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Abstract— Morphine was administered twice daily to rats and the adrenals were analyzed for catechola-
mines (CA), tyrosine hydroxylase (TH) activity and dopamine fi-hydroxylase (DBH) activity. Twenty-four
hr after dosage with 10 mg/kg. CA were reduced and TH and DBH were slightly clevated. After | weck
of treatment. all three were elevated. Subsequent dose increments resulted in acute decreases in CA and
DBH and increases in TH, followed by dose-dependent increases in CA, DBH and TH to a maximum
of two to three times control levels after 2 weeks at 100 mg/kg. Withdrawal led to a decline to control
levels within 10 days. Shifts in the subcellular distribution of DBH suggested that morphine
administration increased the rate of vesicle synthesis, and measurements of the uptakes of ['*CJepineph-
rine and [*HJmetaraminol into isolated storage vesicles indicated an increased proportion of “immature”
vesicles. Prolonged administration of large doses of morphine led to the formation of vesicles with an
apparently defective amine uptake mechanism: these vesicles also displayed abnormally low fragility and
a reduced rate of spontaneous CA efflux. These data suggest that: (1) tolerance to morphine-induced sym-
pathoadrenal discharge does not develop and that the recovery from the acute CA depletion results from
increased CA synthesis and storage: and (2) morphine produces a persistent change in the properties of

adrenal medullary storage vesicles.

The stimulatory effect of morphine on the adrenal
medulla was first noted by Elliott 60 years ago [1].
Since then, a number of investigators have shown that
acute morphine administration results in a decrcase in
adrenal catecholamines but that. with chronic treat-
ment, amine levels return to normal and in some in-
stances to supranormal levels [2-12]. These results
have led to the conclusion that tolerance develops to
the sympatho-adrenal stimulation in a fashion similar
to the analgesic and hypothermic actions of morphine.
However, in these studies it was not determined
whether the recovery of catecholamine stores repre-
sented a cessation of stimulation or increased synthesis
of catecholamines. Similar results have been reported
for the effects of morphine on catecholamine disposi-
tion in the central nervous system [&. 13]. However.
Clouet and Ratner [14] have shown that the incorpor-
ation of ['*C]tyrosine into dopamine and norepineph-
rine in rat brain is increased by morphine, and that
tolerance to the accelerated synthesis does not de-
velop: these results have been challenged by Smith et
al. [15). While the adrenal probably does not play a
role in morphine dependence or analgesia [16]. the
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biochemical similaritics between the adrenal medulla
and adrenergic neurons suggest that this might serve
as a model system with which to study the effects of
morphine on catecholamine disposition.

In the current experiments, the effects of acute and
chronic morphine administration on the adrenal
medulla have been determined by measurements of
biochemical parameters which evaluate the synthesis,
uptake. storage and release of catecholamines.

