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Biochemistry 

Neurohumoral Regulation of Adrenal Ornithine Decarboxylase 

The aim Qf thi~ study has beèn to elucidate the neural pathways 
() 

involved in the regulation of adrenal ornithine deca~boxylase (ODC) 

activity. Administration of the doparnine-receptor agonists apomorphine 

(APM) and piribedil (PBD) to rats led ta an increase in ODC acti vit Y of 

both the adrerial medulla and cortex. These effects wcre blocked by 
l.. 

giving the animaIs the dopaminergic antagonist haloperidol. The APM-

induced increase in adrenomedullary ODC activity was largely prevented 

by denervatlon of the adrenal, transection of the spinal cord, and 

" . transection of the mesencephalon-diencephalon. Section of ventral 

spinal roots reduced the induction to varying extents, depending on the 
~ 

number of roots eut and their location between T4 and T12' The inclucing 

effect of AP~l on adrenocortical ODe was abolished by hypophysec~orny. 

Splanchnicotomy, rhizotomy and bilateral adrenal demed()llation each 
, 

attenuated the action of the drug. In contrast ta this., section of the 

spinal cord or surgical isolation of the hypothalamus (preparation of 

"hypothalarnic island") potentiated i ts effect. Impairment of .serotonergic 

nerve function by systemic administration of E-chlorophenylalanine and 
\ 

intraventricular inj ection of 5 ,6'-dihydroxytryptamine or elect'rolytic'lesions 
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potentiated the effect of APM in the adrenal medulla, but reduced it'in 

" the cortex. These observations suggest that adrenal ODe acti vi ty is 
C> 

predominantly regulated by one or more central facili tatory dopaminergic 

(' pathways. The pathway ~or the regulation o~ the medullary e~zyme 

(, inv~lves nuclei in the dien~ephalon-telencephalon and ultimately acts 

through the sympathetic nervous system. The pathway for the cortex 

involves the hypothalamus and aets via the anterior pituitary gland. 

These pathways include serotonergic components, which have opposite ne~ 

effects on the induction of ODe produced by APM: inhibitory for the 

medulla and facilitatory for the cortex. 
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ABSTRACT 
.. 

Régulation Neurohumorale de l' Omi thine Décarboxylase Surrénalienne 

Cette etude avait pour but de déterminer les voies nerveuses impliquées 

dans la régulation de l'activité de l'enzyme ornithine décarboxylase (ODe) 

surrenalienne. L'injection d'apomorphine (APM) ou de piribédil (PBD), 

agonistes de la dopamine, a causé une augmentation de l'activité de l'ODe 

~ la fois dans les tissus médul)aires et corticaux chez le rat. Ces effets 

étaient bloqués en injectant l'animal avec' de l'halopérldol, un antagoniste 

.. de la dopamlne. L'augmentation de l'activité de l'ODC induite p'ar l"APM 

dans les tissus médullalres fut en majeure partie éliminée par splanchnicot-

amie, une s\ction transversale de la mo~lle épinière ou une section 

transversale du mése~éphalo-diencéphaie. Une section des racines ventrales 

de la mo~lle a réduit l'induction ~ divers degrés, dépendant du nombre 

et de la localisation des racines ventrales entre les niveaux T4 et TJ2 : 

~ , 

i 
! 

L'effet induçteur de l'APM sur l'activité de ~'ODC du tissu cortical fut t 
, , 

aboli par une hypophysectomie. Une splanchnicotomie, une rhizotomie ou une l 
1 • i 

démédullatiorl bilatérale des surrénales ont toutes attenué l'action de la 
Î -[ , 
drogue. ,C:Pindant, une section transversale de la mo~lle, ou l'isolement 

chirurgical dr l 'hypothalamus (préparation d'un "îlot hypothalamique"), ont 

amplifié-l'effet de la drogue. Une altération du système sérotoninergique 
• '1 

~par -injection ~érifique de para-chlorophénylalanine, par injection 
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intraventriculaire de \5,6~dihydro~ytryptamine, du,par 
\ ' \ 

lésion~ roI y tiques 

ont amplifié l'effet inducteur de l'APM dans le ti~~m'édUllaire, mal 

ont réduit cet effet dan~le tiss~ cortical. Ces ob ervations sugg~re t 

que l'activite de l'ODc.~ufrenalienne est principalem nt contrôlée par li e 

ou p usieurs voies dopamin,rgiques facilitatrices situ\e au niveau du 

systtfme nerveux central. Lr voie responsable pour le c ntrôle de 1 '.enzym 

m~dullaire implique des noyaux du diéncéphale-telencéph le et opèr~ via 

le système nerveux sympathique. La voie pour le tissu cortical implique 

" l'hypothalamus et opere via l'hypophyse antérieure. Ces voies comprennent 

des composantes 

sur l'inductlon 

1 

sérotoninergiquesqui exercent des effets globaux opposés 

de l'DOC produite par l'A~~: effet inhibi~eur\pour 
médullaire et facilitateur pour l'enzyme cortical. 
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Ornithine decarboxylase (L-ornithine carboxylyase,EC 4.1.1.17; ODe) 

has been imp1icated in growth processes in a wide range of tissues and 

cul tured cells. Regulation of ODe has received increasing attention 

because this enzyme acts at the first, an~rate-limiting, step in the 

synthesis of polyamines (231). 

The polyamines spermidine and spermine and their immediate precursor 

• putrescine occur ubiquitously in living tissues, but are found in highest 

concentrations in tissues that actively synthesize protein and have a 

high RNA content (346). The physiological role ,of the pOlyamines is not 

entirely understood. However, numerous lines of evidence indicate that 

they play an essential role in the regulation of various cell functions, 

including DNA synthesis, transcription and translation, and in the 

modulation of membrane function and activity of numerous enzymes (348,156, 

,38) • 

The elucidation of the physiological factors involved in control of 

th~ biosynthesis of the polyamines would contribute ta determining the 

biological raIe of these compounds. In this work, we further investigate 
".. 

the mechanism of regulation of a rnithine, decarboxylase in the adrenal gland 

'\ of the rat. 

, 
..... -" 

"",-

A. POLYAMINES AND THE ROLE OF ORNITHINE DECARBOXYLASE IN THEIR BIOSYNTHESIS 

The polyamines spermidine and spermine and the diamine putrescine 

(1,4-diaminobutane) are simple aliphatic amines. As indicated by their 

trivial chemical names. the pol'a~ines were first detected in seminal fluid;' 

" 
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Biosynthetic pathway for the polyamines 
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and \hey are secreted by the prostâte gland, the mammalian tissue with the 

hi~hest concentration of these substances (346). Spermidine and spermine 
) . 

are present in significant concentrations (millimolar), whereas putrescine 

is usually present in mu ch lower (nanomolar) amounts (570). However~ 

putrescine accumulates in tissues stimulated to increase in size or cell . , 

number (304). 

J~nne et al. (157) were the first to study the content of polyamines 

in different rat tissues. They showed that those tissues with the highest 

metabolic actlvity tended to have the highest concentration of spermidlne 

and a ~elatl~ely hlgh spermIdine/spermine ratio; and that the concentrations 
). 

~< of b6th compounds decrease with age. 

, ' 

(a) Biosynthesls of polyamInes 

" The primary precursors of polyamin~s are L-ornithine and L-methionine. ' 

The former is converted ta putresCln~ by. decarboxylation, L-Methionine is 
" 

.first activated wIth the aid of ATP to form S-adenosyl-L-methionine; this, 

then, is used as the donorofthe propylamine moiety for-tJj.e synthesis of 

higherpolyamines, 

Raina et al. (286) first showed that in the rat, wi'tpin a few hours 

after partial hepatectomy, ~ynthesis of spermidin~ from 14C-methionine in 

the regenerating liver 15 markedly increased. They obtained similar results 
-.-, 

with ornithine. but not wit-lt--putresc'in'e (153,151) as th~ endogenous 

putrescine pool was enlarged many tilœs in the regenerating liver. 

The mechanisms of enzrmatic synthesis of spermidine and spermine in 
.' 

the rat prostate gland were later elucidated by the work of Pegg and 

Williams-Ashman (266). Synthe~is of polyamines in vitro was achieved with 
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preparations of regen.rating rat liver and prostate"(151,266). 

Four enzymes are involved in polyamine biosynthesis: two dec~~boxylases 

and two synthases. They are aIl localized in the soluble fractions of 
r 

homogenates of anImal tissues (284,337,345,266). Putrescine is formed 

following decarboxylation of ornithine by ODC. Its basal activity is the .. , 
lowest of the enzymesengaged in the polyamine synthesis (2~87): and it thus 

can be considered as ~he rate-controlling enzyme. ODe is a typical cytosol 

decarboxylase requIring pyridoxal phosphate as cofactor. Its striking 

inducibility (231) and its very short half-life (307) make it a unique 

representatIve among mammalian enzymes. InhibItion of ODe by putrescIne, 

spermidine and spermin'e and other related amines has been observed in a 

'number of physiological systems us weIl as in a variety of cell cultures. , 

This enzyme wIll be fully descrIbed and its mechanism of regulation 

analyzed in the second part of this introduction. 

A sernnd decarboxylase, S-adenosyl-L-methionine decarboxylase 

CEe 4.1.1.50, SAMD), is r,equired for the synthesis of spermidine. This 

enzyme ha~ been extensi vely purified i 263,264) • It is the only lI!ammalian 
" f/"~ '" • 

dec,ax:boxylase to require pyruvate as cofactor (263,264,48). -Its half-life 

is about 35-60 min (308,64), but'its inducibility is less pronounced and , 

less prevalent in mammalian organisms than in the case of ODe (213,285). 

SAMD is specifically stimulated by putrescine and reIat~d amines (266). 
'-, 

This~ is effected part~y by lowerin~ the Km for the substrate and partIy by 

protecting the enzyme against ,inactivation (263,250). In sorne systems 

sperMidIn~ is a potent Inhibitor of SAMD (141). Maudsley'(213) has recently 
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suggested that after ODe has been stimulated and putrescine levels are 

inereased SAMD becomes the rate-limiting enzyme in the synthesis of 

spermidine and spermine. The work of Oka and Perry (249) on the mammary 
~ r 

gland; and the metabo1ic studies of Antrup and Seiler (7) in mouse brain-

provide support for the above hypothesis. 

The two propylamine transferases, spermidine and spermine synthases, 

differ from one another. They have been partly purified from rat ventral 
" , 

prostate, liver and brain (267,159,116) •. ,These enzymes are turned over 
\ .... " 

more slowly than the decarboxylases. 

In addition to the three roles of putrescine in the synthesis of, 

polyamines already mentioned (substràte- for spermidine synthesis; inhibitor 

of ODC; ahd allosterie activator of SAMD), this diamine aets as a 

compet.iti ve inhibi tor of spermine synthesis (265). Spermidine can also· 

inhibit its own formation from. putrescine and deearboxylated S-~denosyl-

L-methionine (265). 

Cb) Turnover and degradation of polyamines 

. The turnover of endog~nously synthesized pOlyamines has been studied 

in rat liver after single intraperitoneal doses of trace amounts of 

putrescine (310,305,238), ornithine (310,305), spermidine and spermine 
, 4"""'" 

(334). Because, in normal liver, only negligible amounts of polyamines 

h ' d f 14C 'h' f h d' h b f d are synt eS1ze rom -orn1t 1ne, most 0 t e stu 1es ave een per orme 

in regenerating rat liver, where ODe activity is inereased many fold • 

. Spermidine turnover in regenerating rat liver has a half-life of 4-5 days, 

putrescine. about 120 min. On the oth~~ hand, newly synthesized spermine 
. l ' 

fi from the radioactive precursors declines li ttle or not at aIl in the 
\ 
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monoacetylputresoine' . ' 

PUTRESCI 

~.p.rtnidine 

putreanine 
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.\ 

FIGURE 2 

Sorne pathways for L-ornithine and putrescine metabolism in vertebrate tissues. 
~ The num~ers refer to the following enzymes: 1. Ornithine carbamoyltransferase; 

2. Ornithine aminotransferase; 3. Glutamic acid decarboxylase; 4. Spermidine 
synthase; 5. Spermine synthase; 6. Peroxisomal enzyme; 7. Diamine oxidase; 
.~. 1,4-Diaminobutane N-acetyltransferase; 9. Monoamine oxidase. Tpe dashed 
lines indicate that the intermediates have not been fully documentèèr: .. 
Adapted from reference 203. 
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7-day period studied, and this suggests a prolonged half-life (337). In 

the same system, maximum increase in the polyamine content takes place at 

4 h for putrescine; 16 h for spermidine and 64 h' for spermine (288). 

Ih mammalian brain, .polyamine turnover has been examined after a 

single intraventricular injection of putrescine (310,305,238,332). Large 

variations have been reported for the half-life of spermidine in rat brain: 

15 days (310,305) and 16-19 days (332), respectively. This has 1ed Antrup 

and Seiler (7) to do a more extensive study in which endogenous polyamine 

pools have\been radiolabelled by repeated intraperitoneal injection of 

mice with putrescine, methiontne or S-adenosyl-L-methionine for 27 or 57 
.>' , ( 

days. 
( : 

Several interesting conclusions came out of ~uch study: the 

experimental half-lives of bath spermidine and spermine were similar in 

kidney, ske1etal muscle, liver and small intestine (between Il and 16 days); 

brain spermidine and spermine exhibited nearly identical biological 

half-lives of about 42 days; and in brain, the turnover rate of the C3 

moiety of the polyamines from methionine seemed much hlgher than that of 
\ 

\ ' 
the <4 moiety from ornithine. ThlS last finding led Antrup and Seiler (7) 

to sugges~ th~t the rate-limiting step in the biOsynthesis of pOlyamines 
(\ ~ 

in m~use brain may be the decarboxylation ,of S-adenosyl-L-methionine and 

not of L-ornithine. 
\, 

The actual turnov~~ rate of the polyamines is difficult to determine 
, , 

because of the active int~~onversion between spermine and spermidi~e. and , 

between spermidine and putresèine. In rat liver putrescine is formed from 

spermidine (334)" and a peroxisomâl enzyme has been recently purified 
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(139) from the same source whi~h is capable of oxidizing spermine to 

spermidine and 3-aminopropion aldehyde. The formation of spermidine from 

injected spermine has also been shown in trout brain (327), goldfish and 

rat retina (343) and rabbit brain (lIS). These interconversions can be 

carr1ed out by a very active oxidase fo~nd in ruminant serum resulting in 
, { 

the formation of the cytotoxic aldehyde acrolein (4). Acrolein is a 

degradation product of, the aminopropyl residue. 

Information about the degradation of polyamines is scarce. However, 

'" an oxidative enzyme has been detected in chick embryo bra1n (34), apart 

from the peroxisomal enzyme found in the liver already mentioned. 

evidence for an oX1dative process in rat brain is provided bX the 

,Jo 
Fùrther 

1 \ 
\ \ , 

observation that spermidine 1S convérted to putreanine, the car~oxyli-y' 
\ ' : .... v' .......... 

acid derlved by oxidative deamlnation of its arninopropyl resldue (238). 

Additionally, spermic acid which is the corresponding derivat1ve of 

spermlne 1S al so found in the brl;lin (146). 

-' Conjugation of putrescine to form monoacetylputrescI~e has be'en 

demortstrated in. brain, liver and other organs -(7,329). Spermidine and 

speTmlne can also be acetylated (22,12,24,331). 
'C) 

Finally, a reaction of considerable interest'is the oxidative 

degradation of putrt~scine by an amine ondase pathway (328,330, 355) ·t~ 

rorm the putative neurotransmitter y-aminobutyric acid (GABA). This 

pathway (at least in mouse brain) involves both acetylation and oxidation: 
• 1 

putresclne + monoacetylputrescine + N-acetyl-y-aminobutyraldehyde ~ 

N.-acetyl GABA + GABA (329). 
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Cc) Physiological role of polyamines 

Polyamines appear to have little pharmacological activity. Systemic 
~ 

administration of large doses to laboratl;ry animais are ver~ toxie to 

the kidney (349), and their transport ta the brain is restricted by the 
\-, 

,P 

blood-brain barrier.(174). Direct administration of physiological .. 
, 

amounts of putrescine into the brain ventricular system has few effects. 

-' 
Spermidine produces sedatio~ and hypothermia. Spermine, which is more -

potent than spermidine, produces convulsJons in mice (6). In large doses 

the p~lyamine~ are very toxic ta the CNS; they are distributed by the 

cerebrospinal fluid and accumulate mainly in the brain stem, where they 

\ 
\ 
\ 

produce lethal lesions (6). An active transport-system appears to be ~ 

responsible for the redistribution of polyamines in the brain (lIS) • 

.+- '. Spermine is aIso extensi vely transported in the intact optic nerve of 

goldfish, but putrescine and spermidine are'transported axonally only in 

regenerating nerve (148). 

Because polyamines affect firing of brain stem neurons in cat and rat, 
.i 

it has been suggested that they play sorne modulator or transmitter function 

there (333). Tt is interesting that polyamines are found in bath glial and 

neuronal elements (71). White matter shows much larger concentrations of 

spermidine than grey matter; and grey matter contains more spermine (174). 

A growing field of interest has been the association of polyamines 

with malignant growth. The presence of elevated polyamine-leveIs in the 

urine of cancer patients was first reparted by Russell and co~workers in 

1971 (305), an4 was later extended ta the determination of the pal~ine 
~ 't;r-

cont;en~ of other tissue fluids su ch 
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The' use of· POlyamin! levels as predictive or diagnostic tols' .. in. canceT 

~ has been the subj ec~ df several r:eviews (304,156,232,92). 
. " 

, Recent reviews hav,e also documented the effects o~ pol~~amines OR- some 
! . 

enzymatic processes, and on the'ability of these compounds to interact 
" ~ , 

with\and stabilize polynucleotides and val'ious biological membranes and 

cell fractions (11,156,38). A correlation between spermidine concentration 

in ~ells and the ~ount of"ribosomal RNA that is accumtlated in them was 
1 

indicated by early studies (347) and a direct correlation between 'ODC and 

RNA polymerase 1 has been later proposed b~Manen and Russe,lI (204,205). 
.... 4 1 ~ '1 

As this may be one of the best elucidated functions, the model proposed by' 

these authors will be discussed in the next section. 

" 

B. ORNITHINE DECARBOXYLASE: DISTRIBUTION AND CHARACTERISTICS 

Ornithine decarboxylase is widely distributed in n~ture. The 
" 

discovery of bacterial and plant ODC dates back,tn-the--40s (23); however, 

the mammalian enzyme was not discovered until 1968 by Pegg and Williams-

Ashman in the prostate gland and liver of the rat (266). The same year, 

two other groups of investigators independently reported that the activity 

of liver ODe was greatly increased alma st immediately after partial 
i 

hepatectornY (154,306), or administration of growth hormone (158). ln 

genera1, low ODe activity .is found in non-growing situations, whereas high 

levels are found in calls and tjssues undergoing rapid growth and 

development; such as: in developing chick and rat embryos (306,34,337), 

developing brain (5,338), rat uterus during the es~rous cycle (240), 
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developing rat retina,(19S) and developil1g liver (69);, some tumors (306,158r~ 

268,234); an'd in the cell cycle of large numbers of 'CelI Hnes (76,81;125, 

360) • In addition, stlmuli su ch 'as administration of homones and drug~, 

atid physiological manipulation result ,in variable increases in the 

"activity of.this adaptive enzyme in liver, heart, brain; kidney, skin" 

ad:tenals and other organs (see Tabre I). 

<-

1 (a) Subcellular localization 
~ t> 

ODe is considered a soluble enzyme of the cytqsol. , In regenerltil1g 
, n 

" 

rat liver, in liver of thioacetamide-treated rats, and in the prostate 

• gland about 90% of the enzyme activity is found in the soluble, cytoplasm~c 

fraction (252,266). The mic~osomal and mitochondrial fractions have very 

little or no detectable activity. The specifie activities of the nuclear 

fractions range from one-fifth ta one-third of that of the soluble 

fractibn in rat li ver, and about one-seventh in the prostate gland. 

The subcellular localization of ODC in developing chick embryos is 

ve~ different from that.in the liver and prostate. Thus, .50% of the 
~ 

activity is present in the nuclear fraction, with 5% each in mito~ho~dria 

... 

and microsomes and the remaining 40% in the sol upIe supe:r:.natant fluid (337). 

These resul ts are more consistent with the role of the enzyme and of the 

" 
polyamines in Ithe regulation of nuclear function. 

Cb) Assay" 

The standard assay for ODC involves the collection ~f r~diolabel1ed < ~ 

CO2 released. from carboxyl-labelled ornithine during the reaction. Carbon 

,dioxide is collected by absorption in hyamine hydroxide, proto~ol or a 

f 
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TABLE 1 ResEonse of ornithine de~rboxylase te) stimuli • i 

'8 Tissue (Stimulus) 

Liver 

Partial hepateetomy 
Parti,al hepat'eetomy 
Thioacetamide 0 

Growth h~rmone 

(rat) 
(mouse) 

. 
Q 

Glucoeorticoids '1:"''':' 

'Insulin 
Glucagon 
Thyroxine 
TheophyHin~ O.r .dibutryl cyeEe AMl'1 

',Epidermal growth factot 
Feeoing or infusion of amino acids 
Hypertonie infusion mannitol 
Circadian cycles 
Celite injection 
Puromycin 0 '" 1 
Miscellaneous drugs, • '" 
Combinatïon of triiodothyronine; amino aSids, -
. glucagon, heparin 
Nafenopin. 
Placental lactogen 

, . 12!0-Tetradecanoylphorbot-13-acetate o' .... 

Methyl-deficient diet . , 
,,/ 

Kidney 

Fold increase 

15-70 
3-4 

" "15-90 
" 4 .. 35 
20-60 

25 . 
015 
10 

7-10 
3 

" 8-15 
20-30 
. 12 

25-50' 
, 14 

, ~ 2-7 

50 
1'0 
3 

, 45 
10-20 

GrowBh hormone 
Glucocorticoids 
Unilateral nephrectomy 
Epidermal growth factor 
Folie acid 

o f> 

,5-10Q 
9 

Testost~rone 
Vasopressin 'j 

Heart 

Growth hormone 
Indu~ed hyPertrophy 
Stress 
a- or a-Adrener~c agonists 

'. -', 

. , 

.. 

/ 

,5 
8 

o 6 
200 

o 6 

, 0 

0' 

.. . 

-
~ 

'" 

'1 

o ' 

Reference 

o 

18@ " 
144' 
369 

,226 

261' 
261 

350 
0350 
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mixture of ethyleneglycol monomethyl ether and ethanolamine. A micro-

assay has recently been described by LaPointe and Cohen (184) which 

utilizeJ tge wells of a spot assay plate to contain the reaction and a 

Ba(OH)2-soaked glass film filter ta collect 14ç02• Alternatlvely, 

uniformly labelied ornlthine may be used as a \ubstrate; the labelled 

putrescine produced lS separated from the substrate either by ion-exchange 
, . 

column techniques (203) or ion-exchange paper (45,60). The last method 

has'(the-advantage that ~riti~ed ornithine of high specifie activity can 

be used and ~~e assay ~ay be more se~sitive 'than the C02 collection method. 

However, great care mus~-be taken to separate putrescine and ornithine 

and the method is more time-consuming than the CO2 method. 
l' , 

A fluorometric assay for ODC has also been descrlbed in conjunCtion 

high-performance llquid chromatography (117). Putrescine is partially 

pu ified,.by Cellex P column chromatography and is later converted into 

luorescamine derivative; this is effected in t'he presence of cupric 
• 

ion, hich inhibits the reaction of interfering amines with fluorescamine. 
" • \1' 

The de Ivative';'5 separated by revers'e-phase chromatography from the 

polyami es!" ,Agaln this method is very time-consuming, an'd ,f.~rge amounts 

of tissue are necessary for the determination. 

(c) Purification: different enzyme forros 

" Mammalian ODe has been extensively purified from rat ventral prostate 

(155), from regenerating rat liver (~9.166), and from livers of rats 

previously treated with thioacetamide (252,246). Purification of ODe 
1 

from crttde extracts ranges from 175-fold (79) to 37,OOO-fold (166), and 

'IL 

" 

'II 

... 
tt \. 

1 ,. , , , 

, . 



, "". 

1 • 

( 

\. 

( ... 

1 

1 
.' ." " 

16 

\ ' 

.many:properties of the enzyme are, similar in rat prostate and 1iver. 

ODt has a very broad pH-actlvity curve wlth an optimum that shifts 

from pH 7.0 to pH 7.8 as the enzyme is purifled (246). Rttina and Jttnne 

(154) first noted that lncreasing the mercaptoethanol concentration from 

1 to la mM shifted the pH opti\mum from 7.4 to 8.1,. 
4-

.,. 

Rat liver ODe induced by Injection'of t~ioacetamide has been sepàrated 

into at least two fractions by covalent chromatog~aphy on an activated 

thiol-Sepharose 4B. Bath forms appear to be dimerlC proteins having a 

molecular welght of approxlmately 100,600 by eq~lllbrlum sedimentation 

and analysls on, a calibra~,ed Sephadex G-200 column. The apparent subuTIl ts 

are approximately 50,000 daltons as determlned by ~lectrophoresls on 

polyacrylamide gels ln the presence of sodium dodecyl sulfate (247). 

l'v'hereas lsolated Fractlon 1 is stable, Le: retained 70% of en4ymatlc 

activity after 50 days storage-in th' presence of 20 mM 2-mercapt~et~anol 

at 4°, FractlOn II enzyme lost almost aIl ItS actlvlty affe,r stolage at 

4 0 for 3 days (246). These two enzyme forms appear to have charge 

differences as weIl. The Km v~lues for ornlthlne of f0rms l and II are 

0.14 and 0.083 mM, respectively. A purlfled mIxture of the two forms 

sho\,!s Km values of 0.13 mM for the substrate and O. 25 \l~1 for the cofactor. 

Both forros exhibi t a pH opt imum at' 7.4 in Hepes buffer and 8.1_ ln: 
\.... ~ .-' " ...----..-.... ~ 

glycylglyci~e. Antlbody against faTm l {s cros~-·reactlve .,wlth farm II. 

A slngle band lU the gel electroPhorl~analYSiS of the speclfic Immuno-
.... 

precipltate corresponding to 50,000 was obtalned by Kitani and Fujlsawa 
, ',[ 

p 

(167) an~,Obenrader and Prout y (247). Theoharides and Canellakts (350) 
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reported that anti~erum for ODC precipitates a single polyp~ptide with a 

molecuiar weight of 90,000. 

Multiple specles of ODe have been separated by chromatography of 

e~tracts of rat thymus and kidney on DEAE-Sepharose eL-6B (296). Kinetic 

evidence for multiple species of ODe has also been obtained for Swiss 

3T3 mouse fibroblastsJ(46), rat prostate (1) and developing heart (185). 
// 

(d) Substate and cofactor requirements. Effect of thioli 
.~ 

~ ~ . 
Prostatic ODe is specifie-for L-omithine; it has no aetlvlty towards 

L-lysine, L-arginine or D-omithine (266). Ono and co-workers (2~2) tes~ed, 

in addition to these three amino acids, citrulline, L-glutamine and several 
. 

derivati~es of ornithine on rat liver ODe activity. Of aIl the eompounds 

'studied only D-omithine showed a small'lnhibitory action at a concentration 

" of 10 mM. On the other hand, in enzymlc preparations from mouse kidney, 

stimulated with anabolic stero1d nandrolone phenpropionate, lysine and 

omithine were shown t'o inhibit the decarboxylation lof ~ach other 'compet-

itivelY. The Km values for the decarhoxylation were approximately equal 

to the KI of the two arnino açids, and the maxim~l pH of decarboxylation 
, 

was 7.2 for both. Lysine decarboxylatiQn was also shown to occur in rat 

liver stimulated by growth hormone (270). 

Ornit~ine levels in rat tissues are usually higher than~l mM (100),' 

whereas the ~ of ODe for L-ornithine is typically 0.1 mM. Therefore, it 

is unlikely that ornr~hine availability lS a limiting factor in the 

reactiàn (21~). \ 

The cofac~r required by ODe is pyridoxal S'-phosphate , ' 
It is 

, 
rather loosely bound ta the apoenzyme (266,154,46,27 ed 
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tis,sue homogenates from rat prostate (266) and from the sl1me "lnold . 

Phy.saru~ polycephalum (229) requlre the addItion of PLP for maximal 

activity. However, the enzyme in undIalyzed llver homogenates (343) and 

3T3 mouse flbroblasts (46) contains about SO% of maxImal activlty wlth-

out added PLP. 

ODe shows no requirement for any metal activator. The metals tested 
''') 2 

M 2+ C ~+ C + .were n , a , 0 , Z 2+ 
n , and Fe3+ ln pros'tate gland (266) 

and Mg2
+, Ca2

+ (337) ln rat liver. The activity of the 

enzyme in small mtestlne is inhibl ted by the addit~ion of Mg2+ (13). 

-------The actlvity of ODe 15 preserved br thlols such as dlthioth;eltol 

and ·2-mercaptoethanol. Tt i~ thought that, ln the absence of thiols, the 

enzyme polymenzes to an Inac Ive speCles. MaXlmal rates of decarboxylation 

are obtained when the enzyme extract is prepared, stored, and assayed 

in the pres~nce of thlols ln rat prostate (lS5), liver (252) and heart (211). 

FrIedman and co-workers (79) report that ODe actlvity 15 strongly 

dependent on mercaptoethanol concentratIons over the range 2-10 mM ln 

~tialiy purified regenerating rat liver preparations, whereas no such 

dependence ls observed wlth dithlothreltol over the range 1-5 mM. The 

results of a second group of in~estigators (252) with partlally purified 

prepar~tions of liver from thloacetamide-treated rats are qhite the 

opposite; thus'S-lO mM concentration of dithlothreltol appears to be more 

effective in preservlng or restoring ODe activity. 
~ 

Ce) Activators and Inhibitors 

Apart from the weIl kno\'!n protecti ve role of sulfhydryl compounds for 

ODC., the non-ionic detergents Tweer 80 and Triton X-IDa have recently been 

" , 
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shown to stimu1ate purified preparatIons of ODe from rat liver by causing 
. 

an increase ln the velocity of the enzyme (166). Several decarboxylases 

show an increased rate of decarboxy1ation in th.e presenhe of non-pol,ar 

solvents (251), The' stlmulatory effects of serum a1bumin and the non-

anionic phospho1iplds such as phosphat~Iylchollne and phospratidylethanola­

mIne have a1so been demonstrated by Kitani and FUJlsawa (167,168), whereas 

anionlc phospholipids and heparin, as weIl as synthetic po1yanions such as . 
po1y-L-glutamIC acid and dextran sulfate cause ~ marked inactIvatIon of 

1 the enzyme. 

Many compounds lnhlblt ODe. The maJor inhlbltors acting directly,on 

ODe are substrate ana10gs such as a-methylornlthine and a-hydrazlno-

'. 
ornlthlne (1,156,271). OL-a-Dlfluoromethylorriithine, an enzyme~aetivated 

irreversib1e Inhibitor of ODe, lS very effectIve ~ vivo (10,14,58,73,140, 

279) . This lnhibltor suppressesthe increase ln uterine ODe actlvlty 
l , 

assoclated wlth early embryogenesls in the mouse and arrest~ embryonic 

development at that stage (73). Its use as a cytochemical marker is of 

partlcular lnterest (97,98), 

The phYSlologlcally occurnng po.yamines, putrescine, .!ipermidine and 

spermine inhibit the aetlvlty of ODe ln the rat liver in vivo (152,276), 

rat intestine (13) and heart (211). Several strueturally re1ated but 
j' 
1 
1 

~nphysiologlC am1nes, and ethanol have also been shown to Inhiblt ODe activity ~ 
1 

(58,108,164,272,275,278). Less specifie ~ vivo Inhibition of ODe aetivlty 

is obtalned wlth compounds that inhlblt PLP (252,266); or wlth inhibitors 

of protein syntheslS su eh as cycloheximide. 
/'~ 
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TABLE II ,Comparison of purified ODC from prostate and li ver 

Property 

Spec~fic activity 

Km, mM 

KpLP, "M.J \ .. , 

Source and type 
Rat liver 

(inducible) 

175-37,OOO~fold 

0.2; 
FrCO.14), FrrCO.083)* 

0.25 

( , 

rsoelectric point 4.1 

Molecular welght 
Native enzyme 
Protomer 

SubunIts 

rnhibltors 

Activators 

pH optimum 

4 100 ,000 
50,000 

2 

Putrescine 
b-Ornithine, Na, Kel 
GTP & dGTP 
L- LysIne 
Phosphatidylinosltol 
Phosphatidylserine 

Dlthlothreltol 
2-M~rcaptoethanol 
TrIton X-100, Tween 80 

,BOVIne serum albumin 
Phosphatidylethanolamlne 
Phosphatldylcholine 

7.0; 7.4; 7.7 

Rat prostate 
(inducible) 

300-fold 

0.1 

0;3 
Kr(0.06), Kn(2)** 

65-85,000 

Putrescine 

Oithiothrei toI 
2-Mercaptoethanol 

," -

7.2 

Reference 79,166,167,168,246,247.252 1155,266 

, 
* FI' FIr Km value for enzyme fr~ctions l and rI 

* KI' KIr Km value for enzyme forms l and II 
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Cf) Turnover " 

The half- life for turnover of ODe activity 

appears to be the shortest for any mammalian enzyme (337), Russell and 

Snyder (307) and Hannonen and co-workers (116) showed that when cyclo-

heximide or puromycin, two inhIbitors of protein synthesis,. are glven to 
/ 

either normal rats or to rats 24 h after partial hepatectomy, the enzyme 

activity decreases very rapidly, wIth a half-life of 10-11 ~in, The same 

haif-ilfe was obtained when cyclohexlmlde'was administered to weanling 

,rats 3 h after growth hormone admimstrat10n (310), Inhibitors of RNA 

synthesIS such as actInomycin D given shortly before or at the time of 

the stimulus prevent the induction of ODe; but one hour after the stimulus 

they have llttle of no effect 070,307), From experIments with a-amanItin, 
Il (' < i 

Kallio and co-~orkers (164) h~ve estimated à-haif-llfe of 7 h for mRNA .• 
i 

of ODe in rat liver. Synthe?ls of the mRNA appears to take place in 1 h. 

(g) Circadlan rhythm 

It is now weIl established that ODe activity ln rat llver varies over 

a 6-fold range-each day,~h peak activity occurring between 8 and Il pm 

(122,245), This daily rhythm is altered or aboIished in starved animaIs 

(122,245), or after they have undergone pinealectomy (316), chemical 
, 

hepatocarcinogenesis (317). hypophysectomy or adrenalectomy (122). Sorne 

of the factors which appear ta be invalved in maintalning the clrcadian 

rhythm of ornlthine decarboxylase in liver includei alteration in the 

lighting schedule (142) ; avallabillty of food. particularly access ta , .'JI . 
protein (122,142,245); and Fowth hormone and.gIucocorticoids (122) , 
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ODe activity in the small intestine of rats having free access ,to 

food also shows a marked circadian rhythm, with a peak at midnight (80). 

The initiation of the circadian rhythm is related te food intake rather 

than to dark or light (214). 

ODe activity of kidney also shows a diurnal variation, which can be 

modified by pinealectomy (316), and by bilateral adrenalectomy and 

hypophysectomy (242). No distinct diurnal alteratlons have been detected 

t in the brain (183), but the pineal gland shows a circadian rhythm with a 

maximum at mldnight (374,375). The rhyt~ of ODe activity in the pineal 

gland appears tO,tbe deterrnlned chiefly by the ratio of enzyme to endogenous 
1 . U 

inhibitor at different times of the day. :~iS ODe inhibiter is a high 

molecular weig{t peptide (30,000 daltons) found in the pineal gland as 
1 

weIl as in other organs (76,78,106,127,268). 

Ch) Ornithine decarboxy1ase and RNA polyrnerase l 

Manen and Russell (204,205) have proposed a direct relationship ., 
between ODe and RNA polymerase, and therefore rRNA synthesls, based on the 

,following observatlons: 
. 

. The increased activlty o~ liver ODe, after administration!of methyl-

xanthine derivatives lS closely followed by an increase in RNA 

polyrnerase. 

Inhibitors of RNA "and protein synthesis which affect the increase in 

ODe actlvity, produce a similar attenuation of the increase in RNA 

po lyrnerase. 1. 

. , 
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Addition of a parttally.purified DOC preparation to nuclear or 

nucleolar preparations increases RNA polymerasê~l~_JiQd it also 
\ 

restore~ linearity after the polymerase assay has Ieached the 

steady state. 
. 

