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ACTIVITY: NEURONAL VERSUS LOCAL CONTROL
STUDIED WITH APOMORPHINE*

MARYKA QUIKT and THEODORE L. SOURKES
Laboratory of Neurochemistry, Department of Psychiatry, MeGill University. Montreal. Quebec, Canada

(Received 7 June 19750 accepred 10 Octoher 1975)

Abstract  Administration of apomorphine to rats leads to a temporary decrease in adrenal catechola-
mines and a long-term increase in adrenal tyrosine hydroxylase activity. The Kinetic characteristics
of tyrosine hvdroxylase of the apomorphine-treated and control rats were determined. A significant
increasc in b, was observed in the treated group as compared to controls: however. there was
no change in the K, for the cofactor DMPH, or tyvrosine between the two groups in undialyzed
or dialyzed preparations. indicating that the increase in tyrosine hydroxvlase activity was probably
due 1o an increase in enzyme protein. The temporary decrease in adrenal catecholamines was found
to be due to increased secretion after apomorphine treatment. even though the concentration of injected
apomorphine appeared to be sufficient to inhibit adrenal tyrosine hydroxylase. This was further substan-
tiated by the fact that the decrease in adrenal catecholamines was prevented by adrenal denervation.
The delayed increase in tvrosine hyvdroxyvlase activity after apomorphine treatment was observed in
hypophysectomized rats: however. it was abolished after splanchnic nerve transsection. A relationship
was sought between the decrease in adrenal catecholamines and increase in adrenal tyrosine hydroxylase
activity. When apomorphine and r-34-dihydroxyphenylalanine (1-DOPA) were administered simul-
taneously. there was no short-term decrease in adrenal catecholamine content but the increased tyvrosine
hvdroxylase activity was still observed. Also, the administration of z-methyl-p-tyrosine to rats decreased
the concentration of adrenal catecholamines and vet did not affect adrenal tyrosine hvdroxylase activity.
The results suggest that increased nerve activity, and not adrenal catecholamine concentrations, regu-
lates the induction of adrenal tyrosine hyvdroxylase. Furthermore. regulation would be by way of some
central mechanism involving dopamine-sensitive receptors.

Tyrosine hydroxylase (TH. tyrosine 3-monooxy-
genase. EC 1.14.16.2) is regarded as the rate-limiting
cnzyme in the conversion of tyrosine to the catechola-
mines (CA) [1]. Regulation of adrenal TH is believed
to involve two main types of mechanism. The first
requires a short-term. rapid alteration in enzyme ac-
tivity which can be mediated through feedback inhibi-
tion [2. 3]. allosteric modulators [4. 5, 6]. or changes
in substrate concentrations [7.8]. The second mech-
anism involves delayved. long term changes in enzyme
protein and can be neuronally or hormonally medi-
ated. Immobilization. cold cxposure, reserpine and
6-hydroxvdopamine increase preganglionic nerve ac-
activity and lead to an increase in adrenal TH in
24--48 hr. which can be prevented by splanchnic trans-
section [9-11]. ACTH can restore adrenal TH ac-
tivity in hypophysectomized rats to normal levels
[121.

Recently it has been suggested that the concen-
tration of adrenal CA may play a role in the induc-
tion of adrenal TH. Dairman and Udenfriend {13]
observed a decreasc in adrenal TH after rats were
given L-DOPA: the cflect appeared to be due to a
decrease in the amount of enzyme protein [14]. Both
neuronal and hormonal factors were excluded and ex-
perimental evidence indicated that it was the in-
creased formation of CA from L-DOPA which caused
the reduction in adrenal TH. Bhagat [15] showed
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that the reserpine-induced increase in adrenal TH ac-
tivity can be reduced by the simultancous administ-
ration of pargyline: this monoamine oxidase inhibitor
would be expeeted to increase CA concentrations. It
was also shown [I5] that phenoxybenzamine. an
z-adrenergic blocker which decrecases adrenal CA,
causes increased TH activity in innervated adrenals.
whereas the z-adrenergic blocking drug. phentola-
mine. which does not affect adrenal CA concen-
tration. has no effect. Molinoff ¢t al. [16] have sug-
gested that the reserpine-induced increase in TH may
be controlled by the CA concentrations in the sym-
pathetic postganglionic nerve ending, c¢ven though
this increase is abolished upon denervation. Work
with cultured rat adrenal gland has also shown there
is an inverse rclationship between TH and CA after
exposure to a prolonged depolarizing stimulus in the
form of raised extracellular potassium concentration
[17]. Experimental evidence contrary to this view has
been presented by Mackay and Iversen [18] and
Mackay [19]. They found no consistent relationship
between TH activity and noradrenaline concen-
trations of supcrior cervical ganglia cultured in the
presence of ouabain, reserpine or y-methyl-p-tyrosine.

In this paper we have used apomorphine. an inhibi-
tor of TH in vivo and in vitro [20] and a dopamine
agonist influencing brain monoamine concentrations
[217], as well as the drugs L-DOPA. a CA precursor,
and x-methyl-p-tyrosine. & TH inhibitor [22]. (o
explore the possible relationship between CA levels
and adrenal TH activity. The results presented sug-
gest that it is not adrenal CA concentrations. but pre-
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ganglionic nerve activity, which regulates the induc-
tion of adrenal TH. Furthermore. evidence indicutes
that the increased neuronal firing which initiates the
increase in adrenal TH is due to stimulation of central
dopamine receptors.

