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Abstrac~Rats with denervated left and intact right adrenal glands were treated with morphine twice 
daily and the individual adrenals were analyzed for catecholamine (CAI content and for tyrosine hydrox- 
ylase (THI and dopamine fl-hydroxylase (DBH) activities. After one day of treatment at a low dosage 
level (10mg/kg) neither side demonstrated any change in CA, but DBH was increased in both: TH 
was elevated only in the intact side. After one week of treatment, CA levels were elevated only slightly 
in both intact and denervated adrenals, while the effect on DBH was more marked 130 per cent 
elevation). While TH was increased in the innervated side by more than 50 per cent, there was only 
a small increase in TH in thc denervated adrenal. With the subsequent initiation of higher dosages. 
there was an initial decline in CA which was more pronounced in the innervated gland, accompanied 
in the denervated side by short-term decreases in DBH. Chronic administration of 40mgkg or 
100mg/kg led to larger increases in CA, TH and DBH in the innervated glands. In the denervated 
adrenal there were only slight increases in CA and TH after chronic administration of the higher 
doses, while DBH activity was markedly elevated during chronic administration of 40 mg/kg but de- 
clined toward control levels during chronic treatment with 100 mg/kg. 

These data indicate that: I1) most of the morphine-induced increases in TH activity and CA content 
result from increased stimulation of the splanchnic ner,,e: (21 morphine also exerts a direct effect 
on the adrenal medulla which influences DBH activity primarily: (31 the direct action of morphine 
may display tolerance while the increased splanchnic stimulation does not. 

The release, synthesis and storage of catecholamines 
in the sympatho-adrenal axis are subject to a number 
of regulatory mechanisms which are designed to 
maintain transmitter levels in the face of situations 
in which there is increased sympathetic tone. Thus, 
administration of agents such as morphine [1], reser- 
pine [2], 6-hydroxydopamine [3] or insulin [4], cold 
or immobilization stress [5, 6], or sinoaortic denerva- 
tion [7] all evoke catecholamine-release from sym- 
pathetic tissues like the adrenal medulla but also 
cause increased levels of the catecholamine biosynthe- 
tic enzymes, tyrosine hydroxylase and dopamine 
fl-hydroxylase and accelerated synthcsis of storage 
vesicles. It is thought generally that the predominant 
mode of control is trans-synaptic, i.e. that in the 
adrenal medulla the key signal is neural input via 
the splanchnic nerve; this simple model for drug 
action in the sympatho-adrenal axis has been compli- 
cated by the discovery of a second control system 
which is mediated through the hypothalamo-anterior 
pituitary-adrenocortical axis [8, 9]. In addition, Yosh- 
izaki [10] has suggested that agents like morphine 
may exert a direct catecholamine-releasing effect in 
an adrenal medulla which has been denervated 
several days before drug exposure; neonatal rats, 
which do not have a functional nerve supply to the 
adrenal medulla [11] still display a reduction in cate- 
cholamines upon morphine treatment[12],  further 
suggesting actions of the drug exclusive of trans- 
synaptic effects. 

The current studies with denervated adrenals were 
undertaken to determine (1) whether morphine does 

*Supported by USPHS DA-00465. 
t Address reprint requests to: Dr. Theodore Slotkin, Box 

3709 Duke University Medical Center, Durham. North 
Carolina 27710. 

indeed exert non-neural effects on the sympatho-ad- 
renal axis, and (2) whether regulatory mechanisms for 
catecholamine release, synthesis and storage can func- 
tion in the absence of trans-synaptic signals. 