~naturation ~f DOC preparations by heating at 600 for ,10 mi.n", results 

,ô." iri the 1055 of DOC activity and abolishes their ability to ~'rfect 

the RNA polymerase I. 

Studies utilizing (y_14C)_ATP and (y_32 p)_ATP indicate that OOC'-

increases RNA polymerase l by affectlng the rate of initiation. 

ODC has been purified over 2,000-fol~ by means of ~n RNA polymerase 

affinity column. 

The conclusion derived from these experiments is that DOC is a rapidly . 

turning-over component of RNA polymerase. The argument presented includes 

the following facts: Ci) a short-lived protein is required for a normal 

level of transcription of the nuclear genes (75,236), and (ii) in Ehrlich 

ascites cells, amino aciâ~ stimulate the synthesis, or possibly decrease 
',-

the degradation rate, of thi~R!0tein (7~). Thus, ODC has,the same half-
~. 

life as the labile protein (10 toZO min) (307), and its half-life'can 
',-

be altered by ami no acid SUPPlementa~ in cells 'in tissue culture (134). 

This proposed regulatory function of 00 for RNA polymerase has been 

integrated into a model of major biochemlcal eve~ taking place after a 

trophic stimulus (309). This model proposes that ln ~Ronse to trophic . "-

hormones, drug administration, mitogens and various other ~th stimuli, 

there is ~n increase in the intracellular concentration of cAMP an or the/ 

) 
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TABLE II! Temporal incFeases in cyClic AMP, cyclicJAMP-dependent protein 

kinase activation and ornithine decarboxylase activi~y in a 

variety of stimulated tissues 

Stimulus 

Analogs of cAMP 
(Dibutyryl cAMP) and/or 
phosphodiesterase 
inhibitors 

l " 
FHS, lli 
TSH 
Regeneration 
Hypertrophy 

Glucagon 

Growth hormone 

AC TH 
Isoproterenol 

Tissue 

Liver 
Cultured hepatocytes 
Adrenal cortex 
Adrenal medulla 
Kidney 
BHK fibroblasts 
Gliorna cells 
Neuroblastoma celis 
H35 cells 
Testis 

Testis 
Thyroid 
Liver 
Heart 
Adrenal cortex 
Liver 
Cultured hepatocytes 
Liver • 
Adrenal cortex 
Adrenal cortex 
Saliv~ry gland 
Heart 

Protein 
cAPM kinase ODC 

-~ 

Cold exposure 
~ Carbamylcholine 
~ Reserpine 

Adrenal medulla 
Adrenal rnedulla 
Adrenal medulla 

~.-

. '< 

, 1 

!~Methylcholanthrene 

or phenobarbItal 

Synchrony by mitotic 
selection 

Taken from Referen~e 303.' 

Liver 

Chinese hamster ovary 
and V79 cells 
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Proposed model of sequential steps in'a trophic response , , ;r. 

Trophic hormones 
Drugs inducing enzymes 
Mitogens 

r--~. :-'----.-, --1 
Indûction of Activation of RNA tputrescine 
omi thine polymerase 1 synthesis 

. ! 
bctivation of 
adeny~ate cyclase 
(B-reé'eptors) 

l 
Increased intracellular-
concentration of ' 
cyclic AMP 

'. 

decarboxylase 

1 
New Messenger 
RNA synthesis 

; l 
Phosphorylation of 
acidic nuclear 
proteines) 

t 
Activation of cy~lic 

L-______________ ~.~ ÀMP-dependent protein 
kinase(s) 

. Taken from reference 303 
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t Ribosomal RNA t Spermfne " 
tProt,ein synthesis 
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activation of cAPM-dependent protein kinase. Thi~ is consistently, 

fol1owed by an e1evation in the activity of ODe. There is now sorne 
, 

evidence that ODe is induced in parallel with the activation of cAMP-

dependent protein kinase (28,29,309). Increased ODe act~vity in some. 
1 ~""" 

" 

stimulated tissues is rapid1y,followed by inereased RNÂ polymerase l 

activity. this sequence of events has been observed in several'( systems 
l "'-. Î ' 

examined, inc1udlng so:e that resu1t~ induction of microsomal mixed-

function oxygenases and hypertrophy in rat liyer after administratfon of 

phenobarbital (33,301), po1ychlorinated b-ipheny:,ls (51), and 3-methy1-

cholanthrene (33,206,301). 

Recent1y it has been repor~fld that cytop1asmic ODC ~igrates into the 
- . " liver nucleus after administration of L-methyl-3-isobuty1xanthine to rats, 

but this increase lS not corre1ated with increased RNAfpolyme;ase activity 
, , 

(20) • More experimental work crf the kind will be necessary in the future 

before the hypothetical model of RU,ssell and co-workers can be full Y, 

evaluated. 

C. REGULATION OF ORNITHINE DECARBOXYLASE ACTIVITY 

Ca) Induction 

The same basic pattern of response of ODe ~ctivity is observed in 

many different cel1 types when they are stimu1ated to grow or proliferate. 

After stimulation of enzyme synthesis, there is a lag period of about 1 h, 

then a sharp increase in activ1ty with a peak occurring around,4 h, ~fter 

Whi~ the activlty declines. riurihg the ptriod when OOC activity is 

dec1ining, ~he enzyme is refractory to further induction (213). 

• IJ 
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" 
Increeses in ODe a~tivity are Dtough~ aboût primarily bY'alt~rations 

, 
in 'the rate of protein synthesis. An increased amount of immunopreci,pi table 

protein has been detected. in rat li ver after" growth hormone administration, 
) 

regenet,ating rat liver, cultured hepatoma cells and thyroid stimulated 
, 

\ t~ • 1 / 

in vitro with thyroid stim~lating hormone and meth~l xanthine (35,138,247, ---- , '" 

321) • . In the maj ori ty of the instances the stimulihon of the enzyme can r 

,. 
be prevented with ~nhibitors of nucleic pcid and/or protein synthesDs (231, 

Jo 

285). However, there are cases in which changes in the rate of degradation 
" 

take place. Prolo~gation ·of the haH-life of ODe has bee~ reported in a 
, " / ' 

1. 
number of cell lines (44,134,280) and in thioacet~ide~ and carbon'tetra~ 

Q' l 1,-

• 1 

/ 

., --.-..... -._~--~- ~ ,~ 

'chlol'ide-induced ODe activity in ,rat liver (277). ODe in the liver can 

, alsq be stabi1ized following ~dministration of nafenopin, or two competitive 
, 

inhibitoxs of the,enzyme, a-m~~hy~ornithine and a-~ydrazino-or.nithine (180" 
• 1 

#217,118), 

ODC activity in rat liver shows a biphasic,increase aft~r partial 

hepatectomy, after feeding'a'caseln diet and during early embryonic 

devefopment (95,198,124). Two different mechani~ms have been suggest.ed to 
~ 

operate under these conditions. Tnë first peak is probably under 'trans-
I • 

criptional control; the 'second is under translational control and is 
.. 

dependent on the 'RNAoform~d during the ~nitial reaction. Studies with 
') - ",--. 
enucleatedocells p~oduced by cytochalasi~ B have shown that cytoplasts or 

--' ~ .. 
cytoplasm freed ?f nuclei still !espond to growt~ stimuli with an increase 

, 
in ODC· (285)". ODC activi!y iJ1 the enuc)eated ceU must be ,controlled at a 

transladonal level. .... -
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Cb) Multiple enzyme,forms 
, 1 

Multiple active and inactive forrns of ODe have ~eén isoJatel from 

varipus tissues. This has raised the possibility of the partic~pation pf 
• 

such' forms in the regulation of the enzyme. Thus, Swiss 3T3 mouse fipro-
1 

blasts have two different forms of the enzyme with'different Km fQr the 
« ~ \ 

cofactor. Upon stimulatIon of· the cells by growth hormone conversion of 

the less active to the more active form takes place wnile ODe activity is 
;, 

i~creased 10-fold (46). Similarly, a recent report indicates that ODe in 

horrnonally stimulated adult heart and in non-stimulated neônatal heart h~ 

a lower Km for the'substrate than that of non-stimulated adult heart (18S).' 

These changes are ~otc accounted for by alterations in soluble factors ~ 

which could ~nfluence the enzymic activity. Finally, active interconversion 
,1/ 

of the two enzyme forms in Ppysarum polycephalum takes place rapidly after 

stimulation Wl th cyclohexlmlde. This drug does not caus'e a 105'5 in ODe 

activity, but rather induces a sharp change in the abillty of this enzyme 

ta bind PLP (229). A pro~ein factor is inv~lved in the interconversJon of 

the al ternate states of ODe (227,228). This factor appears ta ve '~ haat-

labile, acidic protein wi th a. molecular weight of about 35',000 which binds 

to macromolecules in crude fracti~ns isolated using low ionic strength 
t 

buffers. 

Cc) Product regulatlon 

Administration of diamines in vivo at the time of partial hepatectomy ---' 
blocks the' induction of ODe that usually ensues. This suggests that the 

.." 
enzyme is controlled by a repression type o~ mechanism(152,276). The 

_mechanism of regulation of ODe by the product of the reaction is quite 
~ 
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... 

complex. It' is associated with,~ decrease in the amount of immunoprecip-

itab1e enzyme protein (164). Additional1y, putrescine and other polyamines 

promote the synthesis of aprotein lnhibitor.' or antienzyme. that 

specifically interacts with ODe ta form an inactive complex. This 

inhibitor has been detected in several cell lines (47,76,128.217),/ in rat 

\thyroid and liver (127,78,160,268.277.36), and in chicken liver (106~. 

It has a molecul~r wei~ht of 26,000 daltons, is heat-labile. ~nd loses ... 
its activity by treatment with chymotrypsin or trypsin. 

These two polyamin~ re~ulatory mechanisms for ODe appear to be 

concentration-dependent. That is, small concentrations favor suppression 
, 

of ODe actlvity"while large concentrations promote the synthesis of the 

antienzyme (19,219). Heller et al. (129) and Canellakis et al. (37) have 
<' 

suggested that the cell membrane contains a critica1 regulatory site for 

ODe, and that at low levels of extracellular polyamines, the induction of 
'\ 

ODe activity can be inhibited through these membrane-mediated sites. In 
1" 

line with this hypothesis. agents that affect the~ell cytoskeleton such 
t!J • • 

as colchicine, cytochâlasin and vinblastine inhlbit the induction of ODe 
" ~ r 

(42). 
\ 

, Two post-translational modifications of ODe have recentIy been 

re~ which r~sult in inhibition of the enzyme in vitro: putrescine 

binding t~ ODe by a transgl~taminase (302). and phospho)ylation of ODe by 

a polyamine-dependent protein kinase (8), 
, 

In sununary, .proposed me~hanisms for the regulation of ODe include 
) 

Furthermore, 
1 

,transcriptional. translational and post-translational·models. 
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some'evidence suggests that different inducers may affect different aspects 

of the control of ODC activity in the same system (49,186). 

D. _ORNITHINE DECARBOXYLASE IN THE ADRENAL GLAND 

(a) Hormonal effects 
tJl 

ODC activity in the adrenals of hypophysectomized rats is markedly . ~-j 
.increased by the adminlstratlon of ACTH (189,190,297). These effects are 

not secondary to stimulatiofr of steroidogenesis: although hydrocortisone 

, stirnulates activity of the enzyme in the liver and kidney it has no effect 

on adrenal ODe (297); and lnhibition of adrenal steroidogenesis by amino­

glutethirnide does not interfere with ~he increase in ODC activity 

fo1lowing ACTH stimulation (190). These two events are also uncoupled 

in a mutant of ACTH-responsive mouse adrenocortical turnor éell line YI 

(176) . 

" Stlmu1ation of ODC by ACTH is preceded by increases in adrenal cAMP 
l, .. 

content; admlnlstration of dibutyryl cAMP to rats increases ODC activity 

as weIL (297). Althou~h Richman et al. (297) have reported a close 

correlation between the dose of ACTH, the increase in cAMP concentration, , 

, and the activity of ODC ,in the adrenal, Levine et al. (190) were not able 

to reproduce this dose-dependent relationship. In vitro studies with 
<;) ----

adrenocortical tumor cell cl~nes indicate that the action of ACTH on ODC 

'activi~y requires the participation of adeny'late cyclase, cyclic AMP, and 
, 1 

cAMP:dependent protein kinase '(176) •• A close relationship between an ' 
, 

increased activity ratio of cAMP-depenqent protein klnase and the induction 
~ 

of ODe has also been shown' in the adrena:l ,gland stimu,lated to grow by 

, ' 
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unilateral adrenalectomy (32). 

The increases in ODe actlvi ty produced by ACTH admlnis~rat,ion are 

prevented by administration of cycloheximide; in tbis way, sustained 

new protein synthesis appears to be required for ACTH ta stimulate adrenal 

" ODe ,activlty. Actinomycin D, on the other hand, blocks the effect of ACtH 

16 h after hypophysectomy but not 1 h after the operat1on (190). There-
l 1 

fore, it has been suggested that ACTIi' stlmulates ODe actIv1ty by a post-

transcriptional mechan1sm in the acute1y hypophysectomized animal, whereas 

in the an1mal depr1ved for several hours of pituitary hormones, ACTH also 
, 

stimulates transcrIpt10n of new mRNA which lS involved in the regulation 
J 

of ODe (190,297) • 

• 
Growth hormone admin1stration ta hypophysectomlzed rats results ln 

an Increase ln adrenal ODC actIvity (189,242). This effect is not 

preceded by Increases ln adrenal cAMP content (189). Thus, growth hormone 

and AeTH appear to stimulate ODe actlvity by different mechanlsms, one 

cAMP Independent, and the seco~d dependent. Th1s is furthe~ supported" 

by thèi~ synergistic effect when adminlstered together (189), 

Another trophlc hormone, prolactin, causes large increases in ODe 

activity of intact and hypophysectomized female rats, and in intact male 

rats. These effects are dose-related andage-dependent (295,354). -iI>' 

Administrat,l_o_n .. o:f nerve growth factor (NGF) lnto the ceJebrov\entricular 

system of the rat Induces ODe activlty in the adrenal gland. Hypophysectomy 

or pituitary stalk section inhibits the increase \ndicatln~ that ,NGF 

causes an activation ,of the hypothalamo-hypophyseal endocnne system (237). 

The direct action of NGF on a clonaI cell line (PC12) from a transplantable 
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- rat adrenal pheochromocytoma,has alsa been demonstrated to induce ODe 
" , 

activlty (121,143), These increases in ODC activity appear ta be 

independent of the abIlity of NGF to promote neurIte outgrowth (102), 

Most of the reports support the concept that cAMP mediates the NGF 

Induction of ODC ln PC12 eells (178,326), InductIon of ODC activity by 

NGF ln super~or cerVlcal ganglia of rats in ~ and in Vl t ro appears to 
, 

be medlated by a cAMP-dependent mechanism as weIl (196), imd occur 

through two types of receptors, one on the cell membrane Involving 

cytoske1etal structures (179), and the other intracellular (130), 
1 

(b) ~euronal effects 
... 

Several stImulI that cause alteratlons ln neuronal functlon can 

inerease ODe actlvlty ln the rat adrenal medulla, Among these are 

application of the stressors "Cold exposure (28,290) and inunobif~~~ion 

(290), and administratIon of drugs such as methylxanthlne derlvatlves 

'(29), reser~ine (31,59,290), and cholInergIe agonists (289,303), These 

effects are prevented by denervation of the adrenal, and mecamylamine (a 

ganglionlc blocker) lowers the Increase in ODe produced by carbamyicholine 
, , 

(303), The muscarinic agonlst, oxotremorlne, stlmulates the enzymic 

a~tlvity malnly by a central mechanlsm (289). This has been qemanstrated 

both by the failure of methylatrop~ne, a perlpheral ~uscar~nic blocker, 

to prevent the effect ofaxotremorlne, and by the reductlon of the 

oxotremarlne increase in animaIs with the spinal'cord transected. 

The increases in ODe actlvlty in the adrenal medulla are always 

preceded by elevated cAMP levels, bu~ there is no direct 'correlation 

between the absolute increases ln cAMP and ODC, The participation of a 
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cAMP-dependent,protein kinase in the transynaptic induction of ODe is~ 

hOwever, ~uggest~d by the close correlation between the degree of 

activiltion of -the two enz~s after, re,serpine administration and cold 

exposure (31).- Experim~nts)with actinomycin 0 and cycloheximide seem to 

indicate that ~ ~ pro~in synthesis of ODe from newly transcribed 

mRNA is responsible for t~e increased activity of this enzyme (31). 
\ 

The stressors cold exp~ure (31,290) and restralnt (290), as weIl as 

",the administrat~on of reserpme, aminophylline and oxotremori'ne (59,20, 

29,290) increase adrenocortical DOC activity. Similarly~t~ the adrenal 

medulla, an increase in cAMP content is observed in the cortex, and the 

effect of cold exposure and aminophylline is abolished by cyclohexlmlde 

and actinomycin 0 (31). 

The actIon of oxotremorineon adrenocorticai DOC activity is prevented 

" in hypophysectomized rats; this demonstrates tha~ its action is ultimately 
" 

mediated by the pituitary gland (289), probably by the release of ACTH. 

The cortical response to the stressors and reserpine is expected to be 

mediated also by the pltuitary since the three are known to activate the" 

hypothalamo-pituitary axis. 

E. THE ADRENAL GLANDS J 
The adrenal glands are located close to the upper pole of each kidney. 

They are formed by two distinct endocrine tissues, the medulla and tne 

cortex, covered by a th in connectjve tissue capsule. The cortex which 

constitutes about 75-90% of the gland in most mammalian species surrounds 

the medulla completely. These two parts are different in origin, structure 

, . 
1 -..... _-,,~ 

~ i 
.! 

1 



" , 

if, 

, 

( 

\ 

'\ 

( 

),. 

34 

and functions. 

The chromaffin tissue consists of cells derived from ectoderm, and 
, 

the cortical tissue is composed of cells derived from the mesoderm. The 

two tissues associate during development ,to form the adrenal glands. 

Ca) Blood supply 

In the rat, the main blood supply is derived from an artery that 

leaves the central aspect of the abdominal aorta rostral to the respective 
" .. 

adrenal gland, and usually supplies the upper pole of the gland. The 

second maj or source iS' a vessel that larises from th<:l aorta at a more 
1 

caudàl level and supplies the medÙl aspect of the gland (53). The 

cortex is particularly rich in blood suppI'y., The arteries ta the adrena~ 

break up into many br~ches as they approach th~ gland and penetrate the 

capsule at ~ifferent points, forming the capsular plexus of arterioles 

in the zona glomerulosa. From œre, capillaries cross the cortex and 

continue into medullary sinusoids wh1ch "converge at the central suprarenal 

. , 
veln. Thus, some of the ~apillarles from the capsular plexus end in the 

internaI lay'ers of the cortex without reaching the medullary vesseIs, 

while larger vesseIs" the "arte~iae mèdullae", may penetrate the cortex 

withaut branching and t~rminate directly in the medulla (120). 

Cb) Innervation 

The adrenal meduila is supplied predominantly by preganglionic 

ne~ons. Ip the rat, small nerves leave th~reater splanchnic neurons, 

and accompany the superior adrenal artery ta the gland, Usually the 

lesser splanchnlc, and infrequentIy, the lumbar sympathetics, supply a 

few fibers (197), These preganglionlc sympathetic fibers pass through 

1 
~ 

1 

1 

l~ 

- 1 

! 



( 

1-

V 

, 35 

, , 

, 'j • 
the adrena1 cortex in bundles.and enter the medul1a to t{rminate directly. 

once they have ramified. upon individual chromaffin cells.(~37,191). 1t 

has been suggested that the NE- and E-containing cells have separate 

innervation (68), Recent evidencè for the two types of fiber innervating 

the adrenal in the rabbit has been provided by the electrophyslological 
, 

work of Hirano and Niij ima (131). 

St~dies concerning adrenocortical innervation are not so consistent', 

Thus, some early st4dies based on light microscopie technlques fal1ed to 

detect cortical innervation (137,197), whi1e others have reported direct 

nervous termination upon rat cortical ceUs. (187,225). Myelinated nerves 

have been noted in the subcapsular region bX electron microscopy (244), 

and in ~lose proximity to the capsular fibroblasts of the mouse (224) and 

rat (256). In summary, severai studies have demonstrated that autono~îc 

nerve terminaIs lie in close proximlty to parenchymal cells of various 

. cortical regions and form a network around smaU arteries. All these 

- fibers are much finer than the myelinated fibers to the medulla. 

Cc) Histology and functlon 
_~ J 

Histochemical ~d 'ele~tron-microscopic investigatIons have determined 

that there are two types of parenchymal celL" in the adrenal medulla. One 

type selectively stores and secretes NE, the other, E (68~88,241,52). 

The maj ori ty of ceUs in the adrenal mèdulla of Jdult rats are E-containing. 

and are arranged as small islands distributed through that tissue (361). 

'In addition, cortical islands are found in the medulla in close relation-

ship to NE cells (241). 
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The adrenal cortex is composed of three concentric zones distinguished 

by the grouping of the i:ells:. (i) the zona glomerulosa, lying against 
" 

the outer cbnnective tissue capsule; (ii) the zona fasciculata or middle 

l~yer; and '(iii) the zona reticularis, adj acent to the medulla. 

In rats, a sudanophob1c layer (interme~iary zone) can be delineated 

between zona glomerulosa and zona fasciculata (123). 

, The zona glomerulosa secretes mainly aldosterone, a mineralocorticoid 
)r 

having the prime function of maintaininr _e.lectrolyte balance. The factors 

that regulate aldosterone sejletion include the renin-angiotensin system, 

and sodium and potassium balance (253); secretion of aldosterone is 

relatively independent of pituitary ACTH control. J The two inner zones 

secrete glucocorticoids and adrenal androgens. In man, 'cortisol is the 
1 

maj or glucocorticoid product, but ~n laboratory animaIs' .such as the rat 

or the rabbit, it is corticosterone. Corticosteroids play a prominent 

role in the metabolis~ of carbohydrates; and the secretion of these 

hormones depends upon intact, function of the hypothalamo-pi tui tary 

adrenocortical axis. 

F. pYPOTHALAMO-PITUITARY ADRENOCORTICAL SYSTEM 

(a) Regulatory mechanism of the adrenal cortex 

Adrenocortical secretion of glucocorticoids is controlled primàrily 

by the anterior pituitary hormone adrenocorticotropin (ACTH). This 

polypeptide was partially purified and standardized in the late 1940s 

(335); and its 39 amino acid sequence fir'st analyzed by Bell in 1954 (16 ~ • 
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- ~ ACTI-I was synthesized in the 19605 (132,193,324) and,-has been l.ater 
l , 

purlfled ln many species. Evidence derived m~lnly from studles 1nvolvlng 

bio- and rad1oimmunoassay pOInts to three dIfferent forms of ACT~I. They 

differ in molecular welght and ln b1ological activ1ty (372). Coslovsky 

and Yalow ( Sa) relate the ratIo of cortlsol/corticosterone productIon , . 
" ta the form of ACTH present ln mammals. That is, specles whose predominant 

glucocorticoid is cortIsol contain the sma1lest form of ACTH, whereas 

the intermediate form of ACTH 15 found ln mammals (rat, mouse) whose 

., predomJnant'adrenocortlcal steroid 1S corticosterone. The three forms 

of ACTH have been detected ln the p1tultary of rats and mice (199,181); 

their presence 1S not restrlcted to the anterior lobe, for they aIse occur 
.. .. 

ln the intermed1ate-poster1or lobe. It has been proposed that the 

distribution of the multIple molecular-weight forms of ACTH over the 

various parts of the pitUltary might be relat,ed to physwlogical function. 

Thus, the lDtermedIate lobe of the pItuItary, being innervated by the 

hypothalamo-hypophyseal tract, may be preferentially depleted of ACTH by 

neurogenic st1mu~I (199), whereas th~eelease of ACTIl in the anteTlor lobe 

is regulated by hypothalamic releasin factors. However, we do not know 

yet the phYS1010gical ;ignificance 0 e ACTH in the intermed1ate lobe. 

In fact, 1t has been demonstrated (104) that the intermediate-po;sterior 

lobe does not secrete funct10nally significant quantities of AC TH into 

the circulation. 

(h) ACTH regulation: the hypothalamo-pituitary unit 

Secretion of ACTH from the anterior pituitary is"contro11ed 

by the central nervous system ceNS). Regul_at ion centres first' of aU in 

" 
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the hypothalamus. The classical neurohumoral 'mechanisrn proposed by 
, , 

Harris (119) involves hypothalamic-hypophysiotropic hormones wh~éh are 

'\ released by the nerve terminaIs in the median eminence and proximal part 

, of the pituitary stalk, These substances enter the capillaries of ~he 

portal vascular system and are carried by the vessels to the pituitary. 

The presence of an ACTH releasing factor (corticotropin releasing factor, 

,CRF) was reported in hypothalamic extracts by Saffran and Schally (311), 

and Guillemin and Rosenberg 1n 1955 (110), and in posterior lobe extracts 

(312), The latter factor was demonstrated to be vasopreSS1n (216), 

Because animaIs with hereditary diabetes Insipidus, 'lacking vasopressin, 
!..... \ 

could reléase AC1!l' i t. was clear that vasopressin was. not the'f'0nly C~F, 

and that CRF from hypothalamic extracts was probably the major one (Zl?, 
" . 

21~), Several studies have also dem~nstrated the presence of CRF act1vity 

in tissue of extrahyp~~alamic origin (25). The chemical structure of an 
.'-.~ 

ovi~e h~~thalamic peptide thà~mulates secret10n of corticotropin and 

a-en~orphiQ~both in ~ and in vitro has been recently descr1bed (357). 
~ 

The immunocytochemical localizatlon of this peptide will undoubted1y be 

elucidated soon. CRF-containing cells appear to be local1zed in the 

mediobasal hypothalamus (MBH) (181),' This is tetmed the hypophysiotrophi~ 

area by Halâsz et al. (113). When this part of the hypothalamus is 

surg1cally separated from the rest of the brain, its CRF content remains 

constant or actually increases (175). 

Cc) Ne~ral pathways to hypothalam1c-pituitary ACTH re1ease 
-' 

Agents playing a role in ACTH re1ease can reach the ~ituitary gland 

in two ways: humorally or neuronally. The humoral pathways are aIl those 
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that lead to tire ACTH-producing' cèlls wi thout in~olvement of, the fNS ~ , 

i.e. Via the blood vessels of the pituitary gland. The neural pathways 

include 'aIl the stimuli-activated _neurons, i. e. paths that require the 

integrity of the CNS for exerting their effeet (2S5~ 
, / 

Mueh effort has been expended in attempting to elucidate thé neural 
~ 

pathways mediating the release of ACTH in response to stressors. The 

most commonly used techniques include destructive lesions and focâl 
, 

stimulation of areas of the CNS. For example, it has been shawn that the 

release of ACTH following traumatic stress to,a limb depends on the 

int~grlty of a neural pathway ascending towards the hypothalamus. Section ~ 

of the peripheral nerves (62) or of the spinal cord (207) blocks ACTA 
\0 

release nor,rnally following fracture of the leg. Transection of the cord 

also nrevents the rel~asing effeet produced by other stressful stimuli 

(62,292,202) . Hemisection of the cervical spinal cord, and lesions of , 

the lateral column induce a 10]1g lasting inhibition of the ACTH releasing' 

effect produced by the contralateral leg fracture, showing that the path-

ways conveylng ACTH releaslng information cross the midline (202,200). 

Removal of most of the forebrain, leaving a large hypothalamie peninsula, 
~ 1,:. 

does not black 'th~ response to a leg ~reak (207,208) or ta immobllization 

(61), althaugh further removal of the thalamus and midbrain greatly 
1 

, j 

1 

diminishes the response to ei ther stress'''. DisruPiion of the hypothalamo­

" pituitary link by extensive eleetrolytic lesions tocks the re.sponse to 

surgi cal trauma (25). Finally, the results of complete ~~afferentation 

of the MBH, as weIl as of various types of incomplete hyPothalamic de aff-
~ . 

erentation (202,201,103,257), have led Palkovits et al. (257) to postulate 
'\ 'T ...... ",.. .. ~ , 
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that the adrenocortic~ response to surgical trauma depends on the ~1 \ 

~'integrity of a we11 &.circumscribi régi,on of the, hypetha1am,u.s: the lateral~ 
b l ' f h h' 0 , / \. asa repon 0 t e retroc l.aSmatlc area., 

Nervous st;(Uctu;~s outsige' 'the MBH' also exert control over the \ 
~I) ~ 

," 1 

anterior ~obe of the pituitary'; HaUsz and ,Pupp (112) Hrst termed them 
. 

"the second' leve,1 of control". 'HaUsz et al. (114) have Iater observee! 
, " . . '\ 
) \ 1 t 
after complete deafferentation o,f the ,MBH bas~l corti~ost~rq\d Jevels 

. " 
that 

are not only maiJ}.tainf(.dbut even elevated .. , They suggest that the lesions 

eliminate inhibïtory influences ov,el' ACTH secretion. qther inhibitory 
~ 

factors from various areas of the CNS (63,65,66,274,339,340,344), as well 

as stimula~ory ones (66) 0 have been propbsed, o~ the basü of 'stimulation, .. 

, l ' 

and lesion experiments. More recent electTophysiological investigations 

in the rat hypothalamus have provided additional support fq;r this 

\ 

postulate (294). Thus, electrical stimulat'lon of different parts of the 

amygdala leads to enhanced or dimimshed e)cci tablli ty: of tuberoinfuncr'ibular , 

neurons located wi thin the ventromedial nucleus. 

\ 
\ 

'c 

1 

,', 

l';rs~ary, it is ge'l1erally accepted: Ci) that there are multiple' 

anatomically segregated parallel pathways that converge on the median 
, • l ' i . . ( . 
,eminende; and (ii) tryat t~e :release of ACTH may be adjusted by the JI 

\, 1 
• 1 

h 

integr of the facili tatory and inhibitory signaIs from these pathwayS' 
; t'l :<j 

innervation 0"1: the h othalamus (d) 

(') Functional anatomy 

1 

, I- I, 

'1 
I~' 

T e distribution of monoamine neurons .in the hypothalamus has been " 

extensi studied by his.tochemical" ultrastructural, and enzymatic-, 

.. 
" 

.. 
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RAPHE NUC1.E1 
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Monoaminergic pathways in mammalian brain. " The principal location 
bf the neurons containing norepinephrin~, dopamine, and serotonin 
is in the mes~cephalon and pons. Abbreviations: MBH, mediobasal , 
hypothalamu,s;.AN, arcuatè nucleus; OC, optic",chiasrna. Adapted 
from. reference 111. 
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isotopie techniques. Dopamine occurs in the hypothalamic nuclei (258, 

36~ in different concentrations, and functions in two systems or~~nized 

• atdifferent levels: those located entirely within the hypothalamus; and 

" those responsible for interstructure communication. The main. intrinsic 

doparninergic 'system is the tuberoinfundibular tract described originally \ 

by Fuxe,(84). Its cell bodies are located in the arcuate and paraventri-

cular nucleus and the fibers terminate in close proximity to hypophyseal 

portal vessels 1n the external layer of the median eminence (85,135). A 

second intrahypothalamic pathway, designated as the incertohypothalarnic 

system, originates in the parafascicular thalamic nucleus and medial zona 

incerta (group. AU and A13) and proj ects to dorsal and anterior hYPo,thalarnic 

areas (88,21,14'9). A rostral part originates in A14 and is formed by a 

fe~ cells in the per1ventricular preoptic nucleus (21). Finally, 
1 

doparninergic terminaIs of extrahypothalamic origin are also found in the 

median eminence. Their per1karya originate in the A8, Ag and AlO celi 

bodies of the substantia nigra and ventral tegmentai area (55). Lesions 

or this region result in degeneration of axons ,(256) an~ 1055 of about 

half of the dopamine (DA) conterlt in the median eminence (169). 

~ll cell groups of the hypothalamus re~eive noradrenergic axons 

(258,267). Unlike DA-conta1ning neurons, there appear to be no NE-contain-

ing perikarya with1n the hypothalamus. Thus, aIl NE within the hypophys~p-

trophic area is contained withln nerve terminaIs, the celf bodies of which 

lie in the brainstem and areas Al ~nd A7 of Dahlstr~m and Fuxe (55). 

After les ions in the locus coeruleus, t~rminal degeneration of fibers 
"t 

(377) occurs in parallel ta the decrease of NE content (170,299) 
:7 
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in several hypot'halamic nuelei.- , 
\ 

AlI hypotnalamic cell group$ contain 5-hydroxytryptamine (5HT) with 

particularly high concentrations in the areuate and supraehiasmatic 
, 

nuclei a?d the median eminence (84). Like NE, 5HT in the hypothalamus 

is localized within the nerve axons and terminaIs whose cell bodies 

reside in the brainstem (84,256). A large part of the fibers arise from 

the d01;,sal raphe nucleus of the midbrain, as deduced from the biochemical 

and morphological changes brought about by electrolytic lesions of this 

ceU group (256,3). However, Geyer et al. (96) ançi Jacobs et al. (150) 

report approximately equal innervation of the hypothalamus bY,the dorsal 

and medial raphe nuclei. Moreover, Vernikos-Danellis et al. (364) 

suggest that the hypothalamus reeeives only a small portion of its fibers 

from the dorsal raphe. They measured 3H_SHT uptake and tryptophan 

hydroxylase activity in the hypothalamus of rats w1th lèsions of the 

dorsal or medial raphe nucleus. Recent1y, a group of intrahypothalamic 

serotonergic neurons, with cell bodies in the dorsal medial nucleus, has 

been identified (87,74). 

In addition to DA, NE and SHT, E-containing axon terminaIs have been 

observed in the hypothalamus (136,358). Cholinergie neurons are also 

found (26,41,149,260) 

(ii) RaIe of monoamines in regulation of ACTH secretion 

The relation between neurotransmitter content of discrete aminergic 

tracts and changes in neuroendocrine activity was first demon~trated by 

Fuxè and H~kfelt (86), and involved the tuberoinfundibular system. The 

mast clear-cut involvement of an amine in adenohypophyseai regulation 
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is represented by the interaction of this dopaminergic system ~ith 
~ , 

pro1actin release (172). This hormone is under inhibitory cont~ol of the 

hypotj1alamus (243,222), and DA acts as a prolactin inhibitory factor (2'21. 

105,320,67,107). In contrastj NE and 5HT seem to have an excitatory role 

in prolactin release (173). 

In regard to ACTH secretion, it is not clear what sort of neurotrans-

mitter is involved (111). Pharmacological studies in cats suggest that 

NE may toniçally suppress the release of ACTH (315,90). In rats, the 

available ~vidence for 1nteraction of NE with ACTH regulation is 

contradictory. Intraventricular administration of NE to unanesthetized 

rats decreases plasma cort1costero1ds, but the amine fails to block the 

stress-induced release of ACTH (111). According ta Ganong (90) and Fuxe 

et al. (89) DA does not play a very important role. However, the DA con-, 

tent of certa1n MBH cell groups decreases upon app11cation of stress 

stimuli. whereas it does not change in other brain regions studied (259). 
" ~ 

Immobilizatlon stress for more than 3,h also results in an ine~eased DA 

turnover in the median eminence (325). Administration of apomorphine 

and other DA agonists ta male rats also increases the levels of \ 

cir~plating steroids (171,83). Thus, a role for DA cannat yet be excluded. 

Cholinergic synapses appear ta be involved in the stifu~lation of the 

ad~enocortical system (255). rmp~antation of atropine into various 

hypothalamic areas inhibits CRF and, consequently, ACTH release (126), 

whereas intrahypothalamic or intraventricular injections of carbachol 

stimulate ~CTH release (2). 
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The literature concemlng the ro·le of brain "S'HT in tonic regulation 

"of hypothalamic~hypophyseal-adrenocortical systems, as weIl as changes 

1 

océurring under st~ess, also containsi~consistenclis, 

cal studies tend to support an excitat~ry role (~), 

Sorne pharmacologi-
"" 

Thus, direct 

Injection of 5HT into the ventrlcular system of th~ rat brain or Into 
.'> 

different braln areas produce adrenocortical activation (2,23Q), The 

systemlc admInistration of the serotonerglc drugs, -S-hydroxytryptophan, 

fluoxetine and quipazine does the same (82,273,364), The in vitro-studies 

of Jones et aL. (163) and Buckingham and Hodges (27) support this 

excitatory role, Jones et al, (163) have found that the rèlease of CRF 

from Incubated rat hypothalamus 15 st1mulated by 5HT ln a dose-related 

manner and that thlS stlmulatpry act10n is antagonized by methysergide, 

Furthermore, reductlon of cerebral SHT function by electrolytlc lesions of 

the med1al raphe nucleus or intraventricular administrat10n of 5,7-

dihydroxytryptamlne blacks the stlmulatory role of ~-fenfluramlne or 

cortlcosterone release (322). On the other hand, in~racerebral SHT 

blocks stress-lnduced AC TH secretion (363), whereas E-chlorophenylalanine 

admin1stration facilitates the stress response (364). Because of such 

results one may postulate an inhibitory role for 5HT in ACTH release. 

