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ABSTRACT

\ {

Neurohumoral Regulation of Adrenal Ornithine Decarboxylase

“ The aim of this study has been to elucidate the neural pathways
involved in the regulation of adrenal ornithine deca;boxylaze (onc) g
activity, Administration of the dopamihe-receptor agonists apomprphine
(Aﬁﬁ] and piribedil (PBD)- to rats led to an increase in ODC acti;ity of
both t%e adrenal medulla and cortex. These effects were blocked by

giving the animals the dopaminergic antagonist haloperidel, The APM-
induced increase in adrenomedullary ODC activity was largely prevented

by denervation of the adrenal, transection of the spinal cord, aﬁd
transection of the mesencephalon-diencephalon.A Section of ventral

[y

spinal roots reduced the induction to varying extents, depending on the
~ O . 4 3
number of roots cut and their location between T4 and T12. The inducing

effect of APM on adrenocortical ODC was abolished by hypophysectomy.

Splanchnicotomy, rhizotomy and bilateral adrenal demedyllation each

!

i

attenuated the action of the drug. In contrast to this, section of the
spinal cord or surgical isolation of the hypothalamus (preparation of
"hypothalamic island') potentiated its effect. Impairment of .serotonergic
nerve function by systemic administration of Efchlorophenyialanine and

\

intraventricular injection of 5,6'-dihydroxytryptamine or electrolytic'lesions

\ N
-
v

Lt




~ -~

f

. the cortex.
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potentiéted.the effect of APM in the adrenal medulla, but reduced it in

These observations suggest that adrenal ODC activity is
predominantly regula;ég by one or more central facilitatory dopaminergic
pathways. The pathway for the regulation of the medullary enzyme
involves nuclei in the diencephalon-telencephalon and ultimately acts
through the sympathetic nervous system. The pathway for thé cortex
involves the hypothalamus and acts via the anterior pituitary gland.
These pathways include serotonergic components, which have opposite net,

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

medulla and facilitatory for the cortex.
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ABSTRACT

-~

Régulation Neurohumorale de 1'Ormithine Dé&carboxylase Surrénalienne

P

Cette &tude avait pour but de déterminer les voies nerveuses impliquées

t

dans la régulation de 1'activité de l'enzyme ornithine décarboxylase (ODC)
surrénalienne.  L'injection d'apomorphine (APM) ou de piribédil (PBD),
agonistes de la dopamine, a causé une augmentation de 1'activité de 1'0ODC

a la fois dans les tissus médullaires et corticaux chez le rat. Ces effets

'
H

étaient bloqués en injectant 1'animal avec' de 1'halopéridol, un antagoniste

4

de la dopamine. L'augmentation de l'activi}é de 1'0DC induite phr 1*APM
dans les tissus médullaires fut en majeure partie &liminée par splanchnicot-
omie, une s%ption transversale de la mo¥lle épiniére ou une section
transversale du mésevcéphalo—diencéphale. Une section des racines ventrales
de la moélléba réduit 1'induction & divers degrés, dépendant du nombre

et de la localisation des racines ventrales entre les niveaux T, et TJZ"

4

L'effet inducteur de 1'APM sur 1'activité de 1'ODC du tissu cortical fut
4

aboli par une hypophysectomie. Une splanchnicotomie, une rhizotomie ou une
\ N

démédullatioﬂ bilatérale des surrénales ont toutes attenué l'action de la
drogue, Qgp ndant, une section transversale de la molle, ou l'isolement
chirurgiéal dﬁ 1'hypothalamus (préparation d'un "ilot hypothalamique'), ont
awplifiérl'ef%et de la drogue. Une altération du systéme sérotoninergique

|

par'injection bérifique de para-chlorophénylalanine, par injection
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intraventriculaire de §,6-dihydroxytryptamine, cu par 1ésions éle
T

-, . ont amplifié 1'effet inducteur de 1'APM dans le tissu médullaire, mai

ou p usieurs voies dopaminergiques facilitatrices situde au niveau du
', systeéme nerveux central. LF voie responsable pour le contrGle de 1'enzym
médullaire implique des noyéux du diencéphale-telencéphale et opére via

le systéme nerveux sympathique, La voie pour le tissu cortical implique

: 1'hypothalamus et opgre via l'hypophyse ant8rieure. Ces voies comprennent
' ' I
des composantes sérotoninergiquesqui exercent des effets globaux opposés

sur 1'induction de 1'0DC produife par 1'APM: effet inhibiteur\pour 1'enzym

médullaire et facilitateur pour 1'enzyme cortical,
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Ornithine decarboxylase (L-ornithine carboxylyase,EC 4.1,1.17; 0ODC)

- has been implicated in growth processes in a wide range of tissues and

L4
cultured cells. Regulation of ODC has received increasing attention

be?ause this enzyme acts at the first, ané-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 highesé .
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 iﬁdicate that
they play an essential role in the regulation of various cell functions,
including DNA synthesis, transéription 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
the biosynthesis of the polyamines would contribute to determining the

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

. the mechanism of regulation of ornithine, decarboxylase in the adrenal gland

N\

of the rat.

N

€ .
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 polfhmines were first detected in seminal fluid; "
A Y

\
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and Ehey are secreted g;hthe prdétate gland, the mammalian tissue with the
highest concentration of these substances (346). Spermidine and épermine
are present i& significant Eoncen;fations (millimclar); whereaé’putresciné
is usually present in much lower (nanomolar) amounts (370),. Howevér*
putrescine accumulates in tissues stimulated to increase in size or cell
number (304).

Jdnne et al, (157) were the first to study the content of polyamines
in aifferent rét tissues. They showed that those tissues with the highest
metabolic activity tended to have the highest concentration of spermidine
and a relatively high spermidine/spermine ratio; and that the concentrations

«

J-
of both compounds decrease with age.

(a) Biosynthesis of polyamines

S

s The primary precursors of polyamines are L-ornithine and L-methionine. -

The former is converted to putrescine by decarboxylation. L-Methionine is

first activated with the aid of ATP to form S—adenosyl-L-ﬁethionine; this,

then, is used as the donorof the propylamine moiety for-the synthesis of ~

higher polyamines. S

Raina et al. (286) first showed that in the rat, wi%hin a few hours
after partial hepatectomy, @ynthegis of spermidine from 14C-methionine in
the regenerating liver is markgdly increased. They obtained similar results -
with ornithine but not witﬂ:butrescinb (153,151) as thg endogenous

N

putrescine pool was enlarged many times in the regenerating liver,

'
PR O

The mechanisms of enZ{matic synthesis of spermidine and spermine in

A

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

Williams-Ashman (266). Synthesis of polyamines in vitro was achieved with

\

. AN

\
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preparations of regeri#rating rat liver and prostate (151,266),

Four enzymes are involved in polyamine biosynthesis: two decqnboxylases
and two synthases, They are all localized in the soluble fractions of
hoﬁ;genates of animal tissues (284,337,345,266). Put{escine is formed
following decarboxylation of ornithine by ODC. Its basal actayity is the
lowest of the enzymeseng;ged'in the bolyamine synthesis (2§7); and it thus
can be considered as ?he rate-controlling enzyme. ODC is a typical cytosol
decarboxylase requiring pyridoxal phosphate as cofactor. Its striking
inducibility (231) and its very sﬁort half-1life (307) make it a unique
representative among mammalian enzymeé. Inhibition of ODF by putrescine,
spermiéine and spermiﬁé and othe; related amines has been observed in a
‘number of physiological systems as well as in a variety of cell cultures, <
This enzyme will be fully descrlbeé and its mechanism of regulation
anélyzed in the second part of this introduction.

' A ser~ond decarbéxylase, S-adenosyl-L-methionine decarboxylase

(EC 4.1.1.50, SAMD), is required for the synthesis of spermidine. This
enzyme has been‘extensively purified {263,264). It is the only mammalian
dec§;bdkylase to require pyruvate as cofactor (263,264,48), ~f2§ 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 ODC (213,285).
SAMD is specifically stimulated by putrescine and related 3mines (266).
This is effected partly by 1owering the Km for the substra£§ and partly By

protecting the enzyme against inactivation (263,250). In some Ssystems

spermidine is abpotent inhibitor of SAMD (141). Maudsley (213) has recently

Sowwn
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suggested that after ODC has beeﬁ stimulated and putrescine levels are
increased SAMD becomes the rate-limiting enzyme in the synthesis of
spermidine and spermine. The York of Oka and Perry (249) on the mammary
gland; and the metabolic studies of Antrup and Seiler (7) in mouse brain-
provide support for the above hypothesis. |

The two proéylamine transferases, spermidine and spermine4§ynthases,
differ fromyone another.<jThey have been partly purified from rat ventral

A

prostate, liver and brain (267,159,116). " These enzymés are turned over
more slowly tﬁ;n the\decarboxylases.

In addition to the three roles of pﬁtréscine in the synthesis of
polyamines already mentioned (substrdte for spermi%ine synthesis; inhibitor
of ODC; ahd allosteric activator of SAMD), this diamine acts as a
competitive inhibitor of spermine synthesis (265). Spermidine can also.
inhibi£ its own formation from. putrescine and decarboxylated S-gdenosyl-

L-methionine (265).

(b) Turnover and degradation of polyamines

' The turnover of endogenously synthesized polyamin;s has been studied
in rat liver after single intraperitoneal doses of trace amounts of
putrescine (310,305,2385, ornithine (310,305), spermidine and sperﬁine
(334). Because, in normal liver, only neélfé&éle amounts of polyamines
are synthesized from 14C—ornithine, most of the studies have been performed
in regenerating rat liver, where ODC activity is increased many fold.
Spermidine turnover in regenerating rat liver has a half-life of 4-5 days,
putrescine, about lgo'min. On the othg; hand, newly synthesized ;permine

) .
g from the ?adioactive precursors declines little or not at all in the

{
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N-acetyl-y-aminobutyrylaldehyde

monoacetylputrescine

y-aminobutyrylaldehyde

‘Some pathways for L-ornithine and putrescine metabolism in vertebrate tissues,

The numbers refer to the following enzymes:
2. Ornithine aminotransferase; 3, Glutamic acid decarboxylase; 4. Spermidine

synthase; 5. Spermine synthase; 6. Peroxisomal enzyme; 7. Diamine oxidase;

-8. 1,4-Diaminobutane N-acetyltransferase; 9. Monoamine oxidase.
lines indicate that the intermediates have not been fully documente
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Adapted from reference 203.
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7-day period studied, and this suggests a prolonged half-life (337). 1In

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).

Inh mammalian brain, .polyamine turnover has been eéamined 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:
5 days (310,305) and'16—19 days (332), respectively. This has le& 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, methionine or S-adenosyl-L-methionine for 27 or 57
3y .
days. Several interesting conclusions came out of such stud}? the

experimental half-lives of both spermidine and spermine were similar in
kidney, skeletal muscle, liver and small intestine (between 11 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 higher than that of
N
the C4nmféty from ornithine. This last finding led Antrup and Seiler (7)

to suggest that the rate-limiting step in the bidsynthesis of polyamines
{ - &
in mduse brain may be the decarboxylation of S-adenosyl-L-methionine and

not of L-ornithine.™
\

The actual turnover\rate of the polyamines is difficult to determine

because of the active 1nterconver51on between spermine and spermidine, and
! N,

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

spermidine (334), and a peroxisomﬁl enzyme has been recently purified

'

{
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(139) from the same source whiEh is é;pable of oxidizing spermine to
spermidine and 3-aminopropionaldehyde. The formation of spermidine from
injected spermine has also been shown in trout brain (327), goldfish and
rat retina (343) and rabbit brain (115). These interconversions can be
carried out by a very acgive oxidase foHnd in ruminant serum resulting in
th; formation of the cytotoxic aldehydz acrolein (4). Acrolein is a
degradation product of. the aminopropyl residue.

Information about the degradation of polyamines is scarcé. However, -
an oQidatiQe enzyme has been detected in chick embryo brain (34), apart
from the peroxisomal enzyme found in the liver already mentioned. Fﬁg%her
evidence for an oxidative process in rat brain is provided bx the
observation that spermidine 1s converted to putreanine, ehe\c;}bquiii/
acid derived by oxidative deamination of its aminopropyl regldue (238).
Additionally; spermic acid which is the correspoﬁding derivative of
spermine 1s also found in the brain (146i.

Conjugation of putrescine to form monoacetylputresdiﬁé has been
demonstrated in brain, liver and other organs (7,329). Spermidine an§
spermine can also be acetyléted (22,12,24,331),

Fﬁnally, a reaction of considerable interest is the oxidative
degradation of putrgscine by an amine oxidase pathway (328,330,355)t&?
form the putative neurotransmitter vy-aminobutyric acid (GABA). This
pathway (at {;ast in mouse b;ain)'involves both acetylation and 6xidation:

!

putrescine -+ monoacetylputrescine - N-acetyl-y-aminobutyraldehyde - .

N-acetyl GABA - GABA (329). . \
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(c) Physiolqgigal role of polyamiﬁes

Polyaﬁines appear to have little pharmacolégigal activity. Systemic
administration of large doses to laboratiry animdls are vef} toxic to
the kidﬁey (349), and their transport to the brain is restrictg@ £y the

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

.

amounts of putrescine into the brain ventricular system has few effects.
¢ : #
Spermidine produces sedation and hypothermia. Spermine, which is more

v
¢

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

the pg}yamine§ are very toxic to the CNS; they are distributed by the;
cerebrospinal fluid and acéumulate mainly in the brain stem, where they
produce lethal lesions (6). An active transportisystem appears to be 2
regponsible for the redistribution of polyamines in the brain (115).

_ Spermine is also extensively 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,
it has been suggested that they play#some modulator or transmitter function
there (333). It is interesting that polyamines are found in both'glial and
neuronal elements (71)., White matter shows much larger concentratiohs 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~1evel§ in the
urine of cancer patients was first reported by Russell and co-workers in
1971 (305), and was later’extended to the dets;minatioqbpf the polygmine

LK

content of other tissue fluids such as serum and cerebrospinal fluid.

o
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* has been the subject of several reviews (304,156,232,92). e\

P

The use of polyamine levels as predictive or diagnostic tools.in cancer

v

N
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Recent reviews have also documented the effects of pol}%mines OR- some

v (‘

enzymatic processes, and on the’ability of theseé compounds to interact oy,

AN 2 3
with.and stabilize polynucleotides and various biological membranes and
':\

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

e

in cells and the émognt of ‘ribosomal RNA that is accumilated in them was
1

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

RNA polymerase I has been later proposed b§;Manen and Russell (204,205). .

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

n

these authors will be discussed in the next section.

' N
. s . ‘
s
|
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B. ORNITHINE DECARBOXYLASE: DISTRIBUTION AND CHARACTERISTICS

Ornifhine decarboxylase is widely distributed in nature. The
discovery of bacterial and plant ODC dates back~to’£hé4§3§ (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 gréups of investigators independently reported\thét the acti&ity s 3
of liver ODC was greatly increased almost immediately after partial
hepatectomy (154,306), or administration of growth hormone (158). In
general, low 0ODC activitylis fo;nd in non-growiﬁg situations, whereas high
levels are found in cells and tissues undergoing rapid growth and

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

developing brain (5,338), rat uterus during the estrous cycle (240),

t
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developing rat i‘etina\(IQS) and devel‘opin‘g liver (69); some tumors (306,158,

3 .
268,234); and in the cell cycle of large numbers of cell lines (76,81;125,
3‘60) .’ In addition, stimuli such as administration of hormones and drugs,
a;h'd physiological manipulation result in variable increases in the

*activity of this adaptive enzyme ¥n liver, heart, brain; kidney, skiny

adrenals and other organs (see Tabfe I). ~

.
! “
‘ -

(a) Subcellular localization

- S

. &
0DC is considered a soluble enzyme of the cytosol. . In regenerating

A @

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

*

- gland about 90% of the enzyme activity is found in the soluble, cytoplasmic

fraction (252,266). The microsomal and mitochondrial fractions have very -

B

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

fractions range from one-fifth to one-third of that of the soluble
A

fraction in rat liver, and about one-seventh in the prostate gland.

