibco. Organ culture dishes and

grids were obtained from Falcon Plastics.

RESULTS

Time course of tyrosine hydroxylase, do-

pamine f3-hydroxylase, and dopa decar-

boxylase activities in sympathetic ganglia
kept in organ culture. The activities of
these three enzymes were determined 18,

24, 48, and 72 hr after the superior cervical

ganglia had been placed in culture. Within
the first 48 hr none of the activities dif-
fered significantly (p > 0.05) from zero-
time controls. However, after 72 hr all
three enzymes had fallen below their ini-
tial levels. Tyrosine hydroxylase was re-
duced to 86%, dopamine /3-hydroxylase, to
63%, and dopa decarboxylase, to 87%.

Light and electron microscopic studies
performed on ganglia kept in organ cul-
ture up to 48 hr in the presence and ab-
sence of dexamethasone confirmed the sur-
vival of the neuronal cells, as indicated by
the sustained enzyme levels over this pe-

riod.
Concentration dependence of dexameth-

asone effect. The induction of both tyrosine
hydroxylase and dopamine /3-hydroxylase

showed a strict dependence on the concen-
tration of dexamethasone used. For both

enzymes the maximal response was
achieved at 0.1 MM (Fig. 1). Interestingly,

at higher concentrations the maximal re-
sponse was no longer maintained but grad-
ually decreased, approaching control lev-

els at 0.1-1 m�i. In contrast, dopa decar-
boxylase activity did not reveal such a
strict concentration dependence. As with
tyrosine hydroxylase and dopamine /3-hy-
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FIG. 1. Concentration dependence of dexametha-

sone effect on enzyme levels in rat superior cervical

ganglia in organ culture

Superior cervical ganglia prepared for organ cul-

ture as described in detail under MATERIALS AND

METHODS were exposed for 24 or 48 hr to varying

concentrations of dexamethasone. After this time

the ganglia were washed in phosphate-buffered

NaCl and homogenized, and the activities of dopa-

mine f3-hydroxylase (DBH) (24 hr), tyrosine hydrox-

ylase (TH) (48 hr), and dopa decarboxylase (DDC)

(48 hr) were compared with those of ganglia kept in

normal media for the duration of the experiment.

The values represent the means ± standard errors of

eight ganglia. They are expressed as a percentage of

culture controls. The enzyme activity amounted to

1.61 ± 0.11 nmoles of dopa per hour per milligram of

protein for tyrosine hydroxylase, to 99 ± 7 nmoles of

phenylethanolamine per hour per milligram of pro-

tein for dopamine f3-hydroxylase, and to 582 Ha 28

nmoles of dopamine per hour per milligram of pro-

tein for dopa decarboxylase.

droxylase, the threshold concentration

was 10 n�, but there was no further statis-
tically significant (p > 0.05) change up to 1
mM. The maximal increase in tyrosine hy-
droxylase activity achieved by dexametha-
sone amounted to 63%; that of dopamine /3-
hydroxylase, to 46%; and that of dopa de-

carboxylase, to 24%. Similar results were
obtained with corticosterone, the major
physiological glucocorticosteroid in the
rat. The maximal effect was obtained at a

concentration of 3 MM. However, prefer-

ence was given to the use of dexametha-
sone on account of its good water solubil-
ity.

Relationship between period of exposure

to dexamethasone and subsequent in-
crease in tyrosine hydroxylase and dopa

decarboxylase. In order to determine the

minimal time of exposure necessary for
dexamethasone to initiate its maximal ef-
fect, we studied the response of ganglia to

0.1 MM dexamethasone for 1-48 hr. As

shown in Fig. 2, the maximal increase in
both enzyme activities after 48 hr was
achieved after exposure for 4 hr. For tyro-
sine hydroxylase a statistically significant
(p < 0.025) increase could be initiated by
exposing superior cervical ganglia to 0.1

MM dexamethasone for a period as short as
1 hr.

