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SUMMARY

Repeated immobilizatiomn of rats results inn a striking increase inn adrennal medullary

dopamimne �3-inydroxylase activity. After six periods of immobilization the levels are highest

precediing the next immobilization, decrease during the immobilizatiomn, and increase upon
terminnationi of the immobilizationn. Six hours after the immobilization tine activities return

nearly to tine preimmobilization levels. Dennervatioin of the adrennal markedly diminishes tine

increase in dopamine �-hydroxylase activity that occurs with repeated immobilization.

Prior treatment with hexamethonium prevents the decrease in activity during the immobiliza-
tion interval, whereas the proteinn synthesis inhibitors actinomycin D and cycloheximide

prevennt tine increase in enzyme activity seenn after termination of immobilization. These
observations support the view tinat dopaminne �-hydroxylase is released as a result of neural

stimulationn duninng immobilizationn and suggest that its increase following cessatiomi of
immobihizationn is a consequence of accelerated synnthesis of tine enzyme.

INTRODUCTION

In rats, immobilization stress results in a
decrease inn adrenal epinnephrinne and an inn-
crease in urinary excretion of this catechol-

amine (1). Adrenal epinephnine levels re-
mainn depressed for over 24 hr after the first

interval of immobilization. Repeated daily
immobilization results inn less epinephninne

depletionn amid ann accelerated replenishment
of adrennal catecholamines. This is inot a

consequence of diminished release sinnce

These studies were supported in part by the

Scottish Rite Committee on Research in Schizo-

phrenia, The National Association for Mental

Health, Inc.

1 Fellow, Foundations’ Fund for Research in

Psychiatry (Research Gramit G 68-415). Present

address, Slovak Academy of Sciences, Institute

of Experimental Endocrinology, Bratislava, Czech-

oslovakia.
2 Present address, Columbia-Presbyterian Med-

ical Center, New York, New York 10032.

urinary excretiomn of the catecholannimnes re-
mains elevated (1). Since immobilization

induces a marked elevation in adrenal tvno-

sine hydroxylase activity (2, 3) , an increased

rate of adrenal catecholamine biosynnthesis is

probably tine mechanism of diminnution of
the changes in adrenal epinephninne after

repeated immobilization. Dopamine fl-by-
droxylase (EC 1.14.2.1) present inn tine ad-
rennal medtnllary storage vesicles is released

with secretion of epinephnine (4) . 1”our days

after tine insuhimi-imiduced release of adrenal
catecholaminnes and dopamine fl-hydroxylase,
levels of the emizvrne are increased (5). We
have therefore examinned the effects of inn-

mobilizationn of rats on levels of dopannine

fl-hydroxylase inn the adrenal glands.

METHODS

Male Sprague-I)awley rats weighimng 180-
250 g were immobilized daily for periods up

to 2.5 hr as described previously (1, 3). The
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animals were killed by decapitation im-
mediately after the interval of imniobihiza-

tion or 6 or 24 inn after their release. In one

experiment rats were killed either 24 hr

after the end of the sixth immobilization

period or 0.5, 1.0, or 2.5 hr after the start
of the seventh immobilization ; one group

was killed 6 hr after the end of the seventh
2.5-hr period of immobilization.

Tine adrenal glands were removed rapidly,

weighed, and homogenized in ice-cold iso-
tomnic sucrose. An aliquot (100 jzl) of the
homogenate was assayed for catecholamines

(6) , amid tine remaining lnomogenate was

centrifuged at 26,000 X g for 20 mm. Tine

supernnatant fraction was removed, and a

50-j.sl aliquot was assayed for dopamine
f3-hydroxylase. Tine sediment was resus-

pended in 500 �ml of cold water and centri-
fuged as above. Aliquots (50 j�l each) of the

supermnatant and the sediment suspemnded in

500 �hl of cold water were also assayed for
dopannine fl-hydroxylase.

Dopaminne fl-hnydroxylase was assayed in
tine same three fractions by tine technique

of Friedman amid Kaufman (7) , as modified
by Viveros et a!. (5). Instead of Cu2� or

p-hnydroxymercuribenzoate to imnactivat e the
inhibitors of dopamine fl-iiydroxyla.se (8),

p-chlormercuniphenylsulfomnic acid was used

inn tine present study. Optimal enzyme ac-

tivity was attained whemn a sufficient amount
of the latter reagent was added to inactivate

tine inhibitors without inhibiting dopamine
fl-hydroxylase. Total adrennal dopamine fl-hy-
droxylase has been calculated as tine sum of

the activities inn tine two supernatant and the

sedinnent fractions described above, and is

tine quantity reported in this paper. About

30% of tine emizyme activity was present in
tine first 26,000 X g supernatant, 10-15 %
in tine second, amnd the remainder in the 26,000