METHODS

Morphine HCl was administered subcutaneously
twice daily to male Wistar rats (Hilltop Lab Animals)
weighing 200 300 g. The dose was 10 mg/kg for the Ist
week. 40 mg/kg for the 2nd week and 100 mg/kg for
the 3rd and 4th weeks. at which time injections were
discontinued to initiate withdrawal. In initial exper-
iments. another sct of rats received injections of water
on the same schedule, and were compared to untreated
animals; in none of the measured parameters were dif-
ferences found between untreated and water-injected
animals, and in subsequent experiments controls
received no injections. Animals were killed by decapi-
tation at 24 hr or 1 week after each dosage increment,
at 2 weeks after initiation of 100 mg/kg, and at 24 hr,
3,5, 10 and 17 days after withdrawal. The adrenal
glands from each animal were excised, cleaned of fat
and connective tissue, and homogenized (glass-to-
glass) in 2:5 ml of ice-cold 300 mM sucrose containing
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25mM Tris (pH 7-4) and 0-01 mM iproniazid (irrevers-
ible monoamine oxidase inhibitor) (sucrose-Tris). The
suspension was centrifuged at 800 ¢ for 10 min, the pel-
let (fraction A) was resuspended in 5 ml of water, and
an aliquot was assayed for dopamine B-hydroxylase
(DBH) activity. Another aliquot was deproteinized
with 3-5% perchloric acid (PCA), centrifuged and
assayed for catecholamines (CA). The 800 ¢ superna-
tant was divided into three aliquots: 0-6 ml was added
to an equal volume of water and assayed for CA and
DBH (fraction B); 0-5 ml was centrifuged for 10 min at
26,000 g and the pellet (fraction P) was homogenized
in 1 ml of 3-5% PCA and assayed for CA, while the
supernatant (fraction S) was assayed for CA and tyro-
sine hydroxylase (TH); 1 ml of the 800 ¢ supernatant
was layered over 2:5ml of 1-6 M sucrose (buffered at
pH 7 with 10 mM Tris) containing 500 units/ml of beef
catalase (Sigma) and centrifuged at 140,000 ¢ for 2 hr
in the No. 40 rotor of the Beckman model L5-50 ultra-
centrifuge. This latter procedure separates intact heavy
vesicles from broken vesicle membranes [17], from
most contaminants [ 18] and, to some extent, from in-
tact vesicles of lower density [17,19,20]. The 0-3M
sucrose layer (fraction C) and the 16 M sucrose layer
(fraction D) were each diluted with water to a final
volume of 2ml and assayed for CA. Fraction C was
also assayed for DBH- The vesicular pellet (fraction E)
was homogenized in 2 ml water to lyse the vesicles. An
aliquot of fraction E was centrifuged at 26,000¢ to
remove the vesicle membranes, which contain an
ATPase, and assayed for ATP. Another aliquot of frac-
tion E was used for the determination of CA and DBH.

Uptake of amines. Rats were given morphine and
killed as described. The glands of cach animal were
homogenized in 3-0 ml sucrose- Tris-iproniazid and an
aliquot was removed for CA assay. The suspension was
centrifuged at 800 ¢ for 10 min. and 0-5 ml of the super-
natant was added to each of four tubes containing 5
mM ATP-Mg? ", (-1 mM epinephrine and either 1 uCi
[**CJepinephrine or 5 xCi of 0-1 mM [*H]metara-
minol. The unlabeled epinephrine was added to
obviate any differcnces in extravesicular catccholamine
concentrations among the samples. Sucrose-Tris was
added to bring the volume of cach tube to 1 ml. One
epinephrine- and one metaraminol-containing sample
were brought to 30 for 30 min: the duplicate tubes
were kept on ice. Uptake was stopped by adding 2 ml
ol ice-cold sucrose- Tris. The samples were centrifuged
at 26,000 ¢ for 10 min, and aliquots of the supernatants
werc assayed for CA and radioactivity after deproteini-
zation with PCA. The vesicular pellets were washed
and recentrifuged twice with sucrose- Tris. and the
final peliets were resuspended in 3 ml of 3-5%, PCA and
analyzed for CA and radioactivity. Under these condi-
tions, labeling occurs solely in storage vesicles [20].
The temperature-dependent component of uptake in
cach sample was calculated as described previously
[211].

To determine whether morphine exerted a direct
effect on amine uptake in vitro. the uptakes of epineph-
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rine and metaraminol were determined in vesicle sus-
pensions from untreated rats as described above,
except that morphine was added to the incubation
tubes in final concentrations ranging from 01 to 100
uM and compared to uptake in the absence of mor-
phine.

Efflux of amines. The glands of four control rats or
four morphine-treated rats were homogenized in 14 ml
of sucrose-Tris-iproniazid and an aliquot was
removed for CA analysis. The homogenate was centri-
fuged at 800 ¢g for 10 min and the supcrnatant was
divided into 12 [-ml portions. Six of the aliquots were
keptat 0, and six were incubated at 30" to allow efflux
to occur. The efflux was stopped after 10 min or { hr
by addition of ice-cold sucrose Tris: the samples were
centrifuged at 26,000 ¢ for 10 min, and the supernatant
and pellet analyzed for CA. The efflux of CA was calcu-
lated as described previously [21].