In parallel, inhibition of syn~hesis of tpe ~ine elevates resting plasma 

levels of corticosterone (318,300), These latter effects are related 

to the weIl known role of serotonergic neurotransmlssion in ,the control 
., 

of cir~adian periodicity of adrenocortical as weIl as other anterlor 

pituit~ry hormone secretions (319,172), 
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'Ce) Re ulation of secre'tioh b lucocorticoids (Feedback) 

Among tl\e factors'regu1ating the secretion of ACTH the best 
\ 

known are the adrena1 glucocorticoids. Their influence was first 

demonstrated by Ingle et al. (147), who produced adrenpcortical at~ophy 

~ by administration of adrenocortical extracts to intact rats. Injection 

.of anterior pituitary extracts did not do 50. In later studies, Sayers 

and Sayers (314) have shown that the adrenal response to a given stimulus 

is reduce~ by the prior adminsitratlon of corticosteroids, and that this 

effect is proportiona1 to the amount of steroid given. It is weIl 

estabLished now that there are twà temporally distinct periods of cortico-

steroid feedback inhibition on ACTij release in response to stress. The 

first, fast feedback lnhibition, is of short duration and occurs within the 

first 20 min following administration of corticosterone (314,56); 

inhibitlon of ACTH secretion is related to the rate of change of plasma 

~. corticosterone levels rather than to the absolute plasma concentration 

of the -sterold and is saturable (161). The second, delayed or slow 

feedba'ck, occurs several hours after the stimulus when the plasma 

corticosterone is declining or low, and it is proportional to the 

concentration of corticosteroids in the blood (336). 

, ~ 

The sites for the feedbaék effect of glucocorticoid~ are still unclear. 

There is evidence for a direct ,~tion on the pituitary, on the hypothalamus, 

and for an effect on mesencephalic and limbic-system structures. Thus, 
1 

corticosterone, cortisol and.dexamethasone suppress the ACTH release by 

the rat anterior pituitary tissue both at the short and delayed feedback 
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levels (313). The three steroids act also at the level of the hypothalamus 

to inhibit CRF synthesis and secretion (163). In experiments with b~l 
hypothalamic-Iesioned rats, Jones et al, (162) demonstrate that the 

biphasic ~nhibitory response to corticosteroids occurs both at the 

pituitary and ~ypothalamic level. Other in yivo experiments include , --
administration ,of steroids ta intact rats after application of a steroid-

sensitive stimulus (57) and implantation of steroids in different brain 

regions (220). 

In addition to the feedback action of the target gl~nd hormone, 

termed external or "long-loop" feedback, there is experimental evidence 

that ACTH itself may influence the synthesis and release of CRF by the . 
median emmence (326). This effect has been1 termed tti,e "short-Ioop" 

feedback. The recent demonstration by Bergland et al. (18) that pit~itary 

~~ ACTH is directly carried to the brain from the pitultary in the sheep 

\-gives support to the second feedback mechanism. Furthermore, an ultra-

short feedback in which CRF regulates its own production has been 

postulated based on the assumption th~t the brain contains receptors 

sensitive to circulating levels of releasing factor. 

In summary, afferent neural inputs provided by different environmental 

stimuli (stnissors) activate the pi tuitary adrenai, system. A component 

of the hypothalamic response to this neural input is the release of CRF 

by the neurosecretory cells of the hypothalamus. CRF is carried to the 

anterior pituitary through the portal veips where it causes release of 

ACTH into the systemic circulatIon. Blood-borne ACTH from the pituitary 

stimulates cells of the adrenal corte'x to synthesize and release 
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CI 
glucocorticoids. Adrenal steroids, in turn, exert a feedbac~ effect and 

therefore regulate release of ACTH from the pituitary. 

G. CENTRAL NERVQUS PATHWAYS REGULATING THE SYNTHESIS OF CATECHOLAMINES 

IN THE ADRENAL MEDULLA, AND THEI~ RELEASE 
~ 

The immediate stimulus for di?charge of catecholamines from the 

adrenal medu11a is the 1iberation of acety1choline at the preganglionic 

nerve terminaIs where it activa~es mainly nicotinic receptors. The 

presence of muscarinic receptors (165) and their participation in the 

~ease Of, E after electrical stimulation of the splanchnic nerve has been 

demonstrated in the adrenal medulla of the rat (376). Acetylcholine" 

the~ causes depolarization of the plasma membrane mainly by the inwald , 

movement of sodium and calcium. The influx of calcium is believed to 

be the main stimulus responsible for the mobllizat~on of the catecholamines 

for their secretion. 

Incrèased E secretion of the adrenal medulla is one of the body's 

first responses to emotional and physical stress as has been classically 

demonstrated by Cannon (39). Thus, cold exposure, immobiiization, ether, 
1 

insulin-induce! hypoglycemia and glucagon are but a few of the stimuli' 

causing release of E (192). CNS mechanlsms for the regulation of adrenal 

medullary secretion have been identified by direct electrical stimulation 

of the medulla oblongata, hypothalamus and other brain structures in cats 

and dogs (368,293,101), and in the rat (209,210). Moreover, the increase 

in E secretion caused, for instance, by the administration of insulin is 

dependent on an intact nervous connection of the adrenal medulla with the 
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CNS (17,54,40). 

Environmental stimuli, such as cold exposure and immobilization 
" 

(177,281), and the administration of certain drugs, such as reserpine 

(235,352), aminophylline and carbamylcholine (109), and oxotremorine 

(191), cause a delayed long lasttng Induction of adrenal tyrosine 

hydroxylase. ThIS InductIon of the rate-limiting enzyme for catecholamIne 

biosynthesis is mediated transynaptically (353). Simllarly, dopamine-

13-hydroxylase, the enzyr:Ie cata1yûng the converSIon of DA to NE can be 

increased by the same stimulI (230,9). Furt~ermore, the neural regulatlon 

of adrenal tyrosIne hydroxylase Involves a central excltatory dopamlnergic 
<'l 

and an Inhibitory serotonergic system, arranged ln a sequentiai manner 

(282) . The DA system onpnates rostral to t.he ,thoracic spinal cord (93). 

The setotonerglc system originates partIy ln the medlal raphe nucleus 

(282), The eXIstence of a second descending serotonergic pathway is 

supported by drug experiments in spInal rats (94,341), 

InvestigatIons demonstrating the transynaptic induction of adrenal 

tyrOSIne hydroxylase by agents that cause an increase of Impulse f10w in 

the afferent Innervation, in particular, the work of QUlk (281,282,283) 

et al~ have served us as a model for the present studies of pathways 

involved ln the regulation of adrenal ODe activity, Because dopaminergic 

agents activate both the sympathetic nervous system (281,282) and the 

hypothaiamo-pituitary-adrenocorticai systems (83,99,171), we are exploring 

in this thesis the mechanlsm of regulation of the adrenomedullary and 

adrenocortical enzymic activi~e~. 
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CHAPTER rr 

Effect of Apomorphine J Piribedil and aloperidol on 

Adrenal Ornithine Decarboxylase Activ ty of the Rat 
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SUMMARY 

The administration of the dopaminergic drugs apomorphine and piribedil 

to rats results in an increase in the activity of ornithine decarboxylase 
o 

of the adrenal medulla and cortex. Pretr~atme~t of the rats,with the 

dopamin~-receptor antagonist ~aloperidol'causes a partial blockade of the 

,apomorphine-inducE1.4 effect at 4 h in both adr,enal medulla and cortex. At 

6 h, however, hal~peridol does not block the effect of apomorphine and .. 
produces an increase in ODe activity of both structures when administered 

alone •. Hypophysectomy abolishes the cortica~ ODe response to apomorphine 

and haloperido l, and the medull arY (respons e ''to 
'<----

loperidol. The resulûs 

suggest that the response of cortical ODC activi y to apomorphine and 

haloperidol is entirely media'ted by the hypophysis, and that the effect 

of apomorphine and the antagonlstic action of haloperidol. towards 

apomorphine in regard to the induction of adrenal medullary ODe must be 

taking place at sorne central site independent of the hypothalamic-

hypophyseal system. 

The kinetic studies suggest that the adrenal gland contains two diff-

erent forms of ODe with different constant of affinity for the cofactor 

and similar constants of afflnity for the suhstrate. The increase in QPC 

activity produced by,apomorphine is dependent upon protein synthesis 

de novo. 
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INTRODUCTION . 

" Ornithine,decarboxylase (Ee 4.1.1.17, 'ODe), the rate-limiting enzyme 

in polyamine biosynthesis (59), catalyzes the conversion of ornithine to 
" "il 

putrescine. Mammalian. ,ODe is characterized by an extremely short 

bio~ogical half-life, estimated.at about 12 minutes (21), an~ the ability 
, ' 

to increase in response to many stimuii (35). Exposure of rats to cOld, 
. , 

(6,50), their immobilization for short periods of time (50), or thei~ 

injection with reserpine (50,55) all bring about an induction of the ()., 

enzyme in the adrenal medulla transynaptically, the effect being mediated 

through the formation of cyelic AMP (8). There ~ eviden~ also of a 

central eholi~eFgic mechanism regu1ating the induction of medul~ary ODe 
• 

(55,49). The aetivity of ~he adrenocortical enzyme can also be stimulated 

by these stressors (6,13,50), as weIl as by the phosphodiesterase 
$ 

inhibitor aminophylline (7) and the cholinergie drug oxotremor~ne (49). 

In the last case, the cerebral system that includes cholinergie fibers 

regulates adrenocortieal ODe activity indireetly through its influence 

over pituitary secretion.(49). The effect of an~erior p~tuitary hormones 

on thé adrenal ODC aetivity has been measured in hYp0physectomized rats, 

but thus far without separation of the two parts of the gland. The ODe 

activity, as measured in such homogenates of who1e adrenal, is sensitive 

to ACTH (28,29,51), growth hormone (28) and prolactin (52,.61). 

Studies' in th~s laboratory have been direeted toward the control 

mechanisms that regulate the aetivity of adrenal enzymes. Another 
, \ 

indueible enzyme of the adrena1 medulla, tyrosine hydroxylase (Ee 1.14.16.2) 

. " 
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responds to repeated treatment of rats with dopaminergi1 agents (15,45,46). 

Like adrenomedullary ODe' (4) it~ is almost entirely depe~dent upon intact 

innervation for induction (46). Because of these simiiarities it was 

considered worthwhile to employ two dopaminergic drugs, apomorphine (APM) 
\ 

and piribedil (PBD), to explore the neura~ pathways involved in the 
- • I? 

control of adrenal ODe act i vi ty. Ordinarily, ,the speciftci ty of action 

of these drugs on adrenal ODC activity would be tested with haloperidol 

HLP), a dopamine-receptor antagonist. Becausr this drug itself induces 

adrenal ODt\. acti vi ty (3), it became of interest to determine the conditions 0 

-"', 

under whtich dopaminergic agonists and HLP might dispîay pharma.cological 

antagonism in relation to this enzymic induction. 

Finally, the differential changes in ODe activ~ty ~aused by the 

different drug treatment have been examined ?eparately in both adrenal 

medulla and cortex, as in our previous work (3,49,50); and the kinetic ;' 

constants for the substrate and the cofactor have been determined in both 

control and APM-stimulated enzyme preparations. 

MATERIALS AND METHODS 

Diugs 
'4 '\. 

Piribedil was a gift of Laboratoires Servier, Neuilly-sur-Seine, 

France; and haloperidol, MeNeil Laboratories (Canada) Ltd., Don Mills, 

! 

1 

P 

f 
Ontario., Apomorphine was purchased from F.E. Cornell and Co., Montreal, 

0", 
Quebee. ~-(1-14C)Ornithine, specific activity 40-60 Ci/mol, and- 2,5- ~ 

" diphenyloxazole (PPO) were purchased from New England Nuelear, Boston MA. 

Corticbsterone, epinephrine, norepinephrine"and epinine were obtained 
\ 

, 
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from Sigma Chemicals, St: Louis MO. 

from standard comme~cial sources. 
e; 

AlI other èhemicals we~e obtained 

/ AnimaIs 
)1 

r.' Male Sprague-Dawley rats, weighing an aV'è~a~" of 200 g, were used 

throughout this work. AnimaIs wrre purchased from Canadian Breeding 
1 

(~arms and Laboratories Lt~., St. ~onstant, Quebec. Hypophysectomized 

,!' rats were obtained by the same suppli~T-oiie day after surgery. AnimaIs 

were ~ept in the animal room for 4 days after arriv~l. They w~re main-

tained in individual wire cages under a 'light~dark cycle of 12:12 h with 

r tap water and Purina Checkers ad libitum. 

Apomorphine.HCI was dissolved in 0.1% solution of sodium metabisulfite 

to p!event oxidation of the drug. HLP was dissolved in a few drops of 

acetic acid and then diluted with distilled water. PBD was suspended in 

1% methyl cellulose. AlI drugs were titrated with 0.1 N ~aOH ta around - . . 
pH 6 and injected in a volume of 3 ml/kg body weight. Controls were 

" 'injected with the same volume of carrier solution. 

1issue preparation 

Adrenals were quickly removed from the decapitated rats, weighed, and 
>;J 

dissected into medullary and cortical tissue at 40 c with the aid of a 
\ , a 

magnif;ing lamp. Contamination of cortical tissue ~y the meftulla was 
/ 

/' estimated to Abe about 10%; this was based upon the measurement of free , 

catecholamines present in both dissected portion,;; ,by ion-pairing high 

performance reverse phase liquid chromatography (HPLC) with amperometric 

detection (Table 1). The samples were prepared according to the method of . 

" ' 

, , 
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Keller et al. (25) and ditions for the mobile phase were based 

on those of Moyer and his ~o leagues (36), with modifications by J.-P. 

Gagner, of this laboratory, communication, see details below). 
! 1 

1 

Corticosterone was aiso mea bath adrenal portions by a micro-

fluotometric method (17) (s e detai1s below). Of the total amount of the 
1 

steroid foun:d in adrena1 g ands 15% was in tr.~ dissected medulll~ry tissue 

(Table 1). As corticoster ne ls produced mainly in the two inner layers 

of celis of the cortex (zo ae reticu1aris and fasciculata) (30), and as 

the contamination by ~hese two layers is expected ta be higher than by 

the zona glomerulosa, which is further away fr~m the m~du1]a, the reai 

degree of tissue contamination would be somewhat less than indicated by 

steroid analysis. 

The portion of the tis~ue corresponding to two medullae or two . 

cortices was pooled and homogenized with a'motor-driven Teflon pestle 
/ 

in 0.2 ml of sodium-potassium phosphate buffer, 0.05 M, pH 6.8. The , . 
homogenate, was centrifuged at 20,000 ! for 20 min. An aliquot of the 

fsupernatant (0.1 ml) was used for assay of ODe activity. 
1· 
1 In sorne experiments the supernatant was dialyzed for 18-24 h against 

300 volumes 0.05 M phosphate buffer containing 0.05 mM pyridoxal-5'-phosph­

o 
ate, 1.0 mM EDTA, and 0.1 mM dithiothreitoi at 4. The dialysis membrane 

had a pore size of 4.8 nm, which corresponds ,ta a mo1ecu1ar weight of 

12,000 daltons for a spherical molecuie. In another group of experiments 

the supernatant fractions were filtered through Sephadex G-50 to resolve 
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" , 
the enzyme preparations 'of their cofactor. 

, Catecholaminfi) determination 

, .. 

The tissue cqrresponding to one adrenal medulla or qne adrenal cortex 

. was homogenized in 0.5 ml of 0.15 M NaCl. Aliquots ,of 0.05 ml of homo-
,,' 

genate were mi~ed with 0.2 ml of a 0.1 M perchloric acid solution contai~-

ing 300 ng' of epinine, 3.84 ~g sodium metabisulfite, and 175 ~g EOTA. 

These mixtures were centrifuged ~t 12,800 î for 30 min. The deproteinized 

s~~e»natants were added to an Eppendorf tube cqntaining 15 mg,of ~Cid­

washed alumina (Woelm, neutral activity, grade 1; ICN Canada, Montreal, 

Queb~c). previously ~uilibrated wi'h 1 ml of 0.5 M TriS"H~;~:~er'PH 
8.4 and 5.9 mM EDTA. -After mixing for 15 min, the supernatant was removed 

by aspiration, and the alumina was washed .twice with distilled water. 

Catecholamines were then eluted from the alumina with 0.1 ml of 0.1 M 

~erchloric acid and 0.1 mM sodium metabisulfi~e. The eluate was stored 

at _700 until catecholamines were'analyzed. Sma11 sample~ of 10-30 ~l 

were inj ected into the HPLC system. 

The standards, norepinephrine CNE) and epinephrinè CE); and the 

internaI standard epinine were used'. Oouble-distilled water was used ta 

prepare'the solvent system, which consisted of~ 95.5% of 0.1 M monobasic 
, 

sodium phosphatej 0.1 mM EDTA ~O.2 mM.sodium oct yI sulfate adjusted 
) , 

to pH 5.5 with 2 N NaOHj and 4.5% methanol. The HPLC system'was composed 

'of a model 6000A solvent delivery system, a U6K model injector and a 

"Bondapak C18 column (Wat'ers, Scientific L'd •• Mississauga. jariO), A 

• ) 

J 
- 1 

1 

.. 

~ J 

! 
l . 
1 

1 
f 
! 

! ' 
, 1 

1 
1 

1 
1 



( 

( 

'. 

79 .' 
model LC-4 electrochemical controiler was used with a TL-4 oil-impregnated • 

.. 
carbon paste electrode (Bioanalytical Syst"ems Inc. J 'West Lafayette IN). 

The potential was set at ,+0. 7V versus an Ag/ Aiei reference electrpde\_. 

The solv~nt system was delivered at a flow rate of 2.5 ml/min. The' 

catecholamines were eluted in the order NE, E and epinine within 12 min·; 

and their concentrations were deterrnined from the peak-height ratios of 

NE and E over the in 

Corticosterone detetminatio 

Each adrena1 medulla or cortex was homogenized in 0.5 ml of 0.15 M " 

NaCI in 20% ethanol. Aliquots of 0:05 ml, diluted to 0.2 ml with water, 

were washed with 3 volumes of iso-octane by shaking vigorously for 30 sec 

in a conical glass-stopped tube. After centrifugation at 2000 rpm the 

sol vent layer was aspirated. 4 Corticosterone was next extracted into 6 

volumes of chloroform.After centrifugation the supernatant was discarded, 
1 

0.05 ml of O. 1 N, NaOH was added tq remove estrogens, an,d the tube was 

shaken for lS The sample was centrifuged again, and the alkali 

removed by tion. An aliquot of 0.750 ml of the chloroform solution 

'-'was'transferred 0 another tube containing 0.~50 ml of ethanol-sulfuric 
;\ ' . 

acid reagent (35:65), and the tubes were shaken and centrifuged. The top 
J 

layer was discarded, and the sample was left to stand at room temperature 

4S min. The fluorescen~ of the sample was determined with excitation 

at 462 nm and emission at 518 nm. An Aminco-Bowman spectrofluorometer 

(American Instrument Co. Inc., S1lver Spring MD), with slit arrangement 

No. 2, was used for the analysis. 

) 

, -{-

\ 

1 

1 
1 
l' 

... 



( 

l, 
.. 

~ 
.. 

~ 

" 1., 

a 

( 

80 

J' 

'li 

Ornithine decarboxylase assay. 

, . 

, -/ 

Determination of ODe actiyity'by incùbation of the tissue super­

natant, ob~ained by centrifugation at 20,000 g, with L-C14
COOH)ornithine 

.2. = 1 

and the me~surement of radioactive e02 li~erate~was performed br combin-

in~ elements· of the assays described by Russell and Snyder .(56) and 
." 

J~nne and Williams-Ashman (22), with sorne modification. The~reaction 
- / - \ 

mixture cbntained 1 ~Ci of ~~(_14G)ornithine, 0.04 mM; pyridoxal-5'-phosph-

ate, 0.05 mM; dithiot~ol, 1'. 0;e!1\ EgTA, 0.1 mM; phosphate buffer, 
" 

pH 6.8, 50,mM; and 1pO-~1 of the enzyme preparation i~ a total volume of 

0.5 ml. The incubation was carried out in a 25 ml conical f1ask, equipped 

with a rubber stopper from which a polypropylene weIl was susp~ded 
, /. 

(Kontes Glass Co.). The enzyme preparation was preincubated for 10 min 

at 370 in a shaking water~bath. The reaction was begun by the adàition 
, 

of the substrate. After 45 min incubation the reaction was stopped byl 

... , 14 
the addition of 0/~ ml of 5 N sulfuric acid. The CO2 produced during 

the reaction was/trapped in a 2 cm2 filter ~aper (Whatman No. 3) impregna-

ted with 100 ~l of a mixture of ethyleneglycol monomethyl ether and 

monoethanolamine (2:1) and contained' in the weIl. The flasks were shaken 
, . 

for an additional hour to insure trapping of aIl 14co2·released. 

At the end of the incubation, the fil ter paper was transferred to a 

vial containing 10 ml of à mixture of to1uene, ethyleneglycol monomethy1 ~ 

ether (2: 1) containing 0.4% ppo. for liquid scintillation counting in a 

Beckman spectrometer. 
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T](e assays for the determination of the cofactor ki...'1etic constants 

, cl ! . h 'd k ~ .. f ' -t, cl' f 1 were carr;!-e out ln t e ar ta prevent slgnl lcant OXl atlon 0 .~w 

, 1 

concentrations of py~doXal-5t-phos~hate. ~ '\ 
~ ~ 

Statïstical l?ro~;dures . 
r 

D,ata in the tables are presented as mean ± ',standard error of the 
~ , 

'mean (SEM)} As the latter value tended to vary clirectly with the size of i 1 
:: mean/individu.! "alues were transformed !Og.rithmicaIV for 1 

calculation of,statistics used in assessing the significance of differences, 1 

" 
) 

1 ., 

curves in Figure 1 ~r aclrenal tor~ex an,d medulla ,are deri ved 
, ~: 

from an experi~enttin which groups of 4 rats maîntained in qUiet surround-

ings were killed at various tiMes during the day for\measuremen~ of ODe 

acti vit Y • The other curves in Figure 1 represent data compiled from. 

control groups of anlmals used in many experiments, and glven di/ferent 

schedules of inj ectidtl wi th inert vehicle, As can 1?e seen, one or more 

control ~njectlons were sufficient ta double or triple cortical and 

medullary ODe acti vi ty', , 
t 

Despite the wide distribution of mean values; 

individual dete~minations exceeding 100 and 50 pmol per mg protein per 4S 
, ,,' 

min incubation, for adrenal cortical- and medullary ODe 'Ilctïvity, 
, .. "" 

respectively, were seldom encountered among the control rats. 
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In view' of this response to the stress of handling and inj ection, 

care w~s always 'taken that ea-ch experiment;l' gtoup had i~s own ~atching 

controls, treated under the sarne conditions~ To avoid any ~ffectoof 

diurnal variation the rats were killed around the, sarne time of day~'in, 

the dif~erent experiments .:, 
/ 

Effects of piribedil and apomOrphirle on adrenal ODC activi~y 

ClIo A single rntraperÙoneal {nj ection of FBD' (50 mg/kg.) was followed by 

àn incre~se in the activity of adren~l ODC in
r b~th medulla ~cortex ' , ", 

'0 

(Figu:r:e 2). The ~drenal medulla~ responded faster; that i"s .• there was 'a 

significant lT1CreaSe CP < o. apI) at 2 h. Cortica1. ODe did not attain a 

signifiEan~ inctease until 4 h aft~r administration of the drug. This 
~ i ) 

',point corr-esponds. to the maxima for bath adrenal medulla and" cortex. 

--== 
Thereafter, the activity of the enzyme decreased in the medulla, but 

" 
·remained elevated for at ie}st '8 h in the cortex. 

. 
Fourteen hours after 

administration of PBD, the ODe activity I}a~ returned ta basal levels. 
'. 

APM (10 mg/kg) was injected intraperitone~lly, and ODÇ activity of 

the adrenals' was -measured at va;rioys tim-es afterwards, as in the c.ase of 

the PBn experiments. There was no increase or the enzyrnic actlvity. 

injection (Figure 2,)' the ~ncrease béing sigT}.,ificant (P < 0.01) in the 
'., 

case of the medulla. At 4 h aft, the 

high in bath structures, and was still 

1 

p, 

" 

ini tial inj ection. ODe, acte<i"li ty w~s. 

Tising i1 the ,~~rtex at ~ h. Thus,. 
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sîmilar patte:ms' of induction of'adrenomedullary and cortical ODC('acti vit y 

are provoked by the administration of two differertt dopaminergic drugs: 

APM (1 doses of 10 mg/kg, with an i~terval of 1.5 ~between them ) and 
\ ""," ' 

PSD (single dose of 50 

hine, induction of adre IODe activit 

To of HLP, rats were given this drug in a dose of 

5 mg/kg intraperitoneally, followed 0.5, 2.0 and
f
3.5 h later by injection 

, '. l , 
l, 

of A~MJ 10 mg/kg on each occasion. Controls, which receive~ HLP and0_ 
, l . 

~UbSequent linjection.s of vehic1~, 

signlficant, increases of adrenal 

showed small, but not statis1ically 

DOC .activity at 4.5 h, but by 6.5 h 

HLP-treated rats had large increases in the enzymic activity in both 

adrenal medulla and cortex (Figure 3). 
'.\lI • 1 

With the injection schedule described ftr APM (3 doses of 10 mg/kg i.p.) 

the drug induced ODe activity as before, but the prior administration of 

HLP blocked the effeét of :A.PM acting for 4 }t in both adrlenal cortex and 

medulla. When this protocol was foilowed once more, but with measurements 
... 

of the ODe activity,at 6.5 h after the injection of HLP aione, there were 

large increases in both medUI~ry and cortical DOC activity; these were 

similar to those elicited by APM itself. At this.time, the combination 

of the drugsohad no further effect on adrenal ODe of the animaIs than 
" 

did the administration of either drug alone. In fact, the mean.,effect of 
, , JI 1 

the combination was less than that of HLP aloq;, for both tissues, but 

these differences were not statistically signtficant (~igure 3). 
• • 3 

In other experiments HLP was testtd for blockin~ètion against PBD. 

The latte; drug was injected O.5.h aftJt the HLP, and-ODC activity of the 
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adrenal glands was measured 2 h later. The resul ts (Table II) ShOl1 that 

\ ' 
HLP and PBO individually provided significant increases in medullary ODe 

activity. However, their combi,nation gave l'lU cp less of an increllse than 

expected for additive effects. Indeed, tge results suggest antagonism by 

HLP of the action of PRO. At this time there were nB significant effects 

on cortical ODC. 

Effect of hypophysèctomy 

In order to determ~ne if the anterior ~ituitary gland ex~rts any 

influence on the mediation of these effects, the next experiment was 
, . 

performed with hypophysectomized rats. ThesÏLwere given the same drug 

treatments as just descri~ed, and the adrenals were taken for dissection 
~J 

6 h after the fir~Î of three APM injections. The results in Figure 3, 

~ight sicle, sflow that hypophysectomy practically eliminated the increase 

in ODe activity in the medulla that has been obtained with HLP in intact 

rats, and considerably reduced the increase induced by trèatment with 

APM. eombining the two drugs resulted in a pa~tial antagonism. 

As for the cortex, the rise Of\<?_~C .activity seen in intact animaIs 

given either APM or HLP. or both, was prevented by hyp~physectomy. The 

small incr~ase "in' cortical ODe actiVit~Can be attributed ta 

contamiVnation with medullary tissue"rsee Methods). Thus, the effect of"Î 
~-

"HLP by i tself was. wholly dep/e-rldent up~n the presenc~ of the 0 p'~~ tr'y~ \.. 

gl~nd. This re~s that ~he increases in enzyrnic activir\,Of 

tissue of intact, rats at 6 h cou/cl ha~e~een ,p~rt1y due, 
r ~ 

of cortical tissue embedded in it and not temoved in the 
\ . 
~*~ l' the pre~ence 

"'---

-:.0 dissection <\(see 
,. 

Tissue preparation). / 
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Effect of apomorphine administration on the kinetic charactetistics of 

ornithine decarboxylase 

The changes observed in ODe activity after the administration of APM 

can result from an altera~ion in catalytic acti~tY of pre-existing 

enzyme, an increased content of enzyme or bath. Therefore, ta study the 

mèchanism of the altered enzyme level the kinetic constants of ODe of the 
.~ 

adrenal medulla and cortex in çontrol and APM-treated rats were determined. 
• 1 

To measure the kinetic constants far the substrate, the enzyme extracts 

were dialyzed in the presence of added cofactor as described in Materials 

and Methods. As for the cofacto~, the enzyme extracts were filtered 
. . 

through Sephadex G-50 in the _absenc~ of'pyridoxal-S'-phosphate, (PL~). 

,Dialysis and gel filtration each exclude srnall molecular-weight molecules,. 
" 

up to 12,000 and 30,000 daltons, respectively. 

Di~lrsis of the samples enhanced the activity of ODe 1.5 to 3 times 

in t~ rnedull~and cortex of control and APM-treated râts. HoweVer,~gel 
1~ filtratio~ did not increase the specifie activity of the preparations; 

in fact, there was variable loss of enzyme {n different preparations 

ranging' from 45 to 10%. The crude undia1yzed preparation'-'f medullary.:, .. -., 

j 
1 
l • l ' 

and cortical ODe had about,'15% activity without added PLP. Upon filtration .. , 
\ 1, , 

through Sephadex, th~ activity was· practica11y undetectable without 

added cofact9r. Storage' of such preparations at _~oo entai1ed 1055 of 

10% of the activity after 12-16 h and about 60% in one week. 

. .. ..' Mlxlng experlments .were carried out in undia1yzed, dia1yzed and ge1-
\ , , , 

filtered enzyme prepa~ations to determine,whether' the changes in ODt· 

.. 
\ 

'. 
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1 
activity after the drug treakmen~ were due to the presence o~ an activ~tor 
or 10ss of an inhibitor. 

. fil tered 'ODC l\repara:ions 

with mixtures of dia1yzed and ge1-

om, control and APM-stimu1ated rats showed 

that the activity was alwa 5 additive (Table III). ~hi5 was not the case 
. , 

for undialyz~d preparations of the enzyme where t~e activity of the 1:1 

enzyme mixture displayed activi~ lower than the calculated value. 

The apparent '~m values for L-9rnithine evaluated 'by least-squares 
q ''''v 

1 
i 

jl 
t'"l 

1 
fit of points in ~~double-reciprocal pl~t of vvarsus (S), averaged 0.1 mM 

and 0.07 mM for preparation5 of control and APM-treated rats; respectively. 

ODC in adrenal medulla and cortex had identical Km values but different 

Vmax . The administrat~9n of APM, in this manner, produced no significant 

change in the .conÂLtant of affinity of ODe for its substrate. Howev~r, the 
1) 

apparent Vmax was increased 7-10 fold for the medu1la and 3-4 fold for 

the cortica~enzyme (Figure 4, .Table IV). 
....... -""'ni, 

As ,çan ,be seen in Figures ,~,6 and 7, 
o • 

non-line~r, Lineweaver-Burk plots 
.r; 

~ J 

of ODe activity as a func~on of PLP concentration were produced. From. 

~h;se plots two different Km values were calculated br least-sq~are~ fit 

in enzyme preparations from wh?le glands, or adrenal cortex,of control-~~r 
. 1r .. : 

APM-treated, or from adrena1 medulla of APM-treated rats. In addition, 

the Vrnax was increased considerably (3-10 fold) after the'adrninist~atiqn 1 

.~ 

~ 

of APM in aIl cases. The abso~ute ~alues for the Vmax cannat be compared 

because of the variablè 10s5 of. activity of the different ODe preparations 

passed through Sephadex '(Table IV) • 

.' 
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Effect of cyeloh~ximide on the inerease in adrenal ODe activity after 
, \ 

apomorphine administration 
<-

To d~termine whether the increases in ODe aetivity in adrenal medulla 
) 

and c~rtex'are due to protein synthesis ~~, the inhibitor cyclohex~­

• mide was administered to rats 30 min prior f~l APM. 1 These data, presented 
L \ 

in Figure 8, showed that cyc,lo~eximide prevented the large inc:rease in 

ODe activity normally seen after APM administration in adrenomedulla~y 
l :1 

~n~ cortical tissues. These results then suggested that APM-induced 

in'crease in ODe activity is mafnly due to an inerease in, the amou~t of 

protein. 

DISCUSSION " 

Effect of tpe drug treatments on adrenal ODe activity 

In this,work three drugs acting upon dop~ine-sensitive rec~ptors 

have been studied in relation to the activity of adrenal ODe activity, 
o 

APM is considered to be a very specifie dopaminergic agonist acting by 
§ 

~imicking the effect of dopamine at ;eceEtor sites in the cèntral, nervous 

system. Both APM and. PBD, another dopamine agon~st, reduce the turnover 

of neostriatal dopamine (5 ;11). 'This effect has been explained in terms 

of feedback inhibition of doparnin~ic funct~on caused by t~e direct . .,. 
stimulation of presynaptic dopamine receptors. Botrr drugs cause increased 

locomotor activity as well as stereotyped ~ehavior, 'consistin~,Of· . 

r~etitive sniffing, licking, chewing and agitation. }This stereotyped 

1 
1 

l' 

i 
1 
1 1 
1 
1 • 

1 
! 

t 
behavior is dose-related in intensity (32) and duration (~6). ~ 
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1 
1 -; 

In regard tb DOC, its induction in the adr~nal medulla under the ,.. 

in~luence of APM is centrally mediated, as deduced from experiments with 

unilaterally splanchnicotomized animaIs '(4). ) In intact rats a single 

dose of APM (lO'mg/kg) did not have an effect on the activity of that 
A 

enzyme in either the adrenal medulla or cortex up to 4 h after its 

administration. At least one addi tional inj e,ction of the drug -Cat an 

interval of 1.5 h 'in our work) was necessary to increàse ODe activity. 
\ 

Similar results have been obtained with adrenaf'tyrosinè hy~roxylase 

(45/46), although the tim~-relatiou of doses of drug in that case is 

quite different. , A single dose 'of PBD was sufficient ta raise ,DOC enzyme 
1 

acti vi ty in bath structures. The enzyme act i vi ty .sponded faster' in the 
, , 

~ . 

:::::::::::~:~~:::~::::::::~:i::fi~::::::::: ~:t::::~~C:::::::~O::::: 
(3), The fact that 'a single dose 0; APM, l~~~~g, d" not increase 

adrenal, ODC acti vi ty J whereas a dose of PBD.\ sa mg/kg, did 50 is probably 

explalned by the need for the drug to act eff~ctivelY 
period' of time during which the inductive'm/Chanism is 

for a certain 

called ilito .. play. , 
/,~ 

These factors'~tê tietermined by the rate etabolism of the respective 

drugs. Costall and Naylor (12) 'reported the maximal intensity of 

st~reotypy induced by APM, 2 mg/kg, occu 
- ~ 

/' -
15 min, and that caused by 

PBD, 50 mg/kg, at 2 h after their re~pective administration. Moreover, 

the intensity of the 
1 

und-er Tite 'conditions 

), 

stereotyped acti~ greater for APM ~han PBD 

of their experiment. Lat and Sourkes (26) observed 

, 
.' 

i· 
1 , 
\ 
\ 

1 
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a rapid onset of stereotypy after a dos'e of 10 mg/kg APM, given i. p., 
< •• 

the,behavior lasting for about 68 min. ft .has peen shown that with the 
" 

dose of APM used in this wo~k ~he concentration of the/drug in 

reaches a peak at 5 min after i ts inj ;~iion~' and thel declines 
- / 

with, only trace amounts remaining at ~. 5 h (58;). / 

/ 

the,brain 

rapidly, 

HLP, a typical neuroleptic and dopamine antagonist (23), blocks the 
\">. -

,'. ,. 
action of dopamine at postsynaptic receptor sites and counteracts the 

effects of APM (37). In this work HLP had at, least two discernible' effects". 

