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SUMMARY

MUELLER, R. A., OTTEN, U., AND THOENEN, H.: The role of adenosine cyclic 3’,5’-
monophosphate in reserpine-initiated adrenal medullary tyrosine hydroxylase induc-
tion. Mol. Pharmacol. 10, 855-860 (1974).

An intact splanchnic nerve is required for the initiation of trans-synaptic induction of
tyrosine hydroxylase in rat adrenal medulla. Severing of the splanchnic nerve fibers sup-
plying the left adrenal 4 hr after reserpine administration completely abolished the induc-
tion of tyrosine hydroxylase observed 48 hr later on the intact side. Transection of the
splanchnic nerves 8 hr after drug administration partially prevented tyrosine hydroxylase
induction, whereas transection after 12 hr had no effect on induction. Adrenal medullary
cyclic AMP contents were measured at various times up to 12 hr after reserpine. The rapid
initial increase in cyclic AMP returned to normal by 90 min and remained there for the
next 12 hr. When cyclic AMP had returned to control levels after reserpine, administration
of aminophylline (theophylline ethylenediamine) produced a slower rate of increase in
cyclic AMP than observed in controls. Therefore it appears either that cyclic AMP is not
involved in the trans-synaptic induction of tyrosine hydroxylase observed after reserpine
or that the intact splanchnic nerve is required for some part of the inductive process after
the cyclic AMP response has terminated.

After administration of reserpine to rats
the activity of tyrosine hydroxylase (EC
1.14.3.a), the enzyme which catalyzes the
rate-limiting step in the biosynthesis of cate-
cholamines (1), increases in sympathetic
ganglia and in the adrenal chromaffin cells
(2, 3). The increase in tyrosine hydroxylase
activity is due to an increase in the number
of specific enzyme molecules (4, 5). Transec-
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tion of the splanchnic nerve supplying the
adrenal medulla prior to drug treatment pre-
vents the increase in tyrosine hydroxylase,
suggesting that the inductive signal is trans-
synaptic (6). Since administration of high
doses of acetylcholine in combination with
atropine and eserine (7) or high doses of
carbachol (8) to animals with denervated
adrenals can also initiate an increase in
tyrosine hydroxylase activity in vitro, acetyl-
choline appears to represent the immediate
inductive signal.

It has been suggested by Costa and



856

Guidotti (8, 9) that increased trans-synaptic
activity after reserpine elicits a neuronally
dependent increase of cyclic AMP concen-
tration in the adrenal medulla of the rat.
These authors proposed that the increased
medullary cyclic AMP could transmit in-
formation from the cholinergic receptor to
the cell processes which finally elevate tyro-
sine hydroxylase activity; i.e., cyclic AMP
may once again act as a ‘‘second messenger.”

However, recent studies in our laboratory
have revealed marked dissociations between
the rate of cyclic AMP elevation and the sub-
sequent increase in tyrosine hydroxylase
activity in both superior cervical ganglia and
adrenal medulla (10, 11). In the present in-
vestigation severing of preganglionic splanch-
nic nerve fibers 4 hr after reserpine ad-
ministration blocked tyrosine hydroxylase
induction. Since the cyclic AMP changes
which followed reserpine administration were
already complete for more than 2 hr at this
time, either cyclic AMP is not involved in
tyrosine hydroxylase induction or an addi-
tional trans-synaptic factor is required to
permit expression of the cyclic AMP effect.

Male Sprague-Dawley rats (Siiddeutsche
Versuchstierfarm, Tuttlingen, Germany)
weighing 150-180 g were kept under constant
laboratory conditions at 24° with a light-
dark cycle of 12 hr and had free access to
food and water. Experimental animals re-
ceived an intraperitoneal injection of 10
mg/kg of reserpine and/or 200 wumoles/kg
of theophylline (administered as amino-
phylline). Control animals were given 0.9 %
Na(Cl injections.

Denervation of the left adrenal medulla
was performed either just before injection of
reserpine or various times after reserpine
administration. The operation was performed
in 5-8 min under ether anesthesia (6). Com-
pleteness of denervation was controlled in
each adrenal gland by determination of
choline acetyltransferase activity (12) with
modifications described by Oesch et al. (13).
Complete denervation diminished choline
acetyltransferase activity to less than 10 % of
the contralateral control adrenal; denerva-
tion of adrenals did not cause a reduction in
catecholamine content, confirming earlier
data (6).