To determine whether morphine could exert a direct
effect on efflux, vesicles from untreated rats were la-
beled with [*Hepinephrine and the effluxes of labeled
and endogenous amines were measured in the presence
of cither I or 100 uM morphine and compared to cfflux
in the absence of morphine.

Effects of morphine on enzyme activities in vitro,
Adrenals from six untreated rats were homogenized in
12 ml of 0-15 M KCI. An aliquot of the homogenate
was centrifuged at 26.000 ¢ for 10 min and the superna-
tant was used for the assay of TH. The remaining
homogenate was used for the assay of DBH and
monoamine oxidase (MAO). Hog kidney was used as
a source of dopadecarboxylase (DDC) prepared by the
method of Waymire et al. [22]. The effects of morphine
in concentrations up to 100 xM were determined for
each enzyme.

Effects of morphine on insulin-induced depletion of
adrenal  catecholamine  stores. Control rats or rats
which had been given morphine (100 mg/kg) for 2
weeks were fasted 24 hr, given insulin (5iu./kg) via a
tail vein, and killed 3 hr later. The adrenal glands Irom
each rat were homogenized in 3-5%, PCA. centrifuged
at 26,000 ¢ and analyzed for CA.

Analytical procedures. DBH activity was assayed by
the method of Friedman and Kaufman [23], using
[*H]tyramine (10 uM) as substrate. para-Hydroxymer-
curibenzoate (PMB) was used to inactivate endo-
genous inhibitors [247]: optimal PMB concentrations
were: fraction A, 1 mM; fractions B and C. 0-5 mM;
fraction E. 0. DBH activity generally was not deter-
mined in fraction D because of the low levels of activity
found [17]. TH and DDC activity were measured by
the method of Waymire et al. [227]. using [ *C]tyrosine
(100 uMyor [1*CJDOPA (33 M) as substrates. MAO
activity was measured by the method of Laduron and
Belpaire [25]. using [*H]tyramine (10 uM) as sub-
strate.

CA were analyzed by the trihvdroxyindole method
using an autoanalyzer [26]. and radioactive amines
were measured by liquid scintillation spectrometry as
described previously [21]. ATP was analyzed by a



Effects of morphine on rat adrenal medulla

modification of the tuciferin-luciferase method [27] as
described previously [17]; phosphorescence was deter-
mined n a Farrand fluorometer with the filters
removed 20 sec after the addition of the ATP-contain-
ing sample.

Statistical analyses. Data arve reported in terms of
control values and percentages of control. Levels of
significance were calculated by Student’s r-test [ 28],

Materials.  Epincphrine-7-["*C].  cpinephrine-7-
[*H1, dopa-1-['"*(], metaraminol-7-[3H]. tyramine-
G-[*H] and tyrosine-1-['*C] were purchased from
New England Nuclear Corp. Buffered firefly extract
was obtained from Worthington Biochemicals.
Epinephrine bitartrate was obtained from Winthrop
Laboratories, metaraminol bitartrate and morphine
hydrochloride from Merck. Sharp & Dohme. and
regular insulin (80 units/mi) from Squibb,

RESULTS

Effects of morphine on CA. TH and DBH (Fiy. ).
Twenty-four hours after the administration of 10 mg/kg
of morphine, there was a 10 per cent decrease in total
CA (P < 0:05) and a small increase (P < (05} in TH
and DBH activities. However, after 1 week at this dose,
CA, DBH and TH were all significantly increased.
When the dose was increased to 40 mg/kg. there was
an initial decline in CA and DBH toward control
levels, but a further increment in TH activity to more
than twice the control value. After | week at 40 mg/kg
all three parameters were once again elevated. A simi-
lar pattern was obtained at 100 mg/kg: therc was an
initial decline in CA and DBH but an increase in TH,
and all parameters were elevated after | week at this
dose. Up until 2 wecks at 100 mg/kg, the increases in
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both enzymes always exceeded the increment in CA;
however. after 2 weeks at the highest dose, both CA
and DBH were equally elevated (180 per cent of con-
trols) and TH was nearly tripled.