MATERIALS AND METHODS

Drugs. The following drugs were purchased: 6.7-di-
methyltetrahydropterin (DMPH,) from Calbiochem
(Los Angeles. CAL): z-methyl-p-tyrosine methyl ester
(zMPT) and 1-DOPA from Sigma (St. Louts. MO.):
and -tyrosine-3.3-[*H] (38 Cim-mole) from New
England Nuclear Corp. (Boston. MA.). The radioac-
tive tyrosine was purified before use by passage
through a Dowcex SO0W-X8 column. 0.5 x 3.0cm.
Brocresine (m-hydroxy-p-bromobenzyloxyamine was
a gilt of Lederle Laboratories (Pearl River, N.Y.):
apomorphine hydrochloride and mecamylamine hy-
drochloride were donated by Merek  Sharp  and
Dohme Rescarch Laboratories (West Point. PALL All
other chemicals were obtained from standard com-
mercial sources.

Animals. Male  Sprague-Dawley  rats  weighing
130 160 g were obtained from Canadian Breeding
Farms and Laboratories, Ltd., St. Constant. Quebec.
Hypophysectomized and  sham-operated  rats were
purchased from the same supplicr. Hemi-splanchnic-
cctomics were performed under sodium: pentobarbi-
tal anesthesia in this laboratory. Because the weight
of denervated and innervated adrenals were identical
(854 02mg and 84 4+ 02mg respectively: 18
organs in cach mean ic. no glands had atrophied.
there s assurance that the vascular supply had
remained intact. Experiments were begun 3 4 days
after dencrvation.

Apomorphinc-HCL z-methyl-p-tyrosine methyl es-
ter and mecamylamine - HCL were administered to rats
i.p. The drugs were dissolved i distilled walter and
injected in a volume of 0.2 mtl at the indicated doses
(expressed in terms of apomorphine. x-methyl-p-tyro-
sine and mecamylamine). When apomorphine - HC
and  y-methyl-p-tyrosine  methyl ester were both
administered. they were injected simultancously in a
volume of 0.2ml. The controls were injected with
0.2ml of distilled water at the same times as the ex-
perimental group. 1-DOPA was injected s.c. as a line
suspension in (L9, NaCl in a volume of 0.5ml. The
controls received 0.5 ml saline. The dosages and tim-
ing of the experiments are indicated in the legends
to the figures and tables.

In the cold exposure experiments, rats were kept
at 4 singly in wire cages. For the immobilization
experiments. the animals” limbs were placed through
gaps in a specially prepared metal grid. The two fore
limbs and the hind limbs were then bound using
adhesive tape.

Preparation of the tissue. Animals were killed by
decapitation. The adrenals were immediately removed
and placed in ice-cold 0.3 M sucrose. The fat and con-
nective tissue were removed. the adrenals weighed
and each pair homogenized in 0.9 ml of 0.3 M sucrosc
for 10sec with an Ultraturrax homogenizer. An ali-
quot (02 ml) was used for assay of TH activity. In
some of the experiments the adrenal homogenates
were dialyzed for 5 hr against 300 volumes SmM Tris
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acetate buffer pH 7.0 at 0 : the final volume of dials-
sate was adpusted to 20ml with the buffer und «
0.3ml aliquot was used for the enzame assay. which
was done immediately alterwards,

Tyrosine  hvdroxvlase  assayv. TH was assaned
according to the method of Nagatsu er af. [23] with
certain modifications. The incubation mixture. in o
total volume of 0.3 ml contained: O3Sl 0.3 mi en-
syme preparation: O mb of aomixture of 100 pmoles
sodium acetate. Spmoles  potassium - phosphate.
1000 U catalase and S0 nmoles brocresine. pH 6.1
0.05 ml solution of 30 nmoles T-tyrosine- 23] TH | con-
taining approximately 200,000 cpm. This was premeu-
bated for Smin at 30 i o shaking wuter bath. The
reaction was begun by the addition ol 0.5 pmoles
DMPH, and 1.25 gamoles ascorbate in .05 ml After
20min the reaction was stopped by the addition of
0.1 ml 257 trichloroacetic acid (TCAYand the precipi-
tated proteins sedimented by centrifugation. The
supernatant was passed  through o Dowex SOW-XX
column (0L.5em < 20cem) previously  equilibrated
with I ml TCA pH LS8: the columns were then wished
with 0.8 ml TCA pH 1.8, Both cffluents were collected
and assaved for radioactivity i a liquid semtllation
counter.

Catecholamine  determinations, Adrenal CA - were
determined in aliquots (LO5ml) of the sucrose homo-
genates. which were acidified with s ml 04N pereh-
loric acid. The mixture wis centrifuged and the pro-
tein-free supernatant brought to pH 7.5 8.0 using 4 N
NaOH contaming 250 mM EDTA. The CA were then
adsorbed on an alumina colummn (0.5¢em = 2em. pre-
viously equilibrated  with o solution  of  1T0mM
Nua-EDTA 10mM fi-mercaptocthanol. Fhe CA were
cluted with 5ml 0.1 N perchloric aad [24] Norud-
renaline and adrenaline were then assayed by the hyd-
roxvindole technique of Laverty and Tavlor [25] with
slight modifications: 0.5 ml of 4 250 mM citrale solu-
tion was added 1o cach S-ml aliquott which was
ttrated to pH 40 using TN NaOH containing
300 mM NaH-.PO, . A 2-ml aliquot was taken for the
adrenatfine estimation which was done i the standard
way. The remaining solution was titrated to pH 6.7
using I N NaOH containing 500 mM NaH . PO, The
noradrenaline measurements were done on a 2-mi ali-
quot. with development of fluorescence at 100 for
Imin. For blanks the oxidant and reductunt
added in reverse order. All samples were read -
mediately after the heating period.

