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SUMMARY

Rats were treated with innsulin (5 innternational units/kg) alonne and un combimnation with
actimnomycin D (1 mg/kg) to determine tine effects of nneural stimulation and the require-

mennt for protein synthesis upon rat adrenal tyrosine hydroxylase, dopamine fi-inydroxylase
(EC 1.14.2.1), and catecholaminne levels. Four hours after imnsulinn adnninnistration, the

catecholamine levels were 80 % depleted and required 4 days to recover to the control
values. Dopamine fi-hydroxylase activity was decreased at 24 hr, recovered to comitrol values
at 48 hr, and increased above control levels at 96 hr. Tyrosine hydroxylase activity was

unchanged at 4 lnr, increased at 24 hr, and remained high for at least 96 hr. Treatment of
rats with actinomycin D (1 mg/kg) 1 hr before insulin admimnistratiomn completely abolished
the rise in tyrosinne hydroxylase normally seen after 24 inr, even tinougin appreciable deple-
tion of catecholaminnes still occurred. Actinnomycin D given 3 and 6 hr following treatment
with insulin also blocked the rise in tyrosine hydroxylase activity observed at 24 hr, but if
actinomycin D admimnistration was delayed until 12 hr after imnsulimn injectiomi tine rise in

tyrosinne hydroxylase activity was no longer blocked.
In rats with tine nnerve supply to tine left adrenal glanid cut, only tine intact right gland

responnded to insulini, with a loss of catecinolamines at 4 hr arid urn inncrease in tyrosine

hydroxylase at 24 hr. Rats treated with acetylcinolinne (20 mg/kg) amid eserine (0.1 mg/kg)
showed increases inn tyrosimne inydroxylase activity riot only inn the initact right gland but also
inn the denervated left glannd. These observationns indicate that an imntact nnervous supply is
not absolutely required to bring about a rise in tyrosine inydroxylase activity, and that
exposure to the neurotransmitter itself (inn this case acetylcinoline) is sufficient. Whether
acetylcholine is directly involved in tine inncreased levels of tyrosimne Inydroxylase, or winethner

a secretory response by tine giamnd is the essenitial link, Inas yet to be determinned.
Rats that received actinomycinn D (0.5 mg/kg) 1 hr before iinsulin showed mno rise in

tyrosinne hydroxylase at 24 hr, but at 48 hr tine enzyme activity was twice that of tine con-
trols. In rats witin the left gland denervated, only the imntact right gland had ann increase in
tyrosimne hydroxylase 48 hr after treatment with acetylcholine arid actinnomycinn D. The
evidence suggests that this rise in tyrosine hydroxylase resulted from additionnal neu-
ral stimulation of the gland seconndary to tine physiological stress produced by actinomycin
D, rather than from the expression of a lonng-lived signal.

INTRODUCTION conditionns or treatments that increase sym-

Tine activity of tyrosine hydroxylase inas pathetic nervous activity. Tinese include sino-

been shown to increase in responnse to various aortic denervationn (1), insulin-induced hypo-
glycemia (2), administration of reserpine or

This work was supported by Grant AM 05427 6-hydroxydopamine (3, 4), and immobiliza-
from the National Institutes of Health. tion stress (5). Thoenen, Mueller, and Axel-
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rod (6, 7) demonstrated that tine imncrease in

tyrosinne hydroxylase activity could be pre-
vented by treatment witln inhibitors of pro-

tein or niucleic acid synthesis, such as actino-
mvcin D and cycloineximide, or by interrupt-
ing the nerve supply to the glannd.

Tine presennt studies were imnitiated to dis-

cover some of tine parameters affecting tine
imncreases inn enzyme activity and the re-
cover’y of catechohamine content following
stimulation of tine adrenal gland, and to
determinie whether some factor or factors
liberated by the nerve supply, other than
tine nneurotrannsmit.ter acetylcholine, are re-
quired to induce’ tine synnthesis of tyrosine
hvdroxylase.