Time course of enzyme changes in re-

sponse to 0.1 M�’ dexamethasone exposure

for 4 hr. The time course of the activities of
tyrosine hydroxylase, dopamine /3-hydrox-
ylase, and dopa decarboxylase in superior
cervical ganlia kept in organ culture after
exposure to dexamethasone for 4 hr is
demonstrated in Fig. 3. The maximal in-
crease in dopamine f3-hydroxylase (+47%)
was reached at 24 hr. The maximal level of

tyrosine hydroxylase (+ 64%) was not at-
tained before 48 hr. The maximal increase
in dopa decarboxylase amounted to +23%

after 48 hr and returned to control levels
after 72 hr. The values for monoamine oxi-
dase were determined at 48 and 72 hr, and
the increases amounted to +22% and
+ 26%, respectively.

Effect of decentralization on dexametha-

sone-induced enzyme changes in cultured
superior cervical ganglia. Experiments in
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FIG. 2. Relationship between duration of expo-

sure to dexamethasone and subsequent changes in

tyrosine hydroxylase (TH) and dopa decarboxylase

(DDC) activity

Superior cervical ganglia were exposed for 1-48

hr to 0.1 j.LM dexamethasone. In the experiments in

which the ganglia were not exposed to dexametha-

sone for the whole duration of the incubation period

(48 hr) the ganglia were placed in culture dishes

which contained normal culture medium for the rest

of the experiment. The values are expressed as a

percentage of culture controls. Activities amounted

to 1.84 ± 0.12 nmoles of dopa per hour per milligram

of protein for tyrosine hydroxylase and to 572 Ha 35

nmoles of dopamine per hour per milligram of pro-

tein for dopa decarboxylase. The values represent

the means Ha standard errors of eight ganglia.

vivo had shown that the increase in tyro-
sine hydroxylase activity in superior cervi-
cal ganglia elicited by large doses of dexa-
methasone depend on intact preganglionic

cholinergic innervation (28). In order to
establish whether the experiments in or-
gan culture are representative for the situ-
ation in vivo, we studied the effect of
dexamethasone on ganglia in organ cul-

ture which had been decentralized in vivo
7 days previously. As illustrated in Fig. 4,
the effect of 0.1 MM dexamethasone on
these two enzymes was markedly reduced

by previous decentralization. The tyrosine
hydroxylase increase was reduced from

64% to 22%, and that of dopamine f3-hy-
droxylase, from 43% to nil. In contrast, the
increase in dopa decarboxylase remained

unchanged in decentralized ganglia. The

nicotonic blocking agent chlorisondamine
had an effect very similar to decentraliza-

tion (Table 1).
Effect of cycloheximide on changes in

enzyme activity produced by dexametha-

sone. In order to obtain information as to
whether the effect of dexamethasone on

tyrosine hydroxylase, dopamine f3-hydrox-
ylase, and dopa decarboxylase depends on
intact protein synthesis, we studied the

effect of cycloheximide. The concentration
of cycloheximide used, 20 MM, reduced the
total protein synthesis in organ cultures of

sympathetic ganglia by 96% (as deter-
mined by the incorporation of I1H]leucine

-‘--- into trichioracetic acid-precipitable pro-
8 tein) (29) and also abolished the effect of

dexamethasone on all three enzymes (Ta-
ble 2). Thus it seems that the increased

activity of these enzymes results from an
increased synthesis of new enzyme pro-
tein. This interpretation is further sup-

ported by recent experiments which have
shown that the increase in dopamine /3-

24 48 72

time in cuLture (hrs)

sure to 0.1 MM dexamethasone

Superior cervical ganglia were exposed for 4 hr to

0.1 MM dexamethasone. Thereafter they were kept

in culture for 20, 44, and 68 hr in normal media. At

the end of a 24-, 48-, or 72-hr incubation period the

ganglia were homogenized and their dopamine /3-

hydroxylase (DBH), tyrosine hydroxylase (TH(, and

dopa decarboxylase (DDC) activities were compared

with the enzyme activities of ganglia kept in normal

culture media for the whole incubation period. The

values are expressed as a percentage of culture con-

trols and represent the means Ha standard errors of

six or seven ganglia. The activity of uncultured

controls amounted to 1.98 Ha 0.11 nmoles of dopa per

hour per milligram of protein for tyrosine hydroxyl-

ase, to 112 Ha 9 nmoles of phenylethanolamine per

hour per milligram of protein for dopamine /3-hy-

droxylase, and to 584 30 nmoles of dopamine per

hour per milligram of protein for dopa decarboxyl-

ase.
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mine whether glucocorticoids are an abso-
lute prerequisite for trans-synaptic en-
zyme induction or whether they act as
modulators of the acetyicholine-mediated