The first was the antagonism of ~he APM-ind~ced increase in adrenal ODe 
'U 

activity. This can be explaine~ by competition at the receptor site in 

the CNS, but another ~actor~may have a role: it has recently been reported 

that pretreatment of rats with HLP prevents the accumulation of APM in the 

striatum in ), dose~dependent fa'shion and in parallei to a reduction in the 
" 

animaIs' gnawing behavior (62). HLP also reduces the Iocomotor activi ty 

stimulated' by APM administ;ation (38). The antagonism-of the APM-induced 

increase of ODC',activity by HLP was observed in our particular experiments 

~~ith intact rats ~ 4.5 h âfter the HLP injection, and at 6.5 h in 

hypophysectomized animaIs (Fagure 3). The second effect of HLP was a 
, ~ 

stimùlatory one on ODe activity, observed in intact rats, in this case at ' 
o 

6.5 h after ~LP administration. 

These / resul ts must be examined in the\ light of ev~dence that 'cortical 
,. 

ODe responses are strongly infl~enced by hypothalamo-pi~uitary factors, 
, ~ 

.whereas meduilary ODe activity seems to be more susceptible ~o change~ in 

1/) -----
slmpathetic acti vit Y (50). In regard to the effect of .HLP on cortical ODe 

. ' 
L; ". 

1 

1 
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.-
activity (as shown in Figure 3), it is known that this neuroleptic has 

a depressing effect upon the secretion of prolactin-inhibitory factor of .. 
the hyPothalamus, w~t~ a consequent action in increasing the serum 

(" -­HLP administration also leads to an concentration of prolactin (14) . 

. increase in plas~a.ACTH (16), In other,words HLP acts, presumably in the 

hypothalamus, to cause increased release of two pituitary hormones into­

the serum, both of which favor the induc~îon of (whole) adrenal ODe activity, 

This may be a sufficient explanation for that effect of HLP. However, 

such a mechanism would no longer operate in hypophysectomized rats, and 
~ 

the result obtained with HLP for both adren~l_m~q~llary and cortical ODe 

in such animaIs corresponds precisely to this fact, as seen in Figure.3. 
" ~ ... 
Thus J t'he increase caused by HLP 6.5 h after i ts administration can be . 

, i-Jt, 
attributed 

~ 

arta HLP on 

entirely to mediatio1l" by the hypophysis. Local effects of APM 
~ 

adrenal tissue have already been excluded through failure of 
J 

these drugs, incubated with whole rat adrenals or slices of beef adrenal 
~ \. " 

"~-f \ ' 1~.1~ 

gland, to ca~se any incféase of ODe activity (re~uÙs not included). 
, ~ 

Moreovex, the ~ntagonistic action of HLP towards APM in regard to induc~~n 
'ôf adr~n~l medullary ODe in hypophysectomized rats' (Figure 3) must be 

considered as taking place at sorne central site independent of the 
~ , • r, 1) 

hypothalamo-hypophyseal system. Further research in our laboratory is 
, ' 

aim~d at elucidat~ng the central dopaminergic pathways involved in the 

regul~ion of adrenal ODe attivify" 
\ ;f'"~-

Effect of apomorphine in the'kinetic characteristic5 of ODe 
as • 

Kinetic studies of dialyzed adrenomedullary and cortical ODe preparations 

/. 
" , " 

j 

1· 
1 
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from control and APM-treated animaIs showed that there was no appreeiable 

change in the Km of the, enzyme for the substrate L-ornithine.' Moréover~ 

a pronounc~d increase in the Vmax in medulla and cortex of APM-treated , 

rats was observed, as had been previously found for exposure of animaIs 
,.", f 

to cold or oxotremorine (48). The average Km value in c9~t~ol and APM­
l 

treated rats for both portions of the adrenal was 0.09 ~;~this value is 

similar to that reported in the literature for thioacetamide-treated and 
/" 

regenerating rat liver (39,41,47), rat prostat~ (2,18,22), and Swiss 3T3 -., 
mouse fibrob1asts (10). 

, \ 

When dialyzed preparations from adrenals of control and APM-treated 
1 

rats (whole gland or separated medul1a and cortex) were incubated together 

and then assayed, the enzyme activities were additive. This indicate~ that 

the increase in activity was probably due to an increase in the âmount of , 
J 

the enzyme and not to the presence of an activator or the loss of an 

~nhibitor. Furthermore, the induction was prevented by pretreatment of the , 
animaIs with cycloheximide in both the adrenal medulla and cortex. Ear1ier 

i~ has been shown that protein synthesis de novo is involved in the 
t --

increase in ODe activity of adrenals of rats exposed to co1d or treated 

with am~nophy1line (7) or ACTH (51). These increases in ODe activity are 

aiso dependent upon RNA synthesis, because treatment of rats with actino-

myc1n D ~locks the increase (7,29). 
, 

Immunologie tèchniques/wouid prov1de a more definitive proof that the 

aitered leve1s in ODe activity represent ".n increase in .pro~n· content~ 
i 

'. 
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A1th~ugh antibadies to ODe have been reported by several.laboratories 

(19,24,40, 60 ,~) the enzyme is qui te unstab1e during purification (9,31, 

43). Hence, mast studies have been 1imited to measurements of ODe activity. 

Our own resu~ts have shown that much is lost just by storing ODe in the 
~'. 

absence of cofactor or by passing the enzyme extract" through Sephadex. 

The second and more-limiting factor for the purification of ODe in adrenal 

is ,its very low specifie activity. 

The 1.S-3-fold increase in'activity observed after dialysis of adrenal 

ODe preparations suggests that a small molecu1ar weight inhibitor(s) is 

removed. The work of Ramirez-Gonzalez (48) showed that nondialyzed enzyme 

preparat~ons of adrenal medulla and cortex have an apparent Km of 0.22 

and 0.09 mM, respectively. After di.alyris, a Km. of 0.,05 was obtained'f:or ~ 

both medulla and cortex. ,Similarly, Pegg and Williams-Ashman have pbserved 

an increase in rat prostate ODe after dialysis (42). The failure by 

Abdel-Monem et al (1) to detect any increase in the same tissue may be due 

to the fact that.they did not add PLP ta the dialysis buffer, as dialysis 

of ODe preparations from Swiss 3T3 mouse fibroblasts and rat prostate, 

the absence of PLP, reduced the ac~ivity of the enzyme (10,42). The 

product of the reaction putrescine, and the p91yamines for which it is 

precursor, are good candidates for the inhibition of ODe in the adrenal; 

they inhibit ODe in regenerating r~t liver (20,24,44) and in many cell 
( 

,lines an~ systems. 

transglutaminase in 

Putrescine binds covale~tly ta ODe in thè presence of 

purified preparations of thioacetamidi\'stimulated' 
~ , ,,' .,-

calf liver (54). This transamidation of putrescine ta ODe~iesults int a 
, -

.~. 

1 
,1 
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line~r decrease in activity. \ 

Kinetic s~ies to determine the affinity constant for the cofactor 

have shown that ODe in whole adrenal gland of control rats has two different 
1 

apparent Kms for PLP. Adrenal tissue ~~om rats treated with APM show 
1 

similar results. Inorqer to find whether only one of the two enzymes 
~~ , 

fOrfis l~present in each part lof the adrenals, the glands were dissected 
.' , 

into medullary and cortical tiss~es as before. The adrenal medulla of 

control, at the substrate ~oncentration studied, showed only one Km" value. 

The ODe of adrenal cortex in, controls, on the other hand, had two apparent 

r 
In APM-treated rats, ODe of the cortex and medulla had two apparent 

Kms each. 

Thus, lt lS possible that each part of the adrenal gland contalns two 

enzyme forms, rather than one form of the enzyme per specIfie part of the 
J 

gland. Two different enzyme forms have been purified ln Physarum 

polycephalum differing in their affinity for the cofaetor (33)~ and in 

erude preparations of rat prostate (2) and,Swiss 3T3 mouse ~ibroblasts (10). 

These forms, whieh hav~ very different affinities for P~P, have s~~llar, 
. '"-, 

if not identical, affi~'litie~ for ornithine. 

Both the activity and stabillty of ODe in the adrenal gland a!e strongly 

d.ependent on PLP in our dia'lyzed enz'yme preparations, as previously seen 

in undialyzed preparations (48), and in pros~atic ODe (1,2,42). 
y , 

F.inally, the exis~enee of two ODe forros in the adrenal gland of the 

rats can be an alternative mechanism fer the regulation of its ~ctivity as 

has been suggested for Physarum (33,34), developing rat heart (27), rat 
S 

1 
l 

1. 
t 
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thymus and kidney (53) and rat liver (~9,40). f 
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FIGURE 1 

Diurnal variation and the effect oÎ injection. The symbols 
represent.mean va:lues for 4 to 6 rats ~ceiving 1 ta 4. . 
:Î.fljecÙoiiS=:~l vehicle (con~rol anima,ls1 at scheduled tililes '". 
dùring the course of various experiments. As the~ was no ~ 

. systematic variàtion of ODC~ctivity in relation' to the number ~ 
..,' : of ,inj~ns or their timing, this information, has not been ~ 1 

,- ,. . i~wdè~ ln graph. - , (t) 
. 0, one m,ectionj El, two injectionsj ~, thrèe injeètY'ns j ~. 1 

!, fou'!' inj ections. l' , 
The lower curves for each of the two parts of the adrenal 
glands.. are derived ,from one experiment in which Çlnimals were 
not' stressed by handling or inj ection _, (no inj ection) • 

J ' 

.. 
, . 

1 

~ 

\ , 

IV 

! 
1 

! 
1 

, \ 



(, 

, ~, 

, Q 

1 
,.~. 

( 

.. 

\ 

96 

• " 0 
8 

F\, " ~ . 
;t 

t / .. ~ • 
~ 

500 A ~IRleI=DII!. 
1 

-: 
.~ 

". LO .. 0 
~ 

~ 
1 

.S; 
Cl> 

~ 

~ 
~ 

APOMORPHINE. \, 
500 .; 

/ ~" 
a. ->-

:!:: 
.r! 

~ 
300 

g 
0 

.;.//1·· .. ············ .' 
., ...... / a 

, T .,,/ 
0-'· 

. C 
.l ............. • .. • .. .l····· .................. ~ .... _ ................ ..l· 

2 " -
HOURS 

FlpURE 2 

8 

.. 

,Time-course 'of stimulation of adrenal.ODC activity after 
the administration of dopaminergic agents. A. Piribedil, 
50 mg/kg Lp. given at 0 time. -' B'. Apomorphine, 10 mg/kg 
i.p. given a~ 0 and 1.S h. The following symoo1s were' 
used: l, medulla, drug~treaeed ~mals; 0, corte~, drug­
treated; A, medul}a', controls; f" cor'tex, controIs. "p 

Values are presen~d as mean ± SEM for 406 rats. ,\ 1 ~ 
Significance of differences from control means: 
ap < 0.05; bp, < O.Ql; cp <.-<).001. 0', 
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Effects of apomorphine (APM) and haloperidol (HLP) given 
alone and combined on ODe activity of the adrenal gland. 
APM was injected in 3 doses of 10 mg/kg i.p. at 0,' 1-.5 and 
3 h. HLP. 5 mg/kg i.p. was 'gi.ven as a single dose 0.5 ,h 
befbre the fir~t dose of APM. Rats were decapitated at 4 
or.6 h after 'the initial dos~ of APM-(i.e. 4.5 h and 6.5 h 

1.- respecti vely, affer inj ection of HLP) i11 intaçt rats. and ~ 
r at 6 h in hypophysectomized rats. Signifièance of differ­

ences from'control means: ap <i O•05 ; bp < 0.01; cp < 0.001. 
5ignificance of difference from mean of APM-txeated rats: 
dp < 0.05; ep < 0.01; fp < 0.001. 
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Double reciprocal plots of dialyzed ODe as a function 
of L-ornithine concentration. The enzyme was assayed 
as des~ribed under Methods, in preparations from 

. control adrenal medulla (0) and,cortex (~), and from 
APM-treated medulla Ct) and ~rtex Ci). 
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~ FIGURE 5 

Doubl~ reciprocal plots of gel filtered adrenal ODe ~s a 
function of pyridoxal 5'-phospha~e concentration. The 
e~~yme was assayed at a L-ornithine, concentration of 0:04 mM. 
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function of yridoxal 5'- hos hate concentrations. 
The en~yme was assayed at an omit ine concentration 
of 0.04 mM. 
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@ a" . 
Double reciprocal plots of gel filtered adrenomedullary 
and cortical ODe of APM-treated rats as a function of 
pyridoxal 5'-phos~~ate con~entrations. The enzyme was 
assayed at an orn~thine concentration of 0.04 mM. 
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~BOTH 

Effec~ of cyeloheximide (CYC) on the APM-induced 
increase in adrenal ODC activity 

CYC (50 mg/kg i.p.) was administered 0.5 h before 
the first of 3 inj~et~ons of APM (10 mg/kg Lp. at' 
0, 1.5 and 3 h). Anjfuals were killed 1 h after the 
last APM injectio~: Bars rep~esent the mean ± SEM 

.for 5 rats in each group. .> 

ap < Q.OOI 'for comparison with CYC-treated 
bp < O.QOl for comparison with (cye + APM)-treated 
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TABLE l Concentration of catecholamines and corticosterone in 

the dissected adrenomedullary and cortical tissue 

Parameter Medulla % of Cortex % of 
total total 

Adrenaline 8~ ± 0.96 '88% 1. 22 ± 0.15 12% 
\. 

NoradrenalIne 2.98 ± 0.31 91% 0.28 ± 0.02 9% 

Cortlcosterone S9 ± 7 14% 366 ± S2 86% 

, 
Values are expressed a~ ~g of adrenaline, noradrenaline, or ng of • 

corticosterone per adrenâl medulla or cortex ± SEM for 10 deterrninations • 

. ' 
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Treatment 

Control 

Haloperidai 

Piribjedil 

Both 

Medulla 

56 ± 19.4 

161 ± S.Sb 

c 
323 ± 62.S 

171 ± 62.3a ,d 

ODe activity 

Cortex 

(4) 108 ± 39.8 (4) 

(S) 194 ± 49.3 (S) 

(6) 63 ± 19.2 (6) 

(4 ) 73 ± 23.6 (4) 

Values shawn represent mean ± SEM (No. of animaIs). HaloperidOi-,/5'\!!lJkg, 

i.p. was given at 0 time. Piribedil, 50 mg/kg, i.p. was injected at-O.S 

h. The animaIs were killedoat 2.5 h~ Activity of ODe lS expressed as 

pmoles 14C02 per mg proteln in 45 min. 
~ 

" The significance of differences from control means is designated as 

follows: ap < O. OS; bp < 0,01; Cp < 0.001; 

dSignificantly dîfferent from piribedil-treated rats. P < O.OS. 
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TABLE III Mixing experiments of ODe preparations from-con'tTol ~;d apomorphine-treated rats 

~ 

'~ AnimaIs were 'injected with APM (3 doses of ID mg/kg i.p. at 0, 1.5 and 3 h) and were killed 

~ ~ 4 h after the first injection. The values represent the mean ± SEM of 4 determinations and 

, -- are expressed as cpm/sample. For preparation of samples see Material and Methods. 
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Treatment 

ê 

APM 

Control 

". 1:1 mixture 

. Calculated values 

APM 

Control 

1:1 mixture 

Calculated values 

,/ 

" fi 

... --
----'- -i----Il.1 $ "mtrNM 1- ,\.\ ' 

Whole glana Medulla 

Sephadex G-50 Tcpm) 

1437 ± 15 5089 ±' 38 

393 ± 3 425 ± 5 

917 ± lQ 2670 ± 30 

915 ± 9 2757 ± 21 

. Non-Sephadex G-50 

1672 ± 17 1448 ± 16 

796 ± 8-' 279 ± 3 

930 ± 10 580 ± 7 

1234 ± 13 863 ± -9 

'~' 

} ~ 

~ 

• 
Cortex 

Dialy'zed 

4158 ± 50 

1226 ± 13 
ll' 

'(2730 ± 36 

2692 ± 31 

Undialyzed- '-. 
,.., 

231A ± 25 ...... -
'* 

816 ± 8 

1295 ± 16 

1563 ± 17 
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TABLE IV Effect of APM on the kinetic characteristic# of adreno-
;' 

m,edul1arl and adrenocortical ODe in the rat 

v", 
.P 

Tissue Treatment Km (mM) Vmax 

1 
EXEeriment l 

Medulla Control - ~ .11 86 /, 
APM .07 627 

Cortex Control, .12 96 
APM .07 273 

Experiment 2 

Medulla Control .10 61 ' . 
\T 

APM .07 608 

\.. 
Cortex Control .10 96 

APM .08 368 

A~l enzyme preparations were dia1yzed. as described in.,Materials and Method~. 
f 

, L-Ornithine concentrations were varied from 0.02 mM ta 0.8 mM with a 

cons~ant pyridoxal S'phosphate concentration of 0.05 mM. The Kms and 

r' 
" 

"\ 
Vmaxs for L-ornithine were,determined by the Lineweaver-Burk method at 5-6, 

substrate concentrations with 2 determinations at each point. 

experiment the Km was evaluated by tlie 1east square1 fit. 

, ' 

.' 

In each 
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l' 1 
TABLE V E:f;fect of APM on the kinetic characteristic$ of ODe in the 

whole adrénal g~andrand separated medulla and cortex 
i 

l' 
401 

Tissue Treatment Km (l1M)' Vmax % Activi\{ recovered 

FI 

Whole gland Control 9.4 19.8 '75 
1.4 5.6' 

t:-

Whole gland APM "' 6.9 38.1 4. 55 
1.1 , .20.4 , 

Medulla Control ,2.4 10.9 85 

Medulla APM ' 'oQI 5.8 .\ 330 90 
1.0 221 \ ;-.. 

Cortex Control' 7.4 
~ 

18.2 st) 

'2.2 10.6 
't-

Cortex APM 3.6 95.0 . 70 
1.2 59.3 

AlI enzyme preparations were filtered through Sephadex' G-50 to remove 

endogenous pyridoxal 5 ' -phosphate (PLP). The % a,cti vi ty recovered after 

this procedure is e~ressed on the right han9 of tne table. 

ptp concentrations ~efe varied from 50 J.!r1 to 0.5 J.!M wi th a constant, 

L-or;ni thine concentratior. of 0.04 mM. The Kms and Vmaxs for PLP were' 

dete~ined by the Li~eweaver-~urk method,at 5-12 cQfactor concentrations 

wi th two deterininations a t' each point. In aIl èases, except for the medulla 

in control 'animal'S, two kineti~ forros 'were found; the high-affini ty forro 

was evaluated from-th~ 4-6 lowest co~centration points and the low affinity 

form from the 6-4 highest. ln each experiment the Km was 'evaluated by the 

le~st ~quares fit. 

14 The Vmax is, expre,c;s,ed as. pmol' C02/mg protein per 45 min . 
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CHAPTER III 

\ 

EffeJCf Haloperidol on Adrenal Ornithine 
\, , 

'" Decarboxylase Activity of the Rat 
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ABSTRACT 

The administration of the dopamine antagonist haloperidol to rats 

produced a temporary~ncrease in adrenomedullary and cortical ODC 

activity. The time-~urse ~f stimulation of ODe activity by HL? showed 
./ 

different patterns in bath structures. Med411ary ODe activity was 

hikhest at 2.5 h, decre~sing at later times; cortical ODC activ~ty was 

not affected by the drug at 2.~ h, but then increased up to at least 

6.5 h. The medullary increase observed at 2.5 h was dose-related and 

could be prevented by splanchnicotomy.- Hypophysectomized rats, on the 

contrary J showed an enhanced response to HI.:? The results suggest that 

haloperidol-induced increase of adrenomedullary ODC activity is' caused 

by' a 'reflex increase :n pregangl~'~nic nerve a~ivi ty, and tnat the 

;ituitary gland can modulate thi)S ~esponse.. CO~tical ODC response to 
1 

f/I , 
HL? J as previously demonstrated" is mediated entirely by the hypophysis. 
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INTRODUCTION 

Ha10peri~ol (HLP), a typical neuroleptic and dopamine antagonist 
\ 

(13), has been used in this laQoratory to black the act~n of the two 
• 1 

dopaminergic drugs apomorphine and piribedil in stimulating increases ' 

of adrenal ornithine decarboxylase (ODe, 1-ornithine carboxylase, 

EC 4.1.1.17) activity. Additional1y, it has been observed that HLP 

itself produced an increase in adrenomedullary ODe activity 2.5 h 

lafter its administration (1). Treatment of rats with cholinergie drugs 

. (18,21) or reseTpine (9,1.8,21) also causes an increase ,in medullary OPC 

activity. Furth2eo e, these effects are trans~aptica11y mediated 
, 'fi. -7 M 
(17,18,21). . 

To study fur er the eff'ect of HLP on adrenal ODe activity and its 

mode of action, the time-course of stimulation and the dose-response 

relationships have been investigatèd in separated adrena1 meclulla and 

cortex. 
~ 

MATERIAL AND METHODS 

AnimaIs 
/.--

Male Spràgue-Dawley rats (Canadian Breedin~ Farms and LaboratOrfes 
\g 

Ltd., St. Constant, Quebec), weighing 190 - 210 g, were housed in 

individua1 wire cages. They were, kept at 250 on a 12 h light-dark 

schedule w~th tap water and Purina Checkers ad libitum. 

AnimaIs wer~ killed by decapitat~on between 10 AM and 2 PM ta avoid 

diurnal variations in ODe activ~ty (1). • 
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Hypophysectomyand splanchnicotomx· 

Hypophysectomized rats were obtained from the supplier mentioned 

one day after surgery. Uni1ateral splanchnicotomy was perforrned in this 

laboratory with the aid of a dissecting microscope under chloral hydrate 

anesthe4;>~~Oo mg/kg). The weights of the denervated and innervated <.~ 
adrenals (14.3 ± 0.3 left, 13.6 ± 0.3 right, tn mg ± SEM, for n = 45) ~ 

were almost identical; this lent assurance that the vascular supply to 

the denervated gland had remained intact. Both hypophysectomi~ed and 

splanchnicotomized rats were used for experiment four days a'fter the 

oper~tion. 

Haloperidol_was donated by Mc~eil Laboratories (Canada) Limited, 
, 

Don,Mills, Ontario. L-(1-14C]Ornithine, specifie activity 40-60 Ci/mole, 
= . 

and 2,S-diphenyloxazofe CPPO) were purchased from New England Nuclear 

(Boston, MA), ~d chloral hydrate from Fisher Scientifi~ Co., Montreal, 

Quebec. AlI other chemicals (analytical quality) were obtained from 

standard commercial sources. 

HLP was dissolved in a few drops of glacial acetic acid, diluted 

with distilled water and then titrated with 0.1 N NaOH to pH 6. The 

drug solution was injected intraperitoneally in a volume of 3 ml/kg 

.' 
body weight. Controls were injected with the same volume of carrier 

solution. 
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Statistica1 treatment 

Data are expressed as mean ± standard error of the mean (SEM). ~ 
\ 

As the SEM varied directly with the size of the mean individual values 
\ 

were transformed logarithmical1y~ before Student's t-test Was applied, 

to ,evaluate the significance of the drug effeét. When more than two 

groups were to be compared, the~nalysis of variance was performed (24). 

Tissue preparation and ODe assay 
~ 

f' 

-"-At, appropriate times ~fter treatment, t'he animaIs were decapitated. 

The adrena1 wer~, removed, and the medulla was separat'ed from the cortical 

* tissue. The accuracy of the dissection was checke,d as preyiously 

described (1). Tissue from the two medullae or two cortices was pooled ,\ 

and homogenized in phosphate buffer 0.05 M, pH 6.8. 

Determination of ODe activity by incubation of the 20,000 ~, 

supernatant with ~-(14e)ornithine and measurement o~ 1~~2 libe~ated was 

performed by the method of Russe.!l and Snyder (22) with sorne min or 

modifications (17). The reaction mixture contained 1 ~ei 'of ~_(14G)' 

~i thin. 0.04 mM; pyridoxa1 5' -phospha~., 0.05 m>f; di,tMothr.Ùo1, 1.0 

, mM;-ÈI'T'Î'~, 0.1 mM; and 100,.~l of enzyme preparation in D.S,ml total volume. 
~ .. 

The activity of the enzyme is always expressed 'as .pmol 1~.eo2' prod~ced 
o 

per mg ~f protein per 45 min of incubation at 37 • 
'" 

RESULTS 

Dqse-response relationship for ~drenaJ ODe after haloperidol 

Administration of HLP to rats increased ODe ac'~ivity of the' adrenal 

l' 

, ( 

1 

\ 



( ,1 

... 

medulla during the initial 2,5 h in a dose-re-lated manner -(Figure 1). 
, -, , 

A significant risé '(210% of coittrol~ o~cur-red with 5 ,mg/fkg HLP a~d th: 
f ' 

activity rose progressively with increasing doses, at least up _to 20 

mg/kg, where·it was over 15 times control (Figure 1), .. 
In the case of the adrenal cortex. ODe activity,did not increase 

oveT contTol tor any·of the HLP doses studied. On the contrary, rats 

treated with 5 mg/kg showed a statistically significant decrease (49% 

of controls), 

'Oose'-response for hypophysectomiZed rats 

Ta determine if the pituitary gland is required for the HLP-induced 

in~reas,e in adrenomedull~x ODe activi ty, the dose-effect relationship 

",as, studied in hypophysectomized rats. Hypophysect'omy did not prevent 
o .. 

the large increase produced by HL? ln medullary ODC at 2,5 h, Rather, 

the hypophysectamized rats were mor~ sensitive to HLP treatment, 

showing much'larger percentage increases in enzymic activity, For 
n 

example, with a dose of 5 mg/kg the increase over, control went from 
~ . 

210% for intact to 565% for hypGphysectomized r41s (Figure.l). 

As for the cortèx, an apparent increase in'ODC activity was observed 

after 10 mg/kg (Figure 1). However r contamination wifh small arnounts 

~f the hi~ly resporisive'medullary ti~sue is undoubtedly respoJsib~e 

. for this effect, 

Time-course 
, -

'The time'-course of s,timulation of medullary and cortical ODe activity 
\ . , QY h~loperidol was studied for two different doses, 5fg/kg and 20 mg/kg 

',. 
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i.p. The highest enzyme activity ~n th~ medu11a in this experimen~ was 

observed at~~.5 h for both ~oses~studied; .~~ çthen decreased with time. 

, ~DC activity of the corte~ showed a different pattern i~ that 'it 
, 

continued to increase with time, .a,t least until 6.5 h (Figure 2). The 

slow response of adrenocortical ODe to HLP has been previously encountered 
) ~ 

" 
with respect to aminbphylline administratio~ (6) and immobilization (18). 

1 

Effect of unil~teral spl~chnicotomy 
/\ 

Previous studies with cholinergie ~ dnd / -:r 
~./ "-
~-

18,21) have demonstrated that the early inerease 

stressful stimuli (17, 

adrenomedullary ODe 

activity produced by these, a'ge~ts is mediated by ~he s pathetic 1l'érvous 
< J " 

,system. To determine whether the HLP effect is similarly cohtrolle4, 

transection of the splanchnic nerve suppiying the left ·adrenal gland was 
f . 

performed. 'Splanchnicotomy abolished completely thë effect produced 

,by HLP (20 mg/kg) in the àdrenal medulla when comparisons of the left 

& adrenal (denervated) versus right (intact) were made af 2.5 h, a time 
c. 

, when the cortical tissue was unresponsive ta the drug (Table 1). Gross 

examination of the animaIs postmortem.showed that there was no damage 

to the adrenal of the operated side, and no significant difference in 

the weight of the glands of the two sides. 

DISCUSSION 

The resu~ts of the present experimènt; c1early ~ndicate that HLP 
, 

markedly s'timulates ODC acti vi ty in adrenal medulla o,f the !at, and that 

its largest effect as seen in these experimentt ~ccurs at 2.5 h after 
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" . 
the administrl;~tion of the drug. <> the incll"~ase i's greater \1hen high ltYJ . 
doses are given, and it can be prevente~by denervation of'the adrenal 

" ' , 11:1 l ' . , 
medulla. In aIl prev;ous' reports, intact oinn~rvation ta the adrenal . 
was require~\.in ord~r for cold e.xposure ,C~, f8), immobilizat~o!).. (18), 

" ' , 1 

re.s~rpin~· (18) à~d choli.nerg~c dru~s (1?,,~1) to produce ~reases. in 

adrenomedullary ODe activity. In addition, the ganglionic blocker, 
~ 

) , 
mecamylamine: was found to_ lower the ODe increases induced ~y . . . 

" carbamylc~oline (7) .. These increases in enzymi<; activity are preceded 
" . 

in most i~stan~es by' a. rise in the cy'cfic AMP lévels ,and ~re _yarallelec( 
, 

in some c~ses by an iI}crease in açtivity of c~p-dependent prot'ein 

kinase as shawn by Byus and Russell (S'). ,They used actinomycin D'and 
~ 

<;ycloheximide ta demb,nstrate, tha~ bqth RNA"and protein synthesis. are 
\ 0 

nec~ssary for the increases' in ODe activity observed by cold exposure 
• ~ • p 

, ' 
and th~ administration of aminophylline. MOTeover, kinetic studies of 

adrenomedullary eDe,preparations fro~ oxotremorine-treated and control 

animaIs have shawn that ~here is no change in '·the Km for the substrate 

~-ornithine, but an incr~:e in Vmax (unpublished ~esults). These'data 
-

suggest .that H~P, a centrallY,acting drug, ~nduces"adrenomedul1ary ODe 

·'actiVlty,by a reflex increœse in preganglionic nerve actj..vity. 

'Ind:ed: a ;ho:~~1;e;rm treatmé~t ().f \anin:~.1S with- antiJlsychotic .. 
o ~ 

phenothiazines and HLP (3) or microinjection of HLP into,the caudite 
'! "'... , 

nùcleus (12). increases the firing rate. df dOPél:minergic neurons in the' 
'", 

• • .., , 1 

substantia nigra; %s'detectéd ~ith extracé11~lar electrodes. Sever~l 
. ~ - , 

studies have 
\ 

RQW ShO~ that s~stemi~ administrati~n of HLP aiso increases 
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bioJynthesis(and release of dopamine, that is, its turnover. Accumulation 
Î ~ 

of O-methylated catecholamines in brain following neuroleptics, i~cluding 
'\ . . 

HLP, was first clemonstrated in mice'by Carlsson and' Linqvist (8). 
l , 

• 
Accumulation of the acidic metabolite dihydroxyphenylacetic acid has also 

been detected in the substantia nigra and vdntral tegmental area of rats 

(2,23) • 
~ 4 

, 
The increase in firing rate of dopaminergic neurons caused by ~LP 

is antagonized by apomorphine (4), pres4ffiably bYcits action at a 
- , ::; 

1 presynaptic site., Our results previously de~onstrated (1) l similar 

.... ' 
effect when piribedil was administered to rats pretreated with HLP and 

adrenomeduII~ry ODe actiyity was measured at 2.5 h after the HLP was 

given •• 

The results ~th hypophys~ctomized rats aise indicate that the 
, 

pituitary gland can modulate the ~ensitivity of the animal to HLPT}the 
, , 

operated r~ts showing a larger increase in adrenomed~llary ODe than 

intact (nQn-operated) rats in response to the sam~ amount of drug. 

Perry ,et al. (16' have rec~ntly reported that hypophysectomy increases ~ ~ 
f'- 1 " ·-.~I 

th~ sensitivity of DA receptors, 'increas~ng the Bmax of (~Piroperi'dbl-
1 ~~i 

binding to striatal'membranes as, weIl as inducing' hypersensitivity to 

apomolJ?hine when stereotypy was assesSed. Furthermore, i t is clear that 
. 

the presence of the pituitary gland is not required f9r the effect of 

HLP On medallary ODe activity. 

I,n the case of the adrenal cortex, there is a delayed response of 

ODe to HLP: up to about 4.5 h for" a dose of 20 mg/kg and 6.S \ for 
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... 
'5 mg/kg. These effects confirm o~r previous results (1) where HLP was 

tested for its b10cking action again~t apomorphine and piribedil. In 

that work the incJease of cortical activity was shown to be prevented 

by hypophysectomy. As HLP is kno~ to r~lease pro1actin (10), 

adrenocorticotropic hormone and e-endorphin (11), it is conceivable' 

that its delayed effect on the enzyme of the cortex is mediated by a 
, ~ 

specifie peptide or peptides. Indeed, administration of ACTH (14,20), 
1 . , 

growth hormone (14), or prolactin (19,25) to hypophysectomized rats 

causes an increase in ODC activity of the adrenal in 'the rat. However, .,. 

nothing is known about the mechanism of action of the hormones on 

adrenocortical ODC activity as aIl measurements have been done on 
.~ 

homogenates of the whole adrenal gland. ACTH causes increases of cAMP 

.lJ1 the adrenal, as well as ODC act i vi ty . The lat ter change seeIDj"to be 

independent of steroidogenesis, and it is blo,cked by cycloheximide and .. 
actinomyclll D '\(20,15). 
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2500 medulla 
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100 --------------------------------- , 

cortex 

l~OJ--~~--'m----~ : 
, 2.5 5 ' 10' 20 ' 

dose haloperidol 

'FIGURE l ' 
Dose-res onse or the éffeèts of hâlO erido!' (2.5, S, 10 and 20 
mg kg l.p.) on 0 C activity ln the a renal medulla (O,hypox~ 

,1 intact) and 'cortex (0 hypox, "intact) •. The animaIs, 4~5 per 
group, were killed ~.5 h a~ter the drug. Values are expres~ed 
as mean ± SEM •. Control values (100%) were,33 ±3.'7 and 2S .± 2.9 \ 
(for medulla) and 61 '± 4'.2 an-d 16 ± 2.3 (cortex, intact ànd 
hypox, respectively)~pmol 14C02/mg p~tein per 45 min. The' 
significance of the difference from contio.1s were a, P < 0.001; 
~, P < 0.01; and ~I' P < 0.05. -
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meÇu li a 

c 

-------------------------------_. 

b 
2.5 

----------~ 

cortex 

, 4.5 

hours 

a 

6.5 

1 

_----- ~-------~--p l GURE 2 

Tim~~ê)nse of the effect of halo eridol on ODC activit in 
renaI me ulla 0 20 mg kg, • 5 mg , g Lp.) an cortex 

'(0 20 mg/kg, .' 5 mg/kg). Th~ animaIs, 4-5 pe,r group; we're , 
killed at different times after the drug. Control values 
(10q%) ranged from 27 ± 5.41 (mean ± SEM) ta 57'± 4.2 'for 
medulla. and from 40 ± 7.4 to 153 ± 46.6 for the cortéx, in 
different experiments.~ These values are expressed in pmol 
14C02/mg·p~otein per 45 min. The significance of the 
diffe;ience from contraIs were ~. P < 0.001; b. P <. 0.'01; and 
~, p < O~05. -
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TABLE 1. Ef~ect of haloperidol on '~enal .~ activity of unilaterally 
:::><:::: :::::::> 

Treatment 

, 
Control 

HLP . 