At appropriate time intervals following
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the last treatment (Fig. 1) the animals were
killed by a blow on the head and adrenal
glands were rapidly removed. Both adrenal
medullae were dissected from the cortex at
0° using a dissecting microscope. Two
adrenal medullae (contaminated with less
than 5% cortex tissue as verified histologi-
cally) were homogenized in 300 ul of 5%
trichloracetic acid. After centriguation at
5000 X g for 20 min the supernatant frac-
tions were extracted three times with 7 ml of
ether and cyclic AMP concentrations were
determined in 50-ul aliquots of the aqueous
fractions (14). The protein of the trichlor-
acetic acid precipitate was dissolved in 1 N
NaOH and determined according to Lowry
et al. (15).

All animals were killed 48 hr after reserpine
treatment. Each adrenal was homogenized in
2 ml of 0.25 M sucrose. A sample of the
sucrose homogenate was then acidified with
0.4 N HCIO; for later estimation of catechol-
amines, expressed as epinephrine (16, 17),
and another was rehomogenized in 0.5%
Triton-1 mmM EDTA for assay of choline
acetyltransferase activity. Tyrosine hy-
droxylase activity was determined by a
modification (2) of the procedure of Levitt
et al. (18). All enzyme activities were ascer-
tained to be first-order with respect to pro-
tein and linear with time for each ex-
perimental condition. Radioactivity was
determined in toluene containing 6 g of
(2,4” - tert - butylphenyl) - 5 - (4” - biphenyl-
1,3,4-oxidazole) (Ciba) and 300 ml of
Triton X-100 per liter.

Student’s {-test was used to establish the
significance of differences between means,
with p < 0.05 as the level of significance
(19). The measure of variation in this study
is the standard error of the mean. The
method of least squares was used to calculate
regression coefficients and equations to de-
scribe rates of change.

[ring-3,5-*H]L-Tyrosine (specific radioac-
tivity, more than 30 Ci/mmole) was pur-
chased from the Radiochemical Centre
(Amersham, England); [G-*H]adenosine 3’,
5'-monophosphate (10 Ci/mmole), from
New England Nuclear Corporation; 6,7-
dimethyl-5,6,7,8-tetrahydropteridine HCI,
B grade, from Calbiochem; and reserpine
(Serpasil), from Ciba-Geigy.
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1 shows the rapid increase and
abrupt fall of medullary content of cyeclic
AMP after the intraperitoneal injection of
10 mg/kg of reserpine. The maximal in-
crease in cyclic AMP was observed 30 min
after reserpine. Between 60 and 90 min after
reserpine administration cyclic AMP levels
again approached control values. From 90
min to 12 hr after treatment with reserpine
medullary concentrations of cyclic AMP re-
mained at control levels.

Tyrosine hydroxylase activity was de-
termined 48 hr after reserpine administra-
tion, since previous studies had shown that
the maximum increase in enzyme activity
in vitro occurred 48-72 hr after reserpine
injection (2). Reserpine produced a similar
increase in enzymatic activity in the intact
adrenal glands of rats operated 4, 8, and 46 hr
after reserpine treatment (Fig. 2). Denerva-
tion did not change adrenal tyrosine hy-

droxylase activity in control animals (6),

and operation in addition to reserpine did
not produce a greater increase in enzymatic
activity in the innervated right adrenal than
that produced by reserpine alone. Splanch-
nicotomy 4 hr after injection of reserpine
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completely abolished the rise in enzyme ac-
tivity in the denervated adrenal, whereas
cutting the splanchnic nerve 8 hr after
reserpine markedly reduced hydroxylase in-
duction, although the small increase in
enzymatic activity was still statistically
significant (p < 0.05). Denervation per-
formed at 12 hr (not shown) or 46 hr did not
interfere with the rise in hydroxylase ac-
tivity. Thus the surgical denervation pro-
cedure itself did not produce a decrease in
adrenal medullary tyrosine hydroxylase once
the signal had been received.

It could be proposed that although the
cyclic AMP levels returned to normal 90
min after reserpine, there was still an in-
creased rate of synthesis of cyclic AMP or
accumulation of cyclic AMP in a small,
active compartment of the cell, but that this
increase was no longer evident in the whole
adrenal medulla because of elevated phos-
phodiesterase activity (20). To examine this
possibility control and reserpine-treated
rats were given 200 umoles/kg intraperi-
toneally of theophylline, an inhibitor of
medullary phosphodiesterase activity (8),
4 hr after NaCl or reserpine administration
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Fi1a. 1. Effect of reserpine on concentration of cyclic AMP in rat adrenal medulla
Cyclic AMP was determined at the time intervals indicated after intraperitoneal injection of 10 mg/kg
of reserpine. Values represent means =+ standard errors of at least six determinations. The concentration
of cyclic AMP in adrenal medullae of control animals was 33 pmoles/mg of protein.