Twenty-four hours after the start of withdrawal (day
29). CA. DBH and TH had all started to decline. The
decline in CA and DBH (but not TH) leveled off some-
what between 3 and 5 days after the commencement of
withdrawal, and all three reached control levels by 10
days {day 38}): however. the period required to return
to control valucs appearcd to vary somewhat among
groups of rats, and in some experiments the return to
control levels required more than 10 days.

Effects of morphine on subcellular distributions of C A
uand DBH. The subcellular distribution of CA is shown
in Table 1. In control animals, approximately 12 per
cent of the total CA was found in the 800 ¢ peliet (A),
40 per cent in the two layers of the 140,000 g superna-
tant (C + D) and 50 per cent in the pellet (E). These
values agree with those obtained previously [17, 18].

Twenty-four hours after the administration of mor-
phine (10 mg/kg), the CA levels in all subcellular frac-
tions were reduced (Table 1). After | week at 10 mg/kg,
CA levels in all fractions were elevated. This pattern
was repeated with each dosage increment—an initial
fall in CA in each fraction followed by subsequent in-
creases. After 2 weeks at 100 mg/kg, CA levels ranged
from 165 230 per cent of control levels in the subcellu-
lar fractions.

Upon withdrawal, CA levels declined in all fractions,
reaching control levels by 10 days of withdrawal (day
38); there was no further change at subsequent times
{Table 1)

Throughout morphine administration and with-
drawal, there was little or no change in the CA/ATP
ratio in the purified heavy veiscle fraction (Table 1).
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Fig. 1. Effects of morphine administration and withdrawal on adrenal medullary catecholamines (CA),

tyrosine hydroxylase (TH)und doparhine fi-hydroxylase {(DBH). Points and bars represent means + stan-

darderrorsof 5 12 animals. Control values (45 animals) were: catecholamines, 149 + 04 ug/gland; tyro-
sine hydroxylase, 2-58 + (2 nmoles/gland/hr: dopamine fi-hsdroxylase, 1-62 + (07 nmoles/gland/hr.
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Table 1. Subcellular distribution of catecholamines and ATP
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Dose of
Day  morphine A* B C+D E Molar ratio No. of
no. (mg/kg) (% control) ("4, control) (%, control) (%7, control) CA/ATP animals
Control
(ug/gland) 1:79 + 0-06 124 + 05 615 + 016 698 + 025 45
0 0 100 + 3 100 + 4 100 + 3 100 + 4 396 + 0-05 45
| 10 76 + 3t 92 +4 84 + 4F 94 + 4 4:34 + 019 6
7 10 129 + 7+ 125 + 6 119 + 71 110+ 6 376 + 011 6
8 40 118 + 1 102 + 8 99 + 2 107 +9 394 + 009 5
14 40 151 + 6t 127 + 5t 148 + 13+ 132 + 5+ 399 + 007 6
15 100 124 + 8¢ 89 + 8 88 + 3¢ 96 + 1 410 + 026 S
21 100 170 + 7+ 128 + 2t 130 + 2t 140 + 7t 370 4 0-08¢ 12
28 100 232 + 124 183 + 9t 166 + 4+ 187 + 15+ 406 + 0-05 6
29 0 229 + 17+ 156 + 12t 151 + 12+ 160 + 10+ 403 + 006 6
31 0 169 + 13+ 15+ 12 121 + 5+ 104 + 8 425 + 0-12%% 6
33 0 176 + 6t 128 + 3+ 151 + 10+ 128 + 5t 415 + 006 6
38 0 102 + 4 104 + 3 92+ 4 107 + 4 376 + 0-08 6
45 0 95+ 4 102 + 1 9 +2 100 + 3 414 + 027 6

* A, B = 800 ¢ pellet and supernatant respectively; C, D, E = discontinuous sucrose density gradient (C = (-3 M sucrose
layer; D = 1:6 M sucrose layer; E = pellet). The ratio of CA/ATP was determined in fraction E. Values for A-E are given
as means t standard errors of the percentages of the control value.