\ 

splanchnicbtomized rats 
t 

" Medulla 

, Intact Denervated Antiact 

24 ± 1.5 24 ± 1. 8 

519 ± 188.48 S2 ± 13.0 

fi-

~ 

19 ± 7.6 

14 :!;. 4.0 

Cortex' 

Denervated 

42 ± 18.6 

12 ± 2.9 

Values shown are mean ± SEM for 4-5 determingfions and are exprèssed as 

pmol 14C0'2 per mg protein per 45 min. Haloperidol (lfLP) ~'was administéred 

i.p.~in a dose-of 20 mg/kg and rats were ki11ed 2.5 h. after. 

a P < 0.01 for comparison with denervated medulla. 
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CHAPTER IV 

Adrenomedullary Ornithine DecaTboxylase Activity: -

Its Use in 8iochemical Mapping of the Orïgins of 

the Splanchnic Nerve in the Rat ~ 
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SUMMARY 

The aetivity of ornithine d~c~rboxylase in the 'adrenal medulla of .. 
the rat can be induced transynaptically by the repeated administration 

of apomorphine. Unilateral section of o~e to"four ventral spinal 

cord roots from T4-T12 pattially prevents this effect. In,ter,ruption 

of the intercostal nerves (T7-TI3), with preservation of the autono~ic 

innervation of the adrenal medulla, does not produce any alteration in 

the response of the medullary ODe to APM in the operated side as 

compared to the intact side. Dorsal root section at T7-T10 leads to a 

small reduction, while section at T2-T4 has no effect at aIl. Thus, 

selective surgical interruption of spinal cord roots indicates that 
1 \ 

the bulk of s'planchnic fibers mediating the transYI;laptic induction of 

adrenomedullary ornithine decarboxylase ,course in the ventral roots 

between"T7 and TIO ' Dorsal rhizotomy demonstrates a modulatory role in 

this induction of afferent information to sympathoadrenal preganglionic 
,.l 

neurons involved in innervation of ~e chromaffin celis. 
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INTRODUCTION 

Investigation of the mechanisms regu1ating the activity of adrena1 

• medullary enzymes, in particu1ar tyrosine hydr~~ylase (EC 1.14.16:2) a~d 

ornithine decarboxylase ê~c; Ee 4.1.1.17), has demonstrated the crucial 

ro~e of nervous impulses ta the chromaffin ce1ls by way of the sp1anchnic 

nerve (12,17,22). More recent studies have turned to the detection of , 

'the prior influencë,s in the cef1a1 nervous syst~m whose effects converge 

upon the preganglionic 'syrnpathetïc neurons i~nervating the adre,na1 

medu11a, thereby regulating the activities of tyrosine hydroxylase (6,13, 
\ 

1~) and ODC (15,16). For examp1e" in this 1aboratory it has been found . 
tha~ treatment o~ rats with dopaminergic agents inéreases the activity , 

! 
of these enzymes (1,13,14) and that this effect is, mediated at a 

'.. 

supraspinal 1eve1 in the case of tyrosine hydroxylase (6). The present 
, , " 

work is concerned with experiments in \~hich ODC, the rate~limiting 

enzyme in Iflyamin.e biosynthé~is (21) and one that seems to have an 

,important r21e ~ early embryonal development (5), has been·measured. 
...... l;) / 

This enzyme cataly~'s thé conversion of ~rrlithine to putrescine 
1\ 

~(1,4-tetramethylenediamine). Its activity in the rat adrena1 medul1a 

can be stimulated not only by the admini~tr~tion o~ dopaminergic and 
, 

cholinergie drugs (1,15,17). but a1so'by subjecting the animaIs to 

stressors su ch as coHl or immobilization (2,16),. A complete transection 

of the sp1anchnic nerve supp1ying the adrena1 gland virtu~lly abolisrres,~, 

the increase in' medul'lary ODC act~vity' produced by aH these agents .. 
(2,15,16,17) • 

o , 
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The origin and course of the pregaIl'glioni~ f~bers /n~erv~ting ,:the 

adrenal chromaffin cells of the rat have\been exarnined in'the past b~ 

different methods: Wallerian degeneration (11); chram~ffin reaction 

(8); and the retrograde movements of the dye "True Blue" (10) and the • 

enzyme horseradish .... p.e'l'oxidase (18). Tne fibers passing to the 'adrenal ) 

medullà originate in the intermediolateral celi group ,of the spinal ~ 

cord, the neurons consti tuting a long, continuous col wnn from Tl t,o LI' 

Thè highest numbers of these cells are concentrated in the area, between 

T8 and T10 C,18). We wiShed to learn i! nerve impulses gen~rated in the 

preganglionic neurons originating at different spinal levels c"antribute 

propartionally to the induction of the activity of medullary ElDG. It 
o 

was therefare hecided to alter the sympathetic central output and input 

by c~tting ventral and dorsa1~oots of the spinal cord, respectively, 
, j 

followed by attèmpts ta stimulate ad~enal/medullary ODC activity by use 
. 

of the dopaminergic agonist apomorphine (APM) (1,4,20). 

MATERIALS AND METIIODS 

Male adult Sprague-Dawley. rats (500 g)."maintained with a light-

dark cycle of 12:12 h, and given tap'water and Purina Checkers ad 

libitum, were used thràu~?ut this w~rk. Surgery was done ~nde:-chl~ral 
hydrate anesthesia. In eight rats! the intercostal nerv~s from T7 ta 

<, 

T13 were cut o~ th~ 1eft side at their immediate exit f~ the intercostal 

space; this preserved the aut~nomiC innervat~an ta th: alenal medulla o' , 

(Figure ID). In the remaining rats laminectomy was" performed in. arder 

ta cut ventral ;horacic raots (T4-TI3 , in, groups of 1 to 4 raots) 
, ~ 

(Figure lA); dOfsal roots (T2-T4, T7-T10) (Figure lB); ànd combined 
....... ~"......" 
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ventral and dorsal roo'!;," (T7-~O) (Figure lC). The roots were 

id.e~tified atcording to jelderd ~nd Chopin (7). Five days postoperatively, 

~.. ~--.....~he ~nimal: 'were inje<1;led with apomorphine.~Cl, (donated by Mer,ck-Frosst 
~ .' -----~~ ~ _ ______ ~. 'i 

... ~. Laboratôri.es"t..!irklarld,. P.Q.), 3 .doses 'of 10 mg/kg s.e. at 1.5 h 

,/ 

-

, , 

----------~ '------~ ~ 
inteTvals (0" 1.5 and,~3-;rr) ,',or with the same volume of cC?ntrol vehiclè. 

( 

Rats were decapi tated 4 h after the first inj ection of APM and the ( 

adrenal'.g2-.andS we're quickly remo~éa and dissected· at 40
• ~e \poX:~~n, o~. 

, ~\~ 
the tissuë' correspondlng ta one or two medull-ae \l'as homogenized 1n 200 

" 
-- )Jl of' ~ho~phate buffer, O,/\.~ M, pH 6.8, with a motor-driven Teflon p~stl~. 

, 
The 20,000 .K supernatant ·was use.d for: the ODC assay and determination of 

. . 
protein content (for details of tissue prepa:t::,ation and 'assay of ODC' . . ' 

i () ~~\ 

activity in ,vitro, see ref. 15). The actfvity dfthe ebzyme is e?cpressoed • 

14 '" <J , 0 
as pmol CO2 produced per mg of protein ~uri~g 45 min incubation at 37 • 

Standard statistical methods were used (19) in cO!llputiIfg the data 

'\ and establishing significant diff1re~ces. 

RBSULTS 
Q 

The ODC actiyity of adrenai medhllary tissue was '~irst deterlnined 

in intact rats. (200 g)', receiving either saline or APM treatment. 
. ' 

fro~ the two glandt was 
. (' ' , 

'f!le resuHs in Table ! show that the 

• .1ow ODe activity of the tissue ca~ .be remarkab1y increased by the ~ 
~, 

, adminis~rati0t: of APM; as previously dEimo'nstrated Cl .. ). Other control 
'. 

~xperiments aTe set out in that tab13~ AnimaIs with unilateral s~ction 

of the ventral r09ts T7-T
9 

had ODe activi'ty in'the adrenal medullary 

tissue that hardly differed from that' of the intact animaIs. Thus, the .' . 

• 1 

surgical operation ~lonec had no effect on ODe activi ty under the described 
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conditions~ Other rats underwent unila~eral section of seven nerves 
o _ ... 

in the intercostal,space (Figure ID, Table 1) and were then g~ve~ APM 
o • 

to sti,w-ate ODe ,activity• There was a nine-fold lncrease over the 
,# 

controIs, the values being similar for the adrenomedullary tissue of the 

o~erated and intact sides, and bath similar ta the acti vi ty in APM-
• 1 

treated intact ànimals (TÇ1b1e 1) • ,'" 
\ 

Section of ventral roots of the spinal cérd madified ta varying' 

extents the APM-induced increase of adrenomedullary ODe activity of the 
~ 0 

operated side as compared to the intact side. Section of the individual 

ventral roots TB' Tg, and TlO led ~o attenuatton of. the response to APM 

by 21 to 29% (Table rI; Figu~e lA): Much grea~er reductions rn activity , 

were obtained by section of three or fouror~ots. For example, with 
, ~ 

section of ventral ropts T7 ta TlO there was a mean,reduction of 61%. 

There was greater retention of the APM effect even with the more extensive 
\ 

lesions where the sec~ion was made further away· from the T7 to TIO region. 
, ~~ 

Wj. th section of .the ventral roots T 4 to T 5 tn.;re was eS,sentially the 
~ , 

same response as in 
o l 1 

control animaIs, t.e. equal induction bf'ODe activity 

on bath sMes. 
• \ '1 

Thus, our procedure demonstrates that fibers mediating 

this particular functional actîvity of the splanchnic nerve hàv~ their 
"0 f 

origin in-the spinal cord between ~egments T4 a~d T12 , and interruption 
~ -' 

of ventral roots beyond thêse limits does not affect the adrenomedullary 
* ~ 0 ~ 

ODe respons.e t~ -the 'administration of APM. 

, The possible cORtribution by fibers, coursing in the spinal dorsal , , 

roots, ~o the ;egulation of ODe actiÇity was also investiga~ed. Section 

of four dorsal ~o~s (T;-TlO) led to 27% reduction in the medullary ODe 
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acMvity of th~e gland on the operated 5
1
ide following APM administration 

0Table II; Figure lB). To assess the specificity of this effect, three 

dorsal ro~s in an area knoWQ to make little contribution to the , 
, 

innervation of the adrenal medulla, T
2
-T4, were cut in other rats. 

There was no difference in response of the medullary ODe between the two 

osides. The results with dorsal root sectionoat T7-TlO are, therefore, 

physiologically significant, and favor the concept of operation of 
~ , < 

segmental reflex arcs in the modulation of activ~t~ Qj sympathoadrenal 
-, 

preganglionic neurons (SAPN), or attest ta ,the presêbce of efferent 

fibers coursing in dorsal roots (3). 

-...:,.,.., 
Combined section of dorsal and ventral roots at T7~TlO caused a 

Mean decrease of 50% in medullary ODe activity of th~ adrenal on the 

ùperated,side (Table II: Figure lC). This i~ similar ta what'was observed 

when only thefVentral roots in this region we~e severed (Figure lA). "The 

non-additive effect Qf dorsal and ventral root section again emphasizes 

the modulatory role of the afferent information reaching the spinal 

rsegments involved in innervation of the adrenal medulla. 

DISCUSSION, 

&;- Anatomical studies by Schramm et al. (18) and by Holets et al. (10) 

have shown that the sYmpathoadrenal preganglionic fibers are distributed 
~ . -

from segment TIto segments Ll-oLZ' with the largest concentration of ceU 
} 

bodies in ~he areas df T7-TlO and T7-TS' respectively. We have shawn 

that the increase of adrenal ODe activity provoked by APM rèflects a 

"distribution of fibers subserving'this function between T4 and T12~ with .. 

\ ' 
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the major segmental contributions at T7 to TlO (Figure lA). 

The resu1ts with rats that have undergone ~ection of dor?al Taots 
• 

T'7-TI0 alone or a10ng with the eorresponding ventral roots make manifest 

the existence of a modulatory function of the afferent input in regard 

to the activities of SAP!:'I (Figures lB and le): This mod~latory,input 

enters the spinal cord by way of the,autonomie pathways, for section of, 

seven intercostal nerves (~ble I; Figure 10), 1eaving intact both 

afferent and ~fferent innervation of the adrenal medulla, ·does not alter 

in any way the response of m~dullary ODe to APM. The segmental integration 

of this modulatory phenomenon is shown by the results obtained in animaIs 
, \ 

with section of dorsal' roots at two different levels (Figure lB). With 

section of dorsal roots at the higher level (T2-T4), where_SAPN are 

es!entially absent, no apparent reduction in the APM-induced effect on 

medullary ODe activity is observed. However" section of dorsal roots at 

T7-TlO produces a considerable reduction in medullary ODe aetivity. As 

already mentioned, this is the area that coneentrates mast, of the 

preganglion~c fib~rs reaching the adrenal medullà. It seems- likely that 
, 

the activity of SAPN is sustained by descending afferent volleys, 
. 

originating supraspinally (6) J and modulat,ed by the peripheral segmental 

afferent input that enters the spinal cord by war of autonomie pathways 
i ___ ,.1 

(Figure lB). As reflected 1n our re~~s, one may speeulate that this 

input is mainly faci~itatory. , ~ 

i$;r" Finally, we.consider that the technique of root section used here-~ 

in conjunctiôn with a biachemical measurement of activity of adrenal 
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chr'omaffin tissue can be· extended readily to other fun ct ions • The 

tr~synapt'ic induction of tyrosine hydroxylàse, biosynthesis of 

catecholamines in the adrenal, and release of catecholamines under the 

influènce of stress ~r insulin administration (23), come readily to mind. 

,It would be interesting to determin~ whether the chromaffin cells receive 
, . 

innervation from the same segments of the spinal cord for aIl their many 

~unctions that respond ta nervous influences, and how this innervation 

is differ~ntiated with respect to the types of catechQlamine-containing 

cells, a question to which Hirano and Niijina have addressed themselves 

(9). Thère is already a partial answer ta the firs~ question from the 
, l" ; 

present work as weIl as that of others. Waki (23) has shown tha~ the 

release.of catecholamines from adrenal medulla in dog in response to 

eiectrical stimulation of ventral roots is mediated by fibers having 

their origin between T5 and LI for epinephrine, and T5 and T12 for 

norepinephrine, with the maximal effects around TlO • Stimulation ofi. 
"...-?\. 

dorsal roots was ineffective in ~eleasing catecholamines. Schramm has 

traced splanchnic fibers from the adrenal gland to the spinal cord by the 

retrograde movement of horseradish peroxidase; these fibers had a somewhat\ 

wider distribution (18) than SAPN mediating the transynàptic induction 
. ,# 
of adrenomedollary ODC in our work (Figure 1). . ( 
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TABLE 1. ODe drenal medulla in various control groups 
--------~~~----~----------------------~--~ 

Region of 
section 

II'! (In.tact ) 

(Intact) 

of rats 

~~tral roots, 

~7-T9 '\. 

Intact side 

Operated side 

Treatmenè 

Control 

APM 

Con't;rol 

Intercostal nerves, APM 

Intact side i1 

Operated side 

1 

No. of ODe activitya 
rats 

4 41 ± 6.6, # 

5 318 ± 30.4* 

4 40'± 2.7 

l 46 ± 6.6' 

8 358 ± 38.3* 
, ' 

8 356 ± 48.8* 

.' 

Apomorphine (APM) was administered in 3 doses of 10 mg/kg i.p. or s.e. 

.1 

at 1.5 h infervals (0, 1.5 and 3 h) and rats were ~illed 4 h after the 

first injection. 

l ' 
1 
1 

l ' 
1 

'1 
i 
r 

14 ' 1 
a pmol COZ/mg protein for 45 min of in,cubatiolIj Mean ± SEM is tabulated. 1 

, .. 1 

* p.< 0.001 for comparison with'control intact rats • .. 

.. 
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Legend to Table II 

* Because the variance of the data tended te increase in ~roportion to 

th(:! means of the groups," values for ODe activity were converted to their 

natural logarithms, ameasu!e that provides a more nearly normal 

distribution: The effect of a particular unilateral treatment wa,s then 

calculated as the difference betwe-en the ODe activities' for the two 

sides. Analysis of variance (19) for 1S gro~ps of ra~s, each group 

~onsisting of 4 to 10 animaIs, was based upon 14 degrees of freedom 

for "Groups" 'and 66 degrees of freedom for "Errar determination",. The 
, ' $ 

corresponding variance was employed in calculating significant differen- < 

ces between groups. AlI logari thmic stlJ!Illlary data were then t,ransformed 

• 
ta the natural numbers, and these are set out in Table II as thA 

\' ",.-
weighted mean ratios of ODe activities on the two sides. 

", 

~ Significant d~fferences'for animals with ventral root dissections 

(*P < 0,05; **P < 0,001): 

2i-T5 versus T6-T8*, T7-T10**, and T10-Ti2*; 

T6-T8 versus T7-T10*' and T13*; 

T7-Tg versus T7-T10*' Tg*, and T13*; 

T7-TI0 versus T8*, Tg**, TI0**, TIO-TIZ *' ~nd ~13~*j 

TlO-Tl2 versus '1'13*.' 
\:, ' 

Significant differences at T7-TIP: 

"-V versus D* and D+V*; ~, 

D versus D+V*. 
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TABLE II. ODe activitl in adt'eno~édull~rr tissue of rats with section 

of spinal TootS in thoracic regton, after treatrnent with 

apomorphine 

Thoracic roots' V/D No. or'J. Mean ratio· (as %) 
sectioned .- rats· Operated side:lntact side' .. 

4-5 V. ,4 .93 

4-6 V 5 88 

6-8 V .. 6 61: 

7-9 V 5 54 

7-1~ V 7 39 

8 V 5 71 n 

,9 V 8 79 

10 V 5 77 

10-12 V '4 '60 

13 V 4 IDS 
"",. 

2-4 D 4 106 

7-10 D 4 73 

7-10 D+V 10 50, 

-.. .. , 

1 • 

\ .' 
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% reduc'tion În' adrenomedullary ODe activi'ty 

F~GURE 1 

Percent ~eduction of APM-induced increase of ODe activity ... 
Bloaks représent mean values of the percent rèductian in 
ODe activi~y of the left adrenal medulla in comparison to 
the right adrenal medulla (ipsilatera1 and contralateral 
to denerv.ation, respectively) in response to'APM. The ' 
drug was injected in 3 doses of 10 mg/kg S.c. at 0, 1.S 
and 3 h. Rats were killed 4 h after the first dose. 
Numbers inside the blocks represent number of animaIs 
(4-10) in each group. Unilateral denerva1ï,ion was as 
follows: A, section of ventral spinal roots T4-T13 in 
groups of 1 ta 4 roots; B, section of dorsal roots from 
T2-T4 and T7-TIO; C, section of dorsal and ventral roots 
from T7-T10; and D, section of the intercostal nerves 
fram T1-T13. In B, C and D the filled circles represent 
dorsal root ganglia. In D, additional dots associated 
with the intercostal nerves represent sympathetic chain 
~ganglia. 
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CHAPTER V 

Central Dopaminergic Regulation of Adrenomedullary 

Ornithine Decarboxylase Activity 
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ABSTRACT 

T-he administration of,the two,dopamine receptor agonis~s apomorphine 

(APM) and piribedil (PBD) to rats leads to "an increase-, in omi thine 

decàrboxylase (ODe) activity in the adrenal medulla~ In this' work, 'we 
" 

r 

0"" have tried' to elucidate th~ neural pathways involved in the regUl~t~on ~ 

. of this enzyme. The treatments ~nvolv~d are: unilateral splanch~icotomYJ 
.. 1'î" a 

spinal cord section, intraventricular injec~ion of the neurotoxin 

6-hydroxydopamine,oand section of the~b~ain at varfous levels. Unilateral 
" . , 

splan:nicotomy 'reduces very signiflicant-l; thl induction of. ODe producë,d 
" , • 

by either APM or PBD. Sp~nal cord section a~ei~her of twoVdifferent 
. 1 " 

levels (TS or T2) al~o lowers the"response to the drug •• Intracerebro-
, ' 

,ventricular injection of 6-hydroxydopamine, 'on thè other hand, elevates 
..". 

the_mean~esponse ta APM, although no~ to a statistically significant 

extent. Section of the 'mesenc~Phal~n ~ell \elo~ the periaqueductal g~ay 
does not al ter the response of adrenomedullary ODe to APM. Trl,iPlsèction 

" . 
of the diencephalon almost prevents it whereas hypothalamic deafferent-

. 
ation and incomplet~ diencephalic transectio~ potentiates the effect of 

t~is drug. These observations StroHgly s~ggest t~ullary 
" 

DOC activity is predominantly regulated by a central system, originating 

mainly in the diencepnalon~elencephalon 

dopaminergic component. ~ , 

and including a facilitato~ 
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INTRODUCTION 
~ , 

. , -Recent studies in our laboratory have shown that 'the activity of 
, , 

1 ü 

ornithine decarboxylase~(ODCJ EC.4.1.1.17) in the adrenal medulla of 
~ il" ' 4,.. 

the ,rat ... be it;lcreased several~ fold by tohe administration of the 
• 0 ' 

dopamine agonists )pqmorphine (A~M) and pirlbedil (PBD) (2). These 

" effects are time-dependent fqr bot~rugs ~nd ~ase-related for APM. , .. , -

That, i~ J at least two doses of 't:he ,dl1,1g (10 'mg/kg)' are necessary to 

increase ODC significantly over controls. The specificity of action of 
\ 

~ese drugs on dopamine receptors resulting in an increased adrenOmedUlQary 
-f " 

ODC activity was checked in the same work br the prior administration of 
J 

J, 

haloperidol. A dose o~ 5 mg/kg of this dopamine-receptor blocker \ 

~ ~ntagonized tb~ effect of the drugs J.lp to 4 h, but
w 

haloper~dol i t,self, 
, "" 

in larg~r ~doses increased adrenomedu.t'l:arY ODC activ:i!'ty in a time-dependent 
'\ 

" Ir l..t 

manner (1). This latter action °was prevented by âenervation of the ..... ,/' 

.", 

adrenal gland, as has been reported for ODC incre'ases after cold exposure 
il ,~_ "' 

(11~42). immobi1iration~a~d ad~n~stration bf reserpine (42,15) and 

çholinergic drugs (41,46). 

" In related work'we have foupd that unilateral section of ventral· 

. spinal roo.s reduce~ the inductive effect of APM ad~inistration. the 

.'reductio~ depending"upo~ ths number of roots interrupted and their #. t 'I~'~ . 
, location in the thora cie region fro~ ~4 "ta T l~ (3) • Al! these resul ts 

v, r 

'suggest a crUcial role of cent~al innervat10n in determ{n~ng the 

i inauctioft of ODe act i vi ty. '" 
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We have now sought to define further the 'central dopaminergic 

system involved in the APM-induced increase of adrenomedullary ODC 

activity. In this regard we have kept in mind the earlier r,esult, n~èly 

that another medullary enzyme, tyrosine hydroxy1ase (tyrosine 3-mono-

oxygenase 1 EC 1.14.16.2) 1 is also _~affected by a central dopaininergic 

system (39) lying rostral to the thoracic cord (19). 

EXPERIMeNTAL PROCEDURES 
) 

Materials 
, 

Pyridlbxal 5' -phosphat~ (crystalline~ DL-dithiothreitol and 
== 

6-hydroxydopamine.HBr (6-0HDA) were purchased from Sigma Chemicàl Co. 

(St.' Louis, MO). Apomorphine .HCl was obtairied from F. E. Cornell and Co.' 
o c' 

(Montreal, P.Q.), and chloral hydrate from Fisher Scientific Co. 
t .. 

(Montreal, P.Q.). Synthetic ACTH (Synacthen depot) was purchased from 
,-, 

Ciba~teigy (Dorval, P.Q.), Piribedil (PBD) was a gift of Laboratoire~ 

Servier (Neuilly-sur-Seine, France). ~-(1_l4C)Ornithin~ and 2,5- ' 

diphenyloxazole were purchased from New EnglandtNuclear (Boston, MA). 

Desmethylimipramine (desipramine) was donated by Ciba-Geigy (Dorval, P.Q.) •. 

Ali other chemicals (analytical quality) were obtained fro~ stanfard 

commercial sources. 

AnimaIs 

Male Sprague-Dawley rats weighing 203 g ± 1.9 (SEM), used in various 

experiments, except where the weight is otherwise specified, were 
1 

obtained from- Canadian Breeding Farms, and ILaborat.ories Ltd., St. Constant, 

• 1 

• 

, -- - ----'- (' 
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P.Q. They were kept in the animal room in individ~al wire cages under, 

a light-dark CYCl~ 12:12 h with tap water and Purina Checkers ad 

libitum. 

, ApomorPhine.Hel was dissolved, 3.3 mg/ml, in 0.1% solution of sodium 

metabisulfite to prevent oxidation. Piribedil was suspend~d, 16.7 ~g/ml, 

in a 1% solution of methyl cellulose. Desipramine, 6.7 mg/ml, was 

dissol ved in 0.9% saline. The ,three drugs were ti t$ted wi th 0.1 N NaOH 
" , , ' 

to around pH 6 ana injected in a volume of 3 ml/kg body weight. 6-0HDA . , \ 

was Ciissolved, 12.5 mg/ml, in, a solution of ascorbic aeid, 1 mg/ml, in 

0.9% saline, and was injected into the right lateral ventricle in ,a volume 

of 10 ~l (containing 125 ~g) over a 2 min per~od. The dosage of'the 

drugs and timing of the injections are indicated in the legends to the 

figures, and tables. 

'Surgieal ~rocedures 

\ 
\ 

'0. \' 

AlI surgery was performed in this laboraiory under chloral ,hydrate 

anesthesia (300 mg/kg i.p.). For injec~ion ~ 6-0HDA into the right',' 

lateral ventricle and sections of the brai~, the rats were placed i~ a 

stereotaxie apparatus (David Kopf Instruments, Tujunga, CA). Sections 

of' the diencephalon and meseneephalon were earried out in 267 g ± 2.,3 

rats ~ith a sharp stainless steél knife, 1 nuii wide and 15 mm long, mounted , . 

on the stereotaxie carrier. The coordinates ,of Ktlnig and Klippel (30) 
c~, 

were used to locate intrâcerebral targets. 

, . , 

. , 

, 
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- Unilateral (left) splanchnicotomy in rats weighing 200 g ± 2.7 was 

performed with the aid of a dissection microscope after a midline 
--- J'" \ 

laparotomy. The vascu1ar, supply to the gland was 1eft intact, as-could \ 

be observed under the microscope during the operation. 

Spinal cord transection was carried out in rats weighing 312 g ± 1.S, 

with fine scissors after posterior laminectomy of the vertebrae 

corresponding ta T2 or T5 spinal levels., ~ome rats underwent laminectomy 
. . 

and section of the dura, but ,not seêtion of the cord; these.are termed 
" 

"sham-operated rats". 

Intrave~tricular'injection of 6-0HOA was carried out' in rats weighing 

443 g ± 2.4, pretreated 1 h earlier with desipramine, 20 mg/kg. -AnimaIs 

were placed in a stereotaxie apparatus, and they were injected with a 

Hamilton microsyri~ge i~to t~e right lateral ventricle. Sharn-operated 

contrais were injected with the same volume (10 ~l) of carrier solution. 

AlI brains were examined postmartem to check the trajectory of the nee'dIe 

into the ventricle. 

Incomplete mesencephalié transection. A fissure was drilled 6.mm 

long transverse to the midline of the skull and ,the knife assemb~y was 
, 

\ 

lowered into the brain in the sagittlil plane, with the, following 

coordinat es for the tip of the knife:' A 0.5, L ±2.5, V -2 (cf. Figure lA). 
, 
Complete diencephalic transection. A fissure 9 mm long was drilled 

as above. The knife was lowered wit~ the following coordinates: A 3, 

L ±4, V -3.0. The lesion is illustrat~d in Figure lB. 

( 



1 

1 
1 

) 

r 

.. 

) 
/ 

15S 

Hypothalamic island. This procedure was performed with modifieatibns • 

of the technique described by,Hal~sz and' Pupp (24). The knife assembly 
,1 

" 1 

used in these operations consisted of a stainless steel \tire, inside', a 

23-gauge cannula, and sharpened at its exposed end. The in~erted 

L-shaped knife form~d a'900 a~ and its sides measured 2 mm by 3.8 mm . 
. 

Coordinat es used were: A 6.5, L 0, V -3. After the knife point had 

reached its target, the knife was turned 900 to the right a~d left by 

means of the handle, ,thus providing a semieircular eut at the level of 

the optic chiasma, with its concavity direct~d posteriorly. With the 

knife turneq la~erally 2 mm to the ri&~t"the assembly,was lowered 

ventrally 50 that the tip would be at these coordinates: A 2.5, L 2, and 

V -3.4,to -3.6. At this new position tàe knife was turned through 18qo 

• clockwise sa that ~nother semicircular lesio~ was made. The complete 
, 

cirele then ineluded an area extending from theoptic chiasma anteriorly 

to the ~idmammillary bodies posteriorly. The knife assembly was later 

rèmoved from the brain with the blade rn the sagittal plane. The'lesion 

is illustrated in Figure ID~ 

Incomplete diencephalic transection. .A fissure 4 mm in length was 

drilled.transverse to the miclline at the plane corresponding to the 

entrance of the knife. The carrier was set at 200 of inclination in 

relation to the anteroposterior plane, and the tip of the knife was 

directed to the target with the fOllowing coordinates: A 4.3, L 1.5, 

V -3.8 to -4.2 in different animaIs (to touch the base of the skull)~ 

'. 

) 
.' 
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1 
1 

The knife was then lowered at 1.5 mm right, and moved with slow motion 

to 1.5 mm left of the midline. 

, There were two groups of sham-operated controls. In the fiDst of 

these, the knife used, for transection of the die~ephaion was lowered 

into the brain 2 mm from the scalp and a transverse section was made in 

the same way as in Iesioned animaIs. In the second group of sham-operated 

rats the knife used for isolating the hypothalamic island was lowered 

intracerebrally, but no section was made. The coordinates for the tip of 

the knife were: A 6.5, L,O, V -3. 

, AnimaIs with brain sections were used 24 h after the operation, and 

those with splanchnicotomy, spinal cord transection and intraventricular 
t> ~ l'" 

injection between 4 and 8 days after surgery. On the day of the 

experiment the,fats were injected with either APM (3 doses of 10 mg/kg i.p.) 

given at 0, 1.5 and 3 h or PBO (one dose of 50 mg/kg i.p.). The rats 

were killed by decapitation 4 h'after the initial injection. 
1 

Preparation of the tissue 
1 • ' \ 

Aftetdecapitation of the rats, the adrenal glands were quickly 

removed, freed of capsulaI' t~ssue and weighed on ,a to~~ion balance. 

'The dissection of the glands to ~eparate medullary tissue from cortex 
, ~ .' 

was carried out at 40 with the aid of a magnifying lamp. The' extent of 
. 

contamination of medullary tissue with cortex was estimated to be about 

15%; this was based upon measurement of corticosteroids in both adrenal 

porti?ns by a microfluorometric method (21) as previously described (2). 
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The portion of the tis~e corresponding ~o two medullae was pooled 
, ' 

and homogenized in 200 ~l of sodium-potassium phosphate buffer, 0.05 M, 

pH 6.8, with a motor-driven Teflon'homogenizer. The homogenate was then 
~ 

centrifuged at 20,000 K for 20 mini and the supernatant fraction was 
, 

taken for use in the assay of one activity. 

Ornithine decarboxylase assay 
1 • 

ODe was determined in an assay system that combined elements of the 

assays described by Russell and Snyder (47), and JUnne an~ Williams-Ashma~ 
i 

(27), with some modifications. In a final volume of 0.5 ml, 100 ~l of 

the 2~,000 K supernatant was incubated with the iRdicated final 

concentrations of reagents: phosphate buffer, pH 6.8~, 50 mM; pyridoxal 

S'-phosphate, 0.05 ~'dithiothreitol, 1.0 mM; EDTA, 0.1 mM; and 1 ~Ci 

of ~(1-14C)ornithine, 0.04 mM. The incubation mixture was contained in 
. ' 

a 25 ml' conical flask fitted with a plastic weIl and sealed by a rubber 
~ 

stopper. After 10 min preincubation at 37°, the reaction was initiated 
, 

by adding the ra~ioactive o~ithine. After incubation for 45 min more, 

the reacti~n wa~terminated by the addition of 0.5 ml of SN sulfuric 

acid, with ~A.additional 60 min allowed for the release of aIl the 14C02 

formed. The 14C02 was trapped in a filter paper (2 cm2, Whatman'no. 3) 

impregnated with 100 ~l of a mixture of ethyleneglycol monomethr.l ether 

and mon,oethanolamine (~: 1, v/v). At tl}e end of the incubation" the 

filter papers we~ transferred to counting vials containing 10 ml of a 
" 
mixture of toluene and ethyleneglycol monomethyl ether (2:1, v/v) 
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containing 0.4% 2,S-diphenyloxazole. Radioactivity was measu~ed in a 

Beckman liquid scintillation spectrometer. 

Prote in content of the adrenomedullary supernatant was measured by 

the method of Lowry et al. (33). ODe 'activity is expressed~as pmol of 

14 L CO2 produced per milligram of protein during 45 min fnc~tion. 

Histological examination of the brain 

The rat brains were fixed in 10% formaldehyde in saline solution 

and seria'l sections "Were cut in some of them to check the extent of the 
,.,.. 

lesion. The rest of the brains were simply sect'loned in a sagittal 

plane (midline) and photographs were taken directly. 

Sfatistical procedures 

Data in the tables and figures are,represented as mean ± standard 

error"of the mean (SEM). As the variance tended to varY directly with 

the size of the meJn, individual val~es were transformed logarithmically 

prior to caloulation of statistics, used in asse~sing the ,significance of 
,> [ .,. 

the data, i.e. Studènt's t-test in comparing two means and Fisher's F 
~ , \ 

ratio in the analysis of varianc~ (51). f , , 
RESULTS 

The effect of dopamine agonists on adr~nomedullary ODe activity 

The ,repea~ed ~administration of APM tb rats ,(IQ mg/kg l.p. at 0, 1.5 
~ 

and 3 ~ results in a large increase in adrenomedullary ODe activity 

over control values 4 h after the first injection (Table 1) las previously 

described by Almazan et al. 1(2). A single large dose of PBd (50 mg/kg • 
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i.p.) produces a similar effe,ct. AnimaIs exhibited stereotyped behavior 

with apomorp~ine (52). 

To determine how important innervation of the adrenai ~eduIIa is for 

th~ i~crease in<t>ODC activity tha left adren~d was dene.rvat\ed~ The/", 

activity of the right adrenal meduIIa (innervation intact) served as , 
, 

c,ontrol. Six to eigh~ days after splanchnicotomy the animaIs were injected 

as in the previous unoperated groups. At the time of killing the~rats, 

the weights of the denervated and innervated adrenals were àlmost 

identical (respective mean ± SEM were 14 ± 0.3 mg and 13.8 ± O~2 mg, , 
, ' iJ 

number of pairs = 34), as is the case in intact animals. 

The re,$'ùl,ts show that the basal adrenomedullary ODC activities in 
__ .. il ~ ~, ~ 'I r 

rats withou~ d~~~tr~atment were 

innervated adre6 ~.~~gure 2) .• 

receiving dOpam~goriistS: on 

almo~t identical for the denervated and 

However, differences~appeared in animaIs 

the denervated side of APM-treated rats 

the aetivity was 2.5~fold greater than in the controls, and PBO provoked 

even large, increases. But these 4nses wue far, sma11er tnan in t~e 
innervated gland of rats given either of the two agonists ~Figur8 2). 

, " 
A comparison of the results in Table l and Figure. 2 shows that the 

innervated gland of unilaterally s~lanehniçotomized rat!; is more sensitive 

ta APM and PBO than is the adrenal of intact, rats, wi th respect to 

medullary ODe activity. This suggests the operation of some compensatory 

mec~jnism when one of the splanchnie nerves is severed. Alternatively, 
r. \ 

the response me~hanism may be sensitized by surgieal ~rauma, even 4-8 days 
, " 
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after'op~ration~ 

oxotremorine (41). 
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, , ... 
A similar effect has been observed in rats given 

\-

~ 
Inspection of the SEM bars in Figure 2 shows how large the variation'· 

in response to psn is in these animaIs. This has been previously 

observed with this drug, in respect t? responses of both adrenal medullary 

and cortical o~c activity (2).\ The variability May arise from th~ fact 

" that PBn is administered as a suspension, and its absorption 'and 

circulation through the orgànism is erratic. Because its dopamine-~ike 
1 

activity depends upon its metabolism to the catecholic derivative, 1-
o 

(3,4-dihydroxyben~yl)-4-(2-pyrimidyl)piperazine (14), variati~ns in the 

rate of this conversion from animal to animal may~also contribûte to the 

large SEM. 

, Effect of ACTH on adrenomedullary and adrenocortical onc acti,vity: 
1" ' 

, .. 

time-course _.~ 

. 
The effects of ACTH administration have been studied in hypophysect-

, omized rats·in order to determine if the release of this hormone from 
\ . . 

the anterior pituitary has any role in the small increase produced by . '. .. 
APM and PBn in the denervated adrenal medulla. Five days after hypophy~ 
'1 
~ectomy, experimental ani~als received one subcutaneous injection of 

synthetic ~CTH (10 lU or 0.1 mg/rat); controls received O~l ml'of a 1% 

solution of methyl cellulosè. To study tqe time-course, animaIs were 

kiltled every two hours up to 12 h, along with two 'additional grpups at 
""-

18 h and 24 h after ACTIi. As can be observed in Figure 3" adrenomedullaty'-

.{ 

1, 
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ODC did not respond ta ACTH administration in the time-course studie • 

In contrast, the cortical enzyme showed a significant increase at'6 h, , 
rising to a pJak at 12'h. Twenty-four hours after the administration 
11-

of ACTH, the\ cortical enzyme still showed higher values than controls. 
afIJ. ' 

To see if the basal levels of ODe activi~y were affected b~ hypo-

physectomy, a group of~sham-operated co~ols were incl~ded in the study. 