METHODS

Male Sprague-Dawley rats (200-275 g)
were used inn all studies. Rats with de-

nnervated left adrenal glands were obtained
froni Zivic- Miller Laboratories, Allison Park,
1�,t. Tine aninnals receiving insulin were fasted

for 24 mr and theni treated by injectioni with
insulin, 5 imntennnational units/kg of body

weight, via the tail vein. Three hours later
the animals either were killed or were brougint
out of hypoglycemic shock by the intra-
peritoneal injection of 1 ml of 20 % glucose
and killed at various tinnes afterward. Ani-
mals receiving actinnomycin D were given

either 1.0 or 0.5 mg/kg in 0.9 % NaCI intra-
peritoneally, as inndicated in tine tables. Doses
of actinomycin D lower than 0.5 mg/kg,

such as 0.1 mg/kg, were insufficient to in-
inibit t\rosine Inydroxylase induction after
irnsulimn administration.

Rats treated with acetylcinoline first re-
ceived an imntraperitonieal injection of atro-

pine sulfate, 0.5 mg/kg, to protect them
againnst tine muscarinic effects of acetyl-
choline. Tine animals then were givenn acetyl-

choline chloride, 20 mg/kg, in 0.15 .ni sodium

chloride, together with eserine, 0.1 mg/kg,

via the tail vein. Tinree injections were

given, 30 mimi apart, followed by a secomnd

The term “induct ion” is used in a broad sense,

i.e., to indicate a rise in enzyme activity with

formation of increased amounts of new enzyme

molecules, viewed as a likely cause even though

this still remains to be conclusively dennonstrated

for the enzymes discussed here.

intraperitonneal injectiomn of atropine sulfate,

0.5 mg/kg. The dosage schedule was com-
pleted with two additional injections of

acetylcholine and eserine as before, again

30 mm apart. Between the drug injections,
the animals were kept in separate cages and
were returned briefly to restraining cages for
drug treatment.

Preparation of homogenates. Tine rats were

killed between 10 a.m. and noon by a blow
on the base of the skull and bled at the neck,
and tine adrenal glands were removed annd
placed in ice-cold 0.3 .nn sucrose. The glands

were cleaned of fat and connective tissue,

blotted dry, weighed, and inomogenized in
ice-cold 0.3 un sucrose in Potter-Elvehjem
all-glass Inomogenizers. Pooled glands from
the same animal were homogenized in 5.0 ml

of sucrose; 2.5 ml of buffer were used for
glands homogenized individually. Aliquots

were removed for catecinolamine and dop-

amine fl-hvdroxvlase determinations, amid

the remainder of tine inomogenate was cenn-
trifuged at 26,000 X g for 20 mm. Tine super-
natant fraction is-as assayed for tyrosine by-

droxylase activity. No tyrosine inydroxylase
activity was found in resuspennded pellets
when homogennization was carried out in
either 0.3 .nm sucrose or distilled w-ater, but
approximately 50 % of tine activity was re-
covered in tine pellet when homogenization
was carried out in 0.01 �nmsodium phosphate

buffer, pH 6.0.
Assay of dopamine fi-hydroxylase. Dop-

amine fi-hydroxylase was assayed as de-
scribed previously (8) . Tine reaction mixture
contained potassium phospinate buffer, pH
5.8, 200 m�n; fumarate, pH 5.8, 120 m.nm;
ascorbate, 2.0 mn ; ATP, 0. 1 m.nm ; tranyl-
cypromine, 1 mn ; 3H-tyramimne, generally

labeled (7.3 Ci/mmole), 0.01 min; catalase,
600 units ; Triton X-100, 0.5 % ; and 0.4 ml
of tine sucrose homogenate in a final volume

of 1.0 ml. Inn addition, each reaction mixture
containied a final concentration of 4 mtn
p-hydroxymercuribenzoate to inactivate enn-

dogenous imnhibitors. The mixtures were inn-

cubated inn air at 37#{176}for 30 mm, and tine

reactions were stopped by tine addition of 1

ml of 7 % perchloric acid. After centrifugation,

1 ml of tine supernatamnt fluid was assayed by

the periodate oxidationi method of Friedman
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amid Kaufmamn (9) for the amoumnt of octopa-

minne formed. Five per cennt glycerol was used
to stop the periodate oxidationn instead of 10%
NaHSO3 , as tine latter compound caused
comnsiderable quenchimng in the liquid scintilla-

tion spectrometer. Under these conditions
dopaminne fl-hydroxyla.se activity was linear
with tissue concentration.