The subcellular localization of ODC in developing chick embryos is
vely different from that . in the liver and px;ostate. i 'i‘hus, .50% of the
activity is present in the nuclear fraction, with 5% each in m;.toghor;dria 7
and microsomes and the rer;laining 40% in the soluble supernatant fluid (337).
These results are more consistent with the role of the enzyme and of the

S

polyamines in /the regulation of nuclear function. l ‘ ‘

(b) Assay -

x -

k]

The standard assay for ODC involves the collection <o)f radiolai)elled .
CO2 released from carboxyl-labelled ornithine during the reaction. Carbon

.dioxide is collected by absorption in hyamine hydroxide, protosol or a

s e e b m—— - / B et
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TABLE I

N Response of ornithine decarboxylase to stimuli
- ‘5 o PR
! Tissue (Stimulus) ' . Fold increase Reference
Liver ’ . \ .
Partial hepatectomy (rat) 15-70 : ’
’ Partial hepatectomy (mouse) . 54
Thioacetamide . 15-90
. : ° Growth hbrmome = ‘o T . 435 .
Glucocorticoids ] e 20-60 ;
-Insulin ., 257 .
-} . Glucagon - E : o .o 15 .
. - Thyroxine ’ ! 10
" Theophylline ox d1butry1 cycllc AMP 7-10
, - .Epidermal growth factor . 3 .
Feeding or infusion of amino acids " 8-15 ° o
Hypertonic infusion mann1tol g \ 20-30 ~ )
Circadian cycles . © 12 S
. : Celite injection CT  25.50 Lo
. Puromycin .* © / © 14 -4
s Miscellaneous drugs : . ' ) ,2=7
Combination of truodothyronme, amino acids, - .
PR . glucagon, heparin 50
Nafenopin. = 10 c. o, 180
Placental lactogen 3 o~ 144
- . 1220~ Tetradecanoylphorbol;-13-acetate Ty 45 B 369 |
Methyl -deficient diet - 10-20 .226 s
: £ ar . -7 .
. Growth hormone r +5-100
) . . Glucocorticoids , ) 9 ;
Unilateral nephrectomy ' / 5 . s
, Epidermal growth factor 8 + B
. Folic acid . h . 6 ’
Testosterone ., 200 . 261
Vasopressin . RS ° 6 261
Heart . B - - .
Growth hormone i L B 2 : ’
Induced hypertrophy C ’ .03
- , Stress . 3 350
° a- or B-Adrenergic agonists . - 4=10 , 350
L Yo -
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" (Continued) TABLE I v
&
\
Tissue (Stimulus) Fold increase References
Skeletal muscle vy,
Growth hormone ) ‘ - 2
Thyroid hormone T4 77
a
Spleen thymus
Growth hormone ke - 5-10
Skin (epidermis . ) <
Epidermal growth factor g ! —_ 4-30
UV light - o 6 362
Tumor promoders . 6 233
” Prostate ’ . ,
Androgens \b n 6
Testes
Gonadotropin L 1 . 3- \
v Epidermal growth factor ' 4-15
Mammary gland - .
Pregnancy \ .20
Uterus, oviduct, ovaries .
Estrous cycle : >20
Estrogens 15-50
Luteinizing hormone . 10 - )
Gonadotropin” o ‘ 10
FSH . : . 3 291 -
Thyroid % ‘ s .
TSH ‘ ‘ h 6 , .77
Cholera toxin ) . 6- 77
Intestine : . o
Injury - ‘ R -5 194
Brain o c ‘ 4 ) .
Vasopressin 5 145
Angiotensin II ‘ E 145
NGF i 12 145
_Electrical stimulation, - ’ \ 10 254
Insulin 5 298
6-0HDA . 4 15
Several hormones . ® - 338
Table adapted from reference 231
4 - '
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mixture of ethyleneglycol monomethyl ether and ethanolamine, A micro-
assay has recently been described by LaPointe and Cohen (184) which

utilized the wells of a spot assay plate to contain the reaction and a
14

Ba(OH) ,-soaked glass film filter to collect €0,. Alternatively,
uniformly labelied ornithine may be used as a Eubstrate; the labelled
putrescine produced is separated from the substrate either by ion-exchange

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

has(the-advantage that tritiifed ornithine of high specific activity can

. be used and the assay may be more sensitive'than the CO7 collection method.

2 T

However, great care must-be taken to separate putrescine and ornithine
and the method is more time-consuming than the CO, method. L
I

A fluorometric assay for ODC has also been described in conjunction

with high-performance liquid chromatography (117). Putrescine is partially

punified..by Cellex P column chromatography and is later converted into "

the \fluorescamine derivative; this is effected in the presence of cupric
)

ion, which inhibits the reaction of interfering amines with fluorescamine,

f

of tissue are necessary for the determination, N

T

{c) Purification: different enzyme forms

A
Mammalian ODC has been extensively purified from rat ventral prostate
(155), from regenerating rat liver (%9,166), and from livers of rats
previously treated with thiocacetamide (252,246). Purification of ODC

from crude extracts %anges from 175-fold (79) to 37,000-fold (166), and

’ <

’




- e———— O KO, M v

&

W0
o+

6 »

)
3

. manyproperties of the enzyme are.similar in rat prostate and liver, .

ODC has a very broad pH-activity curve with an optimum that shifts
from pH 7,0 to pH 7.8 as the enzyme is puriflea (246)., RHina and J4nne
(154) first noted that increasing the mercaptoethanol concentration from

1 to 10 mM shifted the pH optimum from 7.4 to 8,1.

'Y
1

‘Rat liver ODC induced by injection’ of tHioacetamide has been sepdrated
into at least two fractions by covalent chromatography on an activated

thiol-Sepharose 4B, Both forms appear to be dimeric proteins having a

. molecular weight of approximately 100,000 by equilibrium sedimentation

and analysis on.a calibrated Sephadex G-200 column. The appareﬁt subunits
are approximately 50,000 daltons as determined by electrophoresis on
polyacrylamide gels in the presence 0f§0diumdodecyl sulfate (247).
Whereas 1soléted Fraction I is stable, 1.e, retained 70% of enzymatic
activity after 50 days storage'iﬁ the presence of 20 mM 2-mercaptoethanol
at 40, Fraction II éﬁzyme lost almost all 1ts activity after storage at

4% for 3 days (246). These two enzyme forms appear to‘;ave charge
differences as well, The Ky vglhes for ornithine of ferms I and II are
0,14 and 0.083 mM, respectively, A purified mixture of the two forms

shows K, values of 0.13 mM for the substrate and 0.25 uM for the cofactor.

Both forms exhibit a pH optimum at' 7.4 in Hepes buffer and 8,1 in

\ ) , —~—

glycylglycine. Antibody against form I ¥s cross-reactive with form II.
’ 4
A single band in the gel electrophorL is analysis of the specific 1MMUno-
precipitate corresponding to 50,000 was obtained by Kitani and Fujisawa |
» »” :

(167) and Obenrader and Prouty (247). Theoharides and Canellakts (350)
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reported that antiserum for\ODC precipitates a single polypeptide with a

molecui;r weight of 90,000, e
Multiple species of ODC have been separated by chromatography of

extracts of rat thymus and kidney on DEAE-Sepharose CL-6B (296). Kinetic

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

3T3 mouse fibroblés§§j(46), rat prostate (1) and developing heart (185).
e i

(dj Substate and cofactor requirements., Effect of thiolg
BN A

Prostatic ODC is specific.for L-ornithine; it has no activity towards

* L-lysine, L-arginine or D-drnithiﬁe (266). Ono and co-workers (252) tes%ed,

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

derivatives of ornithine on rat liver ODC activity, Of all the compounds

"studied only D-ornithine showed a small-inhibitory action at a concentration

- of 10 mM, On the other hand, in enzymic prepara%ions from mouse kidney,

- * N

stimulated with anabolic steroid nandrolone phenpropionate, lysine and

ornithine were shown to inhibit the decarboxylation{of each other compet-
itively. The Ky values for the decarboxylation were approximately equal
to the K1 of the two amino agids, and the maximal pH of decarboxylation

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

-liver‘stimulafed by growth hormone (270).

Ornithine levels in rat tissues are usually higher than'1l mM (100),"
whereas the K of ODC for L-ornithine is typically 0.1 mM. Therefore, it

is unlikely that ornithine availability 1s a limiting factor in the

reaction (213). RN '

.
a

The cofacteor required by ODC is pyridoxal 5'-phosphate (PLP). It is
rather loosely bound to the apoenzyme (266,154,46,27 nfractioheted
. ‘ i

N
\

’
\
- :
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tissue homogenates from rat prostate (266) and from the slime fagld ,

Physarum polycephalum (229) require the addition of PLP for maximal

~

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

3T3 mouse fibroblasts (46) contains about 50% of maximal activity with-

out added PLP,

ODC shows no requirement for any metal activator, The metals tested

' 2
were Mn2*, ca®’, C02+, Zn2+, and Fe* 1n prostate gland (266)
2+ 2+ -, . ..
and Mg® , Ca (337) 1in rat liver. The activity of the

enzyme in small intestine is inhibited by the addition of Mg2+ (13).

- )

T—— .
The activity of ODC 1s preserved by thiols such as dithiothreitol

' and -2-mercaptoethanol, It i: thought that, in the absence of thiols, the

enzyme polymerizes to an 1inac 1ve species. Maximal rates of decarboxylation

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

in the presence of thiols in rat prostate (155), liver (252) and heart (211).
Friedman and co-workers (79) report that ODC actavity 1s strongly

dependent on mercaptoethanol concentrations over the range 2-10 mM in

o

S L] -

*Bi:tia}iy purified regenerating rat liver preparations, whereas no such
dépendence is observed with dithiothreitol over the range 1-5 mM. The
results of a second group of investigators (252) with partially purified
preparations of liver from thioacetamide-treated rats are qhite the
opposite; thus'5-10 mM concentration of dithiothreitol appears to be more

\

effective in preserving or restoring ODC activity,
i}
(e) Activators and inhibitors

1

Apart from the weli known protective role of sulfhydryl compounds for

ODC, the non-ionic detergents Tween 80 and Triton X-100 have recently been

-

. ’ ¥
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of protein synthesis such as cycloheximide.

/ ’ v 'N@A
shown to stimulate purified preparations of ODC from rat liver by causing
an increase 1n the velocity of the enzyme (166). Several decarboxylases

show an increased rate of decarboxylation in the presen¥e of non-polar

solvents (251), The stimulatory effects of serum albumin and the non-

iatirarim.

anionic phospholipids such as phosphatjglylcholine and phosphatidylethanola-
mine have also been demonstrated by Kitani and Fujisawa (167,168), whereas

anionic phospholipids and heparin, as well as synthetic polyanions such as

t

poly-L-glut;mlc acid anq dextran sulfatencause g marked ipactlvatlon of
theheﬁzyme. !

Many compounds inhibit ODC, The major inhibitors aétlng directly .on
ODC are substrate anaiogs such as a-methylornithine and a-hy&ra21no- |

ornithine (1,156,271), DL—a-b1fluoromethylorﬁithine, an enzyme-activated

irreversible inhibitor of ODC, 1s very effective in viva (10,14,58,73,140,

[

sl

279). This inhibitor suppressesthe increase in uterine ODC activity

associated with early embryogenesis in the mouse and arrests embryonic

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

i By

particular interest (97,98).

The physiologically occurring polyamines, putrescine, spermidine and

spermine inhibit the activity of ODC in the rat liver in vivo (152,276),
rat intestine (13) and heart (211)., Several structurally related but
unphysiologic amines, and ethanol have also been shown to inmhibit ODC activity !

(58,108,164,272,275,278). Less specific in vivo inhibition of ODC activity

is obtained with compounds that inhibat PLP (252,266); or with inhibitors

é
Z
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TABLE II  Comparison of puri%ied ODC from prostate and liver

Source and type

Property Rat liver . Rat prostate «
(inducible) (inducible)
Specific activity 175-37,000-fold / 300-fold
Km, mM - 0.2; 0.1
F1(0.14), Fry(0.083)* !
Kppp, uM 0.25 0.3
AN \ K1(0.06), Kyy(2)**
Isoelectric point 4,1
Mplecular weight .-,
Native enzyme 100,000 65-85,000
Protomer 50,000
Subunits 2
Inhibitors Putrescine Putrescine
D-Ornithine, Na, KCl
GTP & dGTP
- . L-Lysine
B Phosphatidylinositol
Phosphatidylserine
Activators . Dithiothreitol Dithiothreitol

2-Mercaptoethanol

Triton X-100, Tween 80
‘Bovine serum albumin
‘Phosphatidylethanolamine

2-Mercaptoethanol

Phosphatidylcholine ° -y
pH optimum 7.0; 7.4; 7.7 ‘ 7.2
Reference 79,166,167,168,246,247,252 155,266

* FI; Fy; Km value for enzyme frActions I and II

* KI’ K Km value for enzyme forms I and II

II
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(f) Turnover "

*
The half-1life for turnover of ODC activity .

appears to be the shortest for any mammalian enzyme (337), Russell and
Snyder (307) and Hannonen and co-workers (116) showed that dhen cyclo-
heximide or puromycin, two ighlbitors of protein syntbesis,~are given 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 min, The same
half-1ife was obtained when cycloheximide ‘was administeréd to weanling
rats 3 h after growth hormone administration (3%0). Inhibitors of RNA
synthegls such as actinomycin D given shortly before or at the time of
the stimulus prevent the induction of ODC; but one hour after the stimulus
they have little or no effect)(70,307). From experiments with a-amanitin,
Kallio and co-workers (164) hgve estimated ﬁ*half—llfe of 7 h fér mRNA *

f

of ODC in rat liver. Synthesis of the mRNA appears to take place in 1 h,

(g) Circadian rhythm iny

27w

It is now well established that ODC activity in rat liver varies over

a 6-fold range each day,—with peak activity occurring between 8 and 11 pm
‘(122,245). This daily rhythm is altered or abolished in starved animals
(122,245), or after they have undergone pinealectomy (316), chemical
hepatocarcinogenesis (317), hypophysectomy or adrenalectomy (122), Some’
of tﬁe factors which appear to be involved in maintaining the circadian
rhythm of ornithine decarboxylase in liver include: alteration in the
lighting’schedule (i42); availability of food, particularly access to _w

protein (122,142,245}); and growth hormone andfglucocorticoids (122),

.
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ODC activity in the small intestine of rats having free access -to

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

B y .
The initiation of the circadian rhythm is related to food intake rather

than to dark or light (214},

ODC activity of kidney also shows a diurnal variation, which can be
modified hy pinealectomy (316), and by bilateral adrenalectomy and
hypophysectomy (242), No distinct diurnal alterations have been detecteé
in the brain (183), but the pineal'gland shows a circadian rhythm with a
m;ximum at midnight (374,375). The rhythm oé ODC activity in the pineal
gland appears to be determined chiefly by the ratio of enzyme to endogenous
inhibitor at different times of the day. This 0DC inhibitor is a higg
molecular we%gﬁt peptide (30,000 daltons) faund in the pineal gland as
well as in other organs (76,78,106,127,268).

{h) Ornithine decarboxylase and RNA polymerase I

Manen and Russell (204,205) have proposed a direct relationship

« .
between ODC and RNA polymerase, and therefore rRNA synthesis, based on the

.following observations:

. The increased activity of‘liver 0DC,¢affer administration‘of methyl-
xanthine derivatives 1s closely followed by an increase in RNA
polymerase,

Inhibitors of RNA-and protein synthesis which affect the increase in
ODC activity, produce a similar attenuation of the increase in RNA

o
polymerase I. ’

J
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Addition of a parfially.purified 0DC preparation to nuclear or
nucleolar preparations increases RNA polymerase ¥, and it also
restores linearity after the polymerase assay has reaéhed the
steady state,
fgfﬁbnaturation of ODC preparations by heating at 60° for 10 min results

4" i5 the loss of ODC activity and abolishes their ability’to é?fect
the RNA polymerase I.
Studies utilizing Cy—14C)-ATP and Cy-szp)-ATP indicate that 0ODC—=
increases RNA polymerase I by affecting the rate of initiation.

ODC has been purified over 2,000-fold by means of an RNA polymerase

affinity column,

The conclusion derived from these experiments is that ODC is a rapidly .
turning-over component of RNA polymerase, The argument presented includes
the following facts: (i) a short-lived protein is required for a normal
level of transcriptioq of the nuclear genes (75,236), and (ii) in Ehrlich
ascites cells, amino aéfdg\stimulate the synthesis, or possibly decrease
the degradation rate, of th;g\p;otein (738). Thus, ODC has the same half-
life as the labile protein (10 tOKZQ\min) (307), and its half-life-can

be altered by amino acid supplementation in cells in tissue culture (134),

This proposed regulatory function of ODEC for RNA polymerase has been
integrated into a model of major biochemical events taking place after a
trophic stimulus (30@). This model proposes that 1n\;35pgnse to trophic

hormones, drug administration, mitogens and various other growth stimuli,

there is an increase in the intracetlular concentration of cAMP and/or the ,/

. R T B
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TABLE IIT Temporal increases in c¢yclic AMP, cyclic’AMP-dependent protein

kinase activation and ornithine decarboxylase activity in a

v

variety of stimulated tissues

. Protein .
Stimulus Tissue CAPM kinase 0DC
Analogs of cAMP Liver - - -

. (Dibutyryl cAMP) and/or Cultured hepatocytes - - -
" phosphodiesterase Adrenal cortex - -
inhibitors Adrenal medulla - -
Kidney - -
‘ BHK fibroblasts - -
- . Glioma cells - -
Neuroblastoma cells - -
H35 cells - - -
P Testis . .
FHS, LH ) Testis - -
TSH Thyroid - : -
Regeneration Liver - - =3
Hypertrophy Heart - - -
Adrenal cortex - - -
Glucagon Liver - - -
Cultured hepatocytes - - -
Growth hormone Liver . - -
Adrenal cortex ’ .- -
ACTH Adrenal cortex - ) -
Isoproterenol Salivary gland ‘- -
Heart oo - -
Cold exposure Adrenal medulla - - -
\\\\\\ Carbamylcholine Adrenal medulla - -
Reserpine Adrenal medulla - - -
™~ S

3zMethylcholanthrene Liver - - - -

or phenobarbital ‘ ' i o
Synchrony by mitotic Chinese hamster ovary - - -

selection . and V79 cells

¢

’
N ¢

Taken from Refereﬁée 303, .
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FIGURE 3 Proposed model of sequential steps in‘'a trophic response -
= N . + ! . o
Trophic hormones Induction of Activation of RNA ‘Putresc:me
Drugs inducing enzymes " ornithine polymerase I synthesis
Mitogens decarboxylase
- ¢ 'b
ro-
wn
Activation of | ) New Messenger {Ribosomal RNA Spermine
adenylate cyclase RNA synthesis - t Protein tsynthesis
(B-receptors) :
Increased intracellular- = Phosphorylation of :
concentration of acidic nuctear ’
cyclic AMP o protein(s) i
- . -
Activation of cyalic
-+ AMP-dependent protein R -
X kinase(s) -
[y - e
. Taken from reference 303 h
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activation of cAPM-dependent protein kinase. This is coﬁsistently\
followed by an elevation in the agtivity of ODC., There is now some
evidence that ODC is induced in paraflel with the acgivation of cAMP-
dependent protein kinasg (38,29,309). Increased ODC activity in some,
stimulated tissues is rapidly\followed by increased RNA polymerase I
activity. this sequence of events\Pas been observed in several®systems
exaAined, including some that resu1£ in the inductionrof micro;omal miéed-
function oxygenasés and hypertrophy in rat liver after administration of

phenobarbital (33,301), polychlorinated biphenyls (51), and 3-methyl-
A

cholanthrene (33,206,301). .