T~~le II shows that basal medullary ODC activity is not altered by . 
hypophysectomy. Cortica~ODC, however, is significantly lowered as 

compared to sham-operated controls. The same table displàys the effect 
f.\ 

of two different doses of ACTH: 10 and 20 IU. A slightly higher Mean 

value was obtained with 20 lU but this was not significantly .d~fferent 

from that obtained with 10 lU. These results ~g;ee with the report of 
. '" 

Levine et al. (31,32), who'estimated a maximal dose of 10 lU ACTH for' 

induction of adrenal ODC. 
,; -' 

)Effect of spinal cmrd transection on adrenomedullary ODe activity 

The data obtained with urtilaterally splanchnicotomized rats suggests 

that the mechanism of action of APM is largely central. .In an effort to 
/) .. 

trace back the neural pathway from the adrenàl' gland ta that central . 
site of action of the "drug the spinal cord was ~ec~ioned at, Ti and TS' 

segm~ntal levels that are rostral to the main roots of origin of the 
, , \ 't;I 

splanchnic fibers innervating the adrenal medulla (3,49).\ The results in 

!Table 3 show that transection of the cord at TS of itself led to an 
\ . , 

increase (P < 0.01) in adrenomedullary O~C.activitf ~s compared to 
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sham-operated controls; an effect that was not observed when the , 
section was carried put at ,T2• The administration of APM produced 

significant increases in ODe activity of the adrenal me~ulla~n aIl gro~s 
, , 1 

studied: cord-transected at both Iévels and sham-operated !ats. The' 

-- level of the operation' seemed to make a quantitative difference in the. 

response'. Thus, rats with a sh~ .... ~~~ration at T2 showed a much.· Iarger 
. , 
1ncrease over contraIs than those sham-operated at TS' AnimaIs sham-

operated a~ T 2 may be -more sensitive to the drug than at T S' because the ". 

surgery is more stressful: the animaIs bleed more because the vertebra. , 
is very deep (T2 represents the lowest point of the cervicothoracic 

curvature in the rat); furthermore, the muscles incised are more important 
- . 

a~ TZ for movement of upper limbs and neèk. By contrast, after section 

of the cord at Tz,there was a much smaller response of adrenomedullary 

ODe acti vi ty te APM th~ 'after se~tion at TS (117 vs. 249~. These results 

suggest that the APM-induced increase in a4renomedullary ODe activity 

originates mostly from an area rostral to thé second thoracic segnient of 
1 

the sVtnal corda However, a pro~iospinal mechanism seelns to be operating 
;-

as ~ell, since section of the.cor~· did not completely prevent the rise 

in meduilary ODe produced by APM. 

~ffect of intraventricular 6-hydroxydopamine~ 

Injection of the neurotoxin 6-0HDA into the right lateral ventricIe, 
-.:1 

one hour afteT administering desipr~ine intraperitoneally to rats, ., 
~~Iectivel~ destroys dop~inergic neurons (8). This treatment did not 
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have a significant effect on adren~medullary ODC a7tivity (rable IV, 

ContraIs). Administration of apomorphine ta rats 6-8· days after 6-0HOA 

led "ta large increases in ODe activity. The meah response was higher 

than in the control group, but~because of the large variation in the 

individual values the difference eould not be jutlged s~stically 

significant. 
1 

The ra~s receiving 6-0HDA showifd more intense stereotyped behavior 

after the injection ,of APM. 

Effeet of section of the brain at different levels 
; 

Sham-operated cont~ols. Twenty-four hours after surgery, brain­

operated controls showeq O~ç basal levels (Table V, Line 1) comparable 
":' •. "-

to ,those of intact non-operated controls (Table I). The administration 

of APM produced a 5.S-fold increase over controls, similar to that pro-

duced in intact rats. 
\ 

Incomplete mesencephalic transection. Transection of the midbrain 

weIl below the periaqueductal gray matter, prdduced no change in the 

basal leve~s of adrenQmedullary ODe activity,. The data were pooled 

with those obtai~ed in sham-operated controis since ~hey w~re essentially .. 
the same. The administration of APM to this group of animaIs pr?duced 

an elevation in the activity of ODC ~imilar ta that in sham-operated 
r 

rats (Table V). 

Complete diencephalic transection. In order ta d~e~ine the site 

of action of APM for the induction of adrenomeduUary OOC, complete 
c·, 

\ 
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" 
transection of the diencephalon was carried out. This l'~sion isolates 

~ d • 
the forebrain dopaminergic nerve terminaIs from their origin in the 

mesencephalic cent ers (substantia nigra and ventral tegmental area) (36). 

The results with rats oper§ted at this levei are shown in Table~. Two 

,important cons~quences 'of this operation were observed. First; of aIl, 
'. . 

the basal activity of adrenomedullary ODC was significantly lower in 

such animaIs than in sham contr&Is. Secondly, the large increases . 

proquced by APM in intact (Table I) and sham-o~erated· (Taele~) rats 

were almost, but not completelYI abolished. The tripling of ODC'activity 

produced by APM, th~ugh small by ;omparison with the induction of en1~e, 

in sham-operated rats, was nevertheless significant CP < 0.01). J 
'7, 

The data ~uggest then that APM-acts in at least two central s~tes n 

in the induction of adrenomedullary ODe activity. 
4 • • 

One site would lie 
1 

,below the diencephaiic ieveI, and might i~volve stimulation of descending ~ 

nigrospinai or spinal neurons directly. Bu~ the full effect Of~ 1 . 
as seen in intact animaIs, w~uld require the connection of mesencephalon-

diencephalon with forebrain structures. 

'\. 
UlPothalamic island and incomplete rdien~epha1ic transée~o~\ 

Bècause ,the ''hypothalamus exerts an blJlportant regulatory influence on the 

autonomie nervous system, it was of ~nterest to isolate surgically this 

region from the, rest of the brain. A prepaFation of this kind could' 

indlcate :~ether the descending pat~way~ medi;ti~g the,APM-in~u~ed 
increase in adrenomedullary ODe pass thr6ugh the-', hypothalamus. This 
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hypothalamic is1and~ extending anteroposterior1y from the nucleus 
1 

suprachiasmaticus to the posterior marnrnil1ary nucleus, produced no 

change in resting adrenomedullary ODe activity as compared to sham-
-# 

opetated controls. The administration of APM to these rats produced a 

l<rfold increase in ODC. These values were significantly higher than ' 

those obtained in sh~-operated rats ,treated with the drug. The second 
b 

type of lesion (complete dorsov~ntral section', -bl.?-t extending only 1.5 

mm to each side of the mid1ine), which extends from the rostral part of 

the superior colliculus ventrally to the media1 hypothalamus, produced 
• 

similar results: no al~eration in resting ODC activity and a potentiation 

of the APM-induced inçrease. 

DISCUSSION 

"" Several observations suggest that central dopaminergic rnechanisms 

are involved in the regulation of adrenomedullary ODe activity: first, 

the increase in adrenomed~rlary ODe producèd,by the agonists APM and 

PBD can be antagonized by haloperidol (2); second, transection of 

ventral spinal roots from T 4 to T 12 reduces', the effect of oAPM (3); and 
" ' . ,,/ 

} 

third, the increase~caused by a large dose of haloperidol can be prevented 

by denervation of the adrenal (1). In this work~ we have tried to define 

these~thways by the following surgical treatments: unilateral 

splanchnicotomy, tra~section of the cor~ at T
2 

or TS' and transection 

of the' brain at two different levels (rnesencephalic, diencephalic). We 

have also "ernployed intraventricular administration of the neurotoxin 

6-0HDA. 
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The increase in adrenom~dullary·OOC activity provoked by the 

~ administration of either APM or PBO was largely prevented by denervation 

of the adrenal (Figure 2). 
'" 

There was, howéver, a significant induct~on .. 
of enz~e on the de~ervated side of both APM and PBD-treated rats as 

Ir 

compared to controls. ~n contrast, the effects of oxotremorine (41), 

carbamylcholine (46), reserpine (42) and co Id eXposure (11,42) are 

completel9 abolished by splanchnicotomy. This smal1, but signl:ficant, 
. - . 

increase of ODC activity of the dene~vated gland could result if: 

(a) the adrenal glands were not completely denervaned; (b) some humoral 

component is responsible for the increase; or ~c) the drugs have a 
.. "'", 
" direct action on the adrenal medulla. Local effects of APM and PBO on 

adrenal medulla are unlikely because of the failure Of~~ d~gs to 

cause any. increase of ODe in vitro (2). Results obtained earlier in 

our laboratory lend support to the second suggestion, inasmuch as the 

response of adre~omedullary ODC activity to APM was considerably reduced 

in hypophysectomized rats (2). Also, APM and other dopamine agonists 
l, 

cause an increase in the levels of circulating corticosterone in the 

rat (18,29). Additionally, the activity of another inducible enzyme of 
\ 

the adrenal medulla, phenylethanolamine-N-methyl-transferase, can be 

markedly redu~ed by hypophys~ctomy (55) and then ~estored to normal 

values by admini~tration of ACTH or'glucocorticoids. Hence, it was of 
o 

--interest to see whether AGTH has an effect on adrenomedullary ooe of 

hypophysectomized rats. Administration of 10 IU of synthetic ACTH 

, . 
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produced no increase in adrenal rnedullary bDC in the ~ime-course 

studied (1-24 h). Basal leveis of adrenomedullary ODC were similaT to 

those obs"erved in sham-ope~ated controis. In contrast, cortical values 

of controis were significantly lower than sham, and ACTH administration 
1 

caused a large time-dependent ~ncrease4 The latter results agree with 

~ eariier reports of the effeéts of ACTH on OD2 activity of the "whole , 
adrenal (31,32,44). These results exclude any possible obligatory 

> 

role for ACTH in the APM-induced incre~se in adrenomedullary ODC activity. 

Growth hormone and prolactin are also said to cause a very small increase 

in whole adrenal ODC of hypophysectomized rats (31,43,53), but their 

mediation of the APM effect in the"medulla is utlikely because growth. 

hormone is not released by high doses of APM (37) and this drug inhibits .. 
release of prolactin both in vivo and in vitro (10,SO). "Finally, the 

--- - l 

possible participation of other pepti'des cannot be, al~ogether excluded 

as a-~orphin is released from the anterior pituitary gland together 
" , 

with ACTH by different stimuli (4,22). 

Section of the spinal cord at two different levels (TS or T2) 

served to isolate sympathoadrenal preganglionic neurons from their 

supraspinai connections." This operation led to a large reduction in 

the inducibility of medullary ODC by treatment with APM. Cord section 

at T2 produced a greater reduct~on in the efficacy of APM with respect 

to induction of ODC than section ,at T? These resui ts suggest that . the 

magnitude of transynaptic induction is proportional ~o the nûmber of 
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sympathoadrenal preganglionic neurons that remain int~ct above the 

lesion, as previously demonstrated with section of ventral spinal roots 

(3). One can conclude that the APM-induced increase of,adrenomedullary 

ODe activity originates mostly from an area rostral to the second 

thoracic segment of the spinal cord. As with splanchnicotomy, the 

effect of APM on medullary ODe is not compl~te1y abolished by cord 

section. Indeed, high1y significant increases are still observed: 

3-fold highe~ than spinal control with se?tion at T5, and 5-rcld with 

s'ection at T 2. / These effects may be due to the action f the drug on . 

" dopamine receptors in the spinal cord. There is ample 

dopaminergic neurons in the spinal co rd of the cat (17,6) a d the rat 

(12,34), as weIl as for specifie dopamine receptors there, indJng 

3H-haloperidol in cat (13) a~d rat (16). Additiona11y, the steady state 
~ 

content of dopamine and its turnover rate in the spinal cord of the rat 

de creas es in a rostro-cauda1 manner (28). Interestingly, a dopamine-

activated adenylate cyclase has been identified in membrane fractions of., 

the rat spinal cord (20) which is activated by APM and blocked by 

haloperidol. Following the transection of the cord, this adenylate 

cyclase becomes more sensitive to dopamine below the transection. Because 

we obtained a higher relat1ve increase in ODe when the transection is 

carried out at T2 than at T5 (Table III), we may also suggest that 

dopamine receptors be10w the transection become more sensitive to APM. 

1 
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Similarly, denervation supersensitivity to serot~in has been reported 

to develop after spinal cord transection (5). 

To characterize further the dopaminergic pathways involved in the 

regulation of adrenomedullary ODe activity, the neurotoxin 6-0HDA was 

administered intrav~ntricularIy to rats pretreated with desipramine. -

Destruction of dopamine-containing nerve terminaIs (8,25) did not prevent 

the dopamine agonist APM from inducing an increase in adrenomedulIary 
p 

ODe activity. SimiIar results were obtained by Quik and Sourkes (39) 

with adrenal tyrosine hydroxylase activity. The expIanation might be ., 
that, while the neurotoxin damages mainly presynaptic nerve endi.ngs (54) 

'.. APM" is acting po~tsynapticalIy on receptors unaffected by the neurotoxin 

or rendered supersensitive by destruction of the presynaptic fibers 

normally communicating with them.' In fact, we observed enhanced stereo-

typed behavior with APM, as weIl as a mean enhancement of the APM effect 

on adrenomedullary ODe act~vity of animaIs treated with 6-0HDA. 
, 

A preliminary attempt has been made to localize cere~r~l centers 

responsible for the control of the APM-~duced in~ease in adrenomedullary 

ODe activity by gross separation of large brain areas. Transection of 
(1 

the brain at the leveI of the mesencep~alon beIow the periaquetiuctal 

gray matter, did not al ter the response o.t' Bdrenomedullary ODe to APM. 

These data Iead us to conclude that the pathway mediating the effect is 

not located in the ,dorsal part of the midbrain. Complete transection 

of the posterior diencephalon, which isolates most of the diencephalon 

, -
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and forebrain f~om posterior structures, Iproduced an effect similar &J 

to section of the cord and splanchnicotomy, i.e. almost complete block-
c ,. "', L 

ade of the AP~ affect on adrenomedullary ODe activity. This result then 
\ 

suggests that the-APM-induced increase in adrenomeduilary ODe activity 
o 

is mediated at the level of the rostral diencephalon-telencephalon. As 
1 

already proposed, APM seems to be acting to a small extent also below ' 

the levei of the section. o Descending dopaminergic pathways from the 

'\. substantia nigra to the ret'icular formati\n (23) and from the diencephalic 

AlI dopamine celi gr~up to the spinal cor~ in the rat (26,7) have been 
f 

described by electrophysiological and histofluorescence techniques, 

respectively. 
;.' 

Interestingly, se'ction of the diencephalon at thé"- level of the medial 

hypothalamus and extending laterally 1.5 mm from the midline, along with 
1· 

complete deafferentation of the hypothalamus to produce a hypothalamo-

pituitary island, permitted not only maintenance of the effect of AI?M on 

adrenomedullary ODe activity, but ev en its p,entiation. The data 

suggest that pathways involved in this inductive phenomenon must be 

travelling more latera11y than 1.5 - 2 mm from the midline at the. levei 

" of the hypothalamus and, furthermore, that these lesions may sever sorne 

inhibitory pathway originating at the level of the hypothalamus or in ' 

passage there. The existence of a direct hypothalamic-âutonomic nervous 

pathway has been demonstrated (48). 
, 
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) 
Because of the demonstrated role of a serotonergic pathway, origin­

ating in the medial raphe llucleus in the regulat~~~n of adrenal tyrosine 
\ 
\ 

hydroxylase activity (9,39,40), our attention turn~d to tlie possibility 

that thé potentiation observed af~er the l,es ions described in this 

paper rnight also be due to destruction of an inhibitory serotonergic 

system. Anatomical (35,,38) and electrophysiological (35) studies ha'X~ 

provided strong evidence for a serotonergic pathway ernanating froll\. the 

dorsal raphe nucleus and terminating in the caudate-putamtm (45). 

Destruction of that serotonergic nucleus by electrolytic lesions increases 
\ ~ 

the dopamine content in the striatum. Further experiments would be 

needèd to de termine if serotonin does play a role. or note:!' Because both 
\ 

lesions, hypothalamic deafferentation and incornplete diencephalic 

~ransection, must sever sorne doparninergic neurons, another possibility 

to explain the potentiation effect must be considered. This is a 

denervation supersensitivity, previously proposed to explain the ~ffects 
fi. 

caused by 6-0HDA on the APM-induced increase in ODe acti vi ty. 

In conclusion, i t has been dernonstrated that ad'renornedullary ODe 

activity can be increased by the administratio~ of the dopamine receptor 

agonists APM and PBD. This increase is dose-related and time-dependent 

(2). Unilateral sPlanch;:~otomy, section of )the sp~nal cord and 

-~ "transection of the diencephalon resul t in a very large decrease in the 

response of adrenomedullary ODe to APM. These observations strongly 

suggest that adrenornedullary ODe activity i5 predominantly regulated by 
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" a central system originating mainly in the diencephalon-telencephalon~ 

and containing a facilitatory dopaminergic component. There is sorne 

evidence ehat a propiospinal dopaminergic pathway also participates ,i~ 

the regulation. 
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Representative 1esions caused by: A, mesencephalic section (sagittal 
view); B, diencephalic transection'(sagittal view); C, incomplete 
diencephalic (sagittal vi~w) transection; anQ D, hypothalamic island 
(co~onal view). '1crrtfe,assembly shown in diagram.\', .... 
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TABLE I Effect of apomorpnine and piribedil on adrenomedullary ODC 

Treatment 

APM 

PBO 

activity in intact rats, 

Control 

40.9 ± 3.7 

42.4 ± 3.1 

• r 

(7) . 

(7') 
, 1 

\ 

Drug-treated 

311.1 ± 19.7 

411.0 ± 70.3 

(8) 

(7) 

P 

< 0.001 

< 0.001 

Apomorphine (APM) was administered i.p. in a dose of 10 mg/kg at 0, 1.5 

and 3 h. AnimaIs werè killed 4 h after the first injection. Piribedil 

,(PBO) was injected i.p. in one dose of 50 mg/kg. AnimaIs were killed 

4 h after. Figures are given as pmol C02 per mg protein per 45 min 

and represent the mean ±'SEM for the number of observations in parentheses. 

The P value indicates the levei ot significance for the difference '" 
between the control and treated groups (Student's t-test). 
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INNERVATED 

• 
FIGURE 2 

,Effect of a omo hine APM and iribedil 

, , 

~~ 
{../ 

• 1 

. . 

DENERVÀTED 

ODC activity in unilaterally splanchnicotomize rats. The animals 
,were decapitated 4 h a~ter the first of 3 injections of APM (10 
,mg/kg each) or 1 dose of PBD (50·mg/kg i.p.). The bars represent 

the mean ODC activity ± SEM for. 5-7 animaIs in each group. Control 
values were 24 ± -1.5 and 24 ± 1.4 pmol C02 per mg protein per 4S' 
min for denervated and innervated adrenal medulla, respectiveIy. 
*PO< 0.001 for comparison of indicated mean with co~tra1ateral side 
ap < 0.001 for comparison of indicated mean with ipsH.ateral side 
bp < 0.01' for comparison of indicated mean with ipsi~teral side. 
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hours 

FIGURE 3 

Time-course of stimulation bf ~drenomedul1al'Y (t) and 
adrenocortical' CÂ) ODC following subcutaneous adminis­
tration of 10 lU of ACnI. Each point represents the 
Mean response of 4-6 animaIs. ,1 

1 

ap < 0.001, and bp < 0.05 for comparisop of indicated "' 
Mean with control. 
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TAB LE II Effect o.f hypophysectomy ri th and wi thout AC'lll on j 
4 ! 

Treatment 

, Sham 

Hypox 

Hypox 

adrenomedullary and cortical 'ODe act'i vi ty 
/ 

i \. 

_ Medulla Cortex 1 

'- 1 ACTH 
{ 'e 

" '~ ; 
! 

28 ± 2.3 61 ± 5.11 
! 

27 ± 1",7 30 ± dl 
1 

01 
1 

10 ru 0 26 ± 1.8 ~ 157 ± 25,.3 
\ J 

1 

20 ru 28 ± 1.5 193 :t sZ.3 
! 

l, 

10 

1 
1 

1 

1" 
1 

(6) a 

(9) 
0 

(6) a 

(3)a 

~ 
; 

'" 

Values shown are mean ± SEM (number of animaIs in parfmtheses). Fi"Ve 
~ ! 

days after safgery, the rats were inj ecte)d wi th ëontrol 'solution anqL 

10 or '20 lU )cm. AnimaIs were killed 12 Il after. ... 

• ~, . 

. , 
, , 

~ < 0.001 'for comparison of indicated mean ~i th" h~ophYSe~tomized· ~-ontrols.' 
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tÂBLE III Effect of apomorphine on adrenomedullary ODe activity in 
. 

rats after transection of the spinal cord 

Treatment Control "\ Drû~-treated p .. 

Sham-ope 28 ± 8.2 (6) 620 ± 117.7 (6) <0.001 
\ , 

Sectioned at,Ts 81 ± '21 J (~)Jl 249 ±. 42\~ (7)a <0.001 
r-' 

~. , ")' 
\Sham-op~rated '. - 18 '± 5 (6) 1406 ± 238 (4) <0.001 '. , l 

Sectioned at T2 24 ± '6 \ (6) 117 ± 38.9 es)b <0.01 

/ 

are mein ± SEM ~~ber of arrimaIs in parentheses). For other 
/ ' 

Values shown 
" , , . 

experimental details see legent to Table I. 

ap < O.O~ fo~ comparison of indicated Mean with sham-operated rats 

bp < 0.001 for comparison of indicated Mean with sham-operated rats 
" 
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TABLE IV Effect Qi intracerebroventricular inj ection o,t-- 6-hydroxydopamine 

, Treatment Control APM-treated P 

'.. 
~ 

25 ± 1.8 (6) 553 ± 133.5 (6)- <'0.001 
. 

6-0HDA • 39 ± 10 (1) 830 ± 180.0 (6) < 0.001 

-' 

AnimaIs were injected into the right lateral ventricle with 125 ~g/rat 
~ t 

6-0HDA one hour after th' pretrQatment w~th 20 mg/kg i.p. desipramine. 
- -( 1 

~ontrols were in'jected wi~~ carlier solution and desipramine. One week 

after, they'were given three doses of APM (10 mg/kg s.c.) at 0, 1.5 and 

\ ~ 3 h and were-decapitated 4 h after the first injectio 

P vàlues indicate the levei of signif~cance for 

control and treated groups. 
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FIGURE 4 

Schematic diagram of ~he sagittai and coronal views 
representing: A, diencephalic transection (main 
dopaminergic pathways on sagittal view); B, hypo­
thalam~c island; C, incomplete mesencephalic, trans­
section; and D, incomplete diencephalic transection. 
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TABLE V Effect ,of aEornorphine on adrenomedullarr ODC activitr in 

rats after section of the brain at various levels 

'-
Lesion Control Drug-treated P _ ,-

'Sham 46 ± 6.3 (6) 255 ± 29.3 (7)' < 0.001 

Mesencephalic 46d± 16•3 (6) 2â6 ± 28.2 ~. < 0.001 . 
(6)c Diencephalic ,"'V"± .3.'2 (4) 66'± 12.6 < 0.01 

~ 
'~ 

(6)a 
, 

Hypothalarnic island 46 ± 6.5 (5) 481 ± 63.7 < 0.001 
" ~ 

(7)b Incornplete di encephali c 49 ± 15.2 (5) 427 ± 31.2 < 0.001 
, . 

Values shown are mean ± SEM (numger of animaIs in parentheses). 24 h 

afteit- the surgery J the rats were injected with APM according to Table r. · 

, li 
p < 0.05 for compari~on of indicated mean with sharn-operated rats 

. bp < 0'.01 
..) b ' 

~or comparïson of indicated mean with sharn-operated rats 
J 

for comparison of indicatedOmean with 
1 

sharn-operated rats cp < 0.001 

d . Results pooled with those obtaineq in sham-operated controls (see text). 
l " " 

P values indicate the level of Significan~\ for the difference between 

control/and treated groups. 
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, 

of Adrenomedullary Ornithine Decarboxylase Activity 
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SUMMARY ( 

The role of serotonin in ,the regulatidn of adrenomedullary 

ornithine decarboxylase (ODe) aetivity has been.explored in rats after 
~ 

systemie adl!fti;nistration of E,-ehlorophenylal'anine (PCPA) and , . 
intraventricular S,6-dihydroxytryptamine (DHT) or in animaIs with eleetrolyt­

, ie lesions of the medial ana dorsal raphe nuelei. None of the treatments 

produced any alteration in endoge~ous Ooc activity. However, aIl exeept 

lesion of the dorsal raphe nucleus significantly potentiated the 

induction of adrenomedullary ODC produced by apomorphine (APM) admini-, 

stratiqn. It is suggested that serotonergie fibers originating p'~rt1y . , 

in the medial raphe nucleus ,exert a tonic inhibitory action over the 

APM-induc~~ inerease in ad~enomedUllary ODC aetiviky • 
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I~TRODueTION 'J" • 

l 'Y 0 

Ornithine decarboxylase (ODC, EC 4.1.1.L7)'i$ the rate~limiting 
~ 

enzyme in po1yamine'biosynt~esis (37). This e~zyme is ptes~nt in many 
n l '\ "~'''' ,'\ .' 1 

tissues, of the body, inaluding the adrenal g~ands • 
. 

In the adrenal " 
... 

medulla, its activity can be reflexly induced by sO'ecting animaIs to 
'- \ . 

bodily restr~in~ (32) for t periods, or _t. 0 _ .. cO,l~ 'exposure (12,33), (l)'!" 

by injecti~g them with reserpine (16,32J3~), ch~l~nerg~c a&pnists (3~4)" 
o 

or dopaminergic.agents (1,2,3) •. Work in progress .in this laborat~ry-
o 

"Iti with rats bearing lesions transecting the brain at various levels has r· , 
led us to conclude that the primary site of stimulation or dopamine-

) 

sensitive structures by apomorphine (APM) is' at the level of the 
~ , 

dierÎcephalon-telencephalort., We have also obsefVed rhat after transection 
'\ .,. 

of the brain ai,the level of the posterior hypothalamus through g lesion 
. ... . 

that extends laterally, '1.5-2 mm to'each side of the midline, the effect 

of'APM on the induction of adrenomedullary activity of ODe is potentiated. v 

Because this lesion must sever the medial ascending serotonergic pathways, . , 

th~re i:~ the possibility that a serotonergic system .~erVes in the 

regulation of ODC, through, exerting a tonic il1hibitory action relj.eved. 
).\ 

by the lesion. \- l' 

~~r; .is a1ready much histological 
. 

and pharmacological evidence' for ~ 
, -. 

a • 

theoexistence of functiona1 inteTactions bet.ween serotonergic and 

dopaminergiç systems in the brain (29). Of special pertinence to° the , ~ 
èl' , > 

present work are the findings that tonic inhibitory·tmpulses originating - . 
, 

in the medial raphe nucleus (MRN) are important in the r~lation of the 
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activity of another inducible adrenomedullary enzyme, tyrosine 

hydroxylase, and that these impulses functipn together with an, ~ 

excitatory influence from a dopaminer,gic center in the brain (30,31). 

~ Therefore, in attempting to define the role of serotonin inrthe 
~ 

regulation of adrenomedullary ODC activity we have investigated the 

effects of specifie depletors, ~-chlorophenylalanine and S,6-dihydroxy-

tryptamine, and of serective electrolytic lesions of the dorsal and 

medial raphe nuclei on the activity of~this enzyme. To study the 
-

possible interaction of serotonin with dçpamine, these treatments have 
~ 

been used in combination with APM. 

MATERIALS AND METHODS 

Materials 

" 
,,"" 

Apomorphine hydrochloride was purchased from F.E. Cornell and Co. , 
. 

Montreal, Quebec. Pyridexal S'-phosphate, ~~-dithiothreitol, 5,6-

dihydroxytryptamine creatinine sulfate (DHT), 6-hydroxydopamine hydro-
.f 

brom~~e,(6-0HDA); and ~~~~-chiorophenyllianine methyl ester hydrochloride 
- " , 

(PCPA) were obtained from Sigma Chemical Co., St. Louis, MO. ~!(1_14C) 

Ornithirle, sp~cific ,activity 40-60 ~mol, and 2,S-diphenyJpx~olè were 
1~ ~ 

purchased from New England Nuclear, Boston. MA. AlI other chemicals 

.were obtained from' standard commercial sources. 
1 \' 

AnimaIs 

c Male adult Sprague-Dawley~rats wére Ù5ed throughout this work~ 
o 

Weights of particular groups are specified below, excep~ ~"intact (non~ 

operated rats) whi~h weighed 203 g ± 1.9 (SEM). 
• • 

The animaIs were 
\ 
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'" obtained from Canadian Breeding Farms and Laooratories Ltd., St. Constant, 
1 

Quebec._' They ~ere kept in the animal room in individual wire cages 

undèr a light-dark cycle of 12:12 h with tap~ter and Purina Checkers 

ad libitum. 

Apomorphine was dissolved, 3.3 mg/ml, in 0.1% solution of sodium 

metabisulfite to prevent oxidation. It was injected (10 mg/kg i.p.) 
1 

on three occasions at 0, 1.S and 3 h. AnimaIs were killed 4 h after 

the initial injection. It has been p~qviouSly shown that a single dose 

of APM does not affect ODe activity up to 4 h after its administration. 

At least one I\ddi tional inj ection of the drug is neeessary to inerea,se 

ODC act<ivity.' In this work, we have \lsed a standard treatment of three 

. doses (1). 

PCPA, 50 mg/ml, was dissolved in 0.9% saline; it was injected 

intraperitoneally in ~wo doses of 150 mg/kg, 24 h and 12 h before APM. 
1 ...... 

Both APM and PCPA were titrat~ with 0,1 N NaOH to arounf pH 6 and 

injeçted in ~ volume of 3 ml/kg. 
t> 

DHT adci 6-0HDA were dissolved in 0.9% saline·eontaining ascorbic 

aeid, 1 mg/ml, and we~e injected into the right lateral v~tricle one 
1 

week before APM in a volume of 10'~1 (containing 75 ~g DHT or 125 ~g 

~ 

6-0HDA) over a two-min period. 

Surgical procedures 

AlI surgery was performed in this laboratory under chloral hydrate 
~ .. "\ '" 

anesthesia (300 mg/kg i.p.), with rats in a stereotaxie apparatus. The 

çoordinates of de Groot (17) were used for the intraventricular injection 1 
1 
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of the neurotoxins, and those of K~nig and Klippel (25) for introducing 

electrolytlc lesions. Intracerebral injection of DHT' and 6-0HOAQ was ' 

carried' out in rats weighing 243 g ± 2.4. A Hamilton microsyr~nge was 

U used. ' Sham-operated controls were injected with the same volU1ne (10 lil) , 

of carrier solution. AIl brain/ were examined postmortem to check the 

trajectory of the needle into the ventricle. Electrolytic lesions of 

the raphe nuclei were carried out in rats weighing 246 g ± 3.2. A, 
1 

burr hole was made in the,midline over the midbrain raphe nuclei. 

Anodal electrolytic les ions were produced by passing a current of 2 mA 

for 30 sec (MRN) and 1.5 mA (dorsal raphe nucleus, DRN) through a 

stainless steel needle (25-gauge) insulated but for 0.7 mm at the tip. 

A large electrode clipped to the skin of the head was connJct~d to the 

cathode. Steteotaxlc coordinat es (25) were A 0, L 0 and either V -1.5 

CORN) or V -3 (MRN). Sham-operated control animaIs were treated in the 

same manner except that no current was passed after the electrode had 

been lowered intracranially. These surgical procedures have been 

previously employed in rats, and the resu1ting changes in the serotonin 

content of the brain have been reported after el~ctrol~tic les ions of 

the raphe (31) and administration of OHT (30). Histological control o~ 

'the lesions ~as been done in this work as before (31) so that animaIs 

with lesions lying outside the dorsal or medial raphe nucleus were not ' 

included in the calculations of experimental results •. The ~hanges in 
, 

brain catecholamines after intraventricular injection of 6-0HDA'were 

~. 

. 
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also repBrted pr~viously (30) , ., 

Tissue preparation 

Upon decapita~ion of the animaIs the adrenals were quickly removed 

and dissected at 4
0

• Contamination of med~llary tissue by cortex was 

estimated to be about 15%; this was based upon t~e measurement of 

corticosteroids present in both portions of the dissected tissue by 
\ n 1 

a microfluorometric method as previou~ly described (1). 

The portion of the tissue corresponding to t~o meduUae', was pooled'~ 
and homogenized in 200 ~l of sodium-potassium pho~phate buffer, ~.05 M, 

pH 6.8 with motor-driven Teflon pestle. The homo~enate was centrifu~ea 
'. - . l ' 

at 20,000 K for 20 min, and the supernatant portl n was taken for ODe 

assay. 
\ 

ODe assay 

Determination of ODe activity with L-(1-14C)Ornithine as substrate, 
- l ' 

l " • 
was perfQ~ed as previously described (1,32), Th~ reaction mixtur7, 

contained 1 ~Ci of ~-(1-14F)ornithinl1o.04 mM; pyridêxal 5'-phosphate~ 
\ ' ~ 

0.05 mM;~~ithiothreitol, 0.01 mM; ED , 0.1 mM; and 100 ~l of enzyme . 

preparatJetn in 0.5 ml final volume. The act,i vi ty of the enzyme is 

always expres~d as pmol 14C02 produced per mg protein per 45 min 

incubation at 37°. 

Statistical procedures 
1\ 

Data in the tables and 'figures ar~ !epresented as mean ± standard 

error of the mean (SEM). As the variance tended to vary directIy with 
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the size of the mean, individua1 values were transformed logarithmically 
, 

prior to, calculation of statistics used in assessing the significance 
~ 

of the data, Le. Student's t-test in comparing two means an'd Fisher's 

F in the anaylsis of variance (36). 

RESULTS 

( \ 

Effect of PCPA on adrenomedullar~ ODe activity 

Th~ systemic administration of PC PA i 1rreversib1y inhibi.ts tr~~n 
hydroxylase, the tate-limiting enzyme in 5HT synthesis (23), and brings 

about a severe depletion of serotonin content in the brains. of mic~, rats 

,pd dogs (24). ln our experiments, PCPA was administered intraperiton-

eal1y in two doses of 150 mg/kg each at 24 h and 12 h before the 

administration of APM. This dosage reduces brain serotonin to 15% of 
"'­

control (11). PCPA given aloae had no significant effect on the resting 

medu1lary ODC activity as compa~ed to controls injected with inert. 

vehicle (Table I). APM (three doses of 10 mg/kg i.p.) produced a large 

increase in ODC activity, viz. I5-fold over control activity, ~s .. 
previously observed in this laboratory. 'The administration of APM to , 

rats pretreated wrth PC PA showed much larger increases, amounting to an 

additional 300% pGtentiation (Table I). 

Effect of 5,6-dihydroxytryptamine and 6-hydroxydopamine 
" 

The neurotoxin DHT given intraventricularly effects a ~ong-1asting 

and selective depletion of brain and spinal cord serotonin (6). This 

drug acts by causing degeneration of nerve axons and terminaIs (7). 
,...1> 
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Further evidence of its neurotoxie action on serotonergie fibers is 
. ' 

demonstrated by the reduction in brain tryptophan hyd~oxylas~ (10). 

In this work, DHT was administered to rats into the right latera! 
If"' 

.<, 
ventricle, and 7-10 days late~ APM was given as previously 4eseribed. 

AnimaIs treated with DHT alone had no change in adrenomedullary ODC 

activity. As with PCPA, rats treated with' DHT and APM showed larger 

increases in enzymic activity than after the administration of APM alone 

(P<O.Ol). In this case the potentiation of the effect of APM by DHT 

was doubled (Table 1.). 

To check if the effect' of DHT 'is selectively due to a decrease in 

serotonin coptent and not to damage ~o catecholaminergic neurons, a 

group of rats was injected intraventricularly with 6-0HDA. This .. 
neurotoxic amine causes large decreases in brain noradrenaline and 

d9pamine (9,30). 6-0HDA alone, as was the case with DHT, did not have 

any signif~cant effect on adrenomedullary ODC activity of contraIs. 

Furthermore, when given in combination with APM, it did not cause a 

potentiation (Table l, Line 3). 
, \ 

The r~sults obtained with 'PCPA and DHT strongly sugge'st that a 

centraI sel'otonergic ,system exerts an inhibitory role 'over the Al'M­
J 

induced increase in adrenomedullary ODC activity. 

Effects of 'electrolytic lèsions of dorsal and med.~al raphe 
\ 

Because dorsal and medial raphe nuclei contain a large number of 

the SHT cell bodies whose axons project to the forebrain (5,14), and 

because of the evidenèe for direçt SHT projections from both nuelei ta 
• 0 ~ 
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dopaminergic centers (13,15,18,27), discrete electrolytic lesions of 

the individual nuelei were made. 
'1" 

The position of the electrolytic lesion was confirmed histologically 

in each animal by examining seriaI coronai sections through the midbrain 
(j \ •• 

(Figure 1) under the dissecting microscope. The brains had been fixed 

for two weeks in 10,% formaldehyde. 'If the lesions had been inaccurat~ly 

placed, the results were discarded. 