Tyrosiiie /iydroxyla.se. Tyrosine inydroxyl-
rise activity was assayed as described by
Nagatsu, Levitt, and Udenfriend (10). Tine
reaction mixture contained sodium acetate

buffer, pH 6.0, 200 mini ; ferrous ammonium

sulfate, 0.5 mM ; tranylcypromine, 0.1 m�i;
2 - amino - 6 , 7 - dimetinyl - 4 - hydroxy -

4 , 6 , 7 , 8-tetrahydropteridine inydrochloride,
2 mtn ; 2-mercaptoethanol, 20 mitt ; 3 ,

tyrosine, 0.2 m�m (specific activity 31.6 Ci/
mmole) ; arid 0.4 ml of the 26,000 X g sucrose

supernnatamnt fraction in a final volume of 1
ml. Tine reaction mixtures were incubated
in air at 37#{176}for 15 mm, and the reaction was

stopped by the addition of 0.05 ml of glacial
acetic acid.

Catecliolamiines. Aliquots of tine adrenal
fractious (0. 1 ml) were added to 2 ml of

3.5 % perchloric acid. Tine mixture was cen-

trifuged, and the supernatant fluid was de-
camnted, diluted, and assayed for catechol-
amine conntent without further treatmemnt,
as described previously (8).

Statistical methods. Results are expressed
on a per gland basis. Student’s t-test was

used to determine statistical significance.
Materials. 3H-Tyramine and 3H-tyrosine

were obtained from New England Nuclear

Corporationn. Insulin was obtained from

Squibb, nicotine sulfate (40% solution) from

Pfaltz and Bauer, acetylchohine chloride from
Calbiocinem, eserine sulfate (physostigmine)

from Mann Research Laboratories, atropine

sulfate from Eli Lilly and Company, and
actinomycin D from Merck Sharp & Dohme
Researcin Laboratories. Angiotensin II (Hy-

pertensin powder) was a gift of Ciba Phar-
maceutical Company.

RESULTS

Effect of insulin treatment. The effects of

insulinn treatment on rat adrenal tyrosine

hydroxylase, dopaminne fl-hnydroxylase, amid

catechnolamine levels are shown in Fig. 1.

Catechnolamine levels were SO % depleted
4 mr after insulin treatmemnt, amid returmned to

control levels 72-96 hr after insulin ad-
minist rat ionn. Dopamimne fl-iiydroxylase ac-
tivity was decreased at 24 hr, recovered to
control levels at 48 hr, and was higher than

control values at 96 hr. Tyrosine Inydroxylase
activity was unchannged at 4 hr but increased

at 24 hr, and remained high for at least 96 mr.
These findings are similar to tinose reported
previously for the rabbit, except that in-
crease in tyrosinne hydroxylase activity in this

aniimal were mnot observed until 48 hr after
insulinn administratiomi (2).