MATERIALS AND MEIHODS 

Male Sprague Dawley rats (Zivic Miller) with the 
left adrenal glands denervated 10 days previously 
were given morphine-HCl subcutaneously twice daily 
for 4 weeks. The dose was 10 mg/~,g for the tirst week, 
40mg/kg for the second week, and 10()mg,kg for the 
third and fourth weeks, after which time the iniections 
were stopped to initiate withdrawal. Control rats 
received the same surgical procedure, bnt were in- 
jected with saline. Animals were killed by decapi- 
tation at 24 hr or 6 days after each dosage increment, 
at 2 weeks after the initiation of 100mg.kg, and at 
24 hr and 3 days after discontinuing morphine. Indivi- 
dual adrenal glands were excised, cleaned of fat and 
homogenized glass-to-glass in 2.5 ml of 300 mM suc- 
rose containing 25 mM Tris (pH 7.4) and 0.01 mM 
iproniazid. One-tenth-ml aliquots of the homogenate 
were removed, deprotcinized x~itla perchloric acid 
(final concentration, 3.5 per cent! and centrifuged for 
10rain at 26,(XX),q. The supernatants were analyzed 
for catecholamines by the trihydroxyindole method 
using an autoanalyzer [ 13]. Duplicate 0.2-ml port ions 
of the homogenate were added to 0.2 ml of water con- 
taining 2000 U of catalase and assayed for dopamine 
fi-hydroxylase (periodate oxidation method [14], 
using [SH]tyramine (10 HM) as substrate, p-Hydroxy- 
mercuribenzoate {0.5mM/ was used to inactivatc 
endogenous inhibitors[15]. The remainder of the 
homogenates was centrifuged at 26,000q for 10min, 
and duplicate 0.I-ml portions of the supernatants 

1071 



1(172 l ,  R. ANDERSON and T. A. SI()IKIN 

~¥eie assayed for tyrosine hydroxylase acti',,ity by the 
method of Waymire c t a / .  [16]. using [l¢(']ly'rosine 
I[()O/tM) as substrale. 

Results are presented as means + S.E.M., and levels 
of  significance calculated by Student's t-test [ 1 7 ] .  

?~taferial,s. Tyramine-[GAH] and tyrosine-[1-~4C] 
were purchased from New England Nuclear ( 'orpo-  
ration. Epinephrine bitartrate was obtained flom 
Winthrop Laboratories and morphine h3drochloride 
from Merck. Sharp & Dohme. 

rest  l,lS 

Low doses of morphine (10mgkg)  had no initial 
(24 hr) eftcot on catecholamine levels (Fig. 1): how- 
e~cr, 24hr after each subsequent increase in dose 
there was a 10 15 per cent depletion of catechola- 
mines m both dener'~aied and intact glands when the 
resulls were compared to the level at the pre~,ious 
point. Maintenance of each dose level for a period 
of sexeral days resulled m [in increasc in catechola- 
mmc content of intact glands with a much smaller 
effect in denervated glands. The lnaximum effect 
achieved in intact adrenals was about 50 per cent 
elcvation after chronic administration of either 40 or 
l ( X ) m g , k g ,  while increases in the denerwited side 
never exceeded 15 per cent and often were not statisti- 
ca lh  significant. After discontinuing morphine, care- 
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Fig. I. Effects of morphine adminislralion and withdrawal 
on catccholamines in inlact and denervated rat adrenals. 
Points and bars represent means + S.E.M. of 6 animals. 
Control values (66 animals) were: intact gland, 13.1 ± 0.4 

/@'gland: denervaled gland, 8.36 + 0.22 iLg/gland. 
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Fig. 2. Eltects of morphine adminislralion ~ind v~ithdra\~al 
on dopaminc fi-hydroxylase acti'~ity in intact and dellel 
rated rat adrenals. Points alld bars represent Illc;.ll/~, } 

S.E.M. of 6 animals. Control wdues {66 animals) were: in- 
tact gland, 1.29 ± 0.05 nmoles/gland,hr: denervatcd ghlnd. 

0.89 +: 0.03 nmoles,'gland lm 

cholamine content in the denervaled gland relurncd 
to the control lex, el within 3 days: m the intaci gland, 
the level of catecholamines was still slightl> elexatcd 
(13 per cent) compared Io controls after 3 da3s. 