W . 4

Recently it has been reported fhat hytoplasmic obC gdgrates into the
livef“nucleus after administration of L-methyl-3-isoguty1xanthine to rats,
but this increase 1s not correlated with increased RNA/polymefase activfty
(20) More experimental work of the kind will be necessary 1n the Euture

~ before the hypothetlcal model of Russell and co-workers can be fully

evaluated.

C. REGULATION OF ORNITHINE DECARBOXYLASE ACTIVITY

(a) Induction

The same basic pattern of response of ODC activity is observed in p

\

many different cell types when they are stimulated to grbw or proliferate,
After stimulation of enzyme synthesis, there is a lag period of about 1 h,
then a sharp increase in activity with a peak occurring around 4 h, after

whi¢h the activity declines, Durlhg the pérlod when ODC activity is
declining, the enzyme is refractory to further induction (213).

1
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) Increases in ODC agtivity are brought about primarily by-alterations
\ o

in 'the rate of protein synthesis, An increased amount of immunoprecipitable
. * v . '
Y ! protein has been detected .in rat liver after® growth hormone administrationm,
o . § ’ . N
N regenerating rat liver, cultured hepatoma cells and thyroid stimulated

ig_vitro\with thyroid stimplating hormone and meth}lixanthine (35,138;ia7,

321). In the majority of the instances the stimulation of the enzyme can "

- be prevented with inhibitors of nucleic acid and/or p;otein synthesds (231,

A

285). However, there are cases in which changées in the rate of degradation
- O take place, Proloﬁgation of the half-life of ODC has been reported in a

“ o 3 / i
' number of cell lines (44,134,280) and in thioacetamide-~ and carbon’tetra-

s

‘chloride-induced ODC activity in rat liver (277). ODC in the liver can
., ’ also be stabilized following administration of nafenopin, or two competitiyé

. ) inhibitors of the,enzyme, a-mgﬁhy}ornithiﬁe and a-hydrazino-ornithine (180,

~ P

*217,118), : ) . .

Y " ODC activity in rat liver shows a biphasic increase after partial

. ' @

| hepatectomy, after feeding'a°caseiﬁ diet and during eafly'embryonic
,aeve}opment (95,198,124). Two diféerent mechani;ms ha;; been suggested ;o
. . -

operate under these conditions. Thé first peak is probablylunder'traﬁg-

. T criptibngl contrél; thessecond is under traﬁslational control and is

' dependent on the hNAoformpd during the EPitialﬂreac%ion. Studies with -

, enucleated.cells produced by cytochalasip B have shown that cytoﬁiasts or
s 2 .
. cytoplasm freed pf nuclei still respond to growth stimuli with an increase -

, in ODC- (285). ODC activity iﬁ the enucleated cell must be controlled at a ™

.
s
?
”

‘ translational level,

. " .
Q 4 km >
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(b) Multiple enzymeforms *

1

-

Multiple active and inactive forms of ODC have been isolated from
varipus tissues, 'This has raised the possibility of the participation Qf
N
‘sqch‘forms in the regulation of the en%yme. Thus, Swi§s 3T3 mouse fibro-
blasts have two different forms of the enzyme with'different Ky for the
cofactor. Upon stimulation of: the céﬁls by growth ho;%one conversi;n of
the less active to thé more active form taies place while ODC activity is

increased 10-fold (46). Similarly, a recent report indicates that ODC in

hormonally stimulated adult heart and in non-stimulated neonatal heart ha¥

a lower K, for the’subsfrate than that of non-stimulated adult heart (185)a

~f§

which could %qfluence the enzymic activity. Finally, active intercornversion

These changes are mot accounted for by alterations in soluble factors

o

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

stimulation with cycloheximide. This drug does nof cause a loss in 0DC
activity, but rathef induces a sharp ch;nge in the ability of %his enzyme
to bind PLP (229). A protein factor is involved in the interconversion of
tﬁe alternaée states ;f ODC (227,228). This factor appears to be a hgat-
labile, acidic protein with a molecular weight of about 35,000 which binds

to macromolecules in crude fractions isolated using low ionic strength ,
¥
buffers. - - °

Y

;.
(c¢) Product regulation

Administration of diamines in vivo at the time of partial hepatectomy
blocks the’ induction of ODC that usually ensues. This suggests that the
3
enzyme is controlled by a repression type of mechanism(152,276). The

-mechanism of regulation of ODC by %pe product of the reaction is quite

-’
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complex, It is associated with a decrease in the‘;mount of immunoprecip-
itable enzyme protein (164). Additionally, putrescine and other polyamines
promote the synthesis of a protein inhibitor, or antienzyme, that
specifically interacts with ODC to form an inactive complex., This

inhibitor has been detected in several cell lines (47,76,128,217),fin rat

vthyroid and liver (127,78,160,268,277;36), and in chicken liver (106},

It has a molecular weight of 26,000 daltons, is heat-labile, gnd loses
N \
its activity by treatment with chymotrypsin or trypsin,

These two polyamine regulatory mechanisms for ODC appear to be
éoncentration-dependent. That is, small concentrations favor suppression
of ODC actlvity@while large cogcentrations ﬁfcmote the synthesis of the
antienzyme (19,219). Heller et al., (129) and Canellakis et(gl. {37) have
suggested that the cell membrane contains a critical regulatory site for
0oDC, and‘fhat at low levels of extracellular polyamines, the induction of
ODC activity can be inhibited through these membrane-medi;ted sites, In

4 I
line with this hypothesis, agents that affect the cell cytoskeleton such
' e . ,

as colchicine, cytochalasin and vinblastine inhibit the induction of ODC

(42).
. ks
Two post-translational modifications of ODC have recently been
régézggg which result in inhibition of the enzyme in vitro: putrescine
binding to ODC by a tréhsglqtaminase (302), and phosphorylation of ODC by
a polyamine-dependent protein kinase (8), e

In summary, proposed mechanisms for the regulation of ODC include

transcriptional, translational and post-translational models, Furthermore,

-
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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).

-~ S

< “

D. .ORNITHINE DECARBOXYLASE IN THE ADRENAL GLAND

& ‘
{(a) Hormonal effects K

o

ODC activity in the adrenals of hypophysectomized rats is markedly
_increaged by the administration of ACTH (189,190,297). These effects are
not secondary to stimulation of steroidogenesis: although hydrocortisone

A\ stimulates acfivity of the en;yme inlthe liver and kidney it has no effect
on adrenal ODC (297); and inhibition of adrenal steroidogenesis by amino-
glutethimide does not interfere with %he increase in ODC activity
following ACTH stimulation (190). These two events are also uncoupled
in a mutant of ACTH-respomsive mouse adrenocortical tumor dell line Y1
(176).

Stimulation of ODC by ACTH is preceded by ipcreases in adrenal cAMP

] ) - ¢
content; administration of dibutyryl cAMP to rats increases ODC activity

as well (2;7). Although Richman et al. (297j have reported a close
co?relation between the dose of ACTH, the increase in cAMP concentration,

. and the activity of ODC in the adrenal, Levine et al, (190) we;e 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

‘activity requires the participation of adenfiate cyclase, cyclic AMP, and
s . ~
cAMP-dependent protein kinase *(176). " A close relationship between an -

increased activity ratio of cAMP-dependent protein kinase and the induction

Rl

of ODC has also been shown in the adrenal .gland stimulated to grow by

{
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unilateral adrenalectomy (32).

The increases in ODC activity produced by ACTH administration are
prevented by administration of cycloheximide; in this way, sustained
new protein synthesis appears to be required for ACTH to stimulate adrenal
0DC activity. Actinomycin D, on the other hand, blocks the effect of ACTH
16 h after hypophysectomy but not 1 h after the operation (190), There-

A , J )
fore, it has been suggested that ACTH stimulates ODC activity by a post-

- transcriptional mechanism in the acutely hypophysectomized animal, whereas

-

in the animal deprived for several hours of pituitary hormones, ACTH also
stimulates transcription of new mRNA which 1s involved in the pegulatioﬁ
of ODC (190,297).

.
Growth hormone administration to hypophysectomized rats results in

N

an 1ncrease 1in adrenal ODC activity (189,242). This effect is not
preceded by increases in adrenal cAMP content (189), Thus, growth hormone

and ACTH appear to stimulate ODC activity by different mechanisms, one

+
o

cAMP 1independent, and the secopd dependent. This is further supported \\

by their, synergistic effect when administered together (1893. -
Another trophic hormone, prolactin, causes large increases in ODC

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

rats, These effects are dose-related and-age-dependent (295,354). -

Administration of nerve growth factor (NGF) into the cggebrovpntricular

—

system of the rat induces 0ODC activity in the adrenal gland. Hypophysectomy

-

or pituitary stalk section inhibits the increase indicating that NGF

causes an activation of the hypothalamo-hypophyseal endocrine system (237},

The direct action of NGF on a clonal cell line (PC12) from a transplantable
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- rat adrenal pheochgqmocytoma,has also been demonstrated to induce 0DC

activity (121,143). These increases in ODC activity appear to 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 in PC12 cells (178,326). Induction of 0DC activity by

NGF 1in supertor cervical ganglia of rats in vivo and in vitro appearsto

be mediated b} a cAMP-dependent mechanism as well (196), and occur
through two types of receptors, one on the cell membrane 1nvolviné

cytoskeletal structures (179), and the other{intracellular (130).

(b) Neuronal effects

-~
Several stimuli that cause alterations in neuronal function can

-~

increase ODC activity 1in the rat adrenal meduila. Among these are
épplication of the stressors told exposure (28,290} and immobiriiﬁ}ion
(290), and administration of drugslsuéh as methylxanthine derivatives ‘
29), reserﬂine (31,59,290), and cholinergic agsnists (289,303). These
effects are prevented by denervation of the adrenal, and mecamylamine (a
ganglionic blocker) lowers the increase in ODC produced by carbamylcholine
(%63). The muscarinic agonist, oxotremorine, stimulates the enzymic
activity mainly by a cent?al mechanism (289). This has been demonstrated
both by the failure of methylatropine, a peripheral muscarinic blocker,
to prevent the effect of oxotremorlﬁe, and by the reduction of the
oxotremorine increase in animals with the spinal cord transected.

The increases in 0ODC ;ct1v1ty in the adrenal medulla are always

preceded by elevated cAMP levels, but there is no direct correlation

between the absolute increases in cAMP and ODC, The participation of a
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cAMP-dependent protein kinase invthe transynaptic induction of ODC is,
however, ﬁuggestéd by the close correlation between the degree of
activation of the two enZyves affér‘reﬁerpine administration and cold
exposure (31). Experimqn£i>with actinomycin D and cycloheximide seem to
indicate that de novo pfo?éin synthesis of ODC from newly transcribed
mRNA is responsible for tﬂe increased activity of this enzyme (31).

fhe séressors cold ex;qsure (31,290) and restraint (290), as well as
\xhe administration of reserp1né, aminophylline and oxotremorine (59,20,
29,290) increase adrenocortical ODC activity. SimilarlydEo the adrenal
medulla, an increase in cAMP content is observed in the cortex, and the
effect of cold exposure and aminophylline is abolished by cycloheximide

and actinomycin D (31).

The action of oxotremorineon adrenocortical ODC activity is prevented

* in hypophysectomized rats; this demonstrates that 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 pituitary since the three are known to activate the

hypothalamo-pituitary axis.

E. THE ADRENAL GLANDS ' b '

The adrenal glands are located close to the upper pole of each kidney.
They are formed by two distinct endocrine tissues, the medulla ;nd the
éértex, covered by a thin connectivé 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
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and functions,

The chromaffin tissue consists of cells derived from ectoderm, and
4

the cortical tissue is composed of cells derived from the mesoderm. The
© TR
two tissues associate during development to form the adrenal glands,

(a) Blood supply

In the rat, the main blood supply is derived from an artery that
leaves the central aspect of tﬁe abdgminal aorta rostral to the respective
adrenal gland, and u;ually ghpplies the upper pole of the gland, The
second major source is a vessel that/arises from the aorta at a more °
caudal level and supplies the medihl aspect of the gland (53). The
cortex is particulariy rich in blood supply., The arteries to the adrenal
break up into many brgnches as they approach the gland and penetrate the

capsule at different points, forming the capsular plexus of arterioles

in the zona glomerulosa, From lere, capillaries cross the cortex and

continue into medullary sinusoids which converge at the central suprarenal

[P

vein, Thus, some of the capillaries from the capsular plg;us end in the
internal layers of the cortex without reaching the medullary vessels,
while larger vessels, the "arteriae medullae'", may penetrate the cortex
without branching and terminate directly in the medulla (120).'

(b) Innervation 2

The adrenal me&ulla is supplied predom}nantly by pregahglionic b
neg}bns. In the rat, small nerves leave thé éreater splanchnic neurons,
and accompany the superior adrenal artery.to the gland. Usually the,
lesser splanchnic, and infrequently, the lumbar sympathetics, supply a

few fibers (197). These preganglionic sympathetic fibers pass through
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" cortical regions and form a network around small arteries., All these
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the adrenal cortex in Eunéles‘and enter the médu{}a to‘t rminate directly,
once they have ramified, upon individual chromaffin cells. (137,197). It
has been suggested that the NE- and E-containing cells have separate
innervation ( 68), Recent evidencé for the two types of fiber innervating
the adrenal in the rabbit has been provided by the electrophysiological

i

work of Hirano and Niijima O31); ;

Studies concerning adrenocortical imnnervation are not so consistent. S

Thus, some early studies based on light microscopic techniques failed to !
detect cortical innervation (137,197), while others ﬂave reported direct
nervous termination upon rat cortical cells. (187,225), Myelinated nerves

have been noted in tﬁe subcapsular region by electron microscopy (244),

and in close proximity to the capsular fibroblasts of the mouse (22@) and .

rat (256)., In summary, several studies have demonstrated that dutonomic

nerve terminals lie in close proximity to parenchymal cells of various

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

(c) Histology and function

Histochemical d%d'electron-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%488,241,52) . p

The majority of cells in the adrenal medulla of gdult 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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. (a) Regulatory mechanism of the adrenal cortex
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The adrenal cortex is compbsed of three concentric zoﬁes distinguished
by the grouping of’they$e115:~(i) the zona glomerulosa, lying against
the outer connective tissue capsule; (ii) the zona fasciculata or middle
layer; and (iii) the zona reticularis, adjacent to the medulla.

In rats, a sudanophobic layer (intermégiary zone) can be delineated
between zona glomerulosa and zona fasciculata (123),

_ The zona glomerulosa secretes mainly aldosterone, a mineralocorticoid

¥

having the prime functi;n of maintaining electrolyte balance. The factors
that regulate aldosterone Sé;zétion inclu&é the renin-angiotensin system,
and sodium and potassium balance (253); secretion of aldosterone is
relatively independent of pituitary ACTH antrol.J The two inner ione;

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

major glucocorticoid product, but in laboratory animals such as the rat

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

role in the metabolism of carbohydrates; and the secretion of these

hormones depends upon intaci,function of the hypothalamo-pituitary

- @
.

adrenocortical axis.

F., HYPOTHALAMO-PITUITARY ADRENOCORTICAL SYSTEM '

A%

Adrenocortical secretion of glucocorticoids is controlled primarily
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 first analyzed by Bell in 1954 (16},
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ACTH was synthesized in the 1960s (132,193,324) and.has been lgter

purified in maﬁy species. Evidence derived mainly from studies involving
bio- and radioimmunoassay points to three different forms of ACTH. They

differ in molecular weight and in biological activaty (372). Coélovsky

and Yalow ( 50) relate the ratio of cortisol/corticosterone production
1o

»

to the form of ACTH present 1in mammals., That is, species whose predominant

glucocorticoid is cortisol contain the smallest form of ACTH, whereas ‘ -
the intermediate form of ACTH 1s found in mammals (rat, mouse) whose
predominant adrenocortical steroid 1s corticosterone. The,three forms

of ACTH have been detected in the patuitary of rats and mice (199,181);

their presence 1s not restricted to the anterior lobe, for they also occur

n
«

in the intermediate-posterior lobe, It has been proposed that the

- ’

distribution of the multiple molecular-weight forms of ACTH over the
various parts of the pituitary might be related to éhy51ological function,
Thus, the intermediate lobe of the pituitary, being innervated by the
hypothalamo—ﬁypophyseal tréct, may be preferentially depleted of ACTH by
neurogenic stimuli (199), whereas the)release of ACTH in the anterior lobe
is regulated by hypothalamic releasing factors. However, we do not know
ygt the phy51olagical éignificance ) e ACTH in the intermediate lobe.
In fact, 1t has been demonstrated (104) that the intermediate-posterior
lobe does not secrete functionally significant quantities of ACTH into

the circulation.

(b) ACTH regulation: the hypothalamo-pituitary unit

Secretion of ACTH from the anterior pituitary is,controlled

¥

by the central nervous system (CNS). Regulation centres first of all in

e
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the hypothalamus. The classical neurohumoral mechanism proposed by

Harris (119) involves hypothalamic-hypophysiotropic hormones whiéﬁ are

3

released by the nerve terminals in the median eminence and proximal part

- of the pituitary stalk., These substances enter the capillaries of the

H

portal vaécular 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 (312),
and Guillemin and Rosenberg in 1955 (110), and in posterior lobe extracts
(312). The latter factor was demonstrated to be vasopressin (216).
Because animals with hereditary diabetes insipidus, -lacking vasopressin,
could relgase ACTH, it.was clear that vasopressin was<not/th6éenly CRF,
and\Fhat CRF from hypothalamic extracts was probably the'major one (21%:‘
21§). Several studies have also demonstrated the presence of CRF activity
in tissue of extrahyﬁgEhalgmic origin (25), The chemical structure of an
ovide hypothalamic peptide\:ﬁh stimulates secretion of corticotropin and
B—eﬁdorpﬁinQboth in vivo and in vitro has been recently described (357).