Effect of actinomycin D on insulin-induced
changes in rat adrenals. To obtain further
informatiomi oh tine requirement of macro-
molecular synthesis de novo for the insulimn-
innduced increases inn tyrosine hydroxylase

activity, actinomycin D (1 .0 mg/kg ilitra-
peritoneally) was given at various times
before and after insulinn administration, amid

the animals were killed 24 hr after receiving
the insulin. As can be seen inn Fig. 2, actino-
mycimn D itself had no effect onn tyrosimne

hydroxyla.se activity 24 hr after administra-

tiomn, but when given 1 hr before insulin it
completely blocked the rise in tyrosinne my-

droxylase normally observed 24 hr after
insulin administration, evenn thougin appre-

ciable depletion of catechnolamines had still
occurred. When actinnomycin D was given
3 and even 6 hr after insulin, it still blocked

the rise inn tyrosinne hydroxylase nnormally ob-
served at 24 inr, but when given 12 hr after
insulin administration it no longer blocked

the increase in tyrosine inydroxylase that
occurred at 24 hr. This suggests that the

RNA synthesis nnecessary for the induction

of tyrosine hydroxyla.se is completed 6-12
mr after insulinn administration.

Druq-induced chaiiges in denervated rats.

The experimemnts presennted in Table 1 were
carried out to determine whnetlner tine inn-
sulinn-induced increase inn tyrosine lnydroxyl-
ase activity is depenndent upon an intact
nerve supply or whether stimulationn of the
glannd by the neurotramnsmitter alone is suf-

ficiennt. Inn rats with the nerve supply to tine

left adrenal gland cut, only tine intact right

gianid respomnded to imnsulimn, with a loss of

catecinolaminnes at 4 hr amid an increase inn
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FIG. 1. Effect of insulin administration on rat adrenal catecholamines, tyrosine hydroxylase, and do-

pamine fi-hydroxykise levels

The number of animals in each group is shown in parentheses. The letters in parentheses refer to the

following significamnt p values (Student’s I-test): (a) p <0.001; (b) p <0.002; (c) p <0.005; (d) p <0.02;

(e) p <0.05. The means ± standard errors per adrenal gland for the controls (nine animals) are: cate-

cholamines, 10.7 ± 1.1 �zg; tyrosine hydroxylase, 13.5 ± 1.1 rnMmoles of dopa formed per hour; dopamine
�-hydroxylase (DBO), 1.18 ± 0.07 mMmoles of octopamimne formed per hour.

I

tyrosine hydroxyla.se activity at 24 mr. How-
ever, repeated injections of acetylcholimne and

eserinne brought about a rise in tyrosine
hydroxylase activity not omnly in the intact
right gland, but also in the denervated left
gland. This response required acetylcholine,

since a similar dose schedule employing
choline instead of acetylcinoline caused a
rise onnly inn the intact right gland (Table 1).
The rise (170 % of controls) in tyrosine

hydroxylase activity inn the right gland of
rats treated with both choline and eserine

was not accompannied by a significant de-
crease in catecholamines after 24 mr. Winen
repeated injectiomns of acetyicholine and
eserine were given for 3 consecutive days, the
tyrosine hydroxylase activity inn the dener-

vated left gland 24 hr after the last injec-

tionn2 was more thani twice tinat of umntreated

amnimals.

Attempts to obtain increases inn tyrosinne

hydroxylase activity inn demnervated glannds

2 R. L. Patrick and N. Kirshner, manuscript

in preparation.

24 hr after the administration of nicotine
or angiotensini II have not been successful.
Table 2 shows the results of tinese experi-
ments, as well as an additional experiment,
using acetylcholimne, performed concurrently.

One group of animals was given five injec-
tions of nicotine, 2 mg/kg, via tine tail vein

at 20-mm intervals, and examined 24 hr later.
Although there was no change in the cate-
cholamine levels inn either the denervated
gland or the intact right gland, the tyrosine

hydroxylase activity was significantly ele-
vated (170 % of the controls) iii the intact
gland but unchanged in the left gland. After
similar treatment with angiotennsimn II (five
injections via tail vein, 3 pg/kg, at 20-mini

intervals) , there were no chnamnges inn catechol-

amine levels or tyrosine hydroxylase activity
inn either the inntact or demnervated glamnds.

