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suululAItY

The present studies evaluate mieurogemmic factors aflectimig the late of catecholanline

recovery following depletion in time rat adrenal nueclulla. Rats with their left adremial glamids

(lellervated received reserpine, 2.5 nig’kg intraperitoncally, daily for 3 consecutive (lays.

The catecholamine contents of thme denervated glands were loivered by 54 c; , amid those of

the intact glands, by SO %. Fo)ur days after tile last injectiolm of reserpine the intact glands

had recovered their no)rnial catecllolanline content, but time demmervated glaimds were still

significantly depleted.
Rats treated witim reserpine and uvith repeated ilmtravenOus illjectiOns of acetylclmohimme

1 day after the last reserpimie injectio)n completely recovered their catecholanmine levels 4

(1t1\5 after time last injectioii of reserpine, in both intact and denervated glands.
The denervated glamids sho)ived nO increase in tyrosimme hydroxylaSe activity after reserpine

treatment, while the enzyme levels of the intact glands rose to 350 c7� of controls. Treatment
uvith acetvlchohine increased the tyrosme hvdroxvlase activity in denervated glands to 180-

263 % of controls, and that of intact glands to 530-600 % of control values.

Dopamine �-hydroxylase activity uvas increased by 70 % in denervated glands follouving

reserpine treatment, while in the intact glands it increased by 160 #{182}�.In contrast to its effect

on tyrosine ilydroxylase activity, acetylcholine had no effect omi dopamine �-hydroxylase

activity in denervated glands of amlimals examimled 2 days after completion of reserpine

treatment, and it caused only a 23% increase in the enzyme activity of animals 4 days after

reserpine administration.

Time data show that time delay in recovers’ of catecimolaniine content observed after reserpimme

treatment in denervated rat adrenals can be overcome by exposing the gland to its normal

secret agogue, acet ylchohine.

1 NTROI)UCTION

Two reports suggest that thle mmerve supply

to the adrenal glands affects the rate of re-

covery of their catecholanuine content fol-

lowing depletion with insulin (1) or reser-

pine (2). HOkfelt (1) found that demiervation
of tile left adrenal glands of rabbits 15 hr

after the administration of insulin resulted

This work was supported by (iramit AM-05427

from the Natiommal Institutes of Health.

mi a significantly smaller recovery of tile

cat echolaminc content when these glands

uvere examined 6 days after the insulin treat-

memit. Kroneberg and Schumann (2) also

found that denervating the adrenal gland 3

days after reserpine treatment delayed the

recovery of the cat echolamine content.. These

studies indicate a trophic effect of the

splanchnic innervation upon tile adrenal

medulla.
Tyrosine hydroxylase appears to be the
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rate-limiting enzyme in the formation of
cat echolaniines in sympat hetically inner-
vated tissues as uvell as in tile adrenal nie-
dulla (3, 4). A uvide variety of treatments,

such as adniimmistratiojnm of insulin (5-7), re-

serpine (8) , 6-hmydroxydopamiimc (9) , or
phmelioxybclizamilie (9) , sinoaortic denerva-

tion (10), arid immobilization stress (11),

uvhucll imicrease neurogenic stimulatiomi of the

a(lrenal niedulla, also cause a rise in the

t � iiydroxvlase activit y of mt act adre-

nuil glands but do not increase tile activity

of the enzyme III dencrvated glands. It hias

recently becim shouvii (6) that time administra-

tion of acetvlciiohine itself uvill cause an in-

crease in the tvrosinc hvdroxvlase activity

ili demiervated glands as uvell as i�m ilitact

glands.

Time present study was undertaken to de-

termine the effects of prior denervation on

catecholamine recovery following reserpine-

induced depletiomm, aIld to determine the

effects on tile rate of catechlolamine recovery

of treatment uvitil acetylchohne, uvhich

causes an increase in tvrosine hydroxu’lase

activity in time denervated glands (6).

METHODS

Male Spraguc-Dauvley rats (200-275 g at

time of death) uvith denervated left adrenals

uvere obtained from Zivic-Miller Laborato-
ries, Allison Park, Pa. Animals had been

denervated for 12-21 days when killed. Con-
trol dencrvatcd animals of the same age uvere

always assayed along with tile treated ani-

mals. Four groups of animals uvere used:

(a) untreated denervated controls; (b) de-
nervated animals treated with reserpine, 2.5

mg/kg intraperitoneally, for 3 consecutive

days; (c) same as (b) but receiving acetyl-
choline 1 day after the last injection of re-

serpine; and (d) same US (b) but receiving
acetylcholimic for 3 consecutive days, starting

1 day after time last injection of reserpine.