Apomorphine  determinations. Apomorphine  was
mecasured in the following way. The tissue (4 pairs
of rat adrenals)y was homogenized with a Teflon hom-
ogenizer in @ mixture containing 1.3ml 00N HCOL
0.5ml cthyl acctate. 0.025ml 10", Na.SO, and
0.025ml 10°, Na-EDTA [26] Approximately 1.3 g
NaCl was added after which the apomorphine wus
extracted mto 2.5 ml ethyl acctate. The procedure of
Van Tyle and Burkman [27] was then followed.

Purification of bovine adrenad 1. The puritication
process was carried out essentially as deseribed by
Nagatsu ¢ ol [28] with the following modification.
After ammonium  sulfate precipitation. the  resus-
pended enzyme preparation was passed  through
Sephadex G-25 colummn. previoushy equitibrated with
10mM Tris acetate buffer pH 7.0 contiming 0.3 M
sucrose. for the removal of CA [ 297 The column was

Were
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Fig. 1. The elfect of apomorphine on tyrosine hvdroxylase (TH) activity and catecholamine (CA) con-
centrations in rat adrenal glands. The first group of rats received 7 injections of 10 mg/kg apomorphine
(APOY at 1.5-hr intervals and were killed 24 hr after the first injection. The second and third groups
received the same treatment for 2 and 3 successive davs, respectively. and were killed 48 and 72 hr
after the initial injections. In all experiments controls received equivalent volumes of water at the
same time as the experimentals. Significance of differences from control (CON) are indicated as follows:
*Po< 0.05 #*¥P < (.01 *#*¥¥P < 0.001. Each bar represents the mean + S.EM. of 910 animals.

cluted with this buffer and the enzyme preparation
diluted with it to adjust the protein concentration to
about 2mg/ml. The preparation  yielded about
0.15 gmoles DOPA/hr/mg protein. The enzyme was
stored at —20 : it remained stable for 4 weeks.

RESULTS

The effect of apomorphine on rat adrenal TH ac-
tivity and CA concentration. The effect of 1, 2 or 3
days of mnjection with apomorphine on adrenal TH
activity and CA concentrations is shown in Fig. 1.
Twenty-four hr after the first of a serics of injections,
providing 70 mg/kg over a 10.5-hr period (sce legend
to Fig. 1), a small (18" but significant increase in
TH activity was observed in the apomorphine-treated
rats: there was no change in the CA concentrations.
After 2 days of the injection schedule a 44", increase
in TH activity occurred. There was a small increase
in the noradrenaline concentration (P < 0.05). but no
change in adrenaline. An increase of 91", in the TH
activity of the adrenals was observed after 3 days of
injection with apomorphine with no alteration in the
CA coneentration.

An experiment was also done to determine whether
I or 2 days of injections would be sutlicient to elicit
a significant increase in TH activity measured 72 hr
after the initial injection. When treatment was discon-
tinued 1 or 2 days prior to killing the animals. no
Increase in enzvme activity or changes in CA concen-
trations were observed.

The cffect of injected apomorphine on the kinetic
characteristics of TH. The increase in TH activity
noted in Fig. 1 could stem from actual increases in
the amount of cnzyme protein or from changes in
the kinctic characteristics of the enzyme that were
induced by the drug treatment. For this reason kinetic
studics were done with adrenal preparations obtained

from apomorphine-treated and control rats. There
was no change in the K,, for DMPH, or tyrosine
between the two groups. whether the enzymic prep-
arations were dialyzed or not: however, there was a
significant increase in ¥, (P < 0.001) in the treated
group as compared to controls. Because changes in
enzyme activity could be due to the formation of acti-
vators or loss of inhibitors, adrenal homogenates
from control and apomorphine-treated rats were
combined. In all cases the enzyme activitics were
additive. These results indicate that the increase in
TH activity was due to an increase in the amount
of enzyme protein.

The effect of apomorphine on adirenal CA concen-
trations immediately after a series of injections. Several
investigators [13-17] have suggested that there is a
relationship between alterations in the adrenal CA
content and delayed changes in adrenal TH activity.
We therefore considered the possibility that apomor-
phine had actually caused some significant alteration
in the CA levels but that these had been restored
to normal 24 hr after the initial injection. Rats were
injected with apomorphine according to the [-day
schedule (10 mg/kg. every [.5hr on 7 occasions) and
were then killed 1.5 hr after the seventh injection. The
results are shown in Table 1. experiment A. Tt is clear
that the treatment with apomorphine brought about
large decreases in the concentration of the CA: 20°,
in the case of noradrenaline and 30°, in the case of
adrenaline.