Long-term effect of actino�nycin D on in-

sulin-treated rats. Since tine imncreased activity

of tyrosimne hydroxylase 24 hr after insulin

administration appeared to be related to the
recovery of the gland, it was of interest to

determinne whether act imnomycin D would
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FIG. 2. Effect of actinomycin D treatment on insulin-induced changes in rat adrenal tyrosine hydroxylase

(0) and catecholamines (U)

The number of animals in each group is shown in parentheses. Actinomycin D (Act D) (1.0 mg/kg)

was given alone, 1 hr before insulin (5 international umnits/kg), and 3, 6, and 12 hr after insulin administra-

tion. Animals were killed 24 hr after insulin injection. The means ± standard errors per adrenal gland

for the controls are: tyrosine hydroxylase, 13.5 ± 1.1 mMmoles of dopa formed per hour; catecholamines,

10.7 ± 1.1 Mg. Significant inncreases in tyrosine hydroxylase were seen after 24 hr in rats treated with in-

sulin alone (p < 0.005) and in animals treated with actinomycin D 12 hr after insulin (p < 0.02).

inhibit or delay recovery of the catecinol-

amine contemnt . Animals were givenn actino-
mycini D (0.5 mg/kg) 1 hr prior to tine

administratiomi of innsulin amid examinned for
tyrosinne inydroxylase activity 24, 48, and
72 hr after innsuhimn treatmemnt . It was inntennded
to follow the animals for longer periods of

time, but none survived as long as 96 hr.
Tine unexpected results shown in Table 3
were obtained. Although prior treatmennt

witin actinomycin D prevented the rise in

tyrosine hydroxylase inormally observed 24
hr after insulin treatment, tine enzyme ac-

tivity at 48 mr was twice tinat of the control
values. Tine fact tinat treatment w-ithn actino-
mycin D alonne caused only a small, non-

significant increase in tyroshne hydroxylase
activity suggested two possible explanations:

either tine signal for induction of this enzyme

was lonng-lived and could persist sufficiemitly
to be expressed once the ability of actinomy-
cm D to ininibit RNA synthesis wore off, or

treatment with actinomycin D resulted in
additional nneural stimulation of the adrenals
as a result of generalized stress to tine ani-

mals. This neural stimulatiomi, following the

insuliin-induced stimulation, could provide a
new signal that provoked an increase in
tvrosine hydroxylase activity.

In these experimennts, treatment with ac-

tinomycin D appeared to have no effect on

tine recovery of tine catecholamine content at
48 hr. However, since tine tyrosine inydroxyl-

ase activity of those aninnals treated with
actinomycini plus insulin was higher at 48 hr

than that of the animals treated with insulin
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TABLE 1

Drug-induced changes in adrenal tyrosine hydroxylase, dopamine �t-hydroxylase, and cateeholamines in

rats with intact right and denervated left adrenal glands

The number of animals in each group is shown in parentheses. Rats with the inerve supply to the left

adrenal gland cut 1-2 weeks previously were treated with insulin, 5 international units/kg, via the tail

vein, or with acetyicholine chloride, 20 mg/kg, plus eserine, 0.1 mg/kg, intravenously, as described in

METhODS. Values are means ± standard errors. Significannt p values refer to the experimental gland com-
pared to the respective control gland.

Tyrosine Dopamine
Freatment Catecholammnes6

nyaroxytase 13-nyuroxyiase’

Comitrols (8)

Left 10.1±1.1 0.58±0.08 7.6±0.4

Right 10.6±1.0 0.78±0.13 10.1±0.7
Insulin, 4 hr (6)

Left 102% ± 8 112% ± 10

Right 97% ± 8 26% ± 3c

Insulin, 24 hr (8)

Left 111% ± 10 88% ± 9

Right 150% ± 13d 45% ± 8c

Acetylcholine + eserine, 24 hr (8)

Left 166% ± 12’ 105% ± 7 82% ± 7

Right 153% ± 15’ 67% ± 6 42% ± 6c

Choline + eserine, 24 hr (7)

Left 95% ± 10 85% ± 8

Right 170% ± 8” 88% ± 15

‘Control values are expressed as mnanomoles per hour per glamnd; remaining values are percentages of

controls.
Control values are expressed as micrograms per gland; remaining values are percentages of controls.