- .
The immunocytochemical localization of this peptide will undoubtedly be

elucidated soon. CRF-containing cells appear to be localized in the
mediobasal hypothalamus (MBH) (181).  This is t;}med the hypophysiotrophic
area by Haldsz et al. (113). When this part of the hypothalamu§ is
surgically separated from the rest of the brain, its CRF content‘remains

constant or actually increases (175).

(c) Neural pathways to hypothalamic-pituitary ACTH release
Agents playing a role in ACTH release can reach the pituitary gland

in two ways: humorally or neuronally, The humoral pathways are all those

]

L]

-




e mrA e s o B

~~

 pituitary link by extensive electrolytic lesions

I
—3
i
)
s
at
-
N
>

.

that lead to the ACTH-producing'éélls without ingolvement of\thegms?
i.e. via the blood vessels of the pituitary gland. The neural péthways
include all the stimuli-activated meurons, i.e. paths that require the » '

"integrity of the CNS for exerting their effect (2553

’ °

Much ef%ort has been expended in attempting to elucidate the neural
pathways mediaéing the gelease of ACTH in response to stressof%. The
most commonly used techniques include destructive lesions and focal
stimulation of areas of the CNS., For example, it has been shown that the

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

'

integrity of a neural pathway ascending towards the hypothalamus. Section

@

of the peripheral nerves (62) or of the spinal cord (207) blocks ACTH

W
release normally following fracture of the leg. Transection of the cord

also prevents the reléasing effect produced by other stressful stimuli
1]

(62,292,202), Hemisection of the cervical spinal t:orcnl,i and lesions of

o ~

. the lateral column induce a lopg lasting inhibition of the ACTH releasing

effect produced by the contralateral leg fracture, showing that the path-
ways conveying ACTH releasing information cross the midline (202,200): B

Removal of most of the forebrain, leaving a large hypothalamic peninsula,

Iy I

does not block %hgrresponse to a leg break (207,208) or to immob1lization

(61), although further removal of thé thalamus and midbrain greatly

o

diminishes the response to either stress. Disrupion of the hypothalamo-

ocks the response to
surgical trauma (25). Finally, the results of complete deafferentation

of the MBH, as well aﬁ,of various types of incomplete hypqthalamic deaff-

-

erentation (202,201,103,257), have led Palkovits et al, (257) to postulate
Ry -
Moy
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™ integrity o}? a welln-c,ircumscribe}' region of the hypethalamus: the lateral
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that the adrenocortic%], response to surgical trauma depends on the 7

o

A

basal region of the retrochiasmatic area.

3 v ’
I

Nervous styuctures outsic1§ ‘the MBH also exe:rt control over the C
anterior ,lobe' of the ;;ituitary'; Haldsz and Pupp (112) f‘i'rst termed them \
"the second level of control", "Haldsz ie‘tﬁal. (114) havc; 1ate;\ observed
that {after complete‘deafferentation qf the MBH basal corfigosté\rqi)d levels
are not only maintainedbut even elevated.. They sugges'tcthat the 'lesions
eliminate inhibitory gnfluences over ACTH secretion, Other inhibitory

9

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

.

as stimulatory ones (66).have been proposed on the basis of kstimulation\ '
] ] “ '
and lesion experiments., More recent electrophysioclogical investigations

in the rat hypothalamus have provided additional support for this -

a ¢

postulate (294), Thus, electrical stimulataon of different parts of the

amygdala leads to enhanced or diminished e*xcitafnlity, of tuberoinfundibular

neurons located within the ventromedial nucleus.

°

PN )

In summary, it is generally accepted: (i) that there are multiple .
anaj:omically segregated parallel pathways that converge on the median

% - )
.eminenle; and (ii) that the .release of ACTH mayfbe adjusted by the

N
iméegr tion of the facilii:atory an,dbqinhibi'tory signals from these pafhwayS‘ ‘
(111,285). . " “\ !
(d) Moroz;minergcic innervation ¥ the hypothalé.mus ] .
(i) Functional anatomy’ ’ . k’. ‘
The distribution of monoamine neurons in the hypothalamus has been T

I3 v

extensively studied by histochexﬂical,\ ultrastructural, and enzymatic-
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isotopic techniques, Dopamine occurs in the hypothalamic nuclei (258,
3612 in different concentrations, and functions in two systems orfgnized
at different levels: those located entirely within the hypothalamus; and
those responsible for interstructure coﬁmunication. The main, intrinsic
dopaminergic system is the tuberoinfundibular tract déscribed originally
by Fuxeﬂ(84). Its cell bodies are located in the éfcuate and paraventri-
cﬁlar nucleus and the fibers terminate in close pro;imity to hypophyseal
portal vessels in the external layer of the median eminence (85,135)1 A
second intrahypothalamic pathway, designated as the incertohypothalamic
system, originates in the parafascicular thalamic nucleus and medial zona
incerta (group A1i and Aj3) and projects to do¥5a1 and anterior hypothalamic
areas (88,21,14?). A rostral part originates in A14 and is formed by a
few cells in tﬁe periventricular preoptic nucleus (21). Finally,

!
dopaminergic terminals of extrahypothalamic origin are also found in the

e

.median eminence. Their perikarya originate in the Ag, Ag and A1g cell

9

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

of this region result in degeneration of axons,(256) and. loss of about

half of the dopamihe (DA) content in the median eminence (169).

All cell groups of the hypothalamus receive noradrenergic axons
(258,267). Unlike DA;conta;ning neurons, there appear to be no NE-contain-
ing perikarya within the hypothalamus. Thus, all NE within the hypophysio-
trophic area is contained within nerve terminals, the cell bodies of which
lie in thg brainstem and areas A1 and A7 of Dahlstrtm and Fuxe (55).

After lesions in the locus coer;leus, terminal degeneration of fibers -
° : %

(377) occurs in parallel to the decrease of NE content (170,299)
7
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in several hypothalamic nuclei. \
All hypothalamic cell groups contain 5-hydroxytryptamine (5HT) with
particularly high concentrations in the arcuate and suprachiasmatic
nuclei and the median eminence (84). Like NE, 5HT in the hypothalamus
is localized within the nerve axons and terminals whose cell bodies
reside in the brainstem (84,256). A large part of the fibers arise from
the don§al Taphe nucléus of the midbrain, as deduced from the biochemical
and morﬁhological changes brought about by electrolytic lesions of this
cell group (256,3). However, Geye? et al, (96) and Jacobs et al., (150)
report approximately equal innervation of the hypothalamus by the dorsal
and medial raphe nuclei, Moreover, Vernikos-Danelli; et al, (364)
suggest that the hypothalamus receives only a small portion of its fi?ers
from the dorsal raphe, They measured 3H-SHT uptake and tfyptophan
hydroxylase activity in the hypothalamus of rats with lé&sions of the
dorsal or medial raphe nucleus. Recently, a group of intrahypothalamic

v
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 terminals have been E
obser;ed in the hypothalamus (136,358), Cholinergic neurons are also |
found (26,41,149,260) ‘

(ii) Role of monoamines in regulation of ACTH secretion

The relation between neurotransmitter content of discrete aminergic
tracts and changes in neuroendocrine activity was first demonstrated by
Fuxe and Hikfelt (86), and involved the tuberoinfundibular system. The

most clear-cut involvement of an amine in adenohypophyseal regulation
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i; represented by«the interaction of this dopamihergic system with
prolactin release 6172). This hormone is under ighibitory control of the
hypothalamus (243,222), and DA acts as a prolactin inhibitory factor (221,
105,320,67,107). 1In contrast; NE and SHT 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 tonically suppress the release of ACTH (315,90). In rats, the
available évidence for interaction of NE with ACTH regulation is
contradictory. Intraventricular administration of NE to unanesthetized
rats decreases plasma corticosteroids, but the amine fails to block the
stress-induced release of ACTH {111), According to Ganong (90) and Fuxe
et al, (89) DA does not play a very rmportant role. However, the DA con- .
tent of certain MBH cell groups decredses upon application of stress
stimuli, whereas it does éot change in other brain regions studied (259).
}ﬁmobilizatlon stress for more tham 3 h also results in an iﬁé}eased DA
turnover in the median. eminence (325). Administration of apomorphine
and other DA agonists to male rats also increases the levels of \
cirgﬁlating steroids (171,83). Thus, a role for DA cannot yet be excluded.

Cholinergic synapses appear to be involved in the stifiulation of the
adrenocortical system (255). Implantation of atropine into various
hypothalamic areas inhibits CRF and, coﬂéequently, ACTH release (126),
whereas intrahypothalamic or intraventricular injections of carbachol

stimulate ACTH release (2). \
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The literature concerning the role of brain SHT in tonic regulation

- of hypothalamic-hypophyseal-adrenocortical systems, as well as changes

occurring under sf;ess, also containsiqgonsistenc1 s. Some pharmacalogi-
cal studies tend to support an excitatqry role (223). Thus, direct
injection of SHT into the ventricular system of the rat brain or into
élfferent brain areas produce adrenocortical\activation k2,239). The
systemlc’admlﬁistration of the serotonergic drugs, 5-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 télease of CRF
from incubated rat hypothalamus 1s stimulated by S5HT 1n a dose-related
manner and that thas stlmulngry action is antagonized by methysergide,
Furthermore, feduction of cerebral 5HT function by electrol;tlc lesions of
the medial raphe nucleus or intraventricular adminiStration of 5,7-
dihydroxytryptamine blocks the stimulatory role of d-fenfluramine or

corticosterone release (322). On the other hand, intracerebral SHT

blocks stress-induced ACTH secretion (363), whereas p-chlorophenylalanine

-~

administration facilitates the stress response (364). Because of such
results one may postulate an inhibitory role fér SHT in ACTH release.
In parallel, inhibition of synthesis of tpe amine elevates resting plasma
levels of corticosterone (318,300), These latter effects are related
to the well known role of serotonergic neurotransmission in the control

%

of circadian periodicity of adrenocortical as well as other anterior

pituitary hormone secretions (319,172),

Il

. -
B e - Ve > -
. R - y

IS




O 3

U, . - - - NP U ——

47

‘(e) Regulatioh of‘&é;; secretioh by adrenal glucocorticoids (Feedback)

Among the hungwal factors regulating the secretion of ACTH the best
|

known are the adrenal glucocorticoids. Their influence was first

demonstrated by Ingle et al. (147), who produced adrenpcortical atrophy

» by administration of adrenocortical extracts to intact rats, Injection

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

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

}s is reduced by the prior adminsitration of corticosteroids, and that this

effect is proportional to the amount of steroid given. It is well
established now that there are twd temporally distinct periods of cortico-
steroid feedback inhibition on ACTH release in response to stress. The |
'first, fast feedback inhibition, is of short duration and occurs within the
first 20 min following administration of corticosterone (314,56);
inhibition of ACTH secretion is related to the rate of changé of plasma
corticosterone levels rather than to the absolute plasma concentration
of the ssteroid and is saturable (161), The second, delayed or slow
feedback, 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 feedback effect of glucocorticoids are still unclear.
There is evidence fqr a direct .zction on the pituitafy, on the hypothalamus,
and for an effect on mesencephalic an& limbic-system structures., Thus,

L
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 ba }1
hypothalaﬁic-iesion;d rats, Jones et al, (162) demonstrate that the
biphasic inhibitory response to corticosteroids occurs both at the |
pituitary and hypothalamic level. che; in vivo experiments include
administration of steroids to intact rats after application of a steroid-
sensitive stimulu; (577 and implantation of steroids in diffe?ent brai£ )
regions (220),

In addition to the feedback action of the target élqnd 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 eminence (326), This effect has been, termed the "short-loop"
feedback. The recent demonstration by Bergland et al, (18) that pitditary

ACTH is directly carried to the brain from the pituitary in the sheep

gives supporf to the second feedback mechanism, Furthermore, an ultra-

_éhort feedback in which CRF regulates its own production has been

postulated based on the assumption that the brain contains receptors

sensitive to circulating levels of releasing factor. —¥

In summary, afferent neural inputs provided by different environmental
siimuli (stressors) activate the pituitary adrenai‘system. A component
of tﬁé 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 veins where it causes release of
ACTH into the systemic circulation. Blood-borne ACTH from the pituitary

stimulates cells of the adrenal cortex to synthesize and release
N
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glucocorticoids. dAdrenal steroids, in turn, exert a feedback effect and
therefore regulate release of ACTH from the pituitary,
s
G. CENTRAL NERVQUS PATHWAYS REGULATING THE SYNTHESISlOF CATECHOLAMINES
IN THE ADRENAL MEDULLA, AND THEIR RELEASE
The immediate stimulus for dischaile of catecholamines from the
adrenal medulla is the liberation of‘acetylcholine at‘the preganglionic
nerve terminals where it activates mainly nicotinic receptors. The
presence of muscarinic receptors (165) and their participation in the
adclease of E after electrical stimulation of the splanchnic nerve has begn
demonstratéd in the adrenal medulla of~;he rat (376). Acetylcholine®
then causes depolarization of the plasma membrane mainly by the inward ,
movement of sodium and calcium. The inflgx of calcium is believed to
be the main stimulus responsible for the mobilization of the catecholamines
for their secretion. |
Incréasea 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, immobilization, ether,
insulin-induced’h&poglycemia and glucagon are but a few of the stimuli'l
causing release of E (192). CNS mechanisms 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). ‘ 14{
Environmental stimuli, such as cold exposure and immobilization

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

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

(191), cause a delayed long lasting induction of adrenal tyrosine

hydroxylase. This induction of the rate-limiting enzyme for catecholamine

" biosynthesis is mediated transynaptically (353)., Similarly, dopamine-

B-hydroxylase, the enzyme catalyzing the conversion of DA to NE can be
increased by the same stimuli (230,9). Furtbermore, the neural regulation
of adrenal tyrosine hydroxylase 1nvol§es a central excitatory dopaminergic
and an inhibitory serotonergic system, arranged 1n a seque:tlal manner
(282)., The DA system originates rostral to the thoracic spinal cord (93).
The setotonergic system originates partly in the medial 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 flow in
the afferent 1nnervatioﬂ, in particular, the work of Quik (281,282,283)
et al. have served us as a model for the present studies of pathways
involved 1n the regﬂlation of adrenal ODC activity., Because dopaminergic
agents activate both the sympathetic nervous system (281,282) and the
hypothalamo-pituitary-adrenocortical systems (83,99,171), we are exploring

in this thesis the mechanism of regulation of the adrenomedullary and

adrenocortical enzymic activ%ﬁigs.
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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
of the adrenal medulla and cortex. Pretreatment of the rats.with the’
d;paminq-receptor antagonist haloperidol causes a partial blockade of the
.apomorphine-induced effect at 4 h in both adrgnal medulla and cortex, At
6 h, however, haloperidol does not block the effect of apomorphine and

-

produces an increase in ODC activity of both structures when administered
alone. .Hypophysectomy abolishes tﬁe cortical\ ODC respon;e to apomorphine
and haloperidol, and the medulléry(respon;;\to loperidol. The results
suggest that the response of cortica;mODC activigy to apomorphine and
haloperidol is entirely mediated by the hypophysis, and that the effect
of apomorphine and the antagonistic action of haloperidol towards
apomorphine in regard t§ the induction of adrenal medullary ODC must be
taking place at some central site independent of the hypothalamic-
hypophyseal system,

The kinetic ;tudies suggest that the adrenal gland contains two diff:
erent forms of ODC with different constant of affinity for the cofactor
and similar constants of affinity for the spbstr;te. The increase in QDC

activity produced by apomorphine is depeﬁdent upon protein synthesis

de novo,

\

{
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INTRODUCTION 5

O;nithine\decarboxylase (EQ 4,1,1,17,°0DC), th; rate-limiting enzyme
in polyamine biosynthesis (59),“c§talyzes the conversion of ornithine to '
putrescine, Mammalian. ODC is characterized by an extremely short ‘
bioLogi?al half—iifel estimated_ap about 12 minutes (21), and the ability
to increase in resﬁsnse to many stimuli (35). Exposure of rats to céld\
(6,50), their immobilization for shorﬁ:periods of‘time (SO), or their
injection with reserpine (50,55) all bring about an induction of the ESh\
enzyme in the adrenal medulla transynaptically, the effect being mediated
througﬁ the formation of cyclic AMP (8). There @ evidende also of a
central cholinergic mechanism regulating the induction of médullary oDC
(55,49)., The activity of the adrenocortiéal enzyme canﬁalso be stimula;ed
by these stressors (6,13,50), as w§31 as by the éhosphodiesterase
inhibitor aminophylline (7) and the cholinergic drug oxotremorine (49).
In the last case, the cerebral system that includes cholinergic Fibers
regulates adrenocortical ODC activity indireétly through its influence
over pituitary secretion (49). The effect of anterior pituitary hormones
on the a&renal ODC activity has been measured in hypophysectomi;ed rats, ’
but thus far without separation of the two parts of the gland., The ODC
activity, as measured in such homogenates of whole aérenal, is sensitive
to ACTH (28,29,51), growth hormone (%8) and prolactin (52,61).

Studies- in this laboratory have been directed toward the control
mechanisms thay regulate the activity of adrenal enzymes. Anothe; .
inducible enzym; of the adrenal medulla, t&rosine hydroxylase (EC 1.14,16,2)

-
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respond\s to repeated treatment of: Tats v:rith dopaminergig’ agents (15,45,44).
Like adrénomedullary onc 4 it' is almost entirely depe{\dent upon intact
innervation for induction (46). Because of these similarities it was
considered worthwhile to employ two dop\aminergic drugs, apomorphine (APM)
aﬁd ﬁiriiaeciil (PBD), to explore thg neural pathwayg involved in the
control of adrenal ODC activity., Ordinarily, the specificity of action
of these drugs on adrenal ODC activity would be teste;:l with haloperid91
HLP), a dopamine-receptor antagonist. Becausp this drug itself induces
adrenal ond activity (3), it became of interest to determine the conditions
under whdéch dopaminergic agonists anci HLP might dispfaf)\}‘ pharmacological
antagonism in relation to this enzymic induction.