Concentration of apomorphine in adrenal ylands after
a single ip. injection of 10 mg'kg. The decrease
obtained in adrenal CA after a scrics of injections
could occur in several ways. The first mechanism we
considered was the inhibition of TH activity by apo-
morphine. Goldstein et al. [20] have shown that apo-
morphine inhibits rat brain TH in vivo and in vitro
at concentrations as low as 107" M. Kinetic studics



1160

M. Quik and T. L. SotrKEs

Table 1. Ffieet of -MPT and 1-DOPA on the apomorphine-induced decrease in adrenal €A

Adrenaline

Noradrenaline

Totul catecholamines

Control Control Control
Experiment Treatment ng proadrenals " g proadrenads ' pg proadrenals '

A Control 100) 29+ 0 100 1.1 + 0.3 100

Apomorphine 72 23 - 02% S0 RS EA Nk R

B Controi 100 30 0.2 100) IS0 =03 100

Apomorphine 7 37 1 0.3 123 127 - 067 N3

sMPT ER 30 05 100 145 207 G
Apomorphine

+MPT 0.0 = LS 30 IR VR RN 60 TN A2

. Control 10.5 + 0.6 100 Al -02 100 136 - 100

Apomorphine 8.5+ 0.3%, 31 26 4+£02 0 e 11.2 N2

1-DOPA 9.7 + 0.6 92 34102 Lo 131 90
Apomorphine

105+ 0.6 100 36+ 02 116 141 0.3 104

=1.-DOPA

In experiment A rats were given 7 injections of 10 mg kg apomorphine (or distilled water for controlsy ip. at 1.5y
mtervals, In experiment B rats were injected with 10 mgrkg apomorphine every 130, 7 times: with one injection
of 128 mg kg «xMPT and 6 subsequent injections of S0 mg kg every LS hr: or a combination of [0 mg kg apomorphine
plus 125 mg/kg xMPT for the first injection and 10 mg-kg apomorphine plus 30 mg kg xMPT for 6 subscquent injections
given every LS hr. Controls were injected with carrier solution at the same time as experimentals. In experiment (
rats were injected seo with Tg kg 1-DOPA or saline 15min prior to 7 ip. injections of 10mg kg apomorphine or
distilled water given at L3-hr intervals, In alf experiments. rats were killed 1.5 br after the fast imjection of apomorphine
or sMPT or distilled water. Each vatue represents the mean + standard error of 10 rats in experiment A and 4 6

rats in experiments B and C.
* Significantly ditferent from controls (P - 0,05,
F Significantly different from controls (P~ 0.01),
** Significandy different from controls (P« 0.001).
1 Significantly different from «MPT (P < 0.001).

8 Significantly different from apomorphine (P - 0.01).

Significantly different from 1-DOPA-treated rats (P -2 0.05),

¢ Significantly different from apomorphine-treated plus 1-DOPA group (P -
88 Significantly different from apomorphine-treated plus 1-DOPA group (P <

with partially purified bovine adrenal TH confirmed
these findings. Double reciprocal plots of activity
against substrate concentration showed that apomor-
phine inhibits the enzyme cooperatively with respect
to the pteridine and uncompetitively with respect to
tyrosine.®

For this reason we measured the amount ol apo-
morphine in rat adrenals immediately after a single
injection of 10 mg’kg to determine whether sufhicient
apomorphine reached the adrenals to be inhibitory.
The adrenal glands of 4 rats. killed at given ume in-
tervals, were pooled for cach determination. A peak
concentration of 188 ng/pr adrenals occurred  after
Imin: this decrcased to 28 ng pr adrenals at 7S min
and 6 ng at 90min (Fig. 2). A second experiment of
this kind gave similar results. A content of 88 ng:pr
adrenals weighing 20mg would be equivalent to
3 x 10 Tmoles kg At 75min the content would be
44 > 10 “moles’kg and at 90 min. 107 moles'kg. 1l
the apomorphine were distributed evenly throughout
the adrenal this would correspond to a concentration
of 3 % 10 7 M. declining to 107" in 1.5hr.

The effect of upomorphine on the adrenal CA concen-
trations i rats treated with »MPT If apomorphine
is deercasing adrenal CA concentrations by inhibition
of TH activity. admimistration of a known inhibitor
of TH. xMPT. or u combination of zMPT uand apo-
morphine. should lead to the result obtained with
apomorphine alone. ¥MPT was thercfore given 1o

*M. Quik and T. I.. Sourkes. unpublished data.
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Fig. 2. Concentration of apomorphine in adrenal glands

after u single injection. Rats were sacrificed at various time

intervals after receiving 10 mg kg apomorphine 1.p. The

adrenals from 4 rats were pooled and the amount of apo-

morphine  determined  as deseribed  in Materials and
Methods.

rats recerving the schedule of apomorphine injections
and to suitable controls. In these experiments the
total amount of xMPT injected was 400 mg kg over
a 10.5-hr period. This dose 1s known to inhibit TH
activity about 100 per cent [22]. The results in Table
1. experiment B, show that xMPT alone had no cefiect
on adrenal CA presumably due to the slow turnover
rate [30}. Apomorphine again caused a very highly
significant decrease (267} in the adrenaline concen-
trations: however. there was no change in the norad-
renaline concentration mn this experiment. in contrast
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Fig. 3. The eflect of *MPT on rat adrenal TH and CA concentrations. Rats were given an initial

injection of 200 mg/kg xMPT and 2 subsequent injections of 100 mg/kg at 4.5-hr intervals for | or

2 days and were sacrificed 24 and 48 hr. respectively. after the initial injection. An aliquot of the

adrenal homogenate was removed for CA determinations and the remainder dialyzed as described

in Materials and Methods. Each bar represents the mean + S.E. of 4-8 rats. Significance of differences
from control (CON) are indicated as follows: **P < 0.01 ***P < 0.001.

to results in Table I, experiments A and C. Administ-
ration of both drugs lead to an even greater decrease
than with apomorphine alone: a 45°, decrease in
adrenaline and a 40°%, decrease in noradrenaline.
These results suggest that apomorphine increases se-
cretion of adrenal CA.