Acetylcholinc uvas administered as previ-

ously reported (6). Five doses each of acetyl-

choline chloride, 20 mg/kg, together with
eserine, 0.1 mg/kg, in 0.15 M sodium chloride

uvere admilmistered via the tail vein at 30-

mm intervals. Atropine sulfate, 0.5 mg/kg,

uvas given intraperitoneally 15 mm before time
first amid immediately after the third acetyl-

choline plus eserilie injection to protect

agaimist the muscarinic effects of acetylcimo-

line. Betuveen ilmjections tile animals uvcre

kept in separate cages, and uvere returned
briefly to restraining cages for drug treat-

merit.

Preparation of honlo(/enates. The r�ats wcre

killed betuveenm 10 a.m. aimd noon by a blouv

on the base of time skull, then bled at the

neck. The adrenal glands uvere removed,

cleaned of fat and connective tissue, and

homogenized in ice-cold 0.3 ur sucrose (one

gland iii 2.3 ml), using Potter-Elvehmjem all-

glass ilomogenizers. Aliquots uvere removed

for total catecholaniinie and total dopamine
/3-hydroxylase determinat ions. The remain-

der of the homogenate uvas centrifuged at
26,000 X vi for 20 mm, and the supernatant
fraction uvas assayed for tvrosine hydroxyl-
ase activity. Less than 5 � of the total iiy-

droxylase activity uvas found in the resus-

pcnded pellets.
A ssay of dopantine �3-hydroxylase. Dopa-

mine �3-hydroxylase ii�as assayed as previ-

olmsl\’ described (6) . The reaction mixture

contained sodium phosphate buffer, pH 3.8,
200 mtm; funiarate, pH 3.8, 120 mum; ascor-
bate, 2.0 mum; ATP, 0.1 mum; tranylcypro-
mine, 1.0 mum; tritiated tyramine, generally

labeled (7.3 Ci/mmole), 0.01 mum; catalase,

600 units; Triton X-100, 0.5%; and 0.4 nil
of the sucrose homogenate in a final volume

of 1.0 ml. In addition, each reaction mixture

contained a final co)ncentration of 4 mM

p-hydroxymercuribcmizoate to inactivate en-
dogenous inhibitors. The mixtures were in-

cubated in air at 37#{176}for 30 mimi, and the

reaction uvas stopped by addition of 1 ml of

7 % perchloric acid. After centrifugation, a

1-mi aliquot of the supernatant fluid was

assayed for tile amount of octopamine

formed by the periodate oxidation method of
Friedman and Kaufman (12). Five per cent
glycerol was used to stol) the periodate oxi-

dation. Under these conditions dopamine
�-hydroxylase activity was linear with tissue

concentration.
Tyrosine hydroxylase. Tyrosine hydroxyl-

ase activity uvas assayed as described by

Nagatsu, Levitt, and Udenfriend (13). The

reaction mixture contamed sodium acetate

buffer, pH 6.0, 200 mur; ferrous ammoniuni

sulfate, 0.5 mu; tranylcypromine, 0.1
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mum ; 2-amino-6,7-dimethyl-4-hydroxy-4,6,7,S-
tetraimydropteridine hydrochloride, 2.0

mu; 2-mercaptoethanol, 20 mur; 3,5-triti-
ated tyrosine, 0.2 mui (specific activity,

31.6 Ci/mmole) ; arid 0.4 nil of the 26,000 X #{231}j

sucrose si.ipernatant fraction iii a final vol-
ume of 1 ml. Tile mixtures uvere incubated
in air at 37#{176}for 15 miii. The reaction uvas

stopped by the addition of 0.05 ml of glacial

acetic acid.

(‘atecli olani ines. Aliquots of t lie adrenal

fractions (0.1 ml) were added to 2 ml of
3.5 % I)ercllloric acid. Tile mixture ui-as ecu-

trifuged, and the supernatant fluid ui-as de-
canted, diluted, arid assayed for catcchiol-

amine content without further treatment as

described previously (14).

Protein determinations. Prot em uvas de-
termimied by the method of Loivry et at.

( 15), using bovine serum albumin as a

standard.

Statistical methods. The results are cx-

pressed on a per gland basis. Student’s
1-test uvas used to determine statistical sig-

nificamice.
Materials. Tritiated tvrosnme and tvra-

mine were obtained from New Emiglatid

Nuclear Corporation. Acet ylcholine chlo-

ride was obtained from Calbiochem; eser-

inc sulfate (physostigmine), from Mann

Research Laboratories; at ropine sulfate,

from Eli Lilly and Company; and reserpine,

from Ciba Pharmaceutical Compammv.