~ven to ten days after lesion of either DRN or MRN there was no 

significant difference in resting adrenomedul'lary' ODe concentration, by 

. comparison with sham-operated controls (Table II). This suggests that 

neither of the affected raphe nuclei plays a significant role in the 

malntenance of steady-state levels of adrenomedu1Iary one activity. 

Administration of APM caused large inereases of DOC. activity in aU .. 
groups studied: sh~-operated rats, and those with lesion of either 

the DRN or the MR.N (Table II). In 'addition, there was sorne potentiation 
" 

of the effect of APM in animaIs bearing lesion of the MRN (P < 0.05). 
, -

DISCUSSION 

In this study we examined the possible participation of a seroton-
t t.... -:. 

ergic system in the regulation of adrenomedullary ODC activity, both 

the resting (endogenous) activity and that induced. by treatment of the 

an~mals' with APM. The use of, depletors of ~erebral s~rot?nin, i. e. 
f 

PCPA and OHT, produced no significant changes in the control values of~ 

adrenomedullary ODC activity~ J~is contrasts with the effects of these 

1 

1 
1 
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compounds with respect to locomotor activity, which is increased (19,38)~ 
'~ .-; 

and adrenal tyrosine hydroxylase activity, which is also augmented 
11' 

(10,29) • 

In contrast to the failure of PCPA and DHT to influence the resting 

level of adrenomedullary ODC activi ty, both drugs produced clear 

potentiation of the effect of AP~ in inducing that enzyme (Table 1). 

The effeot of DHT on serotonergic neurons has been found tQ be 

selective becau,se administration of 6-0HDA which destroys both \ 

dopaminergic and noradrenergic neurons did not potentiate the effeàt of 

APM on adrenornedullary ODe activ~ty. 

Numerous anatomical and electrophysiological studies give support 

for the existence of functional int7ractions between 5~T and DA systems 
, ,~/--. ) 

,in the brain. Thus, serotonergic projections have b~en demonstrated 

as follows: from the DRN ta the substantia nigra and striatum by 

Fibiger and Miller (20); from the DRN to neostriaturn, a~d from the 

substantia nigra to DRN by Pasquier et al. (27); from DRN ta caudate­

putamèn by Miller et al. (29); and fram MRN to substantia nigra by Dray 

et al. (18) and Bobillier et al. (8). Separate electrolytic lesions of 

the DRN and MRN were made in an effort to define the possible participa-
< 

tion of a specifie serotonergic center in the potentiation on the APM 

efrect on adrenomedullary ODe activity. Neither' lesion produced an 

aYteration in the control values in comparison to sham-operated contraIs, 

a result consistent with the previously'noted lack of serotonin depletors 

,(Table 1). On the other hand, destruction of the MRN produced a 
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potentiation of response of adrenomedûllary ODC to APM. This indicates 

that the MIDrexerts an inhibitory influence over the APM-induced increase 

in enzymic activity, an effect that is not shared by the DRN (Table II). 

This inhibitory role of fibers emanating from the MRN has previously 

been detected in reg~rd to the induction of adrenal tyrosine hydroxylase 

(31), as weIl as tQ motor activity in rats (22). 
1 

\ . 
Both induction of 

adrenal tyrosine hydroxylase and motor hyperactivity oceur spontaneously 

after productibn of the lesion, in contrast to adrenomedullary OOC 
\ 

activity. 

Three treatments were tested in the attempt to influence the 

serotonerglt mechanisms that are concerned with induction of adrenomedu-

llary ODC. These were, in order of their decreasing potency, systemic-

. ally administered PCPA, intraventricularly injected OHT', and electrolytic 

les ion of the median raphe nucleus. The last treatment affects only a 

portion of the serotonérgic ascending pathways in the brain (14,28), 

The relative effect of OHT in deplet'ing serotonin stores in the brain 

~s limited by its ability to diffuse iMto the parenchyma fr9m the 
Il 

ventricles and thereby to reach distant ser~tonergic axons (35). By 

contrast to these treatments, systemically injected PCPA readily crosses 

the blood-brain barrier a9d causes a fairly uniform reduction of 
\ 

serotonin content ,in vaiious parts of the brain through the reduction 
.' 

of tryptophan hydroxylase activity. Our results, therefore, do not ' 

exclude the involvement of other serotonergic cent ers in this regulation. 
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Thus, descending spinal serotonergic projections (26), with an ~ 

inhibitory cornponent, may be implicated in the regulation of adrenal 

tyrosine hydroxylase activlty (21) and in the insulin-induc~ depletion 

of adrenal adrenaline (4). ~ 

In conclusion, experiments with DHT, PCPA and electrolytic lesion 

of the raphe 'nuclei suggest th~t a serotonergic pathway (or pathways) 
r 

originating in the MRN exerts an inhibitory (braking) influence over 

the induction of adrenomedullary ODe act~vity, at least as elicited by 
.Jo 

APM. 
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~ FIGURE 1 

Coronàl view of a typical electrolytic lesion to: 
I, medial raphe; ~nd II. dorsal raphe nucleus'. 

-L',· '" 
" 

. . 

èj 

" 

, ' 

\ 

l ' 



203 

/ / 
4l 

TABLE l'. Adrenomedullary ODC activity a:fter p-chlorophenylalanine - ", 
Il • l 

(PCPA),' 5,6~dihydroxytryptamin~ (DHT) or 6-hydroxydo~ine 

(6-0HDA) with or without apomorphine (APM) \ 

PCPA (300 mg/kg i.p.) 'was injected in two doses cOf 150 mg/kg, 24 h and 
~~ v 4 

12 h before the administration of'APM (3 doses of 10 mg/kg at,O, 1.5 

" and 3 h). DHT (75 ~g/rat) or 6-0HDA (125 ~g/rat) was injected into the 

right lateral ~entricl~one we~k before ~PM. AnimaIs were killed 4 h 

.after the first,. inj ection of APM in al! cases. Figures are gi~en-as 

14 
-pmol COZ,per mg 

p.. 

prote in per 4S min and represent mean.± SEM' fo~ the 
,. 

number of tats 'in parentheses. The'p value indicates the level of 
, , 

significance for the difference between control and APM-treated groups. 

, a P < 0.001, 
b -

P < 0.01 for comparison of indicated mean with rats 

treated with APM only. 
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Treatment 

DHT 

6-OHDA 

-
PCPA 

) 

"", 

,,"{ 

~ontral 

95 ± 7 (7) 

/ 116 ± 19 (5) 

63 ± 13 (5) 

27 ± 5 _ (6) 

37 ± 4 (6) 

, ' 1,-

/" /IIIIIIIf y , 

.. 
" 

;: 

APM-t'reated P f. 

'-

647 ± Sl ,(5) < 0.001 

1039 ± 83 (s)b < 0.001 
.' 

691 ± 204 (4) < 0.01 ..... . 
. 'N 

0 
CA 

392 ± 56 (6) < 0.001 ~ 

1304 ± 123 (7)a < 0.001 ..... 
~ 

" ô 

" 
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TABLE II;' Effeet of apomorphine (APM) oon' adrenornedullag ODe activit);" 
i 

~ 0 

in rats with electrolytic lesion of the raphe nucle-i ; 
m 

, , 

... , -":J-" 
) " 

APM was il1.jected.~.p. in three d'Oses. of 10 mg/kg at (0,,,,,1.5 and 3 h), ..... 

7-10 days after electro).ytic lesions of the raphe nuc~ei or sham-

1'4 
operation. Figures are given as pmol CO 'per mg protdn p~r 45 min 

'.- "2. 0 ~ 

and represent mean ± SEM for tfie ~umber of tat:.s' in parentheses. The 
~ ~\ \ 

" ,P 

P value indi~ates the leve!,. of significance for the difference b'etween' 
.:. ~ 

the control and APM-treated' groups. 

, ' 

~ a P < 0.05 for comparisori of indicated. Mean with s~~-trela'ted with APM. 
./ ,../ 
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CHAPTER VII 

Neurohumoral Regulation of Adrenocortical Ornith~ne 
\ '" . Decarboxylase Activity: Dopaminergic-Serotonergic 

Interaetions 
.-

f 
, 1 
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'0 

. 
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SUMMARY :., 

Administration of the dopamine receptor agonists apomorphine (APM) and 
<W 

piribedil increase adrenocortical ornithine decarboxylase (DOC) activity. 

In t~is ;aper aiterations in the act~ties of the sympathoadrenai system 

and~of the central dgpaminergic and serotpnergic systems have been 
\ 

produced to study the possible mechanism of action 01 APM on adrenocortical 

ODC. Unilateral splanchnicotomy and rhizotomy, and-bilateral demedullation 
, " 

attenuated the response of \drenocortical ODC to APM. Intraventrièu~ar 

6-hydroxydopamine and S,6-dihydroxytryptamine, intraperitoneal ~-chloro­

phenylalanine and e,lectrolytic les ion of the medial raphe nucleus reduced 

'the APM-induced increase. None of these treatments produced any 

" statistically significant changes in the endogenous ODC activity of the 

"-adrenal cortex. It is postulated that dopaminergic brain structures 

participate directly in the stimulatory effect on the hypophyseal-adrenal 

system to increase adrenocortical~).ODC ~)t.ity. An intact central 

serotonergic system seems to be necessary fOr APM to exert its effect on 

adrenocortical ac!ivity, part~~:rly the medial raphe nucleus. 
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INTRODUCTION 

, Ornithine deearboxylase (DOC, EC 4.1.1.17) catalyzes the conversion , , 
of ornithine to the diamine putrescine, ~n at(eaction that appears to be 

rate-hmiting for, the biosynthesis of polyamines (48). The enzyme is 

found in many tissues, where it may be induced when the animal is 

s~bjected to a variety of stimuli, such as the administration of certain 

hormones or drugs, or is placed under stress ev en for short periods of 

time (30,39,46), Thus, the muscarinic~agonist oxotremortne (36), and 

dopaminergic agents (1,2,3) provoke the induction of adrenocortical DOC 

activi~y, Haloper~dol, a dopamine a~~gonist, pr~vents the aethon,of 

apom.orphi e (APM) ~n the fi,rst four hours after the admini,sttation of t}lat 

dopami rgic drug, but by the sixth hour the antagonism is not as evident, 

f.for tiy that time haloperidol itself has caused a significant increase in 

adrenocortical ODe activity (2,3). The effects of oxotremorine'and the 

dopaminergic drugs APM and piribedil are abolished in hypophysectomized 

rats;, this demonstrates that their actions in regar~ te in~uetion of 

adrenocortical ODe are ultimately mediated by the pituitary gland. 
1 • 

• 1 
Previous work on the mechanism of action,.,of APM on 'adren'ocortical 

'ODe activity has now been extended. The action of the drug has been 

explored in rats after denervation of the adrenal glands, adrena1 demedu-

llation, and chemieal denervation of central dopaminergic systems. In 

addition, ~he possible participation of a serotonergic system in the ,.. , 

• regulati0n of adrenocortical ODC:activity has been investigated by taking 

,measures to al ter brain serotQQ.in levels in rats. 

•. il", 
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MA TERIALS AND METHODS 

The materials/ tissue preparation, ODe assay ~nd statistical 

procedures are the same as in Chapters II, IV and V. AlI surgical 

,~~ocedur~s have already been de5cribed also, except for adr:n:1 

,; demedullation. \ ' 

) 

... 
Bilateral demedullation in rats weighing 153 g ± 2 was carried out, 

after midline Iaparotomy. Three weeks after the operation, animaIs weighed 

300~3l5 g whereas sham-operated controis weighed 250-265 g. Operated 

animaIs received 0.9% sodium chloride solution instead of drinking water. 

Examination Or the tissue at the end of the experiment showed that about 

70% of the operated rats were totally enucleated. Measurement of 

catecholamines by HPLe in demedullated adrenals showed that the amount of 

medullary tissue remai-ning in- the glands of the ather 30% wa-s 5% or less 

than in intact adrenals. 

RESULTS 

Effect of apomorphiné' on adrenocortical ODe activity 

The control levels of ODe in the adrènal cortex of the rats can be 

increased 5-10 times by multiple inJections (2-4) of APM, 10 mg/kg i.p. 

The time-course of the effect was recently studied with two doses of APM 

(2). As is clear in Table l, the effect of APM on adrenocortical ODe 

activity is dose-related, at least two doses being necessary to increase 

the enzyme activity significantIy over control values. Moreover, at 6 h 

tne response of adrenocortical ODe is Iarger than at 4 h. That i5, two 
~ , 

doses produced an increase of'191% over controis at 4 h, but 336% at 6 h. 
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three doses of APM, th'e corresponding increases 
"1 

wefe 401% and 756%. 

In subsequent work three doses of APM were used, and animaIs were 

'killed at 4 h after the first dose. This schedule was chosen to 
.> 

accommodate experiments on ODC activity of the adrenal medulJae of the 

same animaIs (1,2). Al t,hough the cortical response at this time-point 

has not yet attained its maximum, both structures of the adrenal show 

large ~nd significant responses to the APM treatment. 

Effect of splanchnicotomy on the APM~induced increase 

Table II shows that the Mean endogenofs adrenocortical ODC activity 

of the denervated gland 1S slightly higher than t~e intact, but this 

d1fference is not statistically significant. In animaIs given APM, there 

was a rise in adrenocortical ODC values over the controls on both sides • 
.. 

The apparent higher increase in the intact side compared to the denervated 

side produced by APM,Fan be attributed to contamination br the hi~hly 

responsive medullary tissue: medullary ODC of the intact ~ide amounted to 

763 ± 63 _rmOI 14C02 per mg protein per 45 min as compared with 6Q;± 5.9 

for the denervated side. When cortical values are corrected for 10% 

contamInation by medullary tissues (see Methods) with these respective 

activities, the real increases produced by APM are no longer' as large. as 

in Table II, but nevertheless amount to a dqubling of control values on 

both sides. When the 'values obtained with APM irr unilaterally 
, 

splanchnicotomizeç animaIs (Table II, line 2) are compared to those in 
, 

intact rats (Table l, line 3), or sham-operated (Tabl~ ÙI, line 3), 
, 

splanchnièotomy appears to attenuate the effect of APM on ODC activity,of 

the adrenal cortex,- and th:i:s ho Ids even after correction for presence of ' 

-'" 
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medullary fragments. 

Effect qf rhizotomy 
f 

1 

Ta investigate further autonomic effects on the ODG activity of the 

adrenal cortex, sorne rats underwent unilateral rhizotomy, that is, section 
.. 

of ventral or dOrsal spinal roots or a comb1nation of these, Pive days 

after surgery, they were injected with three doses of 10 mg/kg APM~ 
- , 

Rhizotomy, independently of the number of roots sectioned (1-4) and of the 

region studied (!4-TIO), produced an attenuation of the APM-effect on 

adrenocort,ical ODe" activity of both intact and operated sides as comparEfd 
, 1 0 

ta contro~ rats treated with the drug (Table 1), Moreover, this attenuation 

occurred after section of either ventral or dorsal roots, or both, and the 

adrenocortical response on the two sides wâs ess~ntially equal,v 

Effect of demedullation 

Ta check whether the response of the cortical enzyme is in any way ... 

. , 
dependent u~on the presence of' the adrenal medu~la" sallie rats were bila"ter-

1 

ally demedullated. _They were used ~o,r ,the drug experilllent three weeks 

after the surgery ta allow;for complete ~egeneration of the cortïcal tissue, 

as ODe activity is elevated during the ear~y regene!ation process (3+). 

Basal levels ~f ODe activity of de~edullated adrenals,(Table III) were 

*' comparable to cortical enzyme activity in sham-operated rats. Administrat-

ion of APM, brought about a significant increase in ODe activity over 

controls at both 4 h and 7 h, an approximate doubling in each case, 
l , , 

I;iowever, the ODe response- ~f demedull:ated adrenals was mu ch·' lower than ln 

adrenal cortex of the sham-operated or non-operated rats (2-fold vs S-6-fo~d). 
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The second important difference in the response of adreno~~rtical oDéto 
\ -

< D 

APM in rats with demedullated adrenals as compared to intact rats is that 
, . 

this increase in enzymic activity is not (ime-~ependent. APM doubles the' 

adrenocortical ODe activity over controls at both 4 and 7 h in rats with 
~ -

de1l1edullated adrenals (Table III). ' On\the other hand, thtf same dose'of " 

the drug cat\ses a 5-fold increase-at 4 h and an 8.S-fold increase at'6"h 

in intact rats (Table l, lines 3 and 7). Contamination of the adrenocort-

ical tissue by medullary ~issue is not responsible for these differences. 
'-

\.1: 
In fact, if aIl the values are c@rrected by the 10% estimated' contaminati~n 

, 
(see Methods) the increment' in activity is simiIar to uncorrected results 

(see legend to Table l for corrected valu~s). 

Effect of intracerebroventricular 6-hydroxydopamine 

.Sirice the d~mon5tration by Thoenen ~nd Tranzer (49) of the destructio 

~f catecholamine-cont~ining nerve terminaIs by 6-0HD~, the injection of 
-

neurotoxins into brain of exp~rimental animaIs has been used to investigate 

,the role of aminergic -sys~ems in various physiological, pharmacological 

and behavioral responses-. 6-Hydroxydopamine was used in the present 

e riments by injecting it into the right lateral ventricle. This is 

known to ca decreases in cere~ral catecholamine levels 24 h after 

injection (50). To r er the action of the drug more'specifiè for 
~ 

dopamine, the rats were -th desipramine, which blocks the uptake, 

of th~ drug by noradrenergic, 'but not dop nergic, 
, \ 

(10 mg/kg i.p., three doses) was a~ministered to ra 

injection of 6-0HDA • 

neurons (8). - APl1,... 

6-8'ètay s after 
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Rats treated in this way sho~ed a reduction of 64% in t~e response of' 

adrenocortical ODC ,activity to APM '(T,ble' IV, corrected value!i). It 
, , 

~OUld be noted that the ëontrol anlinals, injected with .~he. vehi;le " 
\ .' , 

intraventricularLy and }herefore 1 subj ec~eà t~ the saine surgical stress as" 
, , '" 

th~others, showed normal increases in adrenocortical ODe activity after 
o ~ 

APM., . ijence, the ef~ect of the neurotoxin cl!-nnô~ 1 b~ ~ttributed -to a 

reduction in.tesponse owing to this invasive 'technique. 
"," ~ (" J ~ 

. " Intraventricular admiI'1istrà't~on of 5-; 6~dihydroxttrjptamine 
" , 
Cêntral se;otonergic'mechanisms antagonize amphetamirle-induced '. . . . , 

hyperactivity in· rats (9) àrid APM-induced increases in adrenal tyrosine 
- ',~ d 

1 

~ydroxylase aèti~ity (34). In seeking a/possible dqpaminergic-serotonergic 

relationship irt the control of adrenocortical ODe activity, rats were 
" . 

,injec~edointraventricu~arly with the neurotoxic tryptamin~ derivative 4 

S,6-dihydrOXytryptamibe (OHT). This drug causes long lasting selective . ' 
1 

depletion of brain serotonin (4). In our .experiments, PHT alone had no 
, 1 • 

effect on adrenocortical ODe acti vi ty. , H~wever, I~hen the drtlg was 

rats in ,combination with APM, it caused a reduction in the , . 
, 

'" response of t e enzyme to that drug (Table .• IV.). The absolute values for 
",........... '() , 

cortex mus~ be adjusted for 0 an e'ktimated 10% contamination by ODe of 
• 

p • 

adr}m'omedullary ori,gin. B~cause the medullary porti~n of the enzyme 

incrêases very highly in 'rats treated with both drugs, ,the'precise 

correction is'<diffic.ult"to estimate,~but it is cl~ar";h~t cor:tical ODC 
-~ , 

, ~ -, 
values l' c.\rrecte? ~or thi"S contamination a-re extreme.i<~y ,10W in ra'ts given 

D~T.' Of course, even the uncorl'ected values for the adrenal cortex are 
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, 
only 50% of those observed in sham-operated rats treated with APM (Table 
( / 

IV). "Hence, it is clear~ that DHT has produced a profQund decrease in 
\' 0 ' 

the responsivehess to APM injection • 
• /, 

Effeçt of E-chlorophenylalan~ne 
1 

The a~inistration of R-chlorophenylalanine (PCPA) brings about a 
G 

... 

severe depletion of serotonin content in the brain (24) .. In the,pres~nt' Q 

work, 300 mg/kg PCPA produced ~o âlt~ration in'the basal lev~s of ODe " 

activity in the adrenal cortéx, but it reduced t.h~ uncorrected,response 

of adrenocortical ODe to APM by about' 33%, and t~e corr~cted val~es by ~ 

80%' (Table IV). These data, as weIl as those with DHT, show a cle~ 
f, 

-, 

tendency towards inhibition or~abolition of APM-induced increase of 

adrenocortical ODC activity._ 
Q 

A 

.. 

l 
i 

1 

Effect of electrolyt'ic lesions of the dorsal and medial raphe nuclei 

~ results obta~ned with DHT and PCPA demonstr~tè)that the serotont.n"" 1 
," l ' 1 

content of the brain ~~~~lates. the response of adrenocortical QDC to APM. l 

• 1 t 1 

Electrolytic lesions of the' separate mesencephal~c raphe nuclei were 

carried out, in an effort to define thft possible particip~tion~ ~ speéific 
, . 

serot6nergic centers in this effect. The res~ are sh~ in Table 'V~ 
\ 

Lesion of the dorsal raphe produéed no alteration ~,the ~esponse,of 
1 

adrenocortical ODC to APM, and only a small reduètion (23%) was ob~erved 

after lesion of the median raphe. However, this reduction was statistically 

signifièant in comparison with sham-operated rats treated with the drug. 
\ 

DISCUSSION 
.. 

1 

As previously shown, the 'administration of AP~ to rats causes a large' 
i 

1 , 

~I 
1 
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.l' 

increase in adrenocortical ODC activity. This increase is time-dependent 

and specifically blocked at 4 h by the pretreatment with the dopamine 

receptor antagonist haloperidol (2). OU! present results demonstr~te that 

the effect of APM on adrenocortical ODC is dose-related, and also that, 

for a given schedule of injections, cortical ODe attains higher levels of 

activity at 6 h than at 4 h after the start of that schedule. 

The mechânism of action of APM on adrenocortical ODe activity must be 

due to the release of pituitary factors. 

Three anterior pituitary hormones are known to stimulate adrenal ODe 
-( . 

in rats: ACTH (27,28,38), growth hormone ,(27), prolactin (37,51). It seems 

unlikely that the effect of APM on adrenocortical ODÇ, could be mediated by 

release èr.f--either of the last two factors. In the first place, aBministrat-

ion of APM to rats reduces the concentration of plasma prolactin (la) and 
'.J ~ir~ 

decreases prolactin secretion in anterior pituitaries of rat in vitro (44). 
\ -

Secondly, although APM causes a prompt increase in plasma growth hormone 
, . , 

in hurnans (26) it has little pr no effect in male ~~s (25). On the other 

hand, ,APM administration to rats'î~creases tlie levels of circulating 

corticosterone reflecting an increasedorate of rele~ of ACTH from the 
........ ..,r.s .... 

p{tuitary è17 ,25). lifRelease of ôther pituitary peptides such as endorphins 

or opiates is also possible. Both hav~ been reported to stimulate 

corticoster~ynthesis in vitro (19,45). ' 

Although the adrenocQrtical increase produced by APM is ultlmately 
, 
mediated by the pituitary (2), just as'in Othe case of oxotremorine (36), . . 
a potential role of adrenal innervation in augmentation of the activity 

'. 
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has been suggested. For this reason, rats were unilaterally splanchnicoto-

mized. in control rats, ODe activity was slightly higher in the denervated 

adrenal, but APM administration produced a similar increase i~ both glands. 
, 

It has been shown that under normal conditions the denervated glands shows 

hyperactivity (12,41,47,52). That is, sp1anchnicotomy resu1ts in an 

"increased adrèna1 weight as compared fo sham-operated cont;01s, a~d in 
Il 

-slightly higher 1evels of cûrticosterone. However, the stress of immobi1i-

zation produces simi1ar response in both intact and denervated adrena1s 

• 
(52). In our experiments, we have found that the adrenocortical ODe 

response to APM is attenuate4, and this 1s true for b,ptho intact and 

denervated adrenals. Furthermore, unilateral ~ection of ,ventral or dOFsa1 

spinal cord roots or combined dorsal and ventral roots al,l produce a .. 
similar effect: bilateral attenuation of the APM-induced increase in 

• , 
'adrenocortical ODe a~ti vi ty. / These 6resu1 ts wi th unilatéral splanchnicotomy 

- . 
and rhizotomy sugg~t that the adrenocortica1 ODe response to APM stimu1a-

tion, is not directly dependent on the ~erve supp1y to the adrenal medu11a. , , 
However, a reflex mechanism appears to modu1ate this ~egulatory function. 

As the' attenuation of the A~M effect i5 observed in both glands, at least 
, . 

the efferent component (i.e. directed towards the adrenal gland) must be 

humoral. The,afferent limb of the reflex arc cou1d be either nervous or 

humoral. 

Because"adrenomedu1lary ODe actitity is incre~sed by the ,administration 

of APM, and ~esponds ear1ier (2 h as compared to 4 h for the cortex) (~), 

~~ "\ ~ 

the possib1e'mediation of 'the adr~na1 medul1a in the cortical increase 

produced by APM was investigated i~the fo110wing way: APM was administered 

, 
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\ 
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three weeks after bilateral demedullation. Although it~ effett was 

"decreased in such rats it still caused a- significant increase in contraIs 
\ 

(Table III). This increase did not display the time-dependency noted for 

adrenocortical ODe activity of intact rats (Table 1). Thus, the data· 

demonstrate that, although APM can cause a significant increase in adreno-

cortical ODe activity without benefit of the medulla, the medulla must 

play an importanf role- for 'the time-dependent increases observe~~~ int~ct 

rats. It is possible that the effect of APM on intact or sham-operat~d 

rats is part-Iy regulated by a reflex mecq.anism operating through the 

adrenai meduIIa; the mec~anism would entail excitation of ijopaminergic 

centers in the brain with sympathetic effects in the periphery, occasioned 
~ 

by the reJease of adrenai epinephrine. . The changes in the periphery would, 

in turn, induce reflex stimulation of the pituitary-adrenal' complexe The 

pituitary gland itself responds to both humoral and neuraL inputs (20); 

and adrenal steroids are known to ,exert both fast and delayed feedback at 

the l~vei of the hypothalamus and the anterior pituitary (22,42). In the 

case of adrenal demedullation, the leveis of circulating steroids ~e a1so 

altered (6). 

From our data, we cannot decide whether the attenuation of the ~ 

adre~ocortical ODe response ta APM is due to: (i) elimination of a 
-------~ , 

~ 1 ________ -------

facilitatory feedback arising fro~.!h~_medûna; CH) tl)e, action of an, 

inhibitory fee~back-ar~~;-the cortex itself; or (iii) a combination 
. ,l'· 

of the two. We can oniy conclude-that the physiologlcal changes either 

neural and/or humoral,' caused by the sLrgical manipulation'(splanc~nicotomy, 

1 1 

, . ' 
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.. 

spinal root sections and demedullation) exert sorne kind of modulatory 
, 

effect on the APM-induçed incre~se ln adrenocortical ODC activity. 

Chemical denervation of central dopaminergic fibers with 6-0HDA 

produced a considerable reduction in the APM-induced increase in adreno-
, 

cortical ODC acti vi ty. These resul ts 'suggest that dopaminergic brain· 

struct"ures~ partic~pate"< direc-tly in the stimula tory effects ~h~ pi tui tary­

adrenal system. Indeed, there ~re ~opamine-containing fibers in~the median 

. eminence that originate from cell bodies in the arcuate and- ventral 

anterior periventricular nucleus of the hypothalamus (18). In addition, a 
(' . 

portion of the dopaminergic fibers of the Median eminénce originate from 
",. 

neurons in the substantia nigra (23). Interestingly, Cuello, Weiner and 

Ganong (11) have described resistance of the hypothalamic dopaminergic 
\ 

. neurons ta the depleting effects of lhigh doses of 6':OHDA ~ the rat. " 

However, our experiments do not·implicate particu1ar pathways, 50 that 

further studies would be necessary to locate specific dopaminergiç cent ers 

responsible for the APM-induced increase in adrenocortical ODC activity~ 

The possible participation of a serotonergic system in the regulati~n 

of 'adrenoéortical ODC activity has,also been investigated by treatment of 

rats with PCPA to inhibit tryptophan hydroxylase, and intracerebroventri-

cular inj ection of DHT ta destroy s'erotonergic nerve terminaIs. Nei ther .. 
'produced an alteration in the control values of'adrenocorticàl ODC activity! 

but both treat~ents reduced the response to APM. These data might indicate 
-

- that serotonin p1ays a tonic facilitatory role in the r~sponse. 

Electrolytic lesions of the dorsal ,raphe nucleus failed to. mimic the 
1" 

action of PCPA or DHT. However, destruction "of the medial raphe produced 

1 
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a $mall but significant reduction in the response of adrenocortical ODC 

to APM. This re.sul t suggests that the medial, but not the dorsal, raphe 

nucleu~ p~ays sorne 7le in med:iation of "'th~ APM e~fect. 

The functionr1 i teraction between serotonergic and dopaminergic 

systems in ~he br i is weIl documented (7,9,14,15,29,33,34,35); and 

serotonergic innerv tion of the hypothalamus of intra- and extrahypothalamiç 
, 

origin has been descr'bed (5,16,18,13,32,40,53). It is particularly 
~ 

interesting to mention~again that the serotonergic influence'ôn the APM-

induced increase in ODC activity is inhibitory for the medullary ~nzyme 

(1), bu~ appears facilitatory for the adrenal cortex; although, both 

involve the medial raphe nucleus, 
/ 

In conclusion, our experiments demonstrate that dopaminergic brain 

structures participate directly in the stimulatory effect on the hypo­

thalamo-hypophyseal-adrenal complex ta inc;ease adrenocortical ODC activity. 

In addition, APM administration seems to promote a comp~ex,reflex mechanism 

entailing~a flow of information pertinent to the regulation of adrenocortical 

, 

1 

l 
i 
1 
î , 

1 

1 
l 
i 
!' 
! 

! 
• ! 

ODe activity back _ to the brain by humoral or neura,l messages, Thi~latter "II' 

effect is currently being investigated in our laborato~, Furthe+more,~ 

intact funçtion of the'medial raphe nucleus of the mesencephalon is 

necessary for APM to exert its e~ect on adrenocortical ODe activity. 
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TABLE l Effect o~ apomorphine (APM) on adrenocortical OD~activity in intact rats 

~ 

APM was administered in a dose of 10 mg/kg i.p., at 0 time, and rats were ki1Ied 4 or 6 h Iater. 

When more th~n one injection was used, the above dose was repeated at 1.5 h, 3 h and 5.5'h as , 
indicated in the Table. Figu;es are given as pmol ~4C02 per mg protein per 45 min and represent 

mean ± SEM for the numbe~ of observations in parentheses. 
" 

~ 

The significance of differences from controls was: 

.. 
~ 

'3.p < 0.001; bp < 0.01; cp < 0.01. 

dThis mean value, corrected for approximately 10% contamination with medullary tissue, becomes 

63 pmo1 14C02 per mg protein' per 4S min. Corresponding drug-treated group, 307. The carrected 

means for these treatments at 6 h are 50 and 414, Lespectively: ! 
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l \ ' ... 
DI'ug No. of rime Control Drug-treated Percent 

doses of cOJ)tro1 

APM 1" 4 h ~ 3S ± 9.7 (3) 34 ± lS (3) 97 

APM 2 4 h 78 ± 25.9 (4) 227 ± 38.1 (7)C 291 

APM 3 4 h 67 ± 14.6d (4) 338 ± 57.4 (8)b 504 

N 
N .,.. 

APM 1 6 h 86 ± 26.2 (3) 91 ± 40 (3) 106 .l> 

APM 2 6 h 39 ± 7.3 (i) 170 ± 24.7 (8)a 436 

APM 3 6« 52 ± 12.3 (4) 445 ± 73.9 (6)b 856 
, 

APM 4 ~ 6 h 74 ± 6.7 (6) 817 ± 92.7 (9)a 1104 

-----
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1 , ~ .. 

~ .. 
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TABLE II Effect of apomorphine (APM) on adrenoporticai ODe activity in rats after 
'\ \, 

uni1~tera1 sp1anchnicotomy and ~hizotomy 

APM was administered i.p. or s.c. in a dose of 10 mg/kg at 1.5 h interva1s (O. 1.5 and 3 h) 
" . 

4-8 days after left unilateral splanchnicotomy or,rhizotomy. AnimaIs were killed 4 h aft~r the 

first dose. Fig~res are given as pmoi 14e02 per mg protein per 45 min and represent 

mean ± SEM for the number of observations in parenthese~. 

The significance of the differences from controis (non-drug-treated) were: 

a P < 0.001; bp.< 0.01; Cp < 0.05 
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Treatment 

, 
Sp1anchnicotÇ>my 

Rhizotorny 

" TT9 V 

Tr9 V 

T7-10 D+V 

T
4

_
6 V 

T8 V 

T7-JO D 

T7_10 D 

0.-

" 0 

G 

r-- . 
:J 

.... 

~--~~ ~ ---~-- -~~---- ~ - - ~--- -~-~-- - ---~--- ~-~ -----~- -. 
Drug Denervated Intact ~ 

~ 
~ 

43 ± 10.2 (7) 30 ± 4.2 (7) 

APM 105 ± 16.1 ,(5)b 151 ± 17 (5)a 

APM 74 ± 6.9 (4}_ - 71 ± 7.9 (4)- N 
N 

~ 
VI 

151 ± 22.6 (5)c '135 ± 19.3 (5)c 
p 

APM 168 ± 55.8 (4 )c '- 161 ± 24.5 (4)c 

APM 135 ± 27.5 (5)c 152 ± 35 (5) c 

APM 149 ± ~8.9 (5)~ 162 ± 35 (5) c 

80 ± 6.9 (5) .77 ± 7.4 (5J 

APM 177 ± ,7.4 (5)b 193 ± 18.1 (5)b 

v 

<' 

~ 
- -_ .. ~ .... ,.--~~--~-~~ .... ------. .... ,., .... -......,. .. ...,-..;.- ~~~ lp'Ii1,.U;Iw .'h'.US t 3 
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.. 
TABItE III 

<, 

I;ffect of apomorphine (APM), on ODC act~ of demeduHated 

adrenals , 

Time Control Qrug-treated P 

Demdullated 
,,> • .,.l 

• 

4 h . 53 ± 7.8 (10j 120 ± 10.7 (11) < 0.001 

7 h 78 ± 8.6 (8) 153 :!: 17.4 (9) < 0.01 

Sham 

l 4 h 52 ± 6.6 (3) 298. ± 6.7a . (3) < 0.001 

Three weeks after bilaterai demedullation, APM was administered ta rats in 

a dose of 10 mg/kg s.e. at 0, 1.5 and 3 h. AnimaIs were killed 4 h after 

the first injection of the drug. 
, '~ 

protein per 45 min and represent mean ± SEM for the number of rats in 

. . 14 . Flgures are glven as pmoi CO2 per mg 

..., parentheses. The P values indicates the level of signifieanee for the 

difference between the control and treated groups. 

,1. -
ap < 0.01 for comparison of indicated mean with demedullated treated ~ith 

APM, 

, 
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TABLE IV 

\ 

t 

-Adrenocortical ODC activify &€ter intragerebral inj~ction of 6-hydroxydopamine (6-0HDA), 

5,6-dihydroxyt 
1 

'and without apomo!phi,,~ (APM)\. 
\ 

intraoèritoneal' henylalanine (PCPA), wi th· 
.. 

6-0HDA (125 ~g/rat) was injected into the right lateral ventricle of ra~s pretreated 1 h earlier with 

desipr~ine (20 mg/kg i.p.). DHT (75 ~g/rat) was also i~jected into the right lateral ventricie. 

These neurotoxins were' given 1 week before APM. 
o 

PCPA (300 mg/kg i. p.) was in'j ected in two dos,es of 
\ 

150 mg/kg, 24 h and 12 h before the administration of APM (3 doses of 10 mg/kg at 0, 1.5 and 3 h). 

AnimaIs were killed 4 h after the first inject\on of APM in aIl cases. Figures are given as pmol 

, 

~ 

N 
N 
0\ 

14C02 per ~.protein per'45 min and rep~esent mean ± S~~ for the number of rats in parentheses. The ~ 

P value indicates the level of significance for the difference between control and treated groups. 
'" 

cp < '0.05 for comparison of indicated mean wi th rats trèated wi th APM "Only. 
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Treatment' ~ntrol 
'" .... 