Finally, the differer}tial changes in ODC activg,*ty ‘caused by the
different drug treatment have been examined separately in both adrenal
medulla and cortex, as in our previous work (3,49,50); and thé kinetic

£

constants for the substrate and the cofactor have been determined in both

control and APM-stimulated enzyme preparations. . i

MATERIALS AND METHODS

Pi\ribedil was a gift of Laboratoires Servier, Neuilly-sur-Seine,
France; and haloperidol, McNeil Laboratories (Canada) Ltd., Don Mills, |
Ontario, Apomorphine was purchased from F.E. Cornell and Co., P«:ontreal, '/\\

-

Quebec. L-(1-14C)Ornithine, specific activity 40-60 Ci/mol, and- 2,5~ ~
2 P Y f

diphenyloxazole (PPO) were purchased from New England Nuclear,» Boston MA,

a4

Corticosterone, epinephrine, norepinephrine’ and epinine were obtained

b
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from Sigma Chemicals, St, Louis MO. All other chemicals were obtained

From $tandard commercial sources.
‘ & .
!Animals \
! Ay > 1

g Male Sprague-Dawley rats, weighing an avéra#e of 200 g, were used
tproughout this work. Animals were purchased from Canadian Breeding

arms and Laboratories Ltd., St. Constant, Quebec. Hypophysectomized
f ' ’
7 .

h

' rats were obtained by the same supplier ofie day after surgery. Animals

were kept in the animal room for 4 days after arrival. They were main-
" tained in individual wire cages under a ‘light-dark cycle of 12:12 h with

tap water and Purina Checkers ad libitum.

Aporiorphine,HCL was dissolved in 0,1% solution of sodium metabisulfite

to prevent oxidation gf the drug. HLP was dissolved in a few drops of
acetic acid and then diluted with distilled water. PBD was suspended in
1% qéfhy} cellulose, All drugs were titrated with 0,1 N NaOH to around
pH 6 and injected in a volume of 3 ml/kg bo&y weight. Controls were
‘injected with the sam: volume of carrier solution,

Tissue p;eparation \

» -

Adrenals were quickly removed from the decapitated rats, weighed, and

=3
dissected into medullary and c?rtical tissue at 4°C with the aid of a

magnifying lamp. Contamination of cortical tissue by the mekulla was
/

-4

» estimated to ‘be about 10%; this was based upon the measurement of free.
catecholamines present in both dissected portions by ion-pairing high
performance reverse phase liquid chromatography (HPLC) with amperometric

detection (Table I), The samples were prepared according to the method of

v. “ﬁ s
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Keller et al., (25) and the conditions for.the mobile phase were based
on those of Moyer and his colleagues 6365, with modifications by J.-P.
Gagner of this laboratory {personal communication, see detdils ?elow).
Corticosterone was also measured in both adrenal ;ortions by a &icro-
fluoﬁometric method (17) (siee details below). Of the total amornt of the
steroid found in adrenal glands 15% was in the dissected medullary tissue
(Table I). As'cort§c0;£er ne fs produced mainly in the two inner layers
of cells of the cortex (zonae reticularis and fasciculata) (30), and as
the contamination by these{two layers is expected to be higher than by
the zona glomerulosa, which is further away frém the medulﬂa, the real !
degree of tissue contamination would be somewhé% less than ;ndicated by
steroid analysis.
l The portion of the tissue corresponding to two medullae or two
cortices was pooled and homogenized with a:motor-driven Teflon pestle
'in 0.2 ml of sodium-potassium pﬁosphate buffer, 0,05 M, pH 6,8, The
homogenate. was centrifuged at 20,000 g for 20 min, An aliquot of the
rsupernatant (0.1 ml) was used for assay of ODC activity.
. In some experiments the supernatant was dialyzed for 18-24 h against
/ 300 volumes 0.05 M phosphate buffer containing 0,05 mM pyridoxal-5'-phosph-
;” ate, 1.0 mM EDTA, and 0.1 mM dithiothreitol at 4°, The dialysis membrane
had a pore size of 4,8 nm, which correspandslto a molecular weight of

12,000 daltons for a spherical molecule, 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.

' Catecholamine determination : . .- ‘

‘of a model 6000A solvent delivery system, a U6K model injector and a

. :
‘ I
The tissue cqQrresponding to one adrenal medulla or one adrenal cortex

-was homogenized in 0.5 ml of 0.15 M NaCl. Aliquots of 0,05 ml of homo-

genate were mixed with 0.2 ml of a 0.1 M pefchloric acid solution contain-
ing 300 ng of epinine, 3.84 ug sodium metabisulfite, and 175 ug EDTA.
These mixtures were centrifuged at 12,800 g For 30 min. The deprofeinized
supennatants were added to an Eppendorf{tube containing 15 mg of éfid_.

washed alumina (Woelm, neutral activity, grade I; ICN Canada,
L"/

5Montrea1,
Queb;c), previously eéuilibrated with 1 ml of 0.5 M Tris-HCI bu fer'pH

8,4 and 5,9 mM EDTA, 'Aftér mixing for iS min, the suﬁernatant was removed
by»aspiration, and the alumina was washed twice with distilled water.
Catecholamines were ihen eluted from the alumina with 0.1 ml of 0.1 M
pérchloric acid and 0.1 mM sodium metabisulfite. The eiuate was stored

at -70° until catecholamines were' analyzed. Smal} sampleg of 10-30 ul
were injected into the HPLC éystem.

The standards, norepinephrine (NE) and eﬁinephriné (E), and the

internal standard epinine were used, Double-distilled water was used to

’

prepare the solvent system, which consisted of: 95.5% of 0.1 M monobasic

3

sodium phosphate; 0.1 mM EDTA and»0.2 mM .sodium octyl sulfate adjusted

to pH 5.5 with 2 N NaCH; and 4.5% methanol. The HPLC system-was composed

k]

uBondapak Cig column (Waters Scientific Ltd., Mississauga, ?;?ario). A

S

t
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model LC-4 electrochemicél controller was used with a TL-4 oillimpregnated.
carbon paste electrode (Bioanélytical Systems Iné.;-West Lafayette IN).

The potential was set at +0.7V versus an Ag/AgCl reference electrpde .,

The solvent 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 determined from the peak-height ratios of

NE and E over the internalystandard epinine.

Corticosterone determinatio

Each adrenal medulla or cortex was homogenized in 0.5 ml of 0,15 M ¥
NaCl 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
solvent layer was aspirated.4 Corticosterone was next extracted intoA6
volumes of chloroform. After centrifugation the supernatant was diséarded,
0,05 ml of 0.1 N NaOH was added tq(}emove‘estrogens, and the tube was

shaken for 1S5\sec. The sample was centrifuged again, and the alkali

removed by aspiration. An aliquot of 0,750 ml of the chloroform solution

\

‘was transferred to another tube containing 0.p50 ml of ethanol-sulfuric

7\ :
acid reagent (35:65), and the tubes were shaken and centrifuged. The top

i
_layer was discarded, and the sample was left to stand at room temperature

45 min., The fluorescenqgtof the sample was determined with excitation

at 462 nm and emission at 518 nm. An Aminco-Bowman spectrofluorometer

.
L)

(American Instrument Co. Inc., Silver Spring MD), with slit arrangement

No. 2, was used for the analysis.

. e e
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Ornithine decarboxylase assay -

® °

Determination of ODC activity by incubation of the tissue super-
natant, obtained by centrifugation at 20,000 g, with L—(14COOH)ornithine
- /

and the measurement of radioactive CO, liberated was performed by combin-

ing elements of the assays described by Russell and Snyder ,{(56) and

-

JYmne and Williams-Ashman (22), with some modification, The reaction

mixture contained 1 uCi og 54(—14C)ornithine, 0.04 mM; pyridoxal-5'-phosph-
ate, 0,05 mM; dithiothrejitol, llofﬂgb‘ngA, 0.1 mM; p?osphate buffer,

pH 6.8, 50 mM; and 100 ul of the enzyme preparation in a total volume of
0.5 ml, The incubation was carried out in a 25 ml conicaf flask, equipped
with a rubber stopper from which a polypropylene well was1§ysp§nded

(Kontes Glass Co.). The eniyme preparation was preincubated for 10 min

at 37° in a shaking water“bath. The reaction was begun by the addition

v -+ 7
of the substrate. After 45 min incubation the reaction was stopped by’

the addition of 0 é ml of S N sulfuric acid. The 14002 produced dﬁring
the reaction was[frapped in a 2 cm? filter ﬁaper (Whatman No. 3) impregna-
ted with 100 ul of almixture of ethyleneglycol monomethyl ether and
monoethanolamine (2:1) and contained in the well, The flasks were shaken
1 14

for an additional hour to insure trapping of al CO,"released.

At the end of the incubation, the filter paper was transferred to a
vial containing 10 ml of a mixture of toluene, ethyleneglycol monomethyl .
“ether (2:1) containing 0.4% PPO for liquid scintillation counting in a

Beckman spectrometer.

-t
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TRe assays for the determination of the cofactor kigetic constants
; .
were carried out in the dark to prevent significant oxidation of 1ow

\ |
concentrations of pyrildoxal-5'-phosphate, - \\
o

Statistical procedures

Data in the tables are presented as mean * standard error of the

P B

the mean,f individual Yalues were transformed logarithmically for
’ .

calculation of statistics used in assessing the significance of differences,

i.e. Student's t in comparing two groups and Fisher's R in the analysis
. [ i !

~ «

of variance (57). - ‘ .

= . .
RESULTS : _ <

Diurnal varig#fon and effect of injection

The lofier curves in Figure 1 f8r adrenal cortex and medulla .are derived
. ¥ . S L .
from an experiment in which groups of 4 rats maifitained in quiet surround-
ings were killed at various times during the day for\?easurement of 0DC

activity, The other curves in Figure 1 represent data compiled from _

¢

control groups of animals used in many experiments, and given diffferent

échedules of injection with inert Vehicle. As can be seen, one or more
control injections were sufficient to double or triple cortical and

medullar& ODC activity., Despite thé wide distribution of mean values;
individual determinations exceeding 100 and 50 pmol per mg protein per 45

EN

min incubation, for adrenal cortical and medullary ODC sactivity,
’ b ‘ -
respectively, were seldom encountered among the control rats.

L

. B * pY
ﬁEan (SEM)/ As the latter value tended to vary directly with the size of {




. - { ' :
In view of this response to the stress of handling and injection,

Lo
care was always taken that each experlmental g;'oup had its own matchlng

- -2

controls, treated under the same conditions? To avoid any ef fect -of

~ ’ diurnal variation the rats were killed around the, same time of day.in.
the different éxperiments.q o , , - '
i o "Effects of p1r1bed11 and agomogphlﬁe on adrenal 0DC act1v1§x '
« a A single ‘;ntrapentoneal inj ectlon of PBP (SO mg/kg«) was followed by
| -,

- -~ an increase in the activity of adrenal ODC in both medulla and“cortex -

‘o

. (Figure 2). ‘ The adrenal medulla_ responded faster; that is, there was'a

® o

significént increase (P < 0.001) at 2 h, Cortical ODC did not attain a

signififam; increase until 4 h after administration of the drug, This
% ] } . . . a
point corresponds to the maxima for both adrenal medulla and cortex.

‘ v

e

Thereafter, the activity of the enzyme decreased in thbe medulla, but

_-remained elevated for at vle‘;st 8 h in the cortex. Fourteen hours after
Ethe administration of PBD, the ODC activity had returned to basal levels,

. . .
APM (10 mg/kg) was injected in'traperitoneally, and ODC activity of

the adrenals’ was measured at various times afterwards, as in the case of

-
[

. the PBD experiments. There was no increase of the enzymic activity. .

. When a second dose was given 1.5 h after the first, both medullary and

°

. : cortical ODC activities increasgg. The time-course of stimulation showed

o

that there were increases in *the adrenal at 2 h after the first APM

injection (Figure 2), the increase being 51gn,1f1cant (P < 0.01) in the

|

case of the medulla. At 4 h »aftei the 1n1t1al injection 0DC actw1ty was

¢

high in both structures, and was still #ising i\) the cortex at 6 h. Thus,
» ' Sy é

{
¥ +
I3 IK
[ P .
e .

' o
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similar pattewns' of induction of radrenomedullary and cortical ODC&activity
are provoked by the administration of two different dopaminergic drugs:
APM (2 doses of 10 mg/kg, with an interval of 1,5 h between them ) and

- Y R

PBD (single dose of Sogzg/kg).

Effect of haloperidel

apomorphine. induction of adrepgl ODC activity

To study the eff ct of HLP, rats were given this drug in a dose of
5 mg/kg in?raperitoneally, followed(Q.S, Z.P and, 3.5 h later by injection
of APM, 10 mg/kg on each occasion, Contfols, which received HLP an&n

7 M .
subsequent ‘injections of vehicle, showed small, but not stati§%ica11y

\?ignificant, increases of adrenal ODC .activity at 4.5 h, but by 6.5 h .
HLP-treath rats had large increases in the enzymic activity in both
adrenal medulla and cortex (Figure 3). '

With the injection schedule &escribe? for APM (% doses of 10 mg/kg i.p.)
the drug induced ODC activity as befoye, but the prior administration of

HLP blocked the effect of APM acting for 4 h in both adrenal cortex and

medulla, When this protocol was followfd once more, but with measurements
of the ODC activity at 6.5 h after the injection of HLP alone, there were
large increases in both meduf%hry and cortical ODC activity; these were
similar to those elicited by APM itself, At this.time, the combinati;n -

of the &rugsahad no further effect on adrehal ODC of the animals than

did the administration of either‘drug alone, In fact, the mean effect of
the combination was less than that of HLP aloqg, fgr both tissues,’but

the;g differences were not statistically significant SFigure 3).

In other experiments HLP was testii for blocking\?dtion against PBD.

The latter drug was injected 0.5.h afte} the HLP, and ODC activity of the

e AATe N - PO - B L [ T S
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(9

adreﬁal glands was measured 2 h later. The results (Table ITI) show that

HLP and PBD individually pravided significant increases in medullary 0ODC

activity, However, their combinétion gave much less of an increase than

expected for additive effects. Indeed, the results suggest antagonism by
HLP of the action of PBD. At this time there were ne significant effects
on cortical ODC,

Effect of hypophyséctomy

In order to determine if the anterior pituitary gland exerts any
influence on the mediation of these effects, the next experiment was
performed with hypophysectomized rats, Thesg&were given the same d}ug
treatments as just described, and the adrenals were taken for dissection
6 h after the first of tﬁree APM injections, The results in Figure 3,

fight side, show that hypophysectomy practically eliminated the increase

. in ODC activity in the medulla that has been obtained with HLP_in intact

raté, and considerably reduced the increase induced by treatment with
APM, Combining the two drugs resulted in a pa'rtial antagénism. .
As for the cortex, the rise<3f\99€,activity seen in intact anihgls
given either APM or HLP, or both, was prevented by hypephysectomy. The
small increase in cortical ODC activity after can be attributed to

+

contamination with medullary tissue .(See Methods). Thus, the effect of<¢

.HLP by itself was wholly deperident upon the presence of the pi;uitgif .
- “ \ o -

-

gland. This reggl;,gggg@gzs that the increases in énzymic activify of
t}rg- medullary tissue of intact rats at 6 h coufd havesfeen yartly due,
) ¥

N f? the presence of cortical tissue embedded in it and not removed in the
' o ?
S

-~ / “

dissection \(see Tissue preparation). e
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Effect of apomorphine administration on the kinetic characteristics of
ornithine decarboxylase . - ‘
The changes observed in ODC activity after the administration of APM
can result from an alteration in catalytic adti{{ty of pre-existing %
/f/ . enzyme, an increased content of enzyme or both., Therefore, to study the ;
o 3

L

1

mechanism of the altered enzyme level the kinetic constants of ODC of the
L .

adrenal medulla and cortex in control and~APM-treated rats were determined.
To measure the kinetic constants for the subétrate, the enzyme extracts
were dialyzed in the presence of added cofactof as describeg in Materials
and Methods. As for the cofactor, the enzyme extracts were filtered
through Sephadex G-50 in the.ab§éncé of’pyridoxal-S'-phosﬁhaie,(PUP).

.Dialysis and gel filtration each exclude small molecular-weight molecules,.

up’to 12,000 and 30,000 déltons, respectively,

]

1

Dialysis of gthe samples enhdnced the activity of ODC 1.5 to 3 times

in the medulla“fnd cortex of control and APM-treated rdts, However,/;el ’

- filfratioﬁ did not increase the specific activity of the breparations;

in fact, there was variable loss of enzyme in different preparations
ranging from 45 to 10%. The crude undialyzed preparationﬂgf medullary

‘and cortical ODC had about, 15% activity without added PLP, Upon filtration .

through Sephadex, the activity was- practically undetectable without

added cofactor. Storage of such preparations at —§0° entailed loss of ﬂ

10% of the activity after 12-16 h and about 60% in one week. o

'. a 4 . - . - - ’ . ’ . " : 0
Mixing experiments were carried out in undialyzed, dialyzed and gel- SR

filtered enzyme preparations to determine whether the changes in 0DC -

*
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activity after the drug treaLment were due to the presence of an activator
or loss of an inhibitor, Studies with mixtures of dialyzed and gel-
,filtered 0ODC Rfepara?ions om control and APM-stimulated rats showed
thatlthe activity was always additive (Table III). This was not the case
for undiélyzgé preparation; of the enzyme where the activity of the 1:1
enzyme mixture displayed activity lower than the calculated value. 4ﬁ;

. The appafentcgm values for L—prq};hine evaluated by least-squares 1
fi; of points in émdouble-reciprocal pldt of V varsus (S), averaged 0.1 mM
and 0.07 mM for preparations of control aﬁd APM-treated rats, respe;tively.