RESULTS

Effect of reserpine treatnient on rat adrenal

catecholamine levels. Cat echolamine levels

uvere markedly depleted in bothu dener-

vated and intact glands Its a result of re-

serpine treatment (Fig. 1). The greater
depletion observed in intact. glands uvas
probably due to increased neural stimula-

tion of time gland, in addition to the direct.

effect of reserpine ill blocking catecholamine

uptake immto storage vesicles (5).

Four days after the last reserpimie injec-

tion, the imitact gland, even though mi-
tially more depleted than the denervated

gland, recovered to control levels uvhile
the deiiervated gland still shouved a signifi-

cant depletion and required about 10 days

to regain its normal catechuolamine content.

(ii)
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Fma. 1. Effect of reserpine on rat adrenal ca/c-

cholammi inc levels

Rats with a denervated left adrenal gland were

given reserpine, 2.5 mg/kg intmaperitoneally, for 3

consecutive days. Nmimhers iii parentheses refer to

the number of animals in each grout). l)ashed hues

refer to the denervated glands, amid the solid himies
to the intact glamids. Vertical bars represent stand-

ard errors of t he means . Cant rol values were:
dei1ervated glands, 9.6 ± 0.6 ,.mg/gland; intact

glamids, 12.8 ± 0.8 ,.mg/glamid. The controls at dmu,v 0

received no reserpine.

Betiveen days 1 and 2 after the last reserpine

injection, the levels of catecholamines in

the denervated glands barely increased,
from 4.4 to 4.7 /.Lg/gland, a 7% rise. Tile
catccholamine levels of the intact glands
rose from 2.6 to 3.3 pg/gland, a 112% in-

crease, during the same time period.

Betuveen days 2 and 4 after tile last re-

serpine injcctioim, the levels of catcchola-

mines in the denervated glands rose from 4.7

to 6.3 big/gland, a 34 % imicrease. In the
intact glands the catecholamine content in-

creased by 110 %, from 3.5 to 11.6 ag/gland,
durimmg the same time period.

Effect of reserpine treatment on rat adrenal

tyrosine hydroxylase activity. Tyrosine ily-

droxylasc activity uvas increased to 425%

of control values in tile intact adrenal

glands 24 hr after the last reserpine injec-

tion, but ui-as unchanged in the demiervated

glands. The activity remained hmigh in

intact glands for 4 days and then declimicd
to 123 % of controls 10 days after the last

reserpine injection (Fig. 2).
Effect of reserpine treatment on rat adrenal

dopamine �3-hydroxylase activity. Two days

after the last injection of reserpine, dopa-

mine $-hydroxylase activity increased to
260 % of the control values in the intact
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FIG. 2. Effect of reserpine on rat adrenal tyrosine

hydro�rylase activity

Hats with a demmervated left adrenal gland were
givems reserpine, 2.5 mg/kg imitraperitoneally, for 3
comisecutive days. Numbers iii paremitheses refer to

t he number of animals in each group. Vertical bars

rel)resemit the .stamidard errors of the means.

1)ashed hues refer to the deuiervated glamids, amid

the solid hues to the intact glands. The controls at

day 0 received ho reserpine.

adrenmals amid to 170 % of time control values

in time denmervated glands. Thereafter, the
activities declined to time control levels by
approximately 10 days (Fig. 3).

Effect of acetyicholine on adrenal cate-

cli olwii me levels. Four days after reserpinie
treatment, the intact adrenal glands re-

covered their normal catecholamine con-

tent uvhiercas the denervated glands re-

gaimmed only 66 % of their normal content

even though the demmervated glands had
been depleted to a lesser extent. After

treatment with acetylchohne for 1 day

after reserpimie administratiomm, the cate-

chiolamine levels in denervated glands,

measured 4 days after time last injection of

reserpimme, were within normal limits (Table

1).

There uvas an apparent 24-llr lag mm time

recovery of catecholamines in both the

intact and denervated glands following

treatment witim acetylcimoline, perhaps be-

cause of acetylcholine-st imulated secretion

of catechiolamimies. There uvas no imicrease

in catecholaminc content 24 hmr after ad-
ministration of acetvlchohine (2 days after

reserpinc), alt imough replenishment of the
catecimolamine stores in the denervated
glands kept pace with time recovery in tile

intact glanmds dimrirmg tile 2-4-day post-
reserj)ine I)eriod. After treatment uvitim

reserpine only, time denervated glands in-

creased their catecholamine stores iii tile

next 2-4-day j)eriod, from 4.7 to 6.3 �g/

gland, a rise of 1 .6 �ig/glammd. Time dener-

vated glands of reserpine- arid acetyl-
choline-treated anmimals irmereased their cate-
cholamine levels by 5.3 /2g/7glalld, from 4. 1
to 9.4, during time same period.