The effect of prolonged treatment with xMPT on rat
adrenal TH and CA. In order to determine whether
the increase in TH activity after apomorphine treat-
ment could be due to the preliminary decrease in
adrenal CA, we made further use of «MPT. Figure
3 shows that both 24 and 48 hr after the initial injec-
tion statistically significant decreases in the adrenaline
and noradrenaline concentrations are observed in
«MPT-treated rats; however. injection of the drug for
2 days did not result in an increase in TH activity
over controls. Failure to obtain an increase in enzyme
activity in xMPT-treated rats was not due to the pres-
ence of any residual ¥MPT which could inhibit the
enzyme in vitro. The adrenal preparations of the
treated and control rats had been dialyzed. and mix-
ing experiments showed the enzyme activities to be
additive.

The effect of uponmorphine on TH activity and CA
concentrations of hypophysectomized rats. Table 2

gives the results obtained with apomorphine treat-
ment of hypophysectomized rats. The values for
sham-operated animals correspond to those for intact
rats (Fig. 1): there was a 76°, increase in the TH
activity of the apomorphine-injected rats, while the
CA concentrations remained unchanged. In the apo-
morphine-treated hypophysectomized rats there was
a highly significant increase in TH activity; however.
there was also an 88, decrease in the adrenaline con-
centration and a 40°; decrease in the noradrenaline
concentration.

Because TH is inhibited by catechols [3, 28] the
possibility exists that the increase in TH activity in
the apomorphine-injected hypophysectomized rat
may be due to the low concentrations of adrenaline
and noradrenaline in vitro. For this reason. adrenal
homogenates of hypophysectomized rats injected with
apomorphine and controls were dialyzed. The results
(Table 2) show that after dialysis the same type of
increase in TH activity occurs,

Effect of upomorphine treatment on adrenal TH ac-
ticity and CA concentrations in hemi-splanchnicecto-
mized rats. To determine whether the increase in TH
activity was neuronally mediated the left splanchnic
nerve was cut. Rats were then injected with apomor-

Table 2. Effect of apomorphine on adrenal TH activity and CA concentrations in hypophysectomized rats

Tyrosine hydroxylase Adrenaline Noradrenaline
Apomor- (nmoles dopa/hr/ ngipr ngipr

Group phine No. rats pr adrenals) adrenals adrenals
Sham-operated - 4 3875 £ 533 165+ 1.4 30+£03
+ 4 68.29 + 3.67° 158 + 0.7 454+ 03"

Hypophysectomized — 9 3147 £ 2.20 128 + 08 27+ 0.1
+ 7 4723 £+ 274 1.6 + 0.2 1.6 + 0.2

Hypophysectomized* - 8 2185+ 1.24 9.90 + 0.3 29+ 03
+ 8 37.99 + 3.00° 283+ 0.3 2.1+ 02°

Animals were given 10 mg/kg apomorphine ip. at 1.5-hr intervals 7 times daily for 3 days. Seventy-two hr

after

the first injection the rats were killed and the TH activity and CA concentrations determined.
* The adrenal homogenates were dialyzed prior to the TH assay as described in Materials and Mecthods.

" Significantly different from control (P < 0.01).
< Significantly different from control (P < 0.001).
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Iig. 4. Etleet of adrenal denervation on the apomorphine-induced increase i TH activity and €A

concentrations of rat adrenals. Five days after left splanchnic transsection. rats were given mjections

of apomorphine (APOY according to the 3-day schedule deseribed in the legend to Fig. 1. They were

Killed 72 hrafter the mitialinjection. Lach bar represents the mean + SEM. ol 8 11 animals. Significance
of differences from control (CON) are indicated as (ollows: ***P < 0001

phine for 3 days. The results (Fig. 4) show there were
slight decreases in the TH activity and CA concen-
trations in the denervated control adrenal (left) as
compared to the sham-operated control (right); how-
ever. these were not sigmificantly different (P > 0.05).
After apomorphine treatment. the cxpected increase
in TH activity was no longer observed in the dener-
vated adrenal. Morcover. the adrenaline and norad-
renaline concentrations were identical to those m the
denervated adrenal glands of rats receiving no apo-
morphine.

The effects of adrenal denervation and of apomor-
phine treatment on the short term adrenal CA con-
centrations were also determined. Five days after
denervation of the left adrenal rats were injected with
apomorphine, 10mg/kg ip.. 7 tmes at [5-hr inter-
vals. They were killed 1.5 hr after the last injection,

The decrease which oceurred in the CA concentration
after apomorphine treatment was no longer observed
when the splanchnic nerve was cut.