+ P < 0-001 vs control.
1P < 0:005.
P < 0002,
P < 002
* P <00l
** P < 005,

The subcellular distribution of CA after differential
centrifugation in isotonic sucrose at 26,000 g was
altered by morphine administration. Since this pro-
cedure sediments intact vesicles of all densities as well
as vesicle membranes, the catecholamines in the super-
natant (S) represent the fraction of CA released by lysis

of the vesicles during preparation (mechanical fragi-
lity). The percentage of broken vesicles can thus be
calculated as the ratio of CA in S x 100/(S + P). In
control rats, CA from broken vesicles amounted to
16 £+ 1 per cent of the total. As shown in Fig. 2, mor-
phine administration tended to reduce the fragility of
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Fig. 2. Effects of morphine administration and withdrawal on mechanical fragility of storage vesicles as
determined by differential centrifugation. Points and bars represent means + standard crrors of 512 ani-
mals. Control valuc (45 animals) for catecholamines found in the 26.000 ¢ supernatant was 16 + 1 per

cent of total catecholamines in the 800 ¢ supernatant fraction.
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Fig. 3. Effects of morphine administration and withdrawal on the subcellular distribution of dopamine
B-hydroxylase (DBH) in discontinuous sucrose density gradients. Light density particles are those which
do not penetrate -6 M sucrose; heavy vesicles are those which sediment in 1:6 M sucrose. Points and
bars represent means + standard errors of 5-12 animals. Control values (54 animals) were: light density
particles, 0-54 + 0-02 nmoles/gland/hr; heavy density particles, 0-53 + 0-02 nmoles/gland/hr.

the vesicles, and the effect was most pronounced after
2 weeks at the highest dose. Upon withdrawal, vesicle
fragility returned to normal.

The subcellular distribution of DBH was also eva-
luated by the discontinuous gradient method. Reco-
veries averaged 80 per cent of the amount placed on
the gradient. To some extent, both the morphine-in-
duced changes in DBH associated with light density
particles (fraction C. containing broken vesicle mem-
branes as well as intact, light vesicles) and that asso-
ciated with intact heavy vesicles (fraction E) mirrored
the alterations in total DBH activity: a small or no
change 24 hr after 10 mg/kg, an increase upon chronic
administration, subsequent decrease toward control
levels 24 hr after each increment in dose and further in-
creases on continued administration (Fig. 3). However,
the magnitude of change was markedly different in the
two fractions. In the first 2-3 weeks, the increases in
light particle DBH far excecded that of hcavy particle
DBH. At | and 2 weeks (days 21 and 28) after initiation
of the highest dosage, the relative light/heavy distribu-
tion became normal even though the activities of each
fraction were still markedly elevated.

Upon withdrawal, DBH in both fractions decreased
to control levels within 10 days.

Morphine in concentrations up to 100 xM had no
effect on the activities of TH, DBH, dopa-decarboxy-
lase or monoamine oxidase in vitro from untreated ani-
mals.