Adrenal DBH activities m both innerwtted and 
denervated sides were increased by about 20 per ccitt 
24tlr after initiation of administration of l O m g k g  
of morphine and by 30 40 per cent after 6 days fEig. 
2). When the dose was increased to 40 mg/kg, there 
was an initial decline in DBH in the denervated side. 
but after several days at this dose level DBH in both 
sides were elevated by' 50 75 per cent. Within 24 hr 
of initiation of 100mgikg, DBH m the dener~ated 
gland fell nearly to control levels while there was little 
or no decline in the innervated adrenal: after 6 14 
days at 100mglkg DBH activiiy in the intact side 
remained elevated by 50 80 per cent while in the 
denervated gland there was only a 30 per cenl elexa- 
lion at 6 days and no significant elevation after 14 
days. Within 3 days of discontinuing morphine 
administration, DBtt  levels in lhe innervated gland 
began to decline toward control, bul were still ele- 
vated compared to the denervated adrenal. 

Because newly-formed vesicles colllain belo,a-nor- 

Iable 1. Elllects of morphinc administration oi1 lhc ratio of calccholamines to dopa- 
mine fl-h_vdroxylase in intttct and denerxated rat adrenals 

Dose of 
Da3 morphine 
no. (mg.kg) 

Catecholnmines. dopanaine fi-hvdroxslase 
(percentage of conll'oh 

[nnervaled Dener~ated 

0 ¢) 100 j 3 100:" 3 
I 10 85 + 6* 86 + 2+ 
6 10 N7 ~ 8 79 + 2-1. 
8 40 8I + 2I- 9(/ :: 3* 

13 40 86 ± 4:) 66 " 12:::: 
15 100 82 5 8* 99 4 9 
2[) 100 76 + 2+ 93 ~ 5 
27 100 95 -~ 3 100 + 2 
_g 0 80 F :;i 74 ~ 2-I 
30 0 86 4 1; Ul f S 

Data represent means + S.E.M. of 6 animals at each point. Control wdues 166 
animals) were: innervated side, 10.5 _+ 0.3 Hg CA per unit of DBH; denervated side. 
9.88 + 0.32 Pg per unit. Dosage schedule is described in Materials and Methods. 

* P < 0.05 ',s. control 
;- P --: 0.001 ,,s. control 
;i: P - 0.01 x~,. conhol 
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Fig. 3. Effects of morphine administration and withdrawal on tyrosine hydroxylase activity in intact 
and denervated rat adrenals. Points and bars represent means +_ S.E.M. of 6 animals. Control values 
(66 animalsl were: intact gland, 10.9 + 0.4 nmoles/gland/hr; denervated gland, 7.78 + 0.28 

nmoles/gland/hr. 

mal catecholamine contents but normal levels of pro- 
teins, the ratio of catecholamines to DBH is in part 
a measure of the relati've rates of amine synthesis and 
formation of new vesicles [1, 11, 12]. In innervated 
glands, the ratio was low throughout the course of 
morphine administration except after 2 weeks at 
100mg/]cg (day 27; Table 1); in contrast, the dener- 
vated glands demonstrated normal ratios by the first 
day of treatment with 100mg/kg (day 15). In both 
sides, the initiation of withdrawal again produced a 
decline in the CA:DBH ratio. 

The effects of morphine on tyrosine hydroxylase 
(TH) activity are shown in Fig. 3. In the intact 
adrenals, TH activity was markedly increased at all 
times and by all doses of morphine, reaching a maxi- 
mum of about three times control at 4(~100mg/kg. 
The denervated adrenals showed much smaller eleva- 
tions (maximum of 40 per cent, typically about 20 
per cent), which often were not statistically signifi- 
cantly above control levels. Cessation of morphine 
administration produced after 3 days a partial decline 
toward control values in the innervated side. 