process, we studied the effect of adrenalec-
tomy on enzyme induction by carbamyl-
choline. This approach was chosen after
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tions.
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FIG. 4. Effect of decentralization on dexametha-

sone-mediated enzyme induction

Superior cervical ganglia were decentralized 7

days prior to the beginning of the organ culture

experiments. Decentralized (Dec.) and intact gan-

glia were incubated for 4 hr in 0.1 MM dexametha-

sone, then washed in phosphate-buffered NaC1 and

placed in normal medium for a further 20 or 44 hr.

After a total incubation time of 24 or 48 hr the

ganglia were homogenized and the activities of do-

pamine /3-hydroxylase (24 hr), tyrosine hydroxylase

(48 hr), and dopa decarboxylase (48 hr) were com-

pared with ganglia kept in normal media during the

whole duration of the experiment. The values repre-

sent the means Ha standard errors of seven or eight

ganglia and are expressed as a percentage of intact

culture controls. The enzyme activity amounted to

1.70 Ha 0.14 nmoles of dopa per hour per milligram of

protein for tyrosine hydroxylase, to 102 ± 6 nmoles

of phenylethanolamine per hour per milligram of

protein for dopamine f3-hydroxylase, and to 566 Ha 31

nmoles of dopamine per hour per milligram of pro-

tein for dopa decarboxylase.

hydroxylase and dopa decarboxylase activ-
ities produced by dexamethasone in organ
cultures of sympathetic ganglia parallels

an increased incorporation of [1H]leucine
into the protein fractions which are specifi-
cally precipitated by monospecific antibod-
ies to these two enzymes.’

Effect of carbamylcholine on tyrosine
hydroxylase activity in organ cultures of

superior cervical ganglia originating from
adrenalectomized rats. In order to deter-

preliminary experiments had shown that

adrenalectomized rats did not survive any
of the procedures suitable for producing
increased preganglionic activity, such as
cold stress or treatment with reserpine.

The results presented in Table 3 show

that adrenalectomy performed 2 weeks be-
fore the ganglia were brought into culture
had no statistically significant (p > 0.05)

effect on the basal levels of tyrosine hy-
droxylase activity. Although the response

to 100 MM carbamyicholine was smaller in

ganglia originating from adrenalecto-
mized rats than from intact ones, the in-

crease was statistically significant (p <

0.025), indicating that trans-synaptic tyro-
sine hydroxylase induction is possible
without glucocorticoids but that the induc-
tion is enhanced by adequate concentra-
tions of these steroids.

DISCUSSION

It was the aim of the present study to

establish the role of neuronal and hor-
monal factors in the process of trans-syn-

aptic enzyme induction in sympathetic
ganglia kept in organ culture.

In a series of previous studies it was
shown that in sympathetic ganglia in vivo

TABLE 1

Effect of chlonisondamine on dexarnethasone-

mediated tyrosine hydroxylase increase in cultured

rat sympathetic ganglia

Rat superior cervical ganglia were incubated for 4

hr with dexamethasone, chlorisondamine, or a com-

bination of the two drugs. The ganglia were then

transferred to normal media for a further 44 hr.

Values represent the means � standard errors of six

ganglia.

Treatment Tyrosine hydroxyl-
ase activity

nmoles dopalhrlrng
protein

Controls 1.93 ± 0.14

Chlorisondamine (10 MMY’ 2.18 ± 0.21

Dexamethasone (0.1 MM) 3.01 Ha 0.171

Chlorisondamine” + dexa-

methasone 2.34 ± 0.18

“The animals were injected with 5 mg/kg of

chlorisondamine intraperitoneally 30 mm before

they were killed, and the ganglia were transferred

to culture.

p < 0.025 compared with controls.