*p < 0.05.
*p» < 0.01.
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FiG. 2. Effect of splanchnic nerve lransection on reserpine-induced tyrosine hydrozylase activity in rat

adrenals

Tyrosine hydroxylase activity in vitro was determined in unilaterally denervated and contralaterally
innervated adrenal glands 48 hr after the intraperitoneal administration of 10 mg/kg of reserpine. Values
represent mean + standard errors of at least seven determinations. Surgical denervation was performed
in control animals 4, 8, and 46 hr after injection of reserpine. Completeness of splanchnicotomy was con-
trolled by measuring choline acetyltransferase activity and adrenal catecholamine concentrations as
described in detail in the text. The activity of tyrosine hydroxylase in intact control adrenal glands was
9.8 + 0.5 nmoles of dopa per pair of adrenals per hour, and in denervated adrenals of control animals it
was 9.6 = 0.7 nmoles of dopa per pair of adrenals per hour.

*p < 0.001.

(Fig. 3). This dose of theophylline has pre-
viously been shown to produce a maximal
rate of increase in adrenal medullary cyclic
AMP in control rats (21). Interestingly,
the rate of accumulation was significantly
slower (4.6 pmoles of cyclic AMP per milli-
gram of protein per minute; y = 4.6z +
26.5, p < 0.05) in adrenal medullae of
animals previously treated with reserpine
than in adrenal medullae of control animals
(15.3 pmoles/mg of protein/min; y =
153z + 31).

The trans-synaptic induction of tyrosine
hydroxylase in the peripheral sympathetic
nervous system is a slow adaptive process
enhancing the capacity for catecholamine
synthesis. A consistent increase in the level
of this enzymatic activity cannot be re-
corded earlier than 16-24 hr after beginning
a treatment, which leads to enhancement
of nerve impulse traffic in the preganglionic
cholinergic nerves supplying the terminal
adrenergic neurons and the adrenal medul-
lary cells (2, 22-24). The neuronally medi-
ated increase in enzyme activity is the
result of augmented synthesis of specific

enzyme protein (4) and is entirely attribut-
able to an accumulation of more enzyme
molecules, as revealed by immunochemical
titration (5). The regulatory events taking
place at the level of transcription are termi-
nated by 12-24 hr after the administration
of insulin or termination of a 2-hr swim
stress (3, 7, 22). However, little is known
about the chain of events by which changes
in the chromaffin cell membrane effected
by enhanced acetylcholine liberation alter
the regulation of tyrosine hydroxylase syn-
thesis at the transcription level.

The present study shows that after re-
serpine injection a rapid, brief increase in
cyclic AMP content indeed occurs. After
60-90 min the cyclic AMP content of the
adrenal medulla is again normal and re-
mains there for at least the next 10 hr. Cut-
ting the splanchnic nerve 4 hr after reserpine,
when the cyclic AMP response is com-
pleted, but before tyrosine hydroxylase
activity has begun to change, totally blocks
induction of the enzyme measured 48 hr
later. Although splanchnic nerve transec-
tion 8 hr after reserpine still reduces the
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F1a. 3. Linear rate of accumulation of cyclic
AMP in adrenal medullae after intraperitoneal in-
jection of 200 umoles/kg of theophylline 4 hr after
NaCl (control, O——OQ) or reserpine, 10 mg/kg
(0---0)

The values given are means + standard errors
of six determinations. The concentration of cyclic
AMP in controls was 31 pmoles/mg of protein,
and in reserpine-treated animals it was 26 pmoles/
mg of protein. The calculated slopes of the re-
gression lines are 15.3 pmoles of cyclic AMP per
milligram of protein per minute for control and
4.6 pmoles/mg of protein per minute for reserpine-
treated rats. The correlation coefficients of the
regression lines are 0.89 for controls and 0.82 for
reserpine-treated animals. The slopes are signifi-
cantly different (p < 0.005).

rise in tyrosine hydroxylase, it can no longer
completely prevent a small subsequent in-
crease in enzymatic activity in the adrenals.
Thus it appears that trans-synaptic im-
pulses are required between 4 and 12 hr.
Since Costa and Guidotti (8) have shown
that the increase in cyclic AMP after re-
serpine can be inhibited by prior splanchnic
nerve transection, this response may also
be related to increased nerve activity.
However, this increased efferent activity
either is not related to tyrosine hydroxylase
induction or does not exist long enough to
induce the adrenal enzyme.