26 .± 3,0 (6) " 

6-OHDA 30 ± 5.3 (7) 

... 
66 ± 13.7' (7) 

~HT 4' 56 ± 8.3 (5) 
~ 

~ 

,,-r 29 ± 5 (6) 

PCPA' 40 ± 4.3 (6) 

4 

0' 

... 
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., 

1 
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, ~. 

APM-treated Corrected 
ya1ues 

287 ±o 62.7 (6) 259 

164 ± 38'.3 (6) 90 

.", 

205 ± 38.6 (5) 159 

103 ± 22.5 (5) 0 

268 ± 30.4 (6) 226 

180 ± 47 (7)c 50 
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<J-
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TABLE V Effect·of apomorphine (APM) on adrenocortical ODe activity in rats with electrolytic 

, lesions of the d~sal (DR) and medial raphe (MR) 

APM was injected s~c. in 3 doses of 10 mg/kg, Cat 0,. 1. 5 and .3 h) #~ days_ after ele~tr_~.J.ytic 

lesion of the r~phe nqclei pr sham-operation. Figures are given as pmol 14C02 p~r mg prote~n ' 

indicates the 1evel of s1gnificance for the difference between the.contr~l 

The P vaJ.u~ 
• 0 

~:.. 
and t~eated group~. 

per 45 min and represent1mean ± SEM for the number of rats in parentheses. , . ... 

- '- '\ 
ap < 0.05 for comparison of inqi~ated mean with sham treàted with' APM. '.. 
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TreatJint' 

Sham 

DR lesion 
'\ 

Sham 
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Control 

126 ± 11~2 

116±10.7 

127 ± 15.2 
'0 

131 ± 16.0. 
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Î ... 

-4 
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(6) 

(6) 

(7) 

(8) 
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APM-treated 

198 ± 20.4 

1BB'± 24.5 

264 ± 15.5 

205 ± 25.6 

.. 
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values 
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CHAPTER VIII 

Neurohumora~ Regulation of'Adrenocortical 

Ornithine Decarboxylase Activity 
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ABSTRACT i~ase i~ activity of adrénocortical frnithine decarboXYlas: The 

(ODe) elicited by the administration of apomorphine (APM) was studied in 

rats, 4 days after transection of ~he spinal cord, or 24 halter various 

types of brain surgery: transection of the mesencephalon or of ~he 
-

,# 

diencephalon; hypo~halamic deafferentation; or transection of the connect-

ions between hypothalamus and pituitary. Section ~f the cord elevated 

endogenous adrenocortical ODe activity and potentiated the induction by '. ' 

APM. Section at the level of the mesencephalon or interruption of the~~ 
o ~1" 

hypothalamic connections, t~ the pi tui tary produced no change" in ei ther 
, - !. ' 

endogenous or induced ODe!ac~ivity. Jn contrast, diencephalic transection 
~ :' 

produced a profound decrJase in endogenous ODe and in response to APM. 
1 

./ 
Hypothalamic deafferentâtion r~~sed endogenous ODe concentrations and 

potentiated the respo~se of the adrenal cortex to APM. , The results -

'strongly suggest that\APM acts at t~e level of the diencephalon t~ increase 
. . 

adrenocortical ODe activity. However, diencephalic-mesencephalic 'connect~ 

'ions must be intact for this to occur. Peripheral and extrahypothalamic, 

," influences play a modulatory role in \ this effect. 

, .. 
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INTRODUCTION 

Previous studies in o~r Iaboratory have shown that the act~ity of 

omi thine decarboxyl,as e (ODC, EC 4.1.1.17) in the ,adrenal corte,of the 

rats is under the control of the pituitary gland. Hypophysectomy lowers 

the basal obc leve1s an~ prevents the 'rise in adrenocortical ODC activity 

produced by oxotrernorine (38) and by doparninergic agonists (3) ,in intact 
,-

rats. Moreover, the éffect of one of these agonists, apomorphine (APM), 

is antagonized by the dopamine antagonist haioperidoi (3). Several 

pituitary hormones are abl,e to increase"adrenal,ODC in hypophysectornized 

rats: ACTH (29,30,42), growth hormone (29) and prolactin (41,51). The 

.existence of neural regulatory mechanisrns for the control of adenohypo-
l' \ 

physeal secretion is now weIl established (19). One of the neuTotransmitters 

that has been identified with these regulatory systems is dopamine. It 
~ 

pl~ys an importa~i role in the secretion of prolactin, as demonstrated by 1 1 

neuropharmacologicai studies (5,25,34), and of growth hormene in hurnans 1 

" 

(37). It may also serve in the regulation of ACTH .(17,22,26). On these 

bases we decided to explore the role of various brain regions in the 

increase in adrenocortical ODC activity induced by the dopamine~receptor 
\ 

agonist APM. Male rats were surgically treated in order to produce gross 

separation of,different brain regions. The animaIs were then injected 

with AP~ according to a schedule that inva~iably causes induction of ODe 
\ 

in intact'tats. We also studied a possible sornatic afferent influence on 

neuroendocrine control by subjecting sorne animaIs to transection of the 

spinal cord. 

. 
.... , j..-
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, ' 

The materials, tissue preparation, ODe assay, surgicai and statisticai 

procedures have ~een described in Chap~ers II and V. The animaIs used 

in these experiments are the sarne as those used in ehapter V where- only , 
,,-

the results for the adrenai meduila were discussed. 
Il 

AnimaIs with Drain surgery were used 24, h after the operation, those 

with section of the spinal cord,4 days postoperatively. The operations 

on the brain inclucled mese.cephalic transection, diencephalic transection; 

,hypothalarnic island, a~d interruption of the hypothalamic link, i.e. 

incomplete diencephalic transection. On the day of the experiment'the rats 

were injected intraperit~neally with 3 doses of APM, 10 mg/kg each, given 

a t 0 J' 1. 5 and 3 ,h. The rats were killed by decapitation 4 h after the 

initial injection. 

The br~in and pituitary 'gland were fixed' in 10% forrnaldehyde~ SeriaI 

sections of the pituitary, 4-7 ~m thick, were stained with hematoxy1in-

eosin. Histo~ogical examination showed that no infarcts had been produced 

in the pituitaries of the animaIs that underwent,surgery for the section 
~ 

of the hypothalamo-pituitary link. Sorne of the brai~s from each group 

with brain surgery were sectioned serially (100-200 ~m) in a sagittal 
--

plane to ch~k the extent of the lesion. The rest of the brain were 

sectioned in a sagittal plane (midline) and photographs were taken of the 

exposed surface. 

, 
, , 
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RESULTS 

Effect of spinal cord transection 1 

The administration of APM to ~ts as described above and previously 
1) 

used in other work (2,3) leads to a considerable i~crèase in the amount ,~ 
) . 

ODe aétivity in the adrenal~cortex (T~ble l, line 1). If information to 

and from the periphe!y is at aIl important in the regu~ation of this 
1 

activity and of its in~uction, the elimination of such information by 

section of the spinal cord could reveal its significance for the central 

mechanism' functioning 'in' the APM-induced increase of bDe activity. ' The, 
~ 

operations on rats to transect the spinal cord at the second and fifth 

thoracic,vertebral levels, regions rostral to the main roots of origin 

of splanchnic fibers innervating the adrenal gland (2,45), were aimed at 

achieving thi~. The results of these experiments are shown in Table 1, 

lines 2-5. First o~ aIl, it is clear that ~urgery of th~ cord, without 
... 

inter'l'U:ption of its fibers, 'resui ted in a mean lowering of the endogenous 

ODC-activity in unoperated rats (lines 2 and 4, compared to line l, for ~ 

ControIs). The second point in regard to the sham-operated rats is that 

the amount of ODe activity following treatment with APM do es not attain 

.the high levels observed in thejintact rats, aithough it is still about 

four times as high as in the corresponding controis. 

In contrast to these results, transection of the spinal cord led to 

Mean endogenous ODe activities that were higher than in either sharn-operated 

or intact rats (Table 1). Moreover, the administration of APM produced 

greater effects in the c~tra~sected rats than in their sham-operated 
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controls. The rats with the higher transection Cat T2) appeared 

particuiarly sensitive to the interruption of ali ascending and descending 
1 

pathways of the spinal cord. As the induction of adrenocortical ODe 

activity is ultimately dependent upon the presence of the pituitary gland, 

these res~lts suggest that input from the periphery to the hypophyseo-

adrenocorticai system, with a net inhibitory influence, is removed by 

interruption of ascending pathways in tte spinal cord. 
o • 

Rats sham-operated to control for brain operations 

Twenty-four hours after brain sursery sham-operated controis showed 

basal- leveis of ODe that were comparable to those of inta~t controis 

(TabLe 1. lines 6 and 1). Admi~stration of APM produced a' 3.S-fo\3 

increase over controls, i.e. slightly Iower than that produced ~n intact 

rats (cf. lines 1 and 6) or the sham-operated animaIs, as recorded in lines 

2 and 4 of Table I. ' 

Mestncephalic transection 

Tr~~section of the midbrain ~ell below the periaqueductal gray matter 

produced no change in the basal lével of adrenoco~tical ~De activity. The 

vaIreS observed in these rats q(ere pooled with those of the sham-operated 

controls to provide a mean of 49 ± 3.7 pmol e02/mg protein per 45 min. 
.... . 

Administration of APM to this group of rats produced an elevation in 

activity similar to that in sham-operated rats (cf. lines 6 and 7). 

Diencephalic transection 

Transection of the diencephalon ~as performed in a group of rats with 

the aim of severing connections between mesencephalic dopaminergic centers, 

\ 
) 

1 
1 

l 
1 
1 

1 
o 1-
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.. 
viz., substantia nigra and ventral tegrnentum, from the hypothalamo-pituitary 

unit. The fibers concerned have been described by several groups of 

investigators. Thus, the median eminence and the pituitary stalk contain 

dopaminergic fibers originating at various levels. The At2 dopamine 

system, originally described by Fuxe (18), originates ln the arcuat1e and 

central periventricular nuclei. The incerto-hypothalamic s~tem, W~iCh is 1 \ l 
essentially intradiencephalic, is composed of groups AU' A13 and Al'4 (36). . -. t' 
In addition, as many as half the dopaminergic fibers of the median', eminence l 

\ 
originate from perikarya in the AS' ,Ag and A10 cel1 bodies of the substantia 

"-
nigra in the mesencephalon (23). Twenty-four hours after operation ODe 

activity of diencephalon-trans~cted rats was significantly lower than in 

sham-operated\~ontrols (Table I, lines 8 and 6). The large increases 

pro~ced by APM treatment of intact (line 1) and sham-operated Cline 6) 

rats were not reproduced in animaIs with the diencephalon transected 

"Cline 8). Nevertheless, what increase there was could be judged statist-, 

ically significant CP < 0.05). These results indicate that mesencepha1ic-

diencephalic connections are necessary for maintenance of the basal levels 

" 

.1 
1 
1 

of adrenocortical ODC activity; as weIl as for ~he normal response'of this ~ 

~nzyme activity to the administration of APM in vivo. 

Hypothalamic deafferentation 
, 

Complete hypothalamic deafferentation.extending ante~~eriorly 

from the optic chiasma to the midmammillary bodies produced an elevation 
~ 

in endogenous adrenocortical ODe activity as compared to sham-operated 

\. con~rols (Table I, cf. lines 9 and 6) • Treatment of these "'brain-Iesioned . 
~":I" ~ ......... -

" r 

( 
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rats with APM increased adrenocortical ODe activ!ty 7-fold over corresp-

onding contraIs (line 9). This change was not only highly significa~tly 
..... :;. 

different~~rom the corresponding controls (P < 0.001), but also resulted 
-

in activities that were significantly different from those obtained~in 

sham-opel,"ated rats gi ven APM (Table l, èf. lin_es 9 and 1 6 for "APM-treat~d"). 

A parallel result obtained by Hal~sz et al. (20) seems pert~nent: they found 

that complete deafferentation of the Mediat basal hypothalamus ~d ,té the 

elevation of the plasma corticostero,id concentration. The significant 

increases of ODe activity, with or without APM treatment, to values 

greater than those noted ~n control rats suggests that this deafferentation 

has rliminated extrahypothalamic inhibitory, influences by w~ylt"o'f the .... 

pituitary on adrenocortical ODC activity~ Moreover, the large increment 
1 

i~ the effect of APM on adrenocortical ODC activity provides further 

evidence for a direct effect of the drug on receptors normally responsive_ 

to impulses along dopaminergic pathways originating in the hypothalamus, 
l ' y 

and influencing the activities of the anterior pituitary gland. 

Section of the hypothalamo-pituitary link 

To determine whether APM has a direct effec~ on the pituitaFY gla~d 

it~elf, an' attempt was madë to separate the pituitary from the -hypothalamus 
• 0 

by the surgical procedure,used to transect the diencephalon. Ideally, this 

lesion, extending from the rostral part of the superior colli~ulus 

ventrally to the ventromedial hypothalamic nucleus, wouJd not only interrupt 

the neural connécti~ns but also damâge the portal system. Endogenous ~ 
adrenocortical ODe. activity in rats opera~ed in this way was slig~tly, 



1 
\ 

/ 
/ 

.. 

240 / 
t • 

higher than in sham-oper.ated controls, but the response to APM administra-
." 

lIi(;Q tion wàs very similar to., that shown hy sham-operated rats (Table I, Unes 

10 and 6). 

Histological examination of the pituitary glands of the brain-operated 

animaIs showed no infarction of the tissue. 

data on enzyme activity indicates that despite disruption' of the neural 

1 connections the hypothalamic-hypophyseal portal circulation must be 

functional. Hence, it is not possible to deduce whether APM is acting at 
~I' 

the level of the pituitary gland without influ~e from cerebral centers. 

DISCUSSION 

It has been previously demonstrated that the pituitary exerts a major 

role in the control of ODe activity of the adrenal eortex of the rat, 

inasmuch as hypophysectomy lowers the basal levels and prevents the 

induction of the enzyme normally produced by administration of APM (3). 

There is, nevertheless'",a modulatory role of systemi:c information oil the 

APM-induced increase, as indirectIy demonstrated in recent ttnpublished , 
w-~· 

work of thts laboratory. These ~esults show thà~ $drenal demedullation, 
) . . 

splanchnicotomy, and rhizotomy each reduces to a similar extent the res-

P9nse of ODC to APM 'administration. 'In the present work deafferentation 
~ 

of the central control mechani~ by section of the spinal co rd was effect-' 

ive in two respects: (i) in elevating the endogenous activity of the 

enzyme by comparison with sham-operated controls, and (ii) in increasing 

significantly the effect of APM in spinal animals, in particular with the 

section at T2• Spinal cord section causes also an increase in the weight 

R 1 ... 
1 
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and 'Volume of the adrenal gland (15,39). Our results suggest that 
, 

section of the spinal cord eliminates °a net inhibit~ry aff~rent influence 
) ~ J \ 

fr~m the periphery on the hypophyseal system regulat!ng ODe activity of. 
o ~ u 

the adrel1al gi~,nd. There" is morphological (21) and functional (tt, 13,44) , . 
() '--~I ~ 

'eviden~e fo~ a direct neural input from the adrenal g~ands to the 

hypothalamus. 

On the other hand, we cannot entire1y exclude thè possibility that 
. 1 

.cord section eliminates 'an efferent inhibitory ftulc4t;ion of a supraspinal 
ft .. $ " 

structure in relation to thë ad~enal corte~. There 1s morphblog1cal 
8 

, 
evidence for crossed efférent nerves,from the basolateral hypothalamus 

1 (6,11,12,48) and from the cerebral cortex (40,,52) tg. ~he adrenal cor~ex. 

~ JMoreover, unilateral ~planchnicotomy ,produces a slight increase in 

. . 

~ , \ 

adrenocortical ODe activity of t~e de'~erVated gland (unpublished re'lml ts). 
o • • 

The next set of experiments, i.e. section of the brain at different 

levels, was aimed at elucidating the location of the central dopaminergic 

pathway(~) to the pituitary'mediating the response of adrenoeortical ODe 

aetivity ta AP.M. 'The lesion of the transection of the meseneephalon , 
extended from the superior collieuli ventrally into the superior cerebral 

pedùncles. - Latt{aUy the lesion extended to the brachium colliculi 

inferioris at the~l of the aqueduct. The structure~ destroyed in 
. 

this lesion, in ad'dit~on to' those menti.oned, include almost the entire. 

mesencephalic ret)cUlar formation and the periaqueductal grey! \Neither 

the basal le~of ODe nor the APM-indueed inerease was signifi~antly. 
different from those of sham-operated controls-: Direct afferents ta the 

.,b 
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, 
\, 

Iaterai hypothalamus fr the me~encephalic central grey ~atte~ have been 

describ~d by ~uypers.(28) and Szentagothai et al. (50). ;These authots hav~ 

also described conn~ctions ~rom the anterio~ midbrain reticular formation 
ft. 

to the hypothalamus. Both areas were involved in our lesions, yet tnere 
.('~..... ~ ,. <l. • 

• s no aIte:tation of lfdrenocortïcal ODC activity: From thisowe may 
.' conclude that the fibers travelling in the described region àre not 

" ~ 

impo;~ant for tneJtPM-link~ incre~se of this cortical function. 
'" II ~~ , l , 

In another groqp pf experime~ts complete transaction of the diencephalon 
" , 

''fI'11t'Wl rnfl'lnèd t<?' is_~bstanti~ nigrà and. 've~tral tegmentum from 
". ,-;--............... #'II . ' ... ~ !' . .', 

their rostral connections •. The lesions extended:rrom the rostral superior 

• collicul'us ventralr'y to the fossa interpedunéularis; and laterally to the 

fimbria hippocampi. This type of lesion ~ignif~~arttlY reduced ~resting 
\ Q 

ODC le~elS ~~ 24 h after the'operation. The resPQnse to APM was also 
dl!' 

,'greatly reduced in comp~riso? te{ sham-opera'ted animaIs, tre~ted with the 
, • 1 

.... d~g; but the anilnals nevertheless display~d a significant induction. These 

data indicate that for ÂPM to have, lf:L- normal effect on.'adrenocortical ODC 
1> il> • 

1 

'j 
i 

'1 .. l'l " l ) J 

acti~itYI·the ven~ral ~onnections from the mesencephalon to the dien~ephalon 
:. 

~must be, i?tact.~I~ ~ddition, APM must a1so have an action at the level Qf 

the hypothal~us. 'In related work, Fraschini et al. (16) hav~ stown that' 
• '). • 1 .. 
irfmidbrain~transected rats the feeclback mechanism on ACTH release is less 

4 

$ensitive to alterations' in ,the level$ of circulating ,corticosteroids 
, t" 

produced eitn~rOby exogenous adminis~ation or by unilateral adrenalectomy. 
• !5 • " , 

P j "'" 

Their work confirmed éarlier results obtained by electrolytic lesions of 
'~ " 'oi Q 

mesencephalic areas (14,.)3,35,49)". 
~ 1 i 
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The drastic reduction in response of the adrenal cortex, with respect 

to ODC activity, foHowing trans'ecti~h of the diencephalon may be consid-

ered along with two other findings in this work: (i) rats with section 

of the spinal cord maintain or even increase their\ response to APM by 
\ , 

comparison with sham-operated animal."s; and (H) the sham operation produced 

a reduction ,in the response to APM which is similar to the reduction 

caused by splanchnicotomy, adrenal,demedullation, or rhizotomy (unpublished 
, ~ 

observations). On this basis we can postulate thàt the mesencephalon ~s 
, 

acting as an intermediate stàtion or relay system where p~ripheral inputs 
f , 
are processed. '" ' -

The midbrain has been shown~to play modulatory (16), inhibitory'(8,47), 

excitatory (43), and stress-facilitatory (14,46) roles in the control C 

mechanism of ACTH secretion • ... ' 
The experiments aimed at 'isolating the hypothalamo-pituitary unit, 

\ 

from a11 neural' extrahyPothalamic connection created "islan<1s" that included 
, 

the nucleus anterior medialis thalami and a11 struc,tures ventral to this 

area. Anteroposteriorly, the lesionsiextended from the nucleus supra- ~ 

chiasmaticus to theposteriormammillary nucleus. In animals'with complete 
'\ 

hypothalamic deafferentation endogenous ODC levels were not only maintained 

but significantly increased. The APM-induced increase was als~ potentiated. 

These results demonstrate that àdrenocprtical ODe activity is modulated 

by extrahypothalamic inhibitory influences, in much the same way as' has 
, 

been deduced for certain endocrine funct~ons. Thus, Egdahl (9) demonstrated 

that cerebral decortication of dogs'elevated circulating cortieosteroids 

" 

1 
1 
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concentrations. Similar lesion and stimulation experiments involving 

other extrahypothalamic sites, viz. the amygdala and hippocampus, have 
. 

confirmed~eir influence o~ ade~ohypophyseal secretion (7,10,24,31,32) • 

To determine whether APM is actual';ty acting at the level of the 
, 
pituitarr gland to increase adrenocortical ODe activity further experiments 

can be suggested: Ci) eleCtrolytic lesion or section of the pituitary 
, -

stalk by subtemporal or parapharyngeal approaches. These lead to functional 

and morphological changes of the pituitary \1,4,27} and CH) transplant .. , 
ation of the pituitary to;an area, dist~t from the hypothalamus, such as 

the kidney capsule. 

Our results demonstrate the complexity of the neurohumoral system 

regulating the induction of ~drenocortical ODe activity. This work has 

adduced the following key-observations. Hypo~hysectomY abolishes the 

APM-induc~d increase in adrenocortical ODe a~i~ity (3). Experiments 

ipvolving section of the spinal cord, together with t~e preparation of 
\ . 
hypothalamic islan~s and mesencephalic-diencephalic transections, indicate 

\ ) 
fhat the primary site of response to APM must be in t~e dien~ephalon, and 

that its midbrain connections are'required for the normal increase in 

adrenocortical ODe produced by the drug. Finally, it has been shown 

tha~ periph~ral and superior extrahypothalamic influence~.play a major 

modulatory role in this effect. 

. \ 
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FIGURE 1 

Schematic diagrarn of the sagittal and coronal views representing: 
A, diencephalic transection (main dopaminergic pathways on sagittal 
view); B, hypothalamic island; C, incomplete mesencephalic transection; 
and D, section of the hypothalamo-pituitary link. 
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TABLE l one activity in adrenocortical tissue after administration of apomorphine 

i 

R~ts were injected intraperito~eally. 24 h after brain section or 4 d after cord section, with 

APM, ~O mg/kg, at 0, 1.5 and 3 h. They"were decapitated 4 h after the first injection and the 
; 

adrenals removed for determinations of ODC/activity, as described in the texte 

.... 

apmoles CO2 produced/mg protein during incubation of tissue ,preparation for 45 min at 370 ± SEM. 

.~Indicat~s the leve. of significanc~ f~r the difference between control a~d treated groups. 

CSignificantly. different from the Mean for sham-operated rats: ,~ 
J 

dp '< 0.05; . ep < 0.01; f ' 
p < 0.001. 
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Line Treatment - '"'> Control 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

~ 

7' 

- .)Iean ± SE 

Intact 67 ± lSa 

Cord section 

T5 sh8J!. p _. 37 ± 20a 

124c~d; 24 
/- ! 

J 20 ± 7 t 

96c~f± 16 
-' 

F 

T5 section 

T2 sham 

T2 section 
-r 

Brain section 
; , 

; .. 
Sham 49 f 4 

~ - , 
- Mesencephalic 49 ± 4 

Di enc epha li c 2'lc,d± 2 

Hypotha1âmie deafferentation 120c~f± 1~ 

Hypotha1amo-pituitary connection 69 ± 17 
\ 
" 

" 

'~, 
, 
'~ 

\ 

.-, 

"-

't 

1 ,,-

APM-treated 

No. rats Mean ± SE 

- ·4 269 ± 53 

6 169 ± 46 

7 229 ± 60 

6 82 ± 18 

6 385c1e± 91 

6 169 ± 23 t 
6 140 ± 17 

4 62c~>f± 6 

5 848c~ f± 53-

.s 185 ± 23 

\S> 

"'\ 

J' 

No. rats 

5 

6 

7 

4 
-

5 

7 

6 

6 

6 

7 

,. 

/"*' • 1 
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pb 

-----
0.01 "-

<, 0.001 
. 
n.s. 

< 0.001 

< 0.01 

< 0.001 

< 0.001 

< 0.05 

< 0.001 

< 0.001 
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A. MECHANISM OF REGULATION OF ADRENAL ODe ACTIVITY ., 
The administration of the dopamine-receptor agonist apomorphine) and 

piribedil, to rats leads to an increase in the activity of DOC of the 

~ adrenal medulla and cortex. These changes in enzyme activity are mainly , 
due to protein synthesis de ~vo as deduced from the fol1owing observations: 

'f. r 1 

Ci) Kinetic studies of dialyzed enzyme preparations from control 

and experimeI1)'~1 rats showed similar K values; this was m ' for"both the 
-

adrenal medulla and cortex. ~-

(H) Mifing experiments, in which enzyme preparations of controls and 

APM-treated rats are incubated tQgether, were always additive. This , 
'. 

indicates that the incréase in ODC ~tivity is not caused by the presence 

of an activator or the,loss of an inhibitor. 

Ciii) Pretreatment of-the rats with the protein syntHesis inhibitor 

cycloheximide prévented the large increase in doc aciIvity normally seen 

after APM administration in both adrenal structures. 

Kinetic studies revealed the,~sence of two distinct Km val~es for 

the cofactor pyridoxal S'-phosphate. This indicates that ODC may be 

p~esent"in two different torms in the ad~e~al glands. The significance and .. 
interrelationship between these two.forms of ODC for th~ regula~ion of the 

, \ .' , 
1 

enzyme activity is at present not weIl understood and deserves further study. 

, \ \~. ., ~ r 

B. ~ENTRA~ DOPAMINERGIC PATHwkYs'INVOL~D'IN THE I~~UCTION OF ~RENOMEDULLARY 
1 

ODC ACTIVITY 

Adrenomedullary OOC activity is predominant~y regulated by a central 

.,. 
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system, originating mainl~ in the diencephalon-telencephalon and including 

a facilitatory dopaminergic component. Nerve impulses evoked by the action 
........ J . 

of the dopaminergic agoni~ts travel i~ a pa~~way lateral to the hypothalamus, 

in the ventral part of the midbrain, down to the spinal cord, and finally 
, 

affect ,the adrenal medul~a by way of the splanchnic nerve. This is supp-
, , 

orted by the following observations: 

(i) Pretreatment of the rats with the dopamine receptor-antagonist 
<\. 

haloperidol CHLP) causes a partial blockade of the APM-induced effect at 

41 h in intact animaIs and at 6 h ün hypophysectomized. 

(ii) Denervation of the adrenal gland prevents the increases in ODe 

activity produced by either APM or PBD at 4 h, and the early increases 

produced by a large dose of HLP. 

(iii) Section of ventral spinal roots reduces the inductive effect of 

APM administration, the reduction depending upon the number of roots inter­

rupted and their location in the thoracic region from T4 to T12 • ) 

(iv) Section of the spin~l cord ab ove the ~ain roots of origin of the 
, , 

splanchnic fibers almost·prevents the increase'produced by APM. 

Cv) Transection of the diencephalon-mesencephalon reduces endogenous 

o~e activity and abolis~es the induction by AP~. 

(vi) Section of' the dorsal part ~f the midbrain does not change ei ther 

'1 endogenous or APM-induced ODe activity. 
. 

(vil) Formation of~ hypothalamic island not only maintains but even 

elevates the resp6nse to APM. This indicate; that the.pathways,'are travell-

ing more lateral to the lesion. 
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C. CENTRAL DOPAMINERGIC PATIfWAYS INVOLVED IN niE INDUCTION OF 

ADRENOCORTICAL ODC ACTIVITY 

Induction of ~renocortical ODC activity involves a central dopamin­

ergic p~thway origin~ting mainly in the h~lamus. Its action is 

medi~ted by the release of ACTH from the pituitary, and is modulated by , 

~oth .peripheral and central extrahypothalamic influences. Support for this 

hypothesis arises from severai sets of observations: , 

Ci) Pretreatment of rats with HLP caus-es a partial blockade of the 
.... 

APM-induced increase in adrenocortical ODC at 4 h • 

Cii) Intraventr~ular injection of the neurotoxin 6~hydro~ydopamine to 

dest,roy dopaminergic nerve terminaIs causes a significant reduction in the 

APM effect. '+ 

(iii) Hypophysectomy completely prevents the rise in ODÇ activity 

observed in intact rats after APM administration and reduces endogenous 
• 

10DC. Administration of ACnI t6 hypophysec:tomized an~mals not only restores 

the basal activity but induces the enzyme maximal~y'at 12 h. 
/\,. ,/ , . 

Civ) Surgi~al manipulation of" the animaIs such as unilat~ral splanch-
" 

ni~otomy or sham-operation at the levei of the spina~ cord (without damage 

to neural elem~ntS)attenuates t~e'response to ~PM. ' By contrast~ se~\ion 

of the spinal cord increases endogenous an~ APM-i~duced ODe activity~ 
Cv) Bilateral adrenal demeduilation reduaes the ODC resPQnse to APM 

" 

and suppresses the time-dependent increases observed in intact rats. 
"'- ê' • . ' 

1 

(vi) For;mation of a hypothalamic isl~d produces a significant increase" 
~, \ 

" in endogenoijs ODe llcti vi ty and potentiate~ the 'effect of APM. 

\ 
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, ' ..... -. ./ 
D. DOPAMINE~GIC-SEROTONERGIC INTERACTION 

~e functional interaction of serotonerg,ic with dopaminergic systems prov::' 

. ides net opp'osite.. effects on ~~drenomedullary and adrenocortical ODe 
, .. 

activïties: inhibit~ry for ,the medull~ and facili,tatory for the ,cortex. 

This is supported. by the following experiments: 

(i) 'Systemic administration of E.-chlorophenylalanine (PCPA) J" 

, " 
\ 

intraventricul ar inj ection of 5 J 6-dihydroxytryptamirm (DHT) and selective 

electrolytic lesions of the medial raphe nucleus J a11 of which deplete 

·SIIT by different lIechanlsms. cause a potentiation of the, in~rease in " 

., adrenomedull ary ODC acti vi ty • ... .... 

(ii) On the other hand-;-both drugs and the elec~rolytic lesion of the' 
~. 1 i 

medial raphe decrease the adrenocortical ,DOC response to APM. 

(Hi) The medial raphe. nucleus is involved in both systems • 

1 

...... Final~yJ the inçrease in adrenomedullary ODe activity caused by, the 

administration of dopaminergic drugs invol ves at least three ~es of r 
, ' .\ 

neuron~:_ dopaminergie. serotonergie and the cholinergic symp~thoadrenà..L 
1 
1 
\ 

." ,-
pregangl ionic neurons. Our resul ts s,how that changes i~ ODC acti vi ty in 1 • 

the adrenal medulla reflect predominantly al~erations in the ae;Ùvity of 
1 

the sympathoadrenal system, whereas the changes in the ,cortical' enzyme 

reflect modific:ations Ot th~ hJot~alamO-Pituitary system.' Furth:~ore, 
. . 

the model explored in this thesis may serve as a unique tool to study tht 

regulatory ~elationship between" ·the two adrenal 'stJ1lctures) in their respons~ 
~ ~ 

~ 

to s'tress, and similarly, to trace specifie neural pathway'S. 
• ' 1 . 

J 
" • 
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1.» Administration of ap,0m9rphine (APM) or piribedil (PBD). two dopamine ~ 
receptor agonists. to rats causes a time-depende~t'increase in the 

, 
activity of DOC of the adrenal medulla and of the cor~ex. The effect of 

APM on both structures is dose-related and appears to involve induction 

of protein synthe~is. 
) 

, . 

2. Kinetic studies sûggest that the adrenal gland contains two different 

forms of DOC with different constants of affinity for the cofactor but 

similar con~tants of affinity for the substrate. 

3. Pretreatment of. rats with a small dose of the.dopamine-receptor 

antagonist. haloperidol (HLP).causes blockade of the increase in DOC 

produced by the agonists AP~or PBD for the first four hours afte~ their 

administration. This'makes evident the involvement of a dopaminergic 

system or systems in the regul.tion of .drenal DOC acttty. This 

doparninergic function is excitatory for both adrenal medulla and cortex. 

with respect to DOC activity. 

4. A larger dose of HLP than is required to block the action of APM or 
\. 

PBD induces DOC activity in both the adrenal medulla and cortex' in a 

time-dependent ma~er. The medullary increase observed at 2.5 h is 

prevented by splanchnicotomy. The results indicate that HLP-induced 

increase in adrenomedullary.ODC activity is caused by a reflex increase in 
. 

preganglionic nerve activity. 

1 

1 
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" 5. Hypophysectomy reduces endogenous ODC levels in the cortex,~tlt' not 

in the medulla. The effect of APM on adrenocortical ODC activity is 

abolished in ~ypophysectomized rats. Treatment of hy'pophysectomized rats 

with ACTH not only restores but induces the adrenocortical enzyme in a 
. . . 

time-dependent manner. This demonstrates that adrenocortical ODC is 

~gulated by the pituitary gland, but that the medullary enzyme is note 

The action of APM on cortical ODC is ultimately mediated by the pituitary, 

most probably through.the release of ACTH. 

6. U~ilate~al section of one to four ventral spinal roots from T4 to T12 
" partially prevents the APM-induced increase in adrenomedullary ODC activity. 

Dorsal root section at T7-TlO leads,to a small reduétion, while section at 

T2-T4 has no effect at aIl. Thus, selective surgical interruption of 

spinal roots indicates that the bulk of splanchnic fi bers mediating the' 

transynaptic induction of adrenomedullary DOC course in tffe ventral roots 
t 

between T~nd T10 : Dorsal rhizotomy causes similar changes; these 

manifest the existence of a segmental modulatory fÙflction (or reflex 

mechanism) of the af~rent input to the spinal cord in regard to sympatho­

adrenal preganglionic neurons involved in innervation of the chromaffin " 

cells. This novel functional method of tracing neuroanatomical pathways 

should be applicable to tracing the origin of fibers regulating other 

activities of theladrenal medulla. 
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" 

7. The APM-induced increasè in adrenomedullary enzyme activity is reduced 

very significantly (but not completely) by unilateral spla~hnicotomy, 

s~ction of the spinal cord at Ts and T2 or complete tr~nsection of the 

dience~halon. Transection of the dorsal mesencephalon does not afféct the 

induction. However, incompletè transection of the diencephalon and form-

ation of a hypotha:bamic "island" potentiate the effect produced by APM. 

These results indicate that the central dopaminergic pathway in~olved in 

the regulation of ~drenomedullary ODe includes important nuclei in the 

dience~halon-telencephalon. A second levei of control appears to be the 
~ 

thoracic cord because its section does not completely prevent the APM-

induced increas'e in ODe acti vi ty. 

8. Depletion of cerebral serotonin (SHT) byadministering-rats 

tryptophan hydroxylase inhibitor ~-chiorophenylalanine (PCPA), or 

destruction of SHT nerve terminaIs by injection of S,6-dihydroxytryptamine 

(DHT) into the cerebroventricular system of the rat, produces no change 

in ODe activity. However, both treatmen~s potentiate the induction of " 

adrenomedullary ODe produced by APM. The results indicate that a central 

serotonergic system exerts an inhibitory role over the APM induction of ODe. 

/ 

9.. Electrolytic Iesions of the medial raphe nucleus, but not of the dorsal 

raphe, potentiate the APM-induced increase i~n adrenomedullary ODC. Thus, 

!he medial raphe nucleus is involved in this unctional dopaminergic-

serotonergic interaction. 
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10. Unilateral splanchnicotomy, rhizotomy, or bî~ateral demedullation 

each attentuate the response o~ adrenocortical DOC to APM. Intraventricular 

injection of 6-hydroxydopamine, which destroys ~opaminergic nerve terminaIs, 

reduces the effect of this drug. On the other hand, section of the spinal 

cord or formation of a hypothalandc "island" potentiate that effect. The 

results suggest that the central dopaminergic system rnediating'the APM­

induced increase in aarenocortical ODe activity is located'mainly within 
" 

the hypo~~alamus. However. peripheral and extrahypotha,lamic central 

nervous influences play a modulatory role ih this affect. 

11. Administ?'ation of PCPA, ,DHT ,or selective electrolytic lesion of the 

medial raphe nucleus reduces the APM-induced increase in adrenocortical 
• c 

" ODe activity. The results JPggest that serotonergic structures originating 

in the medial rt}phe nucleus play 'a facili tatory role in the response of 

adrenocortical ODe to APM. 
, . 
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