X q sedinnennt.
In some expenimennts, hexamethonnium (20

mg/kg) was administered intrapenitoneally
30 mm before immobilization to prevent
catechiolamine release from the adrenal me-
duila (9). Inn other experimennts, actinomycin
D (1 mg/kg) or cycloheximide (1 mg/kg) was

given subcutamneously 15 mini before and 2 mr

after imnnobihization to inhibit, adrenal pro-

teinn svntinesis (10). Tine effect. of adrenal

denervation was examined inn animals in

which the left splannchnic inerve had been

severed 4 days before immobilization in-

tervais were begunn (3). In one experiment,

the adrenal medullas were largely separated
from the cortices. The adrenal was split,
and the medulla was scooped out of each
half. Tine medullary and cortical portions

were each homogenized in 1.0 ml of ice-cold

sucrose and assayed for dopamine $-hy-

droxylase as above.

RESULTS

Effect of immobilization on rat adrenal

dopamine fi-hydroxylase. A single immobiliza-

tion for 2.5 hr did not alter significantly levels
of rat adrenal dopamine fl-hydroxylase, but

6 hr after the immobilization interval levels
of dopamine fl-inydroxylase were significantly

elevated (Fig. 1). Immediately after the

seventh or 42nd interval of immobilization,
levels of dopamine fl-hydroxylase were sig-

nificantly higher than those found in the

adrenals of the control animals. Six hours
after the seventh or 42nd immobilization

the elevation of tine enzyme was more

marked. The increment in enzyme levels
during the 6 hr after immobilization w-as
greater after the 42nnd immobilization than
after the seventh, and greater after the
seventh than after the first.

Dopannine /3-hydroxylase levels ju rat ad-

renal before, during, and after seventh inn-

mobilization. Twenty-four hours after six
daily 2.5-hr intervals of immobilization,

adrenal dopamine fl-hydroxylase was 3 times
as great as in unstressed control rats (Fig. 2).

During the seventh interval of immobiiza-
tion a progressive decrease in adrenal dop-
amine fl-hydroxylase was apparent (Fig. 2).

Six hours after a 2.5-hr interval of immo-
bilization, however, the enzyme was nearly
at the level found before the seventh im-
mobilization. Prior treatment with hexame-

thonium prevented the decrease in both

epinephnine (Table 1) and dopamine $-hy-
droxylase (Fig. 2) found immediately after
the seventh immobilization.

Effect of inhibitors of protein synthesis on

dopamine fi-hydroxylase activity in rat ad-

renal. Neither actinomycin D nor cyclo-

heximide, in the doses used, altered the
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NUMBER OF IMMOBILIZATIONS

FIG. 1 . Effect of repeated immobilization on rat

adrenal dopamine $-hydroxylase activity

Rats were immobilized for 2.5 hr daily for 1, 7, or

42 days and were killed either immediately after

or 6 hr after the last immobilization. Results are
the mean levels ± standard errors for groups of
six rats and are expressed as percentages of the

dopamine �I-hydroxy1ase activity found in the

unstressed control group. The level of dopamine
�-hydroxylase in the unstressed control group was

2.54 nmoles of octopamine-’H formed per hour per

pair of adrenals.
* p < 0.001 compared to unstressed controls.
Ln* p < 0.01 compared to the group killed im-

mediately after immobilization.
Xe p < 0.001 compared to the group killed im-

mediately after immobilization.

levels of dopamine f3-hydroxylase in tine
adrenal glands of unstressed animals (Fig.
3). In untreated, stressed animals dopamine

/3-inydroxylase was markedly inncreased (corn-
pared with umistressed animals) immediately

prior to tine seventh immobilizationn, de-
creased immediately following tine sevenntin

immobilization, amid then increased to nearly
prestress levels 6 hr later. Treatment of the
stressed aninnals with actinomycin D pre-
vennted tine post-stress increase in dopamine

/3-inydroxylase, whereas prior treatment with

cycloheximide lowered tine dopamine /3-hy-

droxylase activity to levels even lower than

tinose found inimediately after immobiliza-

tion.

Effect of (lenervatwn on adrenal dopamine

/3-h ydroxylase activity. In unstressed annimals

tine adrenal gland which mad been denervated

at on

0 � 2 3 4 5 6 7 8 9

HOURS AFTER BEGINNING IMMOBILIZATION

FIG. 2. Dopamine fi-hydroxylase activity before,

during, and after seventh immobilization
Rats were immobilized daily for 2.5 hr and were

killed either 24 hr after the end of the sixth im-

mobilization (zero time) or 0.5, 1.0, 2.5, or 8.5 hr

after the start of the seventh immobilization.