The offect of mecamylamine on the inerease in TH
activity induced by rarions treatments. Costa el ul
{317 have shown that the ganglionic blocker mecany -
lamine can prevent the inerease in adrenal TH ae-
tivity induced by cold exposure if the blocker is in-

jected prior to the treatment. A series of experiments

was carried out i which rats reccived 10mg kg meca-
mylamine i.p. The drug treatment was divided into
4 doses and given over the same period the animals
were recciving apomorphine (see fegend to Fig. 1
The first injection of mecamy lamine was given 13 mim
prior to the apomorphine treatment. There was no
etfect of the blocker on TH activity in control or apo-
morphine-treated rats.,
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Fig. 5. The effect of 1.-DOPA on the upomorphine-induced mcerease in adrenal TH. Rats were injected
with 10 mg hg apomorphine (APO) i.p. cvery 3 hr, 7 tmes daily for 4 dayss with Ta kg 1-DOPA

s given once daily for 4 davs: or with one injection of 1 g hg 1-DOPA given 13 min prior (o the
tirst of a series of 7 injections of apomeorphine. The rats were sacriticed 96 hr atter the mitial injection.
An aliquot of the adrenal homogenate was removed for CA determinations and the remainder dialy 7ed
prior to assay as described in Materials and Mcthods. Each bar represents the mean £ S.EM. ol 6
animals. from (CON) are indicated as follows: P 00]
0.001.

control
sEA

Significance  of  differences
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Fig. 6. The cffect of L-DOPA on the immobilization-induced increase in adrenal TH. Rats were sub-
jected to a 3-hr immobilization (IMMOB) period daily @ injected with 1g/kg 1-DOPA s.c. once daily:
or were injected with 1 g'kg L-DOPA s.c. once daily 15 min prior to a 3-hr immobilization period.
The results presented here are those pooled from a 3 and 4 dav experiment: thus the rats were killed
72 or 96 hr after the initial treatment. An aliquot of the adrenal preparation was removed for CA
measurements and then the preparations were dialyzed prior to TH assay ax described in Materials

and Methods. Each bar for TH represents the mean + S.EM. of 10 12 animals:

cach bar for CA

the mean + S.EM. of 5 6 rats. “Significantly different from controls P < 0.01: from L-DOPA treatment
P < 001 from 1.-DOPA plus immobilization trecatment P < 0.03. "Significantly different (rom controls
P < 0.05

In additional experiments animals were immobi-
lized 3 hriday for 3 days: mecamylamine, 4.2 mg/kg.
was injected [5min prior to the immobilization. im-
mediately after it and 3 and 6 hr later. Rats subjected
to 10.5-hr cold exposure received the blocking agent
in 4 injections, each 2.5 mgskg. at 3-hr intervals with
the first injection given 15 min prior to treatment. The
inclusion of the mecamylamine injection did not pre-
vent the immobilization-induced or cold-induced in-
crease in TH activity.

The effect of L-DOPA on the apomorphine-induced
increase in adrenal TH activity. Both the prevention
of the apomorphine-induced increase in TH activity
by dencrvation and the negative results obtained with
the 2 day xMPT experiment suggest that the increase
in TH activity is regulated neuronally and not locally.
Further proof of this is evident from experiments

using apomorphine in combination with L-DOPA. If

the apomorphine-induced increase in TH activity is
mediated through a local decrease in CA then the
administration of L-DOPA. which would favour rep-
letion of CA. together with apomorphine should pre-
vent the increase in cnzyme activity. If. on the other
hand. the increase in TH is necuronally mediated
L-DOPA would have no effect. Figure 5 shows that
apomorphine given for 4 days increases adrenal TH
activity by 70, with no changes in the CA concen-
trations. One injection of 1 g/kg L-DOPA. given daily
for 4 days. caused no statistically significant changes
in adrenal TH or CA. When both apomorphine and
L-DOPA were administered. the increase in TH ac-
livity was 120", over controls and more than 20°,
greater than the activity obtained with apomorphine
alone (Fig. 5). A significant increase was also obscerved
in the noradrenaline concentration. These results

favour the view that the increase in TH is central
in origin.

The effect of L-DOPA on the apomorphine induced
decrease in adrenal CA. To ensure that L-DOPA was
indeed repleting adrenal CA in apomorphine treated
rats, the adrenaline and noradrenaline concentrations
were measured 1.5 hr after a series of 7 injections of
apomorphine. L-DOPA had been injected 15 min
prior to the first apomorphine injection. As is evident
from Table 1. experiment C the decreasc in CA
observed after apomorphine treatment is restored by
L-DOPA administration.

The effect of L-DOPA on the increase induced by
immobilization in adrenal TH activity. L-DOPA was
unable to counteract the effect of apomorphine on
TH activity (Fig. 5); however, Dairman ¢t ol. [32]
have shown that the reserpine-induced increase in
adrenal TH. which is neuronally mediated. can be
completely blocked by the simultancous administ-
ration of L-DOPA. To gain insight into this problem
we looked at the effect of this amino acid on the
immobilization-induced increase in TH activity, Im-
mobilization 3 hriday for 3 days increased rat adrenal
TH activity by 58", (Fig. 6). Injection of L-DOPA
Ig'kg, given once daily. again caused no significant
change in adrenal TH activity or CA concentrations.
When L-DOPA was administered prior to a 3-hr im-
mobilization period the increase in TH activity was
no longer observed. The implications of this exper-
iment are dealt with in the discussion.

DISCUSSION

These results show that apomorphine can increasce
TH activity in rat adrenal glands. A schedule of 7
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injections of apomorphine per day for 1.2 or 3 days
significantly increases adrenal TH in citro when it is
measured 15 hr alter the last mjection. The CA con-
centrations neasured at cach time period are the
same for apomorphine-treated and control animals.
The only cxception to this is at 48 hr when there is
a snadl but significant increase in the noradrenaline
concentration: however. total CA concentrations are
the sume m the two groups. The gradual increase
obtained 1 TH activity over the 3-day pertod i in
accord with the coneept that this increase is the result
ol a slow process in which the transcription phase
takes approximately I8 24 hr to be completed. and
translation another 24 36 hr [337].