DISCUSSION 

The actions of morphine on the intact adrenal 
medulla comprise at least three types of effect [1]: 
first, morphine evokes secretion of catecholamines: 
second, stimulation results in compensatory induction 
of tyrosine hydroxylase and dopamine fl-hydroxylase: 
and third, there is an acceleration of storage vesicle 
synthesis and formation of "immature" vesicles with 
abnormally low ratios of catecholamines to dopa- 
mine fl-hydroxylase. Classically, the effects on se- 
cretion and on enzymes have been attributed to reflex 

stimulation of the splanchnic nerve and consequent 
transsynaptic induction [18, 19]: however, Yoshi- 
zaki [10] has demonstrated a direct catecholamine-re- 
leasing effect of morphine in chronically denervated 
adrenals. The current study confirms the partial non- 
neural nature of morphine-induced secretion, since in 
both innervated and denervated adrenals there was a 
decrease in adrenal catecholamines 24 hr after initia- 
tion of administration of 40 mg/kg or 100 mg/kg. The 
observation of a direct component of secretion in 
chronically denervated adrenals may also explain why 
morphine causes a depletion of catecholamines in 
newborn rats, where splanchnic innervation is not yet 
functional [12]. 

The recovery of catecholamine stores after deple- 
tion is dependent in part upon the activity of the 
rate-limiting enzyme, tyrosine hydroxylase [20]. In in- 
tact adrenals, catecholamine levels after chronic mor- 
phine administration were markedly elevated, reflect- 
ing the 3-fold increase in tyrosine hydroxylase ac- 
tivity; on the other hand, catecholamine levels in 
denervated adrenals increased only slightly, reflecting 
the much smaller degree of tyrosine hydroxylase in- 
duction. These data confirm the previous observa- 
tion [19] that acute morphine administration induces 
tyrosine hydroxylase primarily by a trans-synaptic 
mechanism, and also that the trans-synaptic increases 
do not display tolerance [1]. The small degree of tyro- 
sine hydroxylase induction in denervated glands may 
be a direct effect of morphine, but mediation via 
ACTH from morphine-induced stimulation of the 
hypothalamo-pituitary axis [8,21 23] cannot be 
ruled out. 

In contrast to the marked neural dependence of 



1(/74 T.R. ANi)II,.SX>N and I .  A. S, OlKIN 

morphine- induced increases in adrenal catechola- 
mines arid tyrosine hydroxylase activity, dopamine  
fi-hydroxylase activity in denervated glands kept pace 
with lhe increases in the innerxated side after chronic 
adminis t ra t ion of 10 or 40mg 'kg .  It is un l ikeh  that 
ACTH secretion alone is responsible for all of the 
increase: while hypophysectomy decreases adrenal 
dopamine fi-hydroxylase lexels which are parliall 3 
restored by ACTIt  administrat ion,  in animals with 
intact pituitaries A( 'TH given for 5 days produces 
little o r  no  e levat ion of  d o p a m i n e  fi-h',drox_~lasc ac- 
t i \ i ty [21], nor does ACTH increase tyrosinc hvdrox- 
,,.lase activity in non-hypophysectomized rats [23]. In 
the present stud,,, morphine  treatment resulted in an 
elevation in I )Bt t  act i \ i t  3 as early as 24h r  after the 
tirst injection, an el'ik'ct which cermet be duplicated 
by ACTt t  administrat ion.  Thus, in addition to catc- 
cholamine secretion, the increase in dopaminc fi-h.~d- 
roxvlase  actixit 3 ma.,, represent a direct ettcct of  mor-  
phine on the adrenal nledulla. It is of special interest 
that while the dopamine /;-h3droxylase induction 
after cimmic morphine administration m innui,+aicd 
glands doe> not display tolerance, the directh ex eked 
increase in denerxciled glands disappears after chronic 
administration of high doses (contrast days 6. 13. 2(i 
alld 27 in f'ig. 2i. The ability to increase dop:.lmine 
fi-hydroxylase actixit~ in the absence of neural input 
is not peculiar to morpllinc, since chronic administ- 
ration of :+it least t\~,.o other ageilts, reserpine [41 :.llld 
chlor isondamine [24] G.tll e \oko illcreases ill dcller- 
\a ted  glands. 