Results are the mean levels ± standard errors for
groups of six rats and are expressed as percentages

of the dopamine �I-hydroxylase activity found in
the unstressed control group. The level of dop-

amine fl-hydroxylase in the unstressed control

group was 1.32 nmoles of octopamine-’H formed

per hour per pair of adrenals. One group was given
hexamethonium (20 mg/kg, intraperitoneally)

30 mm before the start of the seventh immobiliza-

tion and killed 2.5 hr after the start of that im-
mobilization. All values are significantly increased

(p < 0.001) when compared to the unstressed

controls.
L� p < 0.05 compared to the group killed 24 hr

after the sixth immobilization.

x p < 0.01 compared to the group killed 24 hr

after the sixth immobilization. NS = not sig-

nificantly different fronn the group killed 24 hr

after the sixth immobilization.

by section of tine splanchmnic nerve had less
dopamine fl-hydroxylase activity than the
contralateral intact adrenal (Table 2). De-
nervation markedly diminnished the eleva-

tionn of this enzyme found in intact adrenals

6 hr after a sevemnth immobilization. The
procedure of demnervationi, as described in

METHODS, did not dimimnish tine weight of tine

adrenals and did not result in any obvious

change in circulatiomi. The latter would not

be expected, since tine nerves were cut about

1 cm above the adrenal.
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TABLE 1

Effect of hexa7nethonium on immobilization-induced

alterations in adrenal epinephrine

Rats were immobilized for 2.5 hr daily and killed

either 24 hr after the sixth immobilization or im-

mediately after the seventh immobilization. One

group received hexamethonium (20 mg/kg, intra-

peritoneally). Results are the mean levels ±

standard errors for groups of six rats.

No. of immobilizations Epinephrine

,.og/adrenal pair

0 14.8±0.9

6 15.8±1.5

7 9.9 ± 1.2�
7 plus

hexamethonium 13.9 ± 1.5�’

o p < 0.02 compared to the group killed 24 hr

after the sixth immobilization.

b Not significantly different from the group
killed 24 hr after the sixth immobilization.

Dopainine 13-hydroxylase content of sepa-
rated adrenal medulla and adrenal cortex. Over

95 % of the total dopamine /3-hydroxylase
activity inn the adrenal glannds of both con-
trol animals and those subjected to repeated
immobilization was found inn the adrenal

medulla (Table 3).

1)ISCUSSION

Immobilization of rats appears to be a

stressful procedure which elicits a marked

adrenal medullary response, as inndicated by

catecholamine excretion (1) and subsequent

elevation of enzymes concerned witin epi-

nephrine synthesis (2, 3). Repeated immo-

bilization causes marked increases in tyrosimne

hydroxylase (3) and dopamine fl-lnydroxylase

(Fig. 1). As indicated above, Viveros et al. (4)

showed that dopamine fl-hydroxylase is re-

leased from the perfused adrenal medulla
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FIG. 3. Effect of protein synthesis inhibitors on rat adrenal dopamine �5-hydroxylase activity

Rats were immobilized for 2.5 hr daily and were killed either 24 hr after the sixth immobilizatiomi, inn-

mediately after the seventh innmobilization, or 6 hr after the seventh immobilization. Actinomycin D

(1 mg/kg) or cycloheximide (1 mg/kg) was given subcutaneously 15 mm prior to the start of the last

immobilization amid agaimi 2 hr after its termimiation. Results are the mean levels ± standard errors for

groups of 6-12 rats and are expressed as percentages of the dopamine fl-hydroxylase activity found inn the

unstressed control group. The level of dopamimie �9-hydroxylase imn the unstressed control group was 1.69

nmoles of octopamine-#{176}H formed per hour per pair of adrenals.

L�i p < 0.05 compared to the unstressed, untreated control group.
* p < 0.001 compared to the unstressed, untreated control group.
*x p < 0.001 compared to the group killed immediately after the seventh immobilization.

. p < 0.02 compared to the group killed 6 hr after the seventh immobilizatiomi and treated with actino-

mycin 1).



tine decrease in epinephrine (Table 1). The
observat ion that hexannethonnium blocks re-
lease of catecholamimnes from the adrenal
medulla (8) further supports the view that

the decrease inn dopaminne /3-hydroxylase is a
consequence of release of this enzyme from

the adrennals.
The increase in adrenal dopamimie fl-my-

droxvlase during tine 6 hr after immobiliza-

tionn was prevented by inhibitors of protein
or RNA syintinesis (Fig. 3). Cycloheximide
caused a decrease in activity of this emnzyme

to levels below tinose found inn tine adrenal
immediately after repeated immobilization.