Effects of morphine on uptake of epinephrine and
metaraminol. The morphine-induced alterations in CA
and DBH suggested that there might be changes in the
number of functional secretory vesicles in the adrenal
medulla. Therefore, the ability of isolated vesicles to in-

corporate exogenous amines was determined (Fig. 4).
In general, the uptakes per gland paralleled the de-
creases and subsequent increases in catecholamine
levels: however. the pattern of change of uptake of
metaraminol pis-a-vis epinephrine appeared to be dif-
ferent in that increases in metaraminol uptake tended
to exceed those in epinephrine uptake and CA content
throughout the first 3 wecks of morphine
administration. Upon continued administration of 100
mg/kg, this preferential change disappeared (day 28)
and the uptakes per gland of both amines were in-
creased over control levels to a lesser extent than were
CA levels. Upon withdrawal, there was only a small
change in the uptakes during the first 24 hours (day
29), although CA dropped markedly. Uptakes per
gland and CA levels again reached a plateau between
3 and 5 days post-withdrawal. In this group of rats, the
parameters were still somewhat elevated above control
at 10 days after discontinuing morphine (day 38); how-
ever, the differences between increases in CA levels and
uptakes per gland were not as marked as during the
earlier withdrawal periods.

The uptake per 100 pug of CA is a measure of the
abilities of vesicles to take up amines relative to their
cndogenous CA levels and therefore is dependent upon
the uptake properties of individual vesicles (but not on
the number of vesicles). As shown in Fig. 5. the pat-
terns of incorporation of metaraminol and epinephrine
were distinctly different. At 10 mg/kg there was little
change in epinephrine uptake/100 g of CA, but metar-
aminol uptake per 100 ug of CA appeared to be in-
creased. At subsequent times with increased doses,
epinephrine uptake per 100 ug of CA was decreased
below control levels and remained low throughout
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Fig. 4. Effects of morphine administration and withdrawal on uptakes per gland of epinephrine {Epi) and
metaraminol (MA). Points and bars represent means + standard errors of 5 11 animals. Control values
(40 animals) were: cpinephrine uptake. 407 £ 0-16 nmoles/gland: metaraminol uptake, 0-53 + 002
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Effects of morphine on catecholamine efflux (Tuble 2).

subsequent addiction and withdrawal. indicating im-
After 2 weeks at 100 mg/kg of morphine. the rate of

paired vesicle function. In contrast. metaraminol

uptake per 100 g of CA remained at or above control
levels until 2 weeks at 100 mg/kg of morphine (day 28).
at which point its uptake was also reduced: during
subsequent withdrawal, metaraminol uptake per 100
g of CA paralleled the decrease observed for cpineph-
rine uptake.

Morphine in concentrations up to 100 uM had little
or no effect in rirro on epinephrine and metaraminol
uptakes in vesicles from untreated rats.

efflux of catecholamines from isolated storage vesicles
incubated in isotonic sucrose was reduced significantly
compared to controls. Under these conditions, efflux
represents outward leakage of amines across an intact
vesicle membrane, rather than active release or lysis of
vesicles [21]. Morphine in concentrations up to 100
#M had no effect in ritro on the effluxces of endogenous
CA or newly incorporated [*Hepinephrine from vesi-
cles of untreated rats.
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Fig. 5. Effects of morphine administration and withdrawal on uptakes of epinephrine (Epi} and metarami-

nol (MA} per 100 ug of endogenous catecholamines. Points and bars represent means + standard ervors of

S 14 animals. Control values (40 animals) were: epinephrine uptahe. 30-6 + 0-7 nmoles 100 pg of CA2
metaraminol uptake, 397 + 0-14 nmoles/100 ug of CA. Data are calculated from Fig. 4.
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Table 2. Efflux of catecholamines from storage vesicles of control and morphine-treated rats*

Percentage of catecholamines remaining

Dose of in vesicles T oflate
morphine efflux phase
(mg/kg) 10-min Incubation 60-min Incubation (min)
0 934 + 111 701 + 1-0 120
100 (2 weeks) 974 + 07+ 81:6 + 0-8% 200

* Data represent means + standard errors of three determinations at each time point. Initial values for catecholamine
contents of the 26.000 ¢y supernatants and pellets were: controls. 1-98 + 0-02 ug/gland and 104 + 0-5 pg/gland; morphine-

treated. 1-89 + 0-19 pg/gland and 20-8 + 1-0 pg/gland.