A single injection of reserpine {34]. @ 2-hr swim
stress [ 357 or a 2-hr cold stress {10] is sullicient to
initiate an increase i rat adrenal TH detectable
24 48 hr after the inital stimulus. However, when rats
are injected with apomorphine for 1 or 2 days and
sacrificed 72 hr after the first injection. no significant
inerease in TH is observed. Interruption of the stimu-
lus appears to allow adaptive mechanisms to restore
enzyme activity to control levels,

Activation of TH in the adrenals of apomorphine-
treated rats by an ceffector molecule was ruled out
through kinctic studies as well us mixing and dialysis
experiments. Kinetic studies of adrenal TH prep-
arations from apomorphine-injected and control ani-
mals showed there was no change in the K, of the
cnzyvime for the pteridine cofiuctor. DMPH . or tvro-
sine. However. an approximately 2-fold increase in
Lo was observed. When preparations made from
adrenals o apomorphine-treated and control rats
were incubated together and then assaved. the enzyvme
activities were additive: this indicates that the in-
crease inoactivity was probably due to an increase
in enzyme protein and not to the presence of an acti-
vator or loss of an inhibitor. To substantiate this
point further. the adrenal preparations were dialvzed
and the Kinctic parameters were again determined.
The increase in cnzymic activity was still observed
after dialysis and the K, values for control and apo-
morphine-treated rats were identicul. Thus apomor-
phine treatment mcreases TH activity and  this
appears to oceur through an increase in the amount
of enzyme protein.

It has been suggested [13 17,36} that a relation-
ship may exist between adrenal CA and adrenal TH
activity. Although we found CA levels to be identical
in apomorphinc-treated  and  control rats - when
measured 24, 48 and 72 hr after the initial injection,
that is. 15 hr after the last of a series of 7 injections
(Fig. 1). a decrease was noted when the CA concen-
trations were determined only 15 hr after the daily
schedule of injections was completed (Table 1)

Goldstein et al. [20] have shown that apomorphine
inhibits rat brain TH at concentrations as low as
10 °M and our in ritro studics confirmed these find-
ings. To determine whether apomorphine could be
inhibiting TH in rivo. the concentrition was measured
in rat adrenals after a single injection of the drug.
After 3min. a peak concentration corresponding 10
3 107 M was obtained which decreased to 10 °M
at Y0 min. In cire inhibition of adrenal TH is there-
fore a possibility. In a further effort to determine this.
apomorphine was given simultancously with the TH
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inhibitor YMPT over a I-day period: the adrenaline
and  noradrenaline  concentrations  were measured
.3 hr after the last injection of apomorphine (Table
1. The sMPT was injected in amounts sufficient to
produce nearly complete inhibition of adrenal TH
[22]. I the action of apomorphine is through enzyvime
inhibition. the apomorphine-induced  decrease
adrenal CA should be similar o that with sMPT:
also injection ol both drugs should result in a de-
crease in CA similar to or slightdy greater than with
yMPT (since xMPT miy not be mhibiting TH 1007 ),
The results show. however. that admmistration of
yMPT in the conditions used in these experinents
did not cause a sigmficant decrease i adrenal CA:
this can be explained by the long half-life of adrenal
CA [30]. More surprisingly. the simultancous ad-
ministration of sMPT with apomorphine potentiated
the decrease caused by the latter drug alone. That
foint inhibition of TH by the two drugs is responsible
for this effect does not scem likelv. becuuse the de-
crease i CA s observed only as long as adrenal m-
nervation s intact. This favours the interpretation
that apomorphine is causing mercased seeretion of
CA by meuans of increased nerve stimulation.

To determine whether the adrenal CA may plas
a regulatory role i the induction of adrenal TH
further use was made of sMPT. Administration of
this drug caused highly significant decreases in the
adrenal CA concentrations after 1 and 2 davs: how-
ever. the TH activity 48 hr after the heginning ol
treatment was identical to that of controls (g, 3,
This result is. of course. not consistent with the con-
cept that adrenal CA are important in regulating the
induction of adrenal TH.

Since local control does not appear to be a factor
in regulating the mduction of TH. hormonal and
neuronal control was imvestigated. Mucller et al. [12]
have shown that hormonal control is important for
maintaining the basal Tevel of TH and that i hypo-
physectomized rats ACTH can restore the decreased
TH activity to normal. To determine whether apo-
morphine wis causing the increase in TH activiy
through pituitary-mediated mechanisms. the drug was
administered to hyvpophysectomized rats. The inereise
in enzvme activity observed after apomorphine treat-
ment was the same in operated as i shanm-operated
animals: however. a large deercase was observed
the adrenaline and noradrenaline content of adrenals
of hapophysectomized rats given apomorphine, This
parallels the effect observed by Kvetnansky e al. | 37
in hypophysectomized rats after immobilization.

In all previous reports. mtact mnersation wis
required if increases i oadrenal TH were to be
observed: reserpine. 6-hvdroxydopamime. phenoxy-
benzamine [117. cold exposure [ 107 and immobiliza-
tion [9] no longer cause an increase in TH aetivity
after the nerve fibers to the adrenal gland are cut.
The apomorphine-induced merease - adrenal TH
and short term decrcase i CA also require intact
innervation. indicating that mercase i enzyme san-
thesis required nervous input.