Treatment uvith acetyleholine for 3

consecut ive days after reserpinc appeared
to delay time recovery of catecholamines imi

both the intact aiid denervateci glands, but

this uvas probably due to secretion of etite-

clmolamines as a result of tile repeated

stimulation.

Nffect of acetylcholine on adrenal tyrosine
Ii ydroxylase levels. Repeated injections of

acetylcimoline 1 day after tile last reserpine

injection increased time tyrosine hydroxylase

activity of dermervated glands to 180 % of

time control levels ivimen assayed 24 llr later
(Table 1). Time activity remained at the

iligher level for at least 2 days more. After

treatment uvitim acetyichohinc, time levels of

tyrosine Iiydroxylase in the intact, glands

rose to levels higher than those due to re-

serpine treat merit alone. Inject ions of

acetylchohne Ofl 3 consecutive days, start-

� 6

E ‘

� 01

0

FIG. 3. Effect of re.ser pine on rat adrenal dopa-

maine (3-hydroxylase activity

Rats with mudenervated left adrenal gland were
given reserpimme, 2.5 mg/kg intraperitoneally, for3

consecutive days. Numbers in pmurentheses refer to

the number of animals in each group. Vertical

bars represent the standard errors of the means.
1)ashed lines refer to the denervated glam#{236}ds,amid
the solid lines to the intact glands. The controls at

day 0 received no reserpi ne.
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ing 1 day after the last reserpine injection,
caused even greater changes in the tyrosine

hydroxylase activity in both the dener-
vated and intact glands. The activity rose

to 266% of the control values in the de-

nervated glands, and to 600 % of the con-
trol levels in time intact glands, 24 hr after

the last injection of acetylcholine.
All glands uvhich had shown increases in

tyrosine hydroxylase activity also ex-

hibited a decline touvard control levels

uvhen assayed 10 days after time last reser-

pine injection.

Effect of acetylcholine on adrenal doparnine

13-hydroxylase levels. In contrast to tyrosine
hydroxylase, uvhich showed no increase in

denervated glands after reserpine treat -
ment amid a substantial increase after acetyl-
choline admmiinmistration (Table 1), time dopa-

mine �-hydroxylase activity in denervated

1900
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FmG. 4. Effect of reser pine on protein content of

rat adrerual.s’

Rats with a denervated left adrenal gland were
given reserpine, 2.5 mg/kg intraperitonealhy, for 3

consecutive days. Numbers imi parentheses refer to
the mmmber of animals in each group. All animals

were killed 2 days after the last injection of reser-
pine. Numbers on the abscissa refer to the follow-
imig groups: 1, no treatment; 2, reserpinetreated

aninials; 3, same as 2, treated additionally with
acetylchohine 1 day following the last injection of

reserpine. The unshaded bars refer to the demier-
vated glands, and the hatched bars to the imitact
glands. Vertical bars represent the standard errors
of the nmeans. Particulate proteins are the total
protein presemmt imi the 26,000 X g pellet; supermia-
tant proteimms are the total proteins present imi the
26,000 X g supernatant fraction. Letters in paren-

theses above the bars refer to the following statis-
tical values compared to corresponding glands of
untreated animals: a, p < 0.05; b, p <0.02; c, p <

0.01.

glands uvas increased by reserpine treatment
alone and did riot rise markedly following

acetyleholine t reat ment . After the reserpine
inj ections, treat ment w-ith acetylcholine for
1 day did not cause a further increase in
dopamine fl-hydroxylase. Houvever, 4 days
after the last iiijection of reserpine, the

enzyme activity of the denervated glands
of those animals uvhich received acetyl-

choline for 1 day or on 3 consecutive days

uvas 25-35 % higher (i < 0.05) than in

those animals ui-imicli received only reserpine.

The increased levels of dopamine �-hy-
droxylase declined touvard control levels,

as ui’as the case uvith tyrosine hydroxylase,
by 10 days after reserpine treatment.