ODC in adrenal medulla and cortex had identical K; values but different

Vmax. The adminiétratiqn of APM, in this manner, produced no significant

’ v’ .
, chamge in the~cogiFant of affinity of ODC for'its substrate, However, the
) apparent Ymax was increased 7-10 fold for the medulla and 3-4 foldéﬁor g
the cortiq;EBenzyme (Figure Z; Iab;e V).
' As can .be seen im EIEE;;::§,6 and 7, non-linear, Lineweaver-Burk plots
o N 1
of OpC actiﬁity as a fdncudon of PLP concentration were produced. From, %
thsse plots two different K, values were calculated b} leést-sqpares fit 2

. ! . : ! .
in enzyme preparations from whole glands, or adrenal cortex,of control-o3;
. : T

APM-treated, or from adrenal medulla of APM-treated rats. In additionm,

the Vpg was increased considerably (3-10 fold) after the administwation '
o@ , B .

A 3 .
« of APM in all cases., The absolute values for the Vp,, cannot be compared

because of the variable loss of activity of the different ODC préparations o

passed through Sephadex (Table 1IV).

N
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Effect of cycloheximide on the increase in adrenal ODC activity after

- ~

, \
apomorphine administration -

To determine whether the increases in 0DC activity in adrenal medulla
) .

and cortex-are due to protein synthesis de novo, the inhibitor cyclohexi-
\ o ‘ , T
mide was administered to rats 30 min prior f&iAPM. These data, presented
L \ ! —

in Figure 8, showed that cycloheximide prevented the large increase in

ODC activity normally seen after APM administration in adrenomedullary

! b g .
and cortical tissues. These results then suggested that APM-induced

’ L3

increase in ODC activity is mainly due to an increase in the amount of

protein,

DISCUSSION

Effect of the drug treatments on adrenal ODC activity

In this work three drugs acting upon dopamine-sensitive receptors

have been tudied in relation to the activity of adrenal ODC activity,

APM is considered to be a very specific dopaminergic agonist acting by
]

mimicking the effect of dopamine at receptor sites in the central nervous

system. Both APM and. PBD, another dbpamine agonist, reduce’ the turnover
of neostriatal dopanine (5,11). 'This effect has been expiaiﬂed in terms
of feedback inhibition of dopamlnSZglc function caused by the direct
stimulation of presynaptlc dopamine receptors. Both‘drugs cause increased

locomotor activity as well as stereotyped behavior, consistinégof :

rébet1t1ve sniffing, licking, chew1ng and agitation, }Jhls stereotyped

behavior is dose-related in 1nten51ty (82) and duraxlon (26) “‘~7~\

\
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In regard to 0DC, its induction in the adrenal medulla under the
influence of APM is centrally mediated, as deduced Erom experiments with
unilaterally splanchnicotomized animals (4).) In intact rats a single
dose of APM (10~mg/kg)hdid not have an effect on the activity of that
enzyme in either the adrenal medulla or cortex up to 4 h after its 2
administration., At least one additioné& injection of the drug (at an
interval of 1.5 h in our work) was necessary to increase ODC activity.
Similar results have been\obtained with adrenaf“iyrosiné>hyﬁroxylase
(4S{h6j, although the time-relation of doses of drug in that case is
quite different, A single dose of P%D was sufficient to raise ODC enzyme
activity in both structures., The enzyme activity #gsponded faster in the
medulla after—the adginis%ratioﬁ of either APM ﬂr PBD than in the cortex,
a fact that ﬁés been observed a%so in exposure gf rats Eo_cold (6), immo-
bilization (50), or administration ;f either Axotremotine (49), or HLP
(3). The fact tha}-a single dose of APM, 1?,mé/kg, did not increase
adrenal ODC éctivity, whereas a dos; of PBD,\ 50 mg/kg, did'so is probably
explained by the need for the dfug to act effectively for a certain
period of time during which the inductive'm chanism is called into, play.
These factorgﬁégg tetermined by the rate of etabolism of the respective
drugs. Costall and Naylor (12) reported that the maximal intensity of
stereotypy induced by APM 2 mg/kg, occups” at 15 min, and that caused by

“

PBD, 50 mg/kg, at 2 h after their reﬂpectlve administration. Moreover,
y

Fhe intensity of the stereotyped actiwity was greater for APM than PBD

under the conditions of their experiment. ‘Lal and Sourkes (26) observed

i
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a rapid onset of stereotypy after a dose of 10 mg/ké APM, given i.p.,

- “
]

the.  behavior lasting for about 68 min, 'It-gas been shown that with the

dose of APM used in this wotk the concentration of the, drug in the brain

it -

- e
reaches a peak at 5 min after its injection, and thed declines rapidly,
/

v a

with only trace amounts remaining at 1,5 h (S&).//
HLP, a typ%;al neuroleptic and dopamine antagonist (23), blacks the
~ ES i .
action of dopamine at postsynaptic receptor sites and counteracts the

effects of APM (37). In this work HLP had at.least two discernible effects’

b vy o b

The first was the antagonism of the AbM-indgced increase in adrenal ODC

v o
activity, This can be explained by competition at the receptor site in

[RS——

the CNS, but another factor-may have a role: it has recently been reported

that pretreatment of rats with HLP prevents the accumulation of APM in the .

3

striatum in‘33dosexdependent fashion and in parallel to a reduction in the

Tt bt e M R 2 4 4

animals' gnawing behavior (62). HLP also reduces the locomotor activityw

‘stimulated'by APM administfation (38). The antagonismNOf the APM-induced

.

increase of ODC" activity by HLP was observed in our particular experiments -

{Bhith intact rats at 4.5 h after the HLP injection, and at 6.5 h in

hypophysectomized animals (H&gure 3). The second effect of HLP was a
: ! N \ s <
stimulatory one on ODC activity, observed in intact rats, in this case at -

o \ i t

6.5 h after HLP administration.

These results must be examined in the light of evidence that -cortical
b
. o~
ODC responses are strongly inflyenced by hypothalamo-pituitary factors, ©
/ o °

-y ¥ - -

.whereas medullary ODC activity seems to be more susceptible to changes in ;

I / -— . .
sympatﬁetic activity (50). In regard to the effect of .HLP on cortical ODC ;

a
n t
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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, with a consequent action in increasing the serum
. g p

concentration of prolactin (14). HLP administration also leads to an

-increase in plasma. 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 inducggon of (whole) adrenal ODC 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 adrenal medullary and cortical ODC

in such animals corresponds precisely to this fact, as seen in Figure.3.

Thus, the increase caused by HLP 6.5 h after its administration can be
o S 7
attributed entirely to mediatiom by the hypophysis. Local effects of APM
P .
4 _ -
and HLP on adrenal tissue hg}& already been excluded through failure of

these drugs, incubated with whole rﬁt adrenals or slices_of beef adrenal

o4 , N . e i
gland, to cause any inc¥ease of ODC activity (results not included),
! v

Moreover, the antagonistic action of HLP towards APM in regard to induc;ibn
‘of adrenal medullary ODC in hypophysectomized rats (Figure 3) must be

considered as taking place at some central site independent of the
b 5 . r i \ .
hypothalamo-hypophyseal system. Further research in our laboratory is

i Lt

aimed at elucidating the central dopaminergic pathways involved in the

1

-
-

: t
adrenal ODC activity.- -

t

. . : o
Effect of apomorphine in the'kinetic characteristics of 0DC
k3

Kinetic studies of dialyzed adrenomedullary and cortical ODC preparationms

A
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from conérol and APM-treated animals showed that there was no appreciable
change in the K of the enzyme for the substrate L-ornithine.’ Moreover,
a pronounégd increase in the Vg ,y in medulla and cortex of APM-treated
rats was observed, as had been previously found for exposure of animals
to c?Id or oxotremogige (48). The average Ky value in cqntéol and APM-
treated raté for both portions of the adrenal was 0,09 nwggfhis value is

similar to that reported in the literature for thioggetamide-treated and

regenerating rat liver (39,41,47), rat prostate (2,18,22), and Swiss 373

mouse fibroblasts (10).

When dialyzed preparations from adrenals of control ang‘APM-treated
rats (whole gland or separated medulla and cortex) were incubated together
and then assayed, the enzyme activities were additive. This indicated that
the increase in activity was probably due to an increase in the émount;of
the enzyme and not to the presence of an activator or the loss of an
inhibitor. 'Furthermore, the induction was prevented by pretreatment of the
animals with cycloheximide in both the adrenal medulla and cortex., Earlier
ity has been shown thaF protein synthesis QE.EEXQ is involved in the
increase in ODC activity of adrenals of rats exposed to cold or treated
with aminophylline (7) or ACTH (51). Theée increases in ODC activity are
also dependent upon RNA synthesis, because treatment of rats with actino-
mycin D blocks the increase (7,29). .

Immunologic Techniques: would p£ov1de a more definitive proof that Fhe

altered levels in ODC activity represent an increase in protein content,
;- .

%
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(19,24,40,60}63) the enzyme is quite unstable during purification (9,31,

1 92

t
1

Although antibodies to ODC have been reported by several laboratories

e

43). Hence, most studies have been limited to me?surements of ODC activity.
Our own results have shown that much is lost just by storing ODC in the
absence of é;factor or by passing the enzyme extract through Sephadex.

The second and more-limiting fa?tor for the purification of ODC in adrenal
is its very low specific\activity. a

The 1,5-3-fold increase in’activity observed after dialysis of adrenal
oDnc preparationé suggests that a s%all ﬁolecular weight inhibitor(s) is
removeé. The work of Ramirez-Gonzalez (48) showed that nondialyied enzyme
preparatipns of adrenal medulla and cortex have an apparent Ky of 0,22
and 0,09 mM, respectively. After dialysis, a Kp of 0,05 was obtained for &
both medulla and cortex. Similarly, Pegg and Williams-Ashman have observed
an increase in rat prostate ODC 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 to the dialysis buffer, as dialysis
of ODC preparations from Swiss 3T3 mouse fibroblasts and rat prostate, ii4f;
the absence of PLP, reduced the activity of the enzyme (10,42). The

praduct of the reaction putrescine, and the polyamines for which it is

precursor, are good candidates for the inhibition of ODC in the adrenal;

v

they inhibit oDC in regenerating rat liver (20;24,44) and in many{cell
lines aﬂd systems. Putrescine binds covaleptly to ODC in thé presence of
transglutaminase iP purified preparations of thioacetamizg?stgmulated*
calf liver (Sa). This trgnsamidation of putrescine.to ODC*fésults‘im~a

¢
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linear decrease in activity. A

Kinetic séudies to determine the affinity constant for the cofactor

have shown that ODC in whole adrenal gland of control rats has two different

apparent Kps for PLP. Adrenal tissue géom rats treated with APM show
similfr results, In'order to find whéther only one of the two enzymes
fonmsxfg'present in each part?qf the adrenals, the glands were dissected
into medullary and cortical tissyes as before. The adrenal medulla of
control, at the substrate concentration stuziedj/showed only one mevalue.
The ODC of adrenal cortexﬂin,controls, on the other hand, had two apparent
Kms. In APM—treated réts, 0DC of the cortex and medulla had two apparent
Kms each. ’ ~

Thus, 1t 1s possible that each part of the adrenal éland contains two
enzyme forms, rather than ?ne form of the enzyme per specific part of the

gland. Two different enzyme forms have been purified in Physarum

polycephalum differing in their affinity for the cofactor (33)§ and in

crude preparations of rat prostate (2) and Swiss 3T3 mouse fibroblasts (10).

These forms, which have very different affinities for PLP, have similar,

R
if not identical, affinities for ornithine.

Both the activity and stability of ODC in the adrenal gland are strongly

dependent on PLP in our diaiyzed éniyme preparations, as prevﬁously seen
in undialyzed preparatioqs (48), and in prostatic ODC (1,2,42),
Einally, the existence of two ODC forms in the adrenal gland of fhe

rats can be an alternative mechanism fer the regulation of its activity as

has been suggested for Physarum g33,34], developing rat heart (27), rat
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thymus and kidney (53) and rat liver (39,40). T )
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Diurnal variation and the effect of injection,

CLOCK-TIME (HOURS)

FIGURE 1

Je |
-t

b

A e e
8 .10. 12 . 14 16 18 2

The symbols

represent.mean values for 4 to 6 rats
;ﬂjectlonsmof vehicle (control amlmalsb\?e

ring the course of various experlments. v
systematlc variation of ODCActl\rlty in relatioh to the number \
X ions or their timing, this 1nformat10n has not been ¥

of -inj
yelauded n graph, <
0, one imjection; O,
A, four injections,

two injectioms; §,

ceiving 1 to 4.
at scheduled times
As there was no

&

three injec‘ti/ﬂns; P

The lower curves for each of the two parts of the at{renal
glands. are derived from one experiment in which animals were
not' stressed by handling or injection ., (no injection),
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ODC activity (pmol CO,/mg protein - 45 min),
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4 .
HOURS : e N

FIGURE 2

'

,Time-course of stimulation of adrenal. ODC activity after
the administration of dopaminergic agents. A. Piribedil,
50 mg/kg i.p. given at 0 time. -'B. Apomorphine, 10 mg/kg
i.p. given at 0 and 1.5 h. The following symbols were "
used: O, medulla, drug-treated animals; 0, cortex, drug-
treated; A, medul}f, controls; A,'cortex, controls. --, . - -
Values are presented as mean * SEM for 406 rats. N ¢
Significance of differences from control means: . .

ap < 0.05; bp,<0,01; ¢P <.0.001. "t
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FIGURE 3

' N
Effects of apomorphine (APM) and haloperidol (HLP) given
alone and combined on ODC 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 given as a single dose 0.5 *h
before the first dose of APM. Rats were decapitated at 4
or.6 h after the initial dosg of APM (i.e. 4.5 h and 6.5 h{\
respectively, after injection of HLP) in intagt rats, and
at 6 h in hypophysectomized rats. Significarce of differ-
ences from‘'control means: 3P <' 0.05; bP < 0.01; ©P < 0.001,

Significance of difference from mean of APM-treated rats:
dp < 0,05; ©P < 0.01; fP < 0,001,
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(pmol- CO, / mg protein perdis min)~1»

- FIGURE 4

Double reciprocal plots of dialyzed ODC as a function

of L-ornithine concentration. The enzyme was assayed

as desgribed under Methods, in preparations from

“control adrenal medulla (0) and. cortex (A), and from

APM-treated medulla (9) and certex (A). %
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Double reciprocal plots of gel filtered adrenal O0DC as a
function of pyridoxal 5!'-phosphate concentiation. The
enzyme was assayed at a L-ornithine. concentration of 0,04 mM,
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FIGURE 6

\ %'1‘3

" Douple reciprocal plots of gel filtered adreno-
. medullary and cortical 0DC of control rats as a
function of pyridoxal 5'-phosphate concentrations.

. ' The enzyme was assayed at an ornithine concentration

of 0.04 mM.
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Double reciprocal plots of gel filtered adrenpmedullary
and cortical ODC of APM-treated rats as a function of

pyridoxal 5'-phosphate confentrations. The enzyme was
assayed at an ornithine concentration of 0.04 mM.
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Effect of cycloheximide (CYC) on the APM-induced
increase inm adrenal 0ODC act1v1ty 9

.for 5 rats in each group.

CYC (50 mg/kg i.p.) was administered 0 5 h before
the first of 3 injeetions of APM (10 mg/kg i.p. at
0, 1.5 and 3 h). An;hals were killed 1 h after the
last APM injections Bars represent the mean * SEM

oV

3p . 0.001 ‘for comparison with CYC-treated -

bp . 0.001 for comparison with (CYC + APM)-treated
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TABLE I  Concentration of catecholamines and corticosterone in

T

f‘
the dissected adrenomedullary and cortical tissue

w

Parameter Medulla % of Cortex % of
total total
‘Adrenaline 8,86 * 0.96 88% 1.22 0,15 12%
Noradrenaline 2,98 £ 0.31  91% 0.28 * 0.02 9%
Corticosterone 59 ¢+ 7 14% 366 + 52 86%

. - B
t

-

Values are expressed as pg of adrenaline, noradrenaline, or ng of

corticosterone per adrenal medulla or cortex * SEM for 10 determinations,

» "
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Effect of haloperidol on adrenal ODC response to piribedil

, TABLE II
» ’ "
Treatment 0DC activity
.
| Medulla Cortei
:
Control 56 * 19.4 4y 108 + 39,8  (4)
Haloperidol 161 + 8.8° (5) 194 £ 49,35 (5)
Piribedil 323 % 62.5° | 6) 63 + 19.2  (6)
Both 171 * 6%.Sa{d (4) 73 + 23,6 (4)

Values shown represent mean * SEM (No, of animals), HaloperidoiT/S\@g>kg,
i.p. was given at OQtime, Piribedil, 56 mg/kg, i.p. was injected at'0,5
h. The anima}s were killed, at 2.5 h. Activity of ODC 15 expressed as
pmoles 14COz per mg protein in 45 min,.

The significance of differences from control means is designated as

by < 0.01; °p < 0.001;

follows: 3 < 0.05;

dSignificantly different from piribedil-treated rats, P < 0,05,

.
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TABLE 111 Mixing experiments of ODC preparations from-control and apomorphine-treated rats

3 < h -

.