It did not have this effect in unstressed ani-
mals, and did nnot alter catechnolamimie levels

in either stressed or unstressed animals.

These results suggest that the turnnover rate
of dopamine /3-hydroxylase had increased
during repeated immobilization. This conn-
clusiomn is also supported by the observation

tinat the imncremennt in activity of this enzyme
durimng tine 6 mr after the first, seventh, arid

_______________________ 42mnd intervals of immobilization progres-
Denervated Innervated sively imncreased (Fig. 1) . Actinomycin D

adrenal adrenal prevented the increase imn dopamine fl-by-

droxvlase activity to prestress levels after

immobilization, but did nnot decrease tine

activity of this enzyme inn unstressed animals.

Although this might be a reflection of dif-

ferennces inn relative dose, it seems more likely

that after administration of actinomycin D

tine synthesis of dopamine fl-hydroxylase

comntinued to keel) Pace with its removal

rate before tine stress. Presumably actinomy-

- - Dopamine f3-hydroxylase

ninoles octopatnine-31! formed//zr/gland

‘ Control 0.85 ± 0.090

Immobilized 1.20 ± 0.110 ,b

1.39 ± 0.07

3.75 ± 0.40c

o p <0.01 compared to the innervated glands of

the same group.

b p < 0.05 compared to the nonimmobilized,

(lenervated group.
p < 0.01 compared to the nonimntobilized,

iiinervtIte(l group.

TAttLE 3

Dopamine �3-hydroxylase activity inadrenal medulla and cortex of nonimmobilized and repeatedly

inimobilized rats

Rats were immobilized for 2.5 hr daily for 40 days and killed 6 hr after the last immobilization. Re-

sults nrc expressed as mean values ± standard errors for groups of six to eight rats.

‘freatment
Dopamine /3-hydroxylase _ -- Activity in cortex

CortexMedulla

n,nole.s oclopamine-311 for,,zed/Izr/pair %

4.09±0.14 0.14±0.06 3.3
7.94±0.45#{176} O.27±O.06� 3.3

0 p < 0.01 compared to the medullas of nonnimnnobilized amiimals.

b � < � compared to the cortices of nonimmobilized animals.

ADRENAL DOPAMINE /3-HYDROXYLASE SYNTHESIS IN IMMOBILIZATION STRESS 85

alonig with catecholamines. Levels of dop-

amimne j3-hydroxylase found 6 hr after tine
cessationn of repeated immobilization were
higher than immediately after such immo-
bilization, suggesting that the enzyme had

been released in vivo during immobilization
and replennished during the 6-hr interval
after immobilization was terminated. This
view is supported by the finding of a pro-
gressively decreasing enzyme level durinng tine

seventh immobilization (Fig. 2). Tine de-
crease in ennzyme activity was blocked by

hexamethomnium (Fig. 2), whicin also blocked

TABLE 2

Effect of adrenal denervation on rat adrenal

dopamine ,s-hydroxyiase activity

The left adrenal gland was demnervated by

splanchnic nerve section 4 days prior to the onset

of the first of seven daily 2.5-hr periods of im-

mobilization. Results are expressed as nnean

values ± standard errors for groups of six rats.

ircatment

N onimniohili zed

Imniobilized



adrenal epinephrimne (3). Thus the enzyme

activity which was founnd in the cortex is

probably a result of incomplete separation

of tine two parts of the adrenal.
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cmi D prevemited an acceleration of synthesis
of this ennzyme (by blocking RNA but not
emizyme protein formation) required to ele-

vate the enzyme to its level prior to stress
whenn release was accelerated.

The stimulus to accelerate dopamine fi-hy-

droxylase synnthesis is apparenntly partially
mediated by nerve impulses, since denerva-

tion results in a decrease in enzyme levels

and markedly diminishes the response of the
adrenal which leads to elevation of this em-

zyme induced by immobilization (Table 2).
Demnervationi does mnot greatly alter catechol-
amine levels or diminisin adrenal weight, so
tinat it is umnhikely that this is the result of

circulatory changes. The slight increase in
enzyme levels observed in the denervated

adrenal might be due to incomplete denerva-
tion, since the adrenal may receive a small
number of nerve fibers from the first two

lumbar gannglia (11). The increase in adrenal
dopamine fi-hydroxylase levels after repeated
immobilization is a consequence of an in-
crease of the enzyme activity in the adrenal

medulla, since less than 5 % of the enzyme
activity was found inn the cortex (Table 3).
The epinephriine content of the cortical por-

tionn, which represents about 80 % of the
weight of the adrenal, was about 2.5 /Lg/
pair of adrenals and about 10% of the total
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