To demonstrate further that the apomorphine-in-
duced increase in adrenal TH required intact mnervie-
tion, we attempted to use the observation of Costa
et al. 1317 that mjection with the ganghonic blocker
mecamylamine prevents the increase i adrenal TH
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observed after cold exposure. Using the same dose
of mecamylamine as described [31]. and with the first
injection given 15Smin prior to the apomorphine
treatment, we were unable to prevent the increase in
adrenal TH activity. In a further experiment this drug,
in a dosc nearly twice as large as prescribed. was
administered to rats subjected to immobilization and
again it did not prove effective in blocking the in-
duced increase in TH. To reproduce the conditions
of the original experiment [31] rats were exposed to
cold: the increase in TH activity was not blocked.
No other ganglionic blockers were tested as Mueller
et al. [38] have shown them to be ineffective in block-
ing increases in adrenal TH activity.

Further studies were undertaken to investigate the
reason for the increase in TH activity after apomor-
phine treatment. When L-DOPA was administered
prior to the apomorphine treatment the induced in-
crease in TH activity was obtained (Fig. 5), despite
the restoration of adrenal CA to control levels (Table
1). The facts that (1) L-DOPA was totally ineffective
in blocking the increase in TH after apomorphine;
(2) the initial decrease in CA and the long term in-
crease in TH activity were prevented by adrenal
denervation: and (3) xMPT decreases adrenal CA and
yet does not increase adrenal TH, indicate that in-
creased preganglionic nerve activity is the major con-
trolling factor in the induction of adrenal TH.

Experiments by Dairman ¢t al. [32] appear to con-
tradict the results we obtained after the simultaneous
administration of apomorphine and L-DOPA. It has
been shown that reserpine increases adrenal TH ac-
tivity and decreases adrenal catecholamines [34].
When 1-DOPA and reserpine were given simul-
tancously the increase in TH was completely abol-
ished and control enzyme levels were obtained. This
might lead to the conclusion that adrenal CA are
regulatory, despite the fact that the increase after
reserpine can only occur with intact innervation [ 11].

Further work was done using immobilized rats
since this treatment induces adrenal TH and bears
some resemblances to the action of apomorphine.
Kvetnansky and Mikula) [39] showed that adrenal
CA arc decrcased significantly immediately after a

daily 2.5-hr immobilization up till the 14th day of

immobilization. There is also a delayed increase in
adrenal TH [9]. Both the increase in TH activity and
the decrease in C'A concentrations can be abolished
by splanchnicectomy [40]. In the present work
L-DOPA was administered 10 min prior to a 3-hr im-
mobilization period: in this case, in contrast to apo-
morphine treatment the increase in TH was not
obscrved (Fig. 6).

Thus. L-DOPA was able to overcome the reserpine-
and immobilization-induced increase in adrenal TH,
but not the apomorphine-induced increase. This
apparent contradiction can be interpreted if the
actions of the drugs are considered at the central and
not the local level. Watanabe et al. [41] have shown
that increasing central nervous system CA  with
L-DOPA produces a generalized reduction of efferent
sympathetic nerve activity. Reserpine, in contrast, de-
pletes brain monoamines [42] and produces a reflex
increase in sympathetic nerve activity [43]. The com-
bination of L-DOPA and reserpine may result in a
balance in brain CA and. thus, normal firing of pre-
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ganglionic sympathetic fibers. A similar situation to
that with reserpine may exist with immobilization:
Bliss and Zwanziger [44] have shown that immobili-
zation leads to a decrease in brain noradrenaline.

Since the apomorphine-induced increase in adrenal
TH activity was still observed with L-DOPA pretreat-
ment the mechanism by which the increase occurs
must be different from that caused by immobilization
stress and reserpine. This implies that apomorphine
is not producing its effect in the present instance
through the stress of the induced stercotyped behayv-
iour [21] or by alterations in the caliber of the peri-
pheral vasculature [45].

Apomorphine. however. is known to stimulate
dopamine receptors in brain [21.46,47]. a condition
which, from our results. appears to causc increased
activity of splanchnic nerve fibers and an increase in
adrenal TH. Stimulation of these central dopamine
receptors would occur in the presence or absence of
L-DOPA with resultant nerve firing in either case.
This implics that a dopaminergic system is involved
in the induction of adrenal TH.

The claim that alterations in brain activity can
regulate adrenal TH has been made by several
authors. Reis et al. [48] have shown that stimulation
of certain brain areas can increase adrenal TH. Smith
et al. [49] have shown that diazepam, a central ner-
vous system depressant, can increase the induction
of adrenal TH by isoproterenol. It has been proposed
that this occurs through the ability of the drugs to
interfere with the firing of CNS neurons. Specific
brain systems have also been implicated in the induc-
tion of adrenal TH. Mueller ¢r al. [50] and Breese
et al. [51] have suggested that interference with sero-
tonin nerve function potentiates the induction of
adrenal TH by various treatments. That a dopaminer-
gic system may be important is evident from the work
of Beuning and Gibb [52]. Methamphetamine. a drug
which releases brain dopamine. increases adrenal TH
activity: however. when haloperidol. a  dopamine
receptor blocker, 1s administered in combination with
methamphetamine. the increase in TH is decreased
about 50 per cent.

In conclusion. we have shown that increases in
adrenal TH are mediated centrally, and not locally
through alterations in the CA concentration. Further-
more. the results suggest that stimulation of central
dopamine receptors by apomorphine alters the ac-
tivity of preganglionic neurons which innervate the
adrenal medulla and results in an increase in the TH
activity.
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