Treatment

“p < 0.01 compared with culture controls.

“p < 0.025 compared with culture controls.

2.0 Ha0.12 64±4” 464Ha26

1.79 ± 0.09 1.68 Ha 0.06

2.36 Ha 0.11” 2.02 ± 0.09”
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TABLE 2

Effect of cyclohexim ide on dexamethasone- mediated enzyme changes

Superior cervical ganglia from adult female Sprague-Dawley rats were maintained in organ culture for 48

hr. They were incubated in normal culture medium, in medium containing 0.1 MM dexamethasone or 20

Mmoles of cycloheximide, or in medium containing both dexamethasone and cycloheximide. Cycloheximide
was present during the entire 48-hr incubation period, and dexamethasone, for 4 hr only. Values are the

means ± standard errors of eight ganglia.

Culture controls

Dexamethasone

Cycloheximide

Dexamethasone ± cyclo-

heximide

Tyrosine hydroxylase Dopamine /3-hydrox- Dopa decarboxylase
ylase

1.85 ± 0.11

3.26 Ha 0.16”

1.67 Ha 0.12

nxn ales priidi4cilhr/rng proiein

86 ± 6

114 Ha 7”

68 Ha 5�’

498 ± 20

589 ± 24”

487 Ha 21

TABLE 3

Effect of previous adrenalectomy on

carbamylcholine-mediated tyrosine hydroxylase

induction in organ cultures of sympathetic ganglia

Superior cervical ganglia of control and adrenal-

ectomized rats were decentralized 7 days prior to the

beginning of the organ culture experiments. Decen-

tralized ganglia from intact and adrenalectomized

animals were exposed for 4 hr to 100 MM carbamyl-

choline, then kept in normal media for 44 hr. At the

end of the incubation period the ganglia were ho-

mogenized and the activity of tyrosine hydroxylase

was compared with that of ganglia kept in organ

culture without carbamylcholine. The values repre-

sent the means ± standard errors of 8-10 ganglia.

Treatment Tyrosine hydroxylase

Decentralized Decentralized
+ adrenalecto-

mized

n,,,,,li,� ilopahrnig J)ri)iiiri

None

Carbamylcholine

(100 MM)

“p < 0.025.

and in vitro glucocorticoids can influence
the level of enzymes involved in the syn-

thesis and metabolic degradation of the
adrenergic transmitter norepinephrine
(19, 28, 30-32). In recent experiments Han-
bauer et al. (28) have shown that high
doses of dexamethasone elicited the induc-
tion of tyrosine hydroxylase in adult rats.

Since the induction was dependent on in-
tact preganglionic cholinergic fibers, it
could not be decided whether dexametha-

sone was the factor of primary importance
and the presence of intact preganglionic
cholinergic nerves represented merely a
permissive factor, or whether the in-

creased preganglionic activity was of pre-
dominant importance and dexamethasone
acted as a modulator. The latter assump-

tion was suggested by our recent observa-
tion that trans-synaptic induction of tyro-

sine hydroxylase in sympathetic ganglia
exhibits a diurnal rhythm which is posi-
tively correlated with the diurnal rhythm
of the synthesis of adrenal glucocorticoids

(19).
The present experiments strongly sup-

port the concept of a modulatory role of
glucocorticoids in trans-synaptic induc-
tion. They have shown that the specific

induction of tyrosine hydroxylase and do-
pamine /3-hydroxylase elicited by dexa-
methasone in organ cultures of sympa-

thetic ganglia depends on the presence of
preganglionic cholinergic nerves. In gan-
glia which had been decentralized 7 days

prior to the beginning of the organ culture
experiment, the specific induction of these
two enzymes could not be elicited by dexa-
methasone. Accordingly, in the presence of
intact preganglionic cholinergic nerves,
the specific effect of dexamethasone could
be abolished by chlorisondamine, a nico-
tinic ganglionic blocking agent.