P < 0-05 vs control.
1P < 0:001 vs control.

Effects of morphine on insulin-induced secretion. The
hypoglycemia which accompanies the administration
of insulin produces a massive sympatho-adrenal dis-
charge which can be used to determine whether neuro-
genic secretory function is normal. In rats given 100
mg/kg of morphine for 2 weeks, the degree of depletion
upon subsequent insulin administration was equival-
ent to that in control rats (60 per cent depletion within
3 hr), indicating that the morphine-induced changes in
adrenal medullary function do not alter the ability to
respond to splanchnic nerve stimulation.

DISCUSSION

The acute administration of morphine results in par-
tial depletion of adrenal medullary catecholamines, an
cffect which appears to be mediated by a central reflex
mechanism [ 1-12]. Consequently, the depletion can be
prevented by barbiturate administration [29], by peri-
pheral blockade of splanchnic outflow or by splanchni-
cotomy [30. 31]. It has been noted that the morphine-
induced catecholamine depletion is no longer evident
after chronic administration and that the levels could
even exceed those of controls [11, 12]: similar changes
are found in central adrenergic neurons [8,13]. It
therefore was suggested that the development of toler-
ance to the analgesic effect of morphine was accom-
panied by tolerance to the reflex sympatho-adrenal dis-
charge [32]. In the current study, we have obtained
biochemical evidence which does not support this
hypothesis.

Neurogenic secretion from the adrenal medulla
occurs via exocytotic, all-or-none release of the vesicle
contents, wherein soluble components (catechola-
mines, ATP. chromogranins, soluble DBH) are quan-
tally extruded while the vesicle membranes (particulate
DBH) remain behind 17,33, 34]. The acute effects of
morphine seen with each dosage increment are consis-
tent with the view that the drug elicits splanchnic
stimulation: there is a decrease in catecholamine levels
accompanied by a parallel loss of ATP and usually of
DBH, as well as a decline in the number of functional
vesicles (as determined by the ability to incorporate
[**Clepinephrine). There is also a shift toward an in-

crease in broken vesicle membranes which remain after
secretion, as indicated by increases in DBH in the light
particle fraction and the decrease in CA/DBH ratio in
the whole gland.

Stimulation of the adrenal medulla is known to
bring about a series of biochemical changes which
accelerate the rate of recovery from depletion; these in-
clude induction of the rate-limiting enzyme, tyrosine
hydroxylase [35-41], induction of dopamine f-hyd-
roxylase [20,35,42] and increased synthesis of new
storage vesicles [ 17, 20, 33]. Upon cessation of stimu-
lation, these parameters usually return to normal
within 4-10 days [20,36]. In the current studies,
chronic morphine administration produced a dose-
dependent induction of both tyrosine hydroxylase and
dopamine f-hydroxylase which persisted throughout
the 28 days of treatment (2 weeks at the highest dose).
When morphine was discontinued. activities of both
enzymes declined to normal within 10 days. These data
indicate that the sympatho-adrenal axis maintains a
high level of stimulation throughout the course of mor-
phine treatment, and that tolerance to this reflex does
not develop. Therefore, the recovery of and subsequent
increase in catecholamine levels upon chronic
administration probably result from the development
of a catecholamine synthetic capability which equals
or exceeds the rate of secretion. In addition, there
appears to be an increase in the storage capacity of the
tissue, e.g. an increase in the number of storage vesicles
which can accommodate the increased synthesis. This
is reflected by the increase in the number of “imma-
ture” vesicles, typified by the shift in DBH distribution
toward lower density particles, the increase in amine
uptake per gland and the decreased preference for
uptake of epinephrine versus metaraminol {17, 20]. Tt
is interesting to note that by the second week of treat-
ment with 100 mg/kg of morphine, the vesicle popula-
tion appears to be “normal” in regard to the light/
heavy distribution of DBH and to the relative uptakes
of the two amines; while this may suggest that the
reloading of vesicles with catecholamines has caught
up to the rate of new vesicle synthesis, it should not be
overlooked that other properties of the vesicles (fragi-
lity, efflux, uptake per 100 pg of CA) remain altered at
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this time. In any case, the high levels of catechola-
mines, ATP and storage vesicles confirm that neuro-
genic input is elevated throughout the period of mor-
phine administration.