Since dopamme fi-h3droxylase is u marker  cnzxmc 
for storage vesicles, these data suggested thai the lllOr- 
phine-mduced increase irl storage \esicle synthesis 
could occur in the absence of neural input. ( )nc index 
of increased ;esicle formation is the catecholamine:-  
dopamine  fi-hydroxylase ratio [20, 25.26]. which 
depends upon the relative rates of synthesis of ammes 
and storage vesicles. Typically, ne\~ ~csicle s \nthesis  
precedes increases in ammc levels, iesuhing in :t fall 
in the ratio when the tissue is stimulated LI, I1. 211. 25J. 
Additionally. cxocvtotic secretion itself reduces the 
catecholamine to dopaminc  fi-hydroxylase rutio bc- 
cause empty vesicle n~cmbranes with enzyme acti \ i tx 
remain behind after secretion [20. 25.26j. t ier ,  ever. 
cvcn after massive secretion of adrenal vesicle content 
cw+ked b', insulin, most of the remaming erupt3 vesicle 
membranes  arc destroyed within 24 hr [20}. Thus. in 
long-term studies with nlorphiric, v+.hich causes a much 
smaller degree of secrctiori than insulin, it is not likely 
that thc increased dopamine fi-hydroxylasc activit 3 
and r0duced catecholan-iirle:dopamine fi-hydroxylase 
ratios result from accumulated elllpl), membranes; ill- 
deed. it h:.is been shown car l ier [ I j  t}mi the chronic 
morphine-induced drop in c:.ttechol:.lmines dop:+unh+lc 
fi-hydroxylase corresponds to ~ill increase m lhc 
number  of new. illtacl storage vesicles. 

In the currenl study, both inncrxalcd and dencr- 
\a ted  glands demonstra ted a fall in the catcchola- 
mine:dopamine fi-hydrox.~lase ratio o\er the lit-st 2 
\ve0ks of Ireaimenl. mdicating thai the illcreased 
enzyme acti\ i ty pt-obabl} represents accelerated for- 
marion of vesicles. The denervated glands, howe\er .  
displayed a normal  Iatio over thc R~llowing 2-week 
period ithe period during which tolerance Io the in- 
crease in dopaminc  /¢-hydrox3klsc developedL \~hile 
the inner\ated glands 111:.tint~.lilled ci Io\~. ratio ttl le : ls l  

1 2 weeks longcr, l h e  reco\ery of the ratio in the 
innervated glands occurred at a tmle \,<hen both cate- 
cholamines and dopamine  fi-hydroxylasc were still 
elexated, indicatmg that in these glands, recover,< 
resuhed not fl+om tolerance, but rather fl-om the fact 
that amine sxnthesis "caught Lip" to xesiclc s;nthesis.  
These studies suggest that the rate of synth&is of stor- 
age xesicles is sullied to direct as well as trans-synap- 
tic control,  and that while the I'ormer mechanism dis- 
plays tolerance to morphine,  the letter does i1o1. 

In conclusion, it is exidellt that illorphillc exerts 
both direcl and neurall3-mediatcd effects on catccho- 
laminc synthesis, storage atld re]ease hl the adrctlu[ 
medulla. Direct ellcots COllSist primaril 3 of illorphine- 
exokcd catecholanlinc secrclion and illcreased storage 
vesicle >ynthesis {doparnine fl-lDdroxylasc actixit>l 
and ma\  displa 3 tolerance: neurally-mcdialed efii.:cts 
include the ubo\c  factors plus t3rosine h3droxylasc 
induction and increased catcchokmaine levels and +_1o 
not displa 3 tolerance. 
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