In contrast, in ganglia originating from
animals which had been adrenalectomized
2 weeks prior to the beginning of the organ
culture experiments, a specific induction
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of tyrosine hydroxylase could still be elic-
ited with carbamylcholine without the ad-

dition of glucocorticoids to the culture me-
dium. These findings strongly support the

concept that the primary factor in this spe-
cific enzyme induction is the increased ac-
tivity of the preganglionic fibers and that
glucocorticoids play a true modulatory

role.
It seems that the regulatory role of glu-

cocorticoids is not confined to the adrener-
gic neurons but is also present in the adre-

nal medullary cells. This can be deduced
from the observation that tyrosine hydrox-
ylase induction by short-term cold stress is

subjected to a circadian rhythm not only in
the sympathetic ganglia but also in the

adrenal medulla (19). However, in contrast
to the ganglia, optimal induction in the
medulla occurs during the period of lowest

glucocorticoid production. Since the adre-
nal medulla is exposed to very high steroid
concentrations - one to two orders of mag-

nitude higher in the blood of the adrenal
medulla than in the general circulation -

it could be assumed that the optimal gluco-

corticoid concentrations for trans-synaptic
induction in the adrenal medulla are
reached during the time of lowest steroid
production, whereas for induction in the

adrenergic neurons the time of maximal
steroid production is optimal. This as-

sumption is further supported by the ob-
servation that in newborn animals, in
which the diurnal rhythm of glucocorticoid

production is not yet developed (33) and
glucocorticoid production is low (34), short-
term cold stress can initiate tyrosine hy-
droxylase induction in the adrenal me-
dulla at any time of the day. However,

tyrosine hydroxylase induction in sympa-
thetic ganglia by short-term cold exposure
is not possible at all unless the newborn

animals have been treated with glucocorti-
coids. Thus these experiments performed
in vivo strongly suggest that the modula-
tory role of glucocorticoids in trans-synap-
tic induction is concentration-dependent
and that the highest concentrations
reached in the adrenal medulla are inhibi-
tory. This assumption is also supported by
recent observations in the rat adrenal me-
dulla in organ culture (35). In these experi-

ments tyrosine hydroxylase induction was

initiated by administration of reserpine in
vivo. Four hours after the injection the

animals were killed and the adrenal me-
dullae were transferred to culture. The in-
duction initiated in vivo by reserpine pro-
gressed in organ culture in a very similar
way. If the organ cultures were supplied
immediately with high concentrations of

glucocorticoids, the increase in tyrosine

hydroxylase could be blocked. However, if
the cultures were supplied with the same
doses of glucocorticoids 4 hr later, they had

no influence on the process of tyrosine hy-
droxylase induction.

In the present experiments the concen-

tration dependence of glucocorticoid action
on sympathetic ganglia in organ culture
was investigated in more detail. It was

shown that the concentration of dexameth-

asone producing optimal induction of tyro-
sine hydroxylase and dopamine /3-hydrox-
ylase is rather specific, i.e., 0.1 MM. In
contrast, the much smaller response of
dopa decarboxylase was virtually the same
over a concentration range from 10 n�vi to 1
m�. Moreover, the increase in dopa decar-

boxylase and monoamine oxidase activi-
ties was not dependent on the presence of
intact preganglionic cholinergic nerves.
Thus it can be concluded that the strictly

concentration-dependent modulatory role
of glucocorticoids is confined to tyrosine
hydroxylase and dopamine /3-hydroxylase,

the two enzymes selectively involved in
trans-synaptic induction. However, it can

also be concluded that glucocorticoids have
an additional effect which remains un-
changed over a large concentration range,
which is independent of the presence of
cholinergic nerves, and which seems to be

rather nonspecific, representing a general
effect on protein synthesis.

In conclusion, glucocorticoids seem to

have a dual effect: (a) a strictly concentra-
tion-dependent modulatory effect on the
induction of tyrosine hydroxylase and do-

pamine /3-hydroxylase, which is predomi-
nantly mediated by the activity of the pre-
ganglionic cholinergic nerves, and (b) a
nonspecific effect, which is reflected by a
small increase in dopa decarboxylase and
monoamine oxidase, enzymes which are
never augmented to a significant extent

under experimental conditions which lead
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to trans-synaptic induction of tyrosine hy-
droxylase and dopamine /3-hydroxylase in

vivo.
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