-, R . :
“ Animals were ‘injected with APM (3 doses 9f 10 mg/kg %.p. at 0, 1.5 and 3 h) and were killed
S .
4 h after the first injectien. 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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‘ ° >
e
e —
n_ L.
: : . >
N Treatment Whole glana Medulla Cortex
L ’ F5) : (cpm)
. T Sephadex G-50 Dialyzed
APM ‘ ‘ 1437 + 15 5089 * 38 4158 * S0
.. Control 393 + 3 425 £ 5 1226 * 13 —
” ‘ * ¥ e
*. y . °1:1 mixture . 917 %10 2670 £ 30 €2730 + 36 -
" Calculated values 915 + 9 2757 + 21 - 2692 + 31 ~
o - Non-Sephadex G-50 . Undialyzed® .
« . N
ADM 1672 + 17 1448 * 16 2310 + 25 S
/ Control . 796 + & 279 £ 3 - 816 t 8
1:1 mixture 930 + 10 580 £ 7 1295 * 16
Calculated values 1234 £ 13 T 863 + -9 1563 * 17
’ %
e -
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TABLE IV  Effect of APM on the kinetic characteristics® of adreno-
— 7

medullary and adrenocortical ODC in the rat

: #
. L-Ornithine concentrations were varied from 0,02 mM to 0.8 mM with a ¢ '

?.\ <
! Pt
Tissue Treatment Kp (mM) Vmax )
\ ) ’ M
. ExBeriment 1 .
Medulla Control TS | - 86 s
APM B .07 . 627
Cortex Control, .12 : T 96 )
APM : .07 . 273
. Experiment 2 . ) . . A
Medulla Control 10 ’ _ " 61 oo
APM . .07 608
=, . ,
Cortex Control .10 l 96

APM .08 - 368 .

All enzyme preparations were dialyzed as described in Materials and Methods.,

constant pyridoxal 5'phosphate concentration of 0.05 mM. The Kms and '

V.

: ' N\
maxS for L-ornithine were determined by the Lineweaver-Burk method at 5-6.

2

substrate concentrations with 2 determinations at each point. In each

experiment the K, was evaluated by the least squarel fit,

‘o
R
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TABLE V. Effect of APM on the kinetic charactéristics of ODC in the

? whole adrenal gland,an& séparated medulla and cortex : ’
4 — . : .
Tissue . Treatment Km (uM)’ ‘ Vma% % Activiﬁi recovered
& ~
Whole gland Control 9.4 .7 , 10.8 75
1.4 5.6
‘ ° . >
Whole gland APM - Y., 6.9 ./ 38.1 ¢ 4 55
.- 1.1 » 20,4 - .
. * « o ° ) %
Medulla . Control 2.4 10.9 85
Medulla APM - 5.8 R\ - 3% - 90
: 1.0 3 . 221
Cortex Control . 7.4 = _. 18,2 " #
2.2 T 1046 ‘ _
. @ . :{\ * P ) ’ - ‘
Cortex APM ; - 3.6 . ‘ 95,0 +70
, 1.2 -

2

All enzyme preparations were filtered through Sephadex G-50 to remove

1)

enddgenohs pyridoxal 5'-phosphate (PLP). The % activity recovered after

this procedure jis expressed on the right hand of tlie table,

e \

PLP concentrations were varied from 50 uM to 0:5 uM with a constant
L-ornithine concentration-of 0.04 mM. The Kms and_Vmaxs for éLP were

' determined»by the Lineweavef-Buik method at 5-12 cofactor concentrations
&;th'two determinétion§ at each point. In all cases, except for the medulla
in control -.animals, two kinepiq forms were found; the high-affinity form-
was e&aluated from-the 4-6 lowest concentration points and the low affinity
form from ghe 6-4 highest. In each experiﬁent the Kp was ‘evaluated by the
least squares fit. ‘ % . '

The Vpax is. expressed as pmol 14COz/mg proﬁein per 45 min.

>
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ABSTRACT *,

L]

The administration of the dopamine antagonist haloperidol to rats
produced a temporary \increase in adrenomedullary and cortical oDC
activity., The time-;jurse of stimulation of ODC activity by HLP showed
different patterms in both struétures. Medullary ODC activity was

v .

hi&hest at 2.5 h, decreasing at later times; cortical ODC activity was
. :

not affected by the drug at 2.§ h, but thgn 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 tﬁe

contrary, showed an enhanced re5ponse‘to HLP. The results suggest that

haloperidol-induced igcrease of adrenomedullary ODC activity is caused

e

by a reflex increase in preganglfonic nerve activity, and that the

pltuitary gland can modulate thijs iesponsea Cortical ODC response to

i

. g ,
HLP, as previously demonstrated, is mediated entirely by the hypophysis,

o P

R L3
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INTRODUCTION .

Haloperidol (HLP), a typical neuroleptic and dopamine antagonist
(13), has been used in this lahoratory to block the a;tgpn of the two\
dopaminergic drugs apomorphine and piribedil in stimulating increases .
of adrenal ornithine decarboxylase (OD&, g-ornithine carboxylase,

EC 4,1,1,17) activity., Additionally, it has been observed that HLP

itself produced an increase in adrenomedullary ODC activity 2.5 h

‘after its administration (1), Treatment of rats with cholinergic drugs

* -

" (18,21) or resefpine (9,18,21) also causes an increase .in medullary ODC

activity., Furthermogpe, these effects are transyﬁaptically mediated

& v

(17,18 121). :

w

To study furgher the effect of HLP on adrenal ODC activity and its
mode of action, the time-course of stimulation and the dose-response
relationships have been investigated in separated adrenal medulla and
cortex,

. +

MATERIAL AND METHODS

Animals
D AV !

.

Male Sprague-Dawley rats (Canadian Breeding Farms and Laboratbrfé;
Ltd,, St, Constant, Quebec), weighing 190 - 210 g, were housed,in
individual wire cages. They we?e.kept at 25° on a 12 h 1ight-dérk
schedule with tap water and Purina Checkers ad libitum,

Animals were killed by decapitation between 10 AM and 2 PM to avoid

»

diurnal variations in ODC activity (1). !
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Hypophysectomy and splanchnicotomy .
‘ Hypophysecfomized rats were obtained froﬁ?the supplier mentioned
one day after surgery. Unilateral splanchnicotomy was perfo£;ed in this
laboratory @%th the aid of a dissecting microscope under chloral hydrate
anesthe§t§/?300 mg{kg). The weights of the denervated and innervated :{ﬁ
adrenals (14.3 + 0.3 left, 13,6 + 0,3 right, in mg * SEM, for n = 45} ,
were almost identical; this lent assurance that the vascular supply to
the denervated gland had remained intact, Both hypophysectomized and
splanchnicotomized rats were used for experimént four days after the
operation.

Drugs

Haloperidol _was donated by McNeil Laboratories (Canada) Limited,

* Don Mills, Ontario, L-(1-14C30rnithine, specific activity 40-60 Ci/mole,

and 2,5-diphenyloxazole (PPO) were purchased from New England Nuclear
(Boston, MA), and chloral hydrate from Fisher Scientific Co., Montreal,
Quebec, All other chemicals (analytical quality) were obtained from
standard commercial sources, “

HLP was dissolved in a few drops of glaéial acetic acﬁd, 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, -

L3
i
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Statistical 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 logarithmicallys; before Student's t-test was applied,

to evaluate the significance of the drug effect. When more than two

groups were to be compared, the,nalysis of variance was performed (24).

TissueApreparatioﬁ‘and 0DC assay
/’;, N
~At appropriate times after treatment, the animals were decapitated.

The adrenal were removed, and the medulla was separated from the cortical

o

tissue, The accuracy of the dissection was checked as previously
described (1), Tissue from the two medullde or two cortices was pooled
and homogenized in phosphate buffer 0,05 M, pH 6.8.

Determination of ODC activity by incubation of the 20,000 g .
3
supernatant with g-(14C)ornithine and measurement of 1{@02 liberated was

performed by the method of Russell and Snyder (22) with some minor

modifications (17). The reaction mixture contained 1 uCi of L-(14C)‘

j\\\\\\gfflthlne 0.04 mM; pyridoxal 5‘-ph05phate 0,05 mM; dlthaothreltol 1.0

mM; EBTﬁ 0.1 mM; and 100 ul of enzyme preparatlon in 0.5. ml total volume

g
The activity of the enzyme is always expressed as pmol ‘£02 produced

per mg of protein per 45 min of incubation at 370.
5 .
RESULTS

Dose-response relationship for adrenal ODC after haloperidol

Administration of HLP to rats increased ODC ac@ivity of the adrenal

X

TP
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I : medulla during the initial 2,5 h in a dose-related manner -(Figure 1).

A signifgcant risé (210% of coﬁtroi) occurred with SImg{kg HLP and the

activity rose progreééively with increasing doses, at least up to 20

mg/kg, wher;.it was over 15 times contfoll(Figdre 1), ¢t
In th; case of the adrenal cortex, ODC activity did not increage

over control for any.-of the HLP doses studied, On the contrary, rats

treated with 5 mg/kg showed a statistically significant decrease (49%

of controls).

‘Dose-response for hypophysectomized rats

©

e To determine if the pituitary gland is reﬁuired for the HLP-induced
(/ increase in adrenomedullary ODC activity, the dose-effect relationship ]
was studied in hypophysectomized rats, Hypophysectdmy did not prevent

. A 4 o
the large increase produced by HLP in medullary ODC at 2.5 h, Rather,

the hypophysectomized rats were more sensitive to HLP treatment,

showing much 'larger percentage increases in enzymic activity, For
0 o ' ‘

'j exgmple,‘with a dose of 5 mg/kg the increase over control went from
- ' 210% for intact to 565% for hypophysectémized ra}s (Figure 1J.
As for the cortéx, an apparent increase in'ODC activity was observed
after 10 mg/kg (Figure 1), However, contamination with small amounts

‘ of the hiéﬁly resporisive medullary tiésue is undbubtedly respoﬁ%ible

: . for this effect, : e
Time-course ) : . : !
‘The time-course of stimulation of médullary and cortical ODC activity

by haloperidol was studied for two different doses, Sgng7kg and 20 mg/kg
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i.p. The highest enzyme activity in thé medulla in this experiment’ was
observed at,2.5 h for both goses”studied;.;;,theh decreased with time.

\&6DC activity of the cortex showed a different pattern in that ‘it

continued to increase with time, .at least until 6.5 h (Figure 2). The

slow response of, adrenocortical ODC to HLP has been ﬁreviously encountered

< “ .
with respect to amiﬁophylline administrationp (6) and immobilization (18).

Effect of unilateral splanchnicotomy .
1 7y v

[
Previous studies with cholinergic dwug$ dand stressful stimuli (17,
//\:\-”/// . b .~
18,21) have demonstrated that the early increase adrenomedullary ODC

activity produced by these agents is mediated by ¥he s pathetic nérvous
) l "
.system, To determine whether the HLP effect is similarly coftrolled,

transection of the splanchnic nerve supplying the left-adripal gland wa}
performed. ‘Splanchnicotomy abolished completely the effect produced

- -

by HLP (20 mg/kg) inrthe adrenal medulla when comparisons of the lef

»e

adrenal (denervated) versus right (intact) were made at 2.5 h, a time

[

" when the cortical tissue was ﬁﬁresponsive to the drug (Table I). Gross

v

examination of the animals 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 experiménté clearly indicate that HLP

i

markedly stimulates ODC activity in adrenal medulla of thep;at, and that

its largest effect as seen in these expériment? occurs at 2.5 h after

N

°
J

PR e ~
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the administration of the drug. ~ The increase is greater when high &P

’

doses are given, and it can be prevented by denervation of the a&rgnal

medulla, In alllprevious’reports, intactninnarvation to the adrenal
was requlreﬁ\}n order for cold exposure (5 18), 1mmob1112at103,(18),

reserp1né (18) and cholinergic drugs (17 21} to produce ;nsreases in

adrenomedullary oDC act1v1ty In addition, the ganglionic blocker,

Y
mecamy}amine, was found to. lower the ODC 1ncrea3es induced by

carbamylcholine (7). These increases in enzymic activity are preceded
¢ 5 .
in most instances by a rise in the cyclic AMP levels and are paralleled

* N “

in some cases by an increase in activity of cAMP-dependent protein

N

kinase as shown by Byus and Russell (5). .They useé actinomycin D and
! b4

¢ycloheximide to dembnstrate that bqtﬁ RNA“and protein synthesislare

\ .
9 3 . . ~

necessary for the increases’ in ODC activity observed by cold exposure
Py a?

and the administration of aminophylline, Moreover, kinetic studies of

adrenomedullary ODC preparations from oxotremorine-treated and control

-

°
L3 . 4 r

animals have shown that there is no change in-the Ky for the substrate

[-ornithine, but an increase in Vp,. (uﬁpublished results). These data .

suggest .that HﬁP, a centrarly,acting drug, indﬁées“adrenomedullary 0DG

\ a

fact1v1ty by a reflex increase in preganglion1c nerve activity.

-2 °

Indeed a s&ort term treatment of ‘animals with” antipsychotic

pﬁenothiazines and HLP (3) or mﬁcroinjection of HLP into ,the cauddte

-

nucleus (12). increases the firing rate.of dopaminergic neurons in the -

' o

. . ‘ N, y
substantia nigra; as detectéd with extracellular electrodes. Several

L LS

studiés have mow showf that systemic administration of HLP also increases
El

.
A o
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biogynthesis(and release of dopamine, that is, its turnover. Accumulation 4

A3

3 : . ‘
of O-methylated catecholamines in brain following neuroleptics, including &

he AU )

HLP, was first demonstrated in mice by Carlsson and Lingvist (8).
’ » L4 >
Accumulation of the acidic metabolite dihydroxyphenylacetic acid has also

been detected in the substantia nigra and véntral tegmental area of rats

¢
©

2,23). ' ° -
(2,23) , e
The increase in firing rate of dopaminergic neurons caused by PLP

is antagonized by apomorphine (4), presumably by its action at a ‘
' presynaptic site, Our results previously demonstrated (1) & similar
effect when piribedil was administered to rats pretreated with HLP and

adrenomedullary ODC actiyity was measured at 2,5 h after the HLP was

”

@

' given, .

The results With hypophysectomized rats also indicate that the
: pituitary gland can modulate the’%ensitivity of the animal to HLP,Jthe
operated rats showing a larger increase in adrenomedullary ODC than,

intact (non-operated) rats in response to the same amount of drug,

Perry et al. (16} have recently reported that hypophysectomy increases
%

b et

: s : . ' 3 . s
the sensitivity of DA receptors,'lncreaS{ng the By ., of (-H)spiroperidol-
] s
binding to striatal-membranes as well as inducing: hypersensitivity to

apomonphine when stereotypy was assessed. Furthermore, it is clear that

-

the presence of the pituitary éland is not required for the effect of

s "

HLP on medullary ODC activity.

In the case of the adrenal cortex, there is a delayed response of
)

ODC to HLP: up to about 4.5 h for a dose of 20 mg/kg and 6.5 § for «

¥
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“ 4
. . .

‘5 mg/kg. These effects confirm our previous results (1) where HLP was
tested for its blockiné,action against apomorphine and piribedil. In
that work the increase of cortical activity was shown to be preventéd
by hypophysectomy. As HLP is knéwn to release prolactin (10),
adrehocorticotropic hormone and B-endorphin (11), it is conceivable’

that‘its delayed effect on the enzyme of the cortex is mediated by a
: T

specific peptide or pepéides. Indeed, administration of ACTH (14,20),
growth hormone (14}, or proiactin (19,25) to hypophysectomized rats

causes an increase in ODC activity of the adrenal in the rat, However,
L ( -

.

nothing is known about the mechanism of action of the hormones on

adrenocortical ODC activity as all measurements have been done on
R ‘V/
homogenates of the whole adrenal gland. ACTH causes increases of cAMP

in the adrenal, as well as ODC activity. The latter change seem¥ to be

A

independent of steroidogenesis, and it is blocked by cy¢loheximide and

e ]
P

actinomycin D «\(20,15).

, '

ACKNOWLEDGEMENTS e y
This work has been supported\ﬁg a grant of the Medical Research
- . D

Council (Canada). Y,

\

y 7

P

»

7




eyt Jt e e

126

2500, / medulla

)

ho
-Q
Q
O

4

adrenal ODC activity (% of control

[

-

g

N

25 5 0 20 -
dose haloperidol

"FIGURE 1 . .
Dose-response of the effects of haloperidol (2.5, 5, 10 and 20

mg/kg 1.p.) on ODC activity in the adrenal medulla (0 hypox,

. @ intact) and cortex (0 hypox, ¢ intact).. The animals; 4- 5 per

group, were killed 2.5 h after the drug. Values are expressed
as mean * SEM. " Control values (100%) were 33 + 3.7 and 25 2.9
(for medulla) and 61 '+ 4.2 and 16 * 2.3 (cortex, intact and
hypox, respectively) “pmol 14COz/mg proteln per 45 min, The
51gn1f1cance of the difference from controls were a, P < 0.001;
b, P < 0.01; and cy P < 0.05,
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adrenal ODC activity (% of control)
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_——FIGURE 2

" '
Time/res§6nse of the effect of haloperidol on ODC activity in
drenal medulla (0 20 mg/kg, ® 5 mg/kg i.p.) and cortex

(0 20 mg/kg, ® 5 mg/kg). The animals, 4-5 per group, were .

killed at different times after the drug, Control values
(100%) ranged from 27 + 3.4, (mean * SEM) to 57°% 4.2 for
medulla, and from 40 + 7.4 to 153 * 46,6 for the cortex, in
dlfferent experlments.q These values aré expressed in pmol
14C07/mg-protein per 45 min. Thee significance of the
difference from controls were a, P <0,001; b, P < 0,01; and

c, P < 0,05,
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TABLE I. Effect of haloperidol on adr nal oIC activity of unilaterally

e
N ‘ T~
splanchnicotomized rats .
Treatment .Medulla ) o - Cortex:
N T o
* “Intact Denervated ,flfatact Denervated

Control 24+ 1,5 24+ 1.8 19"+ 7.6 42 + 18.6 \o
HLP . 519 + 188,4% 52 + 13,0 14 % 4,0 12+ 2,9 °

: Py

Values shown are mean * SEM for 4-5 determina¥ions and are expressed as

pmol 14CO’Z per mg protein per 45 min, Haloperidol (ﬁLP)ﬁwas administered

i.p..in a dose of 20 mg/kg and rats were killed 2.5 h after,
ht

-

8 p < 0,01 for comparison with denervated medulla,
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CHAPTER IV
Adrenomedul lary Ornithine Decarboxylase Activity:
Its Use in Biochemical Mapping of the Origins of

the Splanchnic Nerve in the Rat
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'

SUMMARY T

The activity of ornithine decarboxylase in the adrenal medulla of
the rat can ,li;e induced transymaptically by the repeated adn;inistration
of apomorphiné. Unilateral section of one to’ four ventral spinai
cord roots from T4-T12 partially preVeﬁts this effect. Interruption

of the intercostal nerves (T7-T with preservation of the autonomic -

13)’
innervation of the adrenal medulla, does not produce any alteration in
the response of the medullary ODC td APM in the operated side as

compared to the imtact side. Dorsal Toot section at T7--T10 leads to a

small reduction, while section at T2-T4 has no effect at all. Thus,

select%ve surgical interruption of spinal cord roots indicates that
! L3 . ‘ - - - ‘

the bulk of splanchnic fibers mediating the transynaptic induction of

adrenomedullary ornithine decarboxylase course in the ventral roots .

between'T7 and T10' Dorsal rhizotbmy demonstrates a modulatory role in

this induction of afferent information to sympathoadrenal preganglionic

*

I4

neurons involved in innervation of qbe chromaffin cells.
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INTRODUCTION . o

Investigation of the mechanisﬁs regulgting the activity of adrenal
medullary enzymes, in particulér tyrosine hydr&kylase (EC‘1.14.16:2) and
ornithine decarboxylase ED?C; EC 4.1.1:17), has demonstrated the cruciai

rdle of nervous impulses to the chromaffin cells by way of the splanchnic

|
7

nerve (12,17,22). More recent studies have turned to the detection of

‘the prior influencés in the ce§t§a1 nervous system whose effects converge

L3

upon the preganglionic sympathetic neurons innervating the adrenal

medulla, thereby regulating the activities of tyrosine hydroxylése (6,13,

é ! 5
14) and ODC (15,16). For example, in this laboratory it has been found

that treatment of; rats with dopaminergic agents inéreases tﬁe”activity

- {
of these enzymes (1,13,14) and that this effect is mediated at a

A “
supraspinal level in the case of tyrosine hydroxylase (6). The present

. . o .
work is concerned with experiments in 'which ODC, the rate-limiting

enzyme in Bplyamine biosyntheésis (21) and one that seems to have an

‘important role LE early embryonal developmeﬁt (5), has been-measured.