P <0.001.
d P <0.05.

P <0.002.
/ P <0.02.

alone, the results canmnot be easily inter-
preted. At 72 hr the adrenal catecholamine
contennt of the animals treated with both

actinomycin D and insulin was significantly
lower than that of the rats treated with

insulin alone, but this may have been due to
the additional adrenal stimulation resulting
from the general physiological deterioration

of the animals.
Evidence against a long-lived signalfor tyro-

sine hydroxylase induction. The fact that

tyrosinne hydroxylase activity could be in-
creased in denervated adrenal glands by
repeated injections of acetylcholine (Table

1) suggested an experimental approach to
distinguish between the two possibilities
suggested above for the increase in tyrosine
hydroxylase activity observed 48 hr after

treatment with both actinomycin D and

insulin. Rats with the left adrenal gland

demnervated and the rigint adrenal gland in-
tact were treated with actinnomycin D,
0.5 mg/kg, 1 hr before repeated injections
of acetyicholine, as described inn Table 1 . As
shown in Table 4, both the intact and de-
nervated glands exhibited only a small,
nonsignificant increase in enzyme activity
24 hr after the combined treatment, evenn

though the right gland was markedly stimu-
lated, as indicated by the low- levels of

epinephrine. At 48 hr the tyrosine hydrox-

ylase activity in the right glands of treated
animals was significantly elevated (p <

0.01) as compared to the control right
glands, but was still riot significantly greater
in the denervated glamids than in the con-
trols. These results are consistent with the

hypothesis that the increase in tyrosine
inydroxylase activity seen inn animals 48 hr
after treatment with both actinomycin D
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TABLE 2

Effects of acetylcholine, nicotine, and angiotensin II on intact and denervated rat adrenal glands

The number of animals in each group is shown in parentheses. Rats with the nerve supply to the left

adrenal gland cut 1-2 weeks previously were treated with acetylcholine chloride, 20 mg/kg, plus eserine,

0.1 mg/kg, intravenously, as described in METHODS, with nicotine sulfate, 2.0 mg/kg intravenously every

20 mm (total of five injections), or with angiotensin II, 3kg/kg intravenously every 20 mm (total of five

injections). Values are means ± standard errors. Significant p values refer to the experimental gland

compared to the respective control gland.

Tvrosine Dopamine �
�1 reatment - Catecholammnes’

nyuroxyiase’ fl-nyoroxyiase

Controls (6)

Left 13.7±0.6 0.43±0.04 10.7±0.8

Right 11.4±1.7 0.52±0.08 11.4±0.5

Acetylcholine + eserine, 24 hr (4)

Left 148% ± (IC 94% ± 6 94% ± 2.0

Right 154% ± 10� 81% ± 9 � ± 7c

Nicotine, 24 hr (4)

Left 118% ± 8 88% ± 8 112% ± 6

Right 170% ± 16” 103% ± 17 96% ± 15

Angiotensin II, 24 hr (4)

Left 12Gw ± 12 120% ± 15 106% ± 6

Right 108’� ± 16 120% ± 11 114% ± 8

a Control values are expressed as nanomoles per hour per gland; remaining values are percentages of

controls.
b Control vali.nes are expressed as microgranns � gland; remaining values are percentages of controls.

C � < ooo��

d p < 0.05.

C � < 0.02.

TABLE 3

Effect of actinomycin D and insulin on rat adrenal tyrosine hydroxylase and catecholamine levels

The nunnber of amninnals in each group is shown in parentheses. Normal, unoperated rats were givenn

actinomycin 1), 0.5 mg/kg intraperitoneally, 1 hr before insulin, 5 international units/kg intravennously,

and were killed 24, 48, and 72 hr after insulin administration. Values for animals treated with insulin

alone at the 24-, 48-, and 72-hr intervals are included for reference. Values are means ± standard errors.

Significant p values refer to experimeintal vs. control results.