Withdrawal from morphine addiction resulted in a
multiphasic disappearance of the elevation in catechol-
amines, with an initial rapid decline (03 days) and
subsequently a slower decline to control levels (5-10
days). Formerly. the initial loss has been attributed to
neurogenic  secretion due to withdrawal stress
[8.12,13,32,43]. The present data indicate clearly
that tyrosine hydroxylase, which increases upon neural
stimulation, declines during all phases of withdrawal,
suggesting that in fact ncurogenic input decreases
when morphine is discontinued. There is additional
evidence that increased secretion is not taking place
during withdrawal: there is no change in the subcellu-
lar distribution of DBH (the light/heavy ratio should
rise during acutely increased stimulation), and there is
no change in the preference for uptake of epinephrine
versus metaraminol (the epinephrine/metaraminol
ratio should fall during increased stimulation). While
it is possible that a non-neurogenic, non-exocytotic
secretion takes place {for example, increased leakage of
catecholamines from vesicle to cytoplasm and from
cytoplasm to extracellular space). this explanation
seems unlikely, and the present data suggest an alto-
gether different explanation for the rapid and slow
phases of decline in CA, ie. chronic morphine
administration may lead to the formation of a “defec-
tive” population of vesicles with a slow turnover rate
relative to that of the normal population. One indica-
tion that this may occur is that during the initial with-
drawal period, while enzyme activities and catechola-
mines decline toward control levels, the decreased
uptake per 100 ug of CA actually worsens. In a “nor-
mal” vesicle population, 3 days is a rcasonable turn-
over time in a post-stimulation period [20]. However,
il the vesicles with a defective uptake system have a
slower turnover, then when morphine is discontinued.
the number of “normal” vesicles will decline more
rapidly than will the defective ones. resulting in two
different rates of decline in CA and DBH and an initial
worsening of the uptake per 100 pg of CA.

The morphine-induced defect in uptake cannot be
accounted for by changes in intravesicular storage,
since efflux and fragility were decreased by morphine.
Rather, the data suggest that there is a decrcasc in in-
ward transport. i.e. an effect involving the amine car-
rier in the vesicle membrane [44-50]. This could
explain why ¢pinephrine uptake per 100 pg of CA i3
affected considerably before metaraminol uptake, as
the two amincs use different membrane transport sys-
tems [21.51-53]. The changes in fragility and efflux
may also result from an alteration in the vesicle mem-
brane [54]. The present data do not determine whether
these effects result from prolonged neural stimulation
of the tissue or from long-term exposurc to morphine
itsell. Yoshizaki [55] has demonstrated a small, direct
catccholamine-releasing effect of morphine in dener-
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vated rat adrenals, and similar studies should be done
with chronically treated animals to determine which
effects of morphine on the vesicles are neural in origin
and which are directly attributable to the drug.

The adrenal medulla has often been used as a model
of adrenergic neurons because of the morphological,
biochemical, embryological and functional similarities.
Other investigators [ 14] have found a lack of develop-
ment of tolerance to the morphine induced stimulation
of catecholamine synthesis in rat brain, although dif-
ferent results have been obtained in other species [157.
The results obtained in the adrenal suggest that mor-
phine might induce a wider variety of changes in the
synthesis. uptake, storage and release of brain catecho-
lamines than has becn heretofore identified.

In conclusion these data indicate that in rats: (1)
tolerance to the sympatho-adrenal reflex elicited by
morphine does not develop: (2) the re-establishment of
catecholamine stores results from increased synthesis
of amines and vesicles; and (3) chronic morphine
administration induces a change in the functional
properties of the storage vesicles.
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