~ . 4] N Il
This enzyme cataly%?é the conversion of ordithine to putrescine

- hgl,4-tetramethylenediamine). Its activity in the rat adrenal medulla

-

can be stimulated not only by the administrgtion of dopaminergic and

choiinergic drugs (1,15,17) but\élso'by subjeécting the animals to

stressors such as cold or immobilization (2,16).. A complete transection
of the splanchnic nerve supplying the adrenal gland virtually abolishes@b

the increase in medullary ODC activity produced by all these agents
[ - L]

5

(2,15,16,17). {’“‘ ‘ ,
. , t s
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The origin and course of the pregamglionic fibers in\?ervating the
7 N

adrenal chromaffin cells of the rat have :been éxa;nined in'the past by
different methods: Waller;,an degeneration (11); chromaffin reaction

(8); and the retrograde movements of the dye "True Blue'" (10) and the .
enzyme horseradish-peroxidase (18), The fibers passing to the :adrenal
medulla originate in the intermediolateral cell group of the spinal *

co'rd, the neurons constitutingka lopg, continuous column from T1 to Ll'
The highest numbers of these cells are concentrated in the area between
T8 and TlO (.1]8). We wi”shc;d to learn if nerve impulses generated in the
preganglionic neurons originating at different spinal levels contribute
proportion\ally to the induction of the activity of medullary op¢. It .
was therefore ¥ecided to alter the sympathetic central output and input
by c'ptting ventral and dorsal.roots of the spinal cord, respectively,

followed by attempts to stimulate ad‘i'enal’)'medullary ODC activity by use

]

of the dopaminergic agonist apomorphine EAPM) (1,4,20).

MATI;RIALS AND METHODS ' » - . ' . .

| ' Male adulf Sprague-Dawley rats (300 g), maintained with a light-
dark cycle of 12:12 h, \and given tap; water and PI‘Jrina Checkers ad
libitum, were used thrguj‘u_)ut this work. Surgery was done ;nder chloral

hydrate anesthesia. In eight rats, the intercostal nerves from T7 to

£

T13 were cut on the left side at their immediate exit

r

s pem et v

.

fsi:he intercostal
space; this preserved the autonomic innervation to the adfenal medulla .

(Figure 1D). In the remaining rats laminectomy was.performed in.order '

to cut ventral Ehoracic 'roots (T4-T

L

13 in groups of 1 to 4 roots)

(Figure 1A); do%'sal roots (T2-T4, T7-T10) (Figure 18); and combined
— - . ,

Q\P .
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ventral and dorsal rooté (T7-JO) (F:Lgure 1C) The roots were o

)

identified ag:ording tc:/ﬁelderd and Chopin (7). Five days postoperatively,

\\the émimals were injected with apomorphine.HCl (donated by Me::ck-Frosst
Ll . ¢

/

P . g B \ )
Lalxa\rzatzbries Kirkland, P.Q.), 3 doses ‘of 10 mg/kg s.c. at 1.5h

—— \\m -y

—
intervals (0 1.5 and 3 h),-or w1th the same volume of control vehicle,

f
Rats were decapitated 4 h after the first inj ectlon of APM, and the {,

2

"
adrenal _g\lands were quickly remoyed and dissected at 4°, The’ ponll\n. of.

[

the tissué corresponding to one or two medullae yas homogenized in 200

w0

" ul of'p}{osphate buffer, O.% M, pH 6.8, with a motor-driven Teflon pestle.

e

The 20,000 g supernatant was used for the 0DC assay and determlnatlon of

protein content (for detalls of tissue preparation and- assay of ODC’
o \\
activity in yitro, see ref., 15). The activity 6f the ehzyme is e_xpressned

o °

9 ‘
as pmol 14CO2 produced per mg of protein during 45 min incubation at 37°.

Standard statistical methads were used (19) in cognpufin“g the data

., and establishing significant differences. ‘ ’

*
kD

RESULTS T : 4 .

-4

The ODC activity of adrenal medﬁllary tissue was ‘first deterhined
in 1ntact rats (200 g), rece1v1ng elther saline or APM treatment. Tiss
from the two glancl‘gl was pooled, Tpe restilfs in Table I show that the

.Jlow ODC activity of the tissue can be remarkably increased by the *

Ty »

"administration of APM, as previously demonstrated (1). Other control

experiments are set out in that tabl8. Animals with unilateral section

H

of the ventral rogts T.,-T9 had ODC activity in- the adrenal medullary

tissue that hardly differed from that of the intact animals. "I‘hus, the

a

]

surgical operation alone’ had no effect on 0DC activity under the described

1
. \ \
té 4
3 M ‘
- « . ! "
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o
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conditions. cher rats underwent unilateral section of seven nerves

in the intercostal space (Ffﬁure 1D, Table I) and Qere then given APH
to st?gn}ate 0DC activity. There was a nine-fold increase over the
controls, the valﬁes being similar for the adrenomedullary ti;sue of the

operated and intact sides, and both similar to the activity in APM-
S I o 1

treated intact animals (Table I), - 5!

L
Section of ventral roots of the spinal cord modified to varying:

extents the APM-induced increase of adrenomedullary ODC activity of the
operated side as compared to the intact side. Section of the individual
ventral roots T8’ Tg, and T10 led to attenuation of the responée to APM

by 21 to 29% (Table II; Figuze 1A)} Much greater reductions #n activity

were obtained by section of three or four ,roots. For example, with
B »

A
section of ventral roots T7 to T10 there was a mean reduction of 61%.

There\was greater retention of the APM effect even with the more extensive

lesions where the section was made further away from the T7 to T10 region,
@ - -
w
With section of .the ventral roots T4 to T5 there was essentially the
\y v

same resSponse as in control animals, i.e. equal induction of '0DC activity
t .

. on both s%deé. Thus, our procedure demonstrates that fibers mediating
\ o

this particular functional activity of the splanchnic nerve have their

- -

. N 2
origin in the spinal cord between segments T4 Q%d T12, and interruption
* -

of ventral roots beyond these limits does not affect the adrenomedullary
L 4 ) ip s

S 0
ODC response to the administraticn of APM.

The possible contribution by fibers, coursing in the spinal dorsal

. \

roots, to the regulation of ODC actﬂ;ity was also investigated. Section

of four dorsal-rog;§ (Tj-Tlo) led to 27% peducti&n in the medullary 0DC

- a
P

A ,

»
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activity of the gland on the operated ﬂide following APM administration
GTaéle II; Figure 1B). To assess the specificity of this effect, three
. dorsal rodés in an area known to make little contribution to the . {
innervation of tﬂé ad}enal medulla, TZ-TZ, were cut in other rats.
'Thére was no difference in response of the medullary ODC between the two

'sides. The results with dorsal root section, at T7-T10 are, therefore,

physiologically significant, and favor the concept of operation of

o

segmental reflex arcs in the modulation of activf%y Qf s§mpathoadrena1
preganglionic neurons (SAPN), or attest to the preséﬁce of efferent

7
fibers coursing in dorsal roots (3).

Combined section of dorsal and ventral roots at T7-T16w3§used a

mean decrease of 50% in medullary ODC activity of the adrenal on the
operated side (Table II: Figure 1C). This is similar to what was observed

when only thejventral roots in this region were severed (Figure 1A). ‘The

-

non-additive effect of dor$al and ventral root section again emphasizes
the modulatory role of the afferent information reaching the spinal

#segments involved in innervation of the adrenal medulla.

» 2

DISCUSSION - . .

<j57‘ Anatomical studies by Schramm et al. (18) and by Holets et al, (10)
: ] .

-y

have shown that the s&mpathoadrénal preganglionic fibers are distributed

from segment T1 to segments L -Lz, with the largest concentration of cell
. , .

1
bodies in the areas of T7-T10 and T7—T8, respectively., We have shown

that the increase of adremal ODC activity provoked by APM reflects a

“distribution of fibers subserving'this function between T4 and le& with

©

]
2

A\




(‘ _ ,'the major segmental contributions at T7 to T;O (Figure 1A).
The results with rats that have ﬁ?dergone section of dorsal roots
T;/-T10 alone or aléng with the correspondiﬁg ventral roots make m;nifest
the existence of a modulatory function of the afferent input in regard
to the activities of SAPN (Figures 1B and 1C). This modqlatory‘input
enters the spinal cord by way of the autonomic pathways, for éection of ,
seven intercostal nerves [%gble I; Figure 1D), leaving intact both
\> afferent and efferent innervation of the adrenal medulla, .does not alter
/), ) in any Qay the response of medﬁliary ODC to APM. The segmental infegration
of this modulatory phenomenon is shown by the results obtained in animals
w@th section of dorsal roots at two §ifferént\1evels (Figure 1B). With
section of dorsal roots at the higher level (TZ-T4), whereLSAPN are R
essentially absent, no apparent reduction in the APM-induced effect on

' medullary ODC activity is observed. However, section of dorsad roots at

T7—T10 produces a considerable reduction in medullary ODC activity. As ¢

* already mentioned, this is the area that concentrates most. of the

preganglionié fibers reaching the adrenal medulla, It seems likely that

- A} r -
4 the activity of SAPN is sustained by descending afferent volleys,
" & , R

originéting supraspinally (6), and modulated by the peripheral segmental
afferent input that enters the épinal cord By way of autonomic pathways .

5 .
(Figure 1B). As reflected in our re§uk{s, one may speculate that this

input is mainly facilitatory. ‘ -

Finally, we.consider that the technique of root section used hegggj

in conjunction with a biochemical measurement of activity of adrenal

o‘ .
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chromaffin tissue can be -extended readily to other functions. The
trdﬂsynapfic induction of tyrosine hydroxylase, bi&syﬁthesis of .
catecholamines in the adrenal, and release of catecholamines under the
influence of stress or insulin administration (23), come readily to mind.
Jt would be interesting to determine whether the chromaffin qells receive
innervation from the same segments of the spinal cord for all their many
functions that respond to nervous influences, and how this innervation

is differentiated with respect to the types of catecholamine-containing
cells, a question to which Hirano and Niijina have addres;ed themselves
9). There is already a partial answer to the first question from the
present work as well as that of others. Waki (23) has sho#ﬁ;thag the
release. of catecholamines from adrenal medulla in dog in response to
electrical stimuiation of ventral roots is mediated by fibers having
their origin between T5 and L1 for epinephrine, and T5 and T12 for
norepinephrine, with the maximal effects around TlO' Stimulation q%&

dorsal roots was ineffective in releasing 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 dis?ribution (18) than SAPN mediating the transynaptic induction

£
of adrenomedullary ODC in our work (Figure 1). ‘ R 4
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TABLE I, ODC activity of /Adrenal medulla in various control groups

of rats |
, \
Region of Treatment . No. of oDC activity?
sectiPn ' - rats . .
(Inféct) Control _' // 4 41 = 6.5\ &
(In}:act) APM 5 318 + 30,4* |
Ventral roots, Control ‘
)
{1‘7-1'9 A ’ L
Intact side ‘ 4 C40x 2.7
Oferated side ' 4F 46 + 6.6
Inte{co§tal nerves, APM =
T7-T13 ‘ *
Intact side ¢ . . 8 358 1‘38.3*
Operated side 8 356 % 48.8*

/

Apomorphine (APM) was administered in 3 doses of 10 mg/kg i.p.‘or S.C,

at 1.5 h intervals (0, 1,5 and 3 h) and rats were killed 4 h after the
first injection, ‘ -

2 pmol 14C02/mg protein‘for 45 min of incubatioh; mean + SEM is tabulated,
* P:<‘0.001 for comparison with-control intact rats,

& [ . '
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Legend to Table II

* Because the variance of the data tended to increase in proportion to - S \\h

the means of the groups,” values for ODC activity were converted to their
natural logarithms, a measure that provides a more nearly normal

distribution., The effect of a particular unilateral treatment was then
R .

calculated 4s the difference between the ODC activities for the two

sides. Analysis of variance (19) for 15 groups of rats, each group ) -

s

" consisting of 4 to 10 animals, wds based upon 14 degrees of freedom

for "Groups" and 66 degrees of freedom for "Error determination", The
corresponding vgriance was employed in calcul'ating significant differen. -
ces between groups. All logarithmic summdry data were then transformed
to the natural numbers,’and these are set out in Table 1I as thf'

weighted mean ratios of ODC activities on the two sides.
~~

! Significant d?fferences‘for‘animals with véntral root dissections ‘ -
* ) * N

(*15 < 0,05; **P < 0,001):
ZE‘TS versus Tg-Tg*, T7-T1p**, and T10-T12*;_ J
Tg-Tg versus T7-Tyg* and Tyz*; '
T,-Tg versus T7-T;p*, To*, and Ty3*;
T7-T10 versus Tg*, Tg**, T;O**, T19-T,"» and Tlsf*;
TlO‘E}Z\Ve?SuS Tiz*e ‘ N -
Significant differences at T,-Tyg: |
N

S

V versus D* and D+V*;

D versus D+V*,

7
\#\
R
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TABLE II, 0ODC activit'f in adrenort;edull‘ary tissue of rats with section

of spinal roots in thoracic region, after treatment with

. apomorphine
K
Thoracic roots: V/D No.. of* Mean ratio* (as %)
sectioned - rats. Operated side:Intact side
e .
4-5 Voo 4 .93
4-6 . v S 88
6-8 v 5 6  . 61 ’
7.9 - v 5 54
7-1 v 7 ‘ . 39
8 e ‘ v | 5 71
.9 ‘ )Y 8 | 79 i
10 ' 5 77
10-12 v 4 60
13 v 4 . 105 |
2_‘4 D 4 106
7-10 D . 73
7-10 : . ‘D+V | .10 : 50. *
L
~




145 -~

. \
A r B . #
_ T2 n
. 2
v L 4 TA“'\—
"y “ ] 5 :t
)
' v 6 Tbkt
. --—-————41 \ L -
% . g 7 N ; x
v . 9 L ¢
4 -h—————-J n:l
7 | 4 B
'} - N
- : e Y )
C . . D
4 g:__ T
L 10
1
Tol - 8
- U T

— —t—t—t—t Jrepr—y,

% reduction in' adrenomedullary ODC activity

FIGURE 1

Percent reduction of APM-induced increase of ODC activity

Blocks represent mean values of the percent réduction in
. .~ 0oDC activi&y of the left adrenal medulla in comparison to
the right adrenal medulla (1p51latera1 and contralateral
to denervation, respectlvely) in response to APM. The
drug was injected in 3 doses of 10 mg/kg s.c. at 0, 1.5
' and 3 h. Rats were killed 4 h after the first dose.
Numbers inside the blocks represent number of animals
(4-10) in each group. Unilateral denervation was as
follows: A, section of ventral spinal roots T4-T13 in
groups of 1 to 4 roots; B, section of dorsal Toots from
T2-T4 and T7-T1g; C, section of dorsal and ventral roots
from T7-T10; and D, section of the intercostal nerves
from T7-T13. In B, C and D the filled circles represent
dorsal root ganglia. In D, additional dots associated
" with the intercostal nerves represent sympathetlc chain
. . gang11a.
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) Central Dopaminergic Regulation of Adrenomedullary

‘ Ornithiné'Decarboxylase Activity
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«  dopaminergic component,
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ABSTRACT
~ ; v,

%

The administration of the two dopamine receptor agonists apomorphine

a

(APM) and piribedil (PBD) to rats leads to,an increase.in ornithine

“ ¢

decérboxylase (ODC) activity in the adrenal medulla. In this'work,-ﬁe
. ] ”
° s g . . . LI
 have tried to elucidate the neural pathways involved in the regulation

. ? L gt ‘.
. of this enzyme, The treatments involved are: unilateral splanchnicotomy,
k! @

b
-~ spinal cord section, intraventricular injection of the neurotoxin ‘
6-