Treatment Tyrosine hydroxylase� Catecholamin&

Controls (6) 13.0 ± 0.5 20.6 ± 0.9

Insulin, 24 hr (11) 142% ± 8c 33% ± 4d

Actinomycin D + insulin, 24 hr (4) 97% ± 19 27% ± 9d

Actinomycin 1), 48 hr (8) 126% ± 11 94% ± 6

Insulin, 48 hr (4) 46% ± 5d

Actinomyciin D + insulimn, 48 hr (10) 190% ± 10d
54% ± 8d

Insulimn, 72 hr (6) 144% ± 6’ 76% ± 10

Actinomycin 1) + insulin, 72 hr (4) 204% ± 23’ 51% ± 11’

a Control values are expressed as nanomoles per hour per gland; remaining values are percentages of

controls.

b Control values are expressed as micrograms per gland; remaining values are percentages of controls.

C � < 0.005.

d p < 0.001.

e p < 0.002.
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TABLE 4

Effect of acetylcholine treatment on denervated rats previously treated with actinomycin D

The number of animals in each group is shown in parentheses. Rats with the nerve supply to the left

adrenal gland cut 1-2 weeks previously were treated with actinomycin D, 0.5 mg/kg intraperitoneally,

1 hr before the admimiistration of acetyicholine chloride, 20 mg/kg, plus eserine, 0.1 mg/kg, as described

in METHODS. Rats were killed 24 and 48 hr after acetyicholine treatment . Values are nneans ± standard

errors. Significant p values refer to the experimental gland compared to the respective control gland.

Treatment
Tyrosine Dopamine

hydroxylase �5-hydroxylase Catecholamines

nrnol es//ir/gi and pg/gland

Comitrols (6)
Left 13.7±0.6 0.43±0.04 10.7±0.8

Right 11.4±1.7 0.52±0.08 11.4±0.5

Actinomycin D, acetylcholine, eserine, 24 hr (3)
Left 17.4±2.4a 0.38±0.02 9.6±0.6

Right 16.2±3.2’ 0.44±0.04 2.3±0.9b

Actinomycin D, acetylcholine, eserine, 48 hr (5)

Left 17.0±2.6’ 0.49±0.07 10.4±1.3

Right 19.4±1.2” 0.57±0.06 3.6±l.4b

‘Not significantly different from controls.
P <0.001.

P <0.01.

amid inisuhin was due to neural stimulation
resulting from secondary effects of actinomy-
cm D.

DISCUSSION

Work from several laboratories has estab-
lished that secretion from the adrenal me-
dulla occurs by exocytosis-a process in
which tine entire soluble contemnts of the

catecholamine storage vesicles, including cat-
echolamines, adenine nucleotides, chromo-
granins, and soluble dopamine �-hydroxyl-
ase, are expelled directly from the cell,
leaving the vesicle membranes remaining

within the cell (1 1-17) . The ultimate fate of
the vesicle membrane is not known, nor
have the steps leading to the replennishment
of tine catecholamirne stores been defined.

Presumably this would require repair of the
old membranes or symnthesis of new mem-

branes, but, in any event, it would require
at least tine synthesis of protein to replace
that released during secretion. Reports from
several laboratories have now established
that mneurogenic stimulation of the adrenal

gland also results in increased tyrosine hy-

droxylase activity, and that this increased

activity is most likely due to the synthesis of

new enzyme (1-7). These phenomena-the

synthesis of proteins associated with the
storage of catecholamines, the synthesis of

tyrosine hydroxylase, one of the key en-
zymes involved in the synthesis of nor-

epinephrine, and the recovery of the cate-
cholamine content-would appear to be ge-
netically controlled.