Effect of reserpine treatment on rat adrenal
protein content. The data in Fig. 4 indicate
that the protein content of the 26,000 X q
supernatant fraction uvas slightly increased

over control levels in both intact and de-

nervated glands 2 days after the last re-

serpine injection. Time 26,000 X g pellet
protein content rose significantly only in

the denervated glands, but the total amount
uvas not greater than that of intact glands.

In no case did time acetyicholine treatment
cause any further change in protein content

beyond that caused by the reserpine treat-

merit alone.

DISCUSSION

Adrenal denervation results in a sloiver

rate of recovery of catecholamiries to con-

trol levels in glands which have been de-

pleted either before (1, 2) or after denerva-

tion, as reported in the present studies.

The data preseilted here indicate that ex-
posure to the normal adrenal secretagogue,
acetyicholine, is a sufficient stimulus to

increase time activity of tue cellular mecha-

nisms involved in catecholamine recovery.

Restoration of adrenal catecholamine

content requires not only biosynthesis of

the amines but also recovery of time ability
of the storage vesieles to incorporate and

store them. Neurogenic stimulation, whether
induced by large closes of reserpine or by

insulin administration, causes a discharge

of time entire soluble contents of time cate-

ciiolamnie storage vesicle, leaving the

vesicle membrane ui-ithin time cell (16-23).
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The soluble contents include, in addition

to catecholamines, soluble dopamine �-

hydroxylase , chromogranins, and ATP,
components uvhich are involved in the
synthesis as uvell as time storage of the

amities. After insulimi administration, tiv�

the dopamine $-Iiydroxylase activity of the
glands returned to normal levels within 48

hr, uvhile recovery of the catecholaminie

content and time ability of the storage

vesicles to incorporate exogenous amines

paralleled each other amid required 6 days
to reach control levels (3). These observa-
tions suggest that there is a considerable

delay betuveen the re-formation of storage
vesicles and their ability to store cate-

cholamines.

The activities of the biosynthetic en-
zymes may also play a critical role in de-

termining the recovery rate of catecholam-

iries. Tyrosine hydroxylase activity rises

markedly follouving neurogenic stimulation

of intact adrenal glands and in denervated
glands after administration of acetylcholine.

These increases in tyrosine hydroxylase

can be blocked by treatment with agents

which inhibit protein synthesis, such as

actinomycin D and cycloheximide (6, 24),
and appear to be genetically controlled

events occurring in response to neurogenic

stimulation. Tui-enty-four hours after the

last injection of reserpine tiiere is a marked

elevation in tyrosine imydroxylase activity

in intact adrenals, but complete recovery of

catecimolamine content requires 3 days

longer. This additional period of time may

be required for restoration of the ability of

the cell to store the catecholamines witimin

the storage vesicles.

The increased rate of catecimolamine re-

covery does not appear to be related to time

higher enzymatic activity of dopamine �-
hydroxylase, since a marked rise in activity

was observed in the denervated adrenals

after reserpine treatment alone, and time
subsequent administration of acetylcholine,

which markedly increased the recovery

rate, caused only a modest elevation in

dopamine �-hydroxylase activity. It is

possible that an even larger increase in

dopaminie $-hydroxylase activity was not
observed because of loss of the enzyme in

response to stimulation. Time increase in

dopamine fl-hydroxylase may have been

due to synthesis of vesicles de tiovo uvhile

the cell retained the emmzyme activity russo-
ciated uvithi the old vesicles (3, 23). The
nature of the increase inn dopamine �-

hydroxylase activity in time denervated
glands folloiving reserpilme treatment has

not been characterized. It may involve

protein syiithesis, but ot her I)OsSibilitieS,
such as activation of enzyme activity or

destructioni of an endogenous inhibitor,

may be involved. It is of initerest that the
increases in activity of tyrosinie Imydroxylase

and dopamine �3-hydroxylase are riot linked.
The observed increases in protein content

follouving treatment uvith reserpine and uvith
reserpine plus acetylcholine do not reflect a
response to neurogenic stimulation, because

similar increases uvere found in both intact

and denervated glands. Since time medulla
represents only about 20 % of tile adremial
gland weight (11), the observed changes in

protein content nmay have been due to

changes in time cortex as uvell as the medulla.

In summary, time results indicate that

exposure to acetyicholine is sufficient to

stimulate catecholamine recovery in de-

pleted glands. Time concurrent increase

imi tyrosine hydroxylase activity as well as
repair or synthesis of vesicles de novo may

well play a role iii the increa.sed cate-

cholamine recovery in acet vlcholine-treated

glands, but uvhether or miot othmer factors

may also contribute to increased cate-

cholamine recovery is still to be determined.
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