Although the administration of theo-
phylline has previously been used to meas-
ure the turnover rate of adrenal medullary
cyclic AMP (21), this application assumes
not only that phosphodiesterase is com-
pletely inhibited but that cyclic AMP is
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not destroyed by other pathways or lost
from the cell. If these assumptions are valid
for control and reserpine-treated rats, the
present studies suggest that the turnover
of cyclic AMP is actually decredsed during
the critical interval of splanchnic nerve
stimulation in the adrenal medullae of re-
serpine-treated rats. However, since the
above assumptions were not directly tested,
the lower rate of accumulation of cyeclic
AMP in reserpine-treated rats may reflect
either an impairment by reserpine of central
actions of theophylline which increase
adrenal medullary cyclic AMP (8, 10) or an
increase in disappearance of cyclic AMP
after reserpine administration. Other re-
cent studies in our laboratory also question
the involvement of cyclic AMP in tyrosine
hydroxylase induction. Marked differences
were observed between changes in cyclic
AMP and subsequent induction of the en-
zyme both in the adrenal medullae and in
superior cervical ganglia. Prior treatment of
rats with propranolol nearly abolished (an
increase of 40% vs. +410%) the rise in
medullary cyclic AMP content produced
by reserpine, while the reserpine-induced
increase in tyrosine hydroxylase activity
was not diminished (12).

For these reasons it seems unlikely that
the brief increase in cyclic AMP content
after reserpine is the relevant biochemical
signal initiating subsequent induction of
tyrosine hydroxylase. It is more likely
that, as in many other cells, cyclic AMP
is simply one manifestation of cell stimu-
lation, but not causally linked to induction
of this enzyme.

ACKNOWLEDGMENT

We wish to thank Miss Petra Tengzelius for
her excellent technical assistance.

REFERENCES

1. Levitt, M., Spector, S., Sjoerdsma, A. &
Udenfriend, S. (1965) J. Pharmacol. Ezp.
Ther., 148, 1-8.

2. Mueller, R. A., Thoenen, H. & Axelrod, J.
(1969) J. Pharmacol. Ezp. Ther., 169, 74-79.

3. Thoenen, H., Mueller, R. A. & Axelrod, J.
(1970) Proc. Natl. Acad. Sci. U. 8. A., 65,
58-62.

4. Mueller, R. A., Thoenen, H. & Axelrod, J.
(1969) Mol. Pharmacol., 5, 463-469.



860

5.

6.

10.

11.

12.

13.

14.

SHORT COMMUNICATIONS

Joh, T. H., Geghman, C. & Reis, D. (1973)
Proc. Natl. Acad. Sci. U. 8. A.,70,2767-2771.

Thoenen, H., Mueller, R. A. & Axelrod, J.
(1969) J. Pharmacol. Exp. Ther., 169, 249-
254.

. Patrick, R. L. & Kirshner, N. (1971) Mol.

Pharmacol., 7, 87-96.

. Costa, E. & Guidotti, A. (1973) in New Con-

cepts in Neurolransmitler Regulation (Man-
dell, A. J., ed.), pp. 135-152, Plenum Press,
New York.

. Guidotti, A. & Costa, E. (1973) Science, 179,

902-904.

Otten, U., Oesch, F. & Thoenen, H. (1973)
Naunyn-Schmiedebergs Arch. Pharmacol.,
280, 129-140.

Otten, U., Mueller, R. A., Oesch, F. &
Thoenen, H. (1974) Proc. Natl. Acad. Sci.
U.S. A, in press.

Fonnum, F. (1969) Biochem. J., 115, 465-472.

Oesch, F., Otten, U. & Thoenen, H. (1973)
J. Neurochem., 20, 1691-1706.

Fisch, H. U., Plivka, V. & Schwyzer, R. (1972)
Eur. J. Biochem., 30, 1-6.

15.

16.

17.

18.

19.

21.

22.

24,

Lowry, O. H., Rosebrough, N. J., Farr, A. L.
& Randall, R. J. (1951) J. Biol. Chem., 193,
265-275.

Von Euler, U. S. & Lishajko, F. (1961) Acta
Physiol. Scand., 51, 348-356.

Anton, A. H. & Sayre, D. F. (1962) J. Pharma-
col. Exp. Ther., 138, 360-375.

Levitt, M., Gibb, J. W., Daly, J. W., Lipton,
M. & Udenfriend, S. (1967) Biochem. Phar-
macol., 16, 1313-1321.

Snedecor, G. W. & Cochran, W. G. (1967)
6th Ed. Statistical Methods, Iowa State Univ-
ersity Press, Ames.

. Manganiello, V. & Vaughan, M. (1972) Proc.

Natl. Acad. Sci. U. S. A., 69, 269-273.
Guidotti, A. & Costa, E. (1972) Fed. Proc.,
31, 555.
Otten, U., Paravicini, U., Oesch, F. &
Thoenen, H. (1973) Naunyn-Schmiedebergs
Arch. Pharmacol., 280, 117-127.

. Kvetnansky, K., Weise, V. K. & Kopin, I. J.

(1970) Endocrinology, 87, 744-749.

Viveros, O. H., Arqueros, L., Connett, R. J.
& Kirshner, N. (1969) Mol. Pharmacol., 3,
69-82.