The data of Fig. 1 indicate that maximal
tyrosine hydroxylase activities are reached
within 24 hr after a single injection of in-

sulin in the rat, and that these levels are
maintained for at least 4 days. Additional

experiments in our laboratory indicate that
the tyrosine hydroxylase levels return to
normal limits within 2 weeks after insulin
administration. Figure 2 shows that 6-12 hr
are necessary to complete the synthesis of
RNA required for the subsequent formation

of tyrosine hydroxylase. The findings re-
ported in Table 4 indicate that this mes-
senger is not long-lived. The resynthesis of
dopamine �3-hydroxylase and the recovery

of the catecholamine content parallel each
other and lag behind the synthesis of tyrosine

hydroxylase, possibly because the recovery

of dopamine f3-hydroxylase and catechol-

amines is dependent upon the synthesis of

new storage vesicles.

Previous reports had shown that an in-
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tact nerve supply was necessary for the in-
ductiomn of adrenal tyrosine hydroxylase fol-
lowimig reserpinne treatment, even though the

catecholamine content of the denervated
gland was severely depleted (6). Tinese ob-
servations suggested that lowering the cat-

ecinolaminne content itself was not sufficient
to induce the formation of tyrosine hydroxyl-

ase, amid raised the possibility that a factor
or factors released by the nerve, other than
tine neural transmitter itself, may be re-

quired to initiate protein synthesis. Our ex-
perimemits (Tables 1 and 2) indicate that the
normal trannsmitter, acetylcholine, is itself

sufficient to bring about induction of protein

symntinesis in tine rat adrenal gland. The re-

suits also sinow that it is acetylcholine and
niot omne of its breakdown products, choline,
that gives rise to increased enzyme activity.

Tine inncrease inn tyrosine hydroxylase activity
in tine intact right gland following treatment

with choline, atropine, and eserine is most
likely due to irncreased neural stimulation
resultinng from the treatment.

Tine relationship between the degree of

stimulation amid the increase in tyrosine hy-

droxylase activity has not been established.
It would appear that a series of moderate
stimuli can bring about a greater rise in

tyrosimne inydroxylase than can prolonged,
massive stimulation, and that there is no

correlation between the increase in tyrosine
hydroxylase activity and tine depletion of

catecholamine content. For example, insulin
causes an 80 % depletion of the adrenal
catecholamimne comntent in 4 hr and gives rise
to a 40 % increase in tyrosine hydroxylase

activity at 24 hr. Treatment with acetyl-
cholimne amid eserine causes only a 20 % de-
crease in the catecholamine content of the
denervated left gland at 4 hr but causes a

50-60 % inicrease in tyrosinne hydroxylase ac-
tivit.y at 24 hr. Thoenen, Mueller, and Axel-

rod (3) found thiat treatment with 6-hydroxy-
dopamine caused rio decrease in catechol-
amimnes but led to a 94 % increase in tyrosine

hydroxylase. The results of Table 1 also
show that after treatment with cholinne and

eserine there was nno significant decrease in

the cat ecinolamine content but a marked

increase inn tyrosine hydroxylase in the intact

right gland. The correlation found by Weiner

and Mosimann (18) between loss of catecinol-

amines and increase in tyrosine hydroxylase
in cat adrenals followimng insulin treatment
may well be the case for that particular

situation, but does nnot appear to suggest a

genneral rule.

While the sequemnce of events leadimig to

the innductionn of tvrosimne hydroxylase amid

the recovery of the dopamine �3-hydroxylase

and catecholamine contents of the adrenal

gland still remain to be elucidated at the

molecular level, tine results suggest tinat one

step inn tine chnain of evemnts is exposure to

acetylcinolinne, and perhaps to other secretory

agennts as well, but that a significant deple-

tion in catecholaminne contenit is not rneces-

sam’� ; furthermore, catecinolamine depletion is

riot a sufficient connditiomi to cause tyrosinne

hnydroxyla.se induct ionn . Exposure to acetyl-

choline does not necessarily result inn a secre-

tory responnse by the gland (19). Whether

acetyichohine itself is directly involved in the

additional steps leading to the inductionn of

tyrosine hydroxylase, or whether tine secre-

tory response of the glannd is a necessary

link, inns yet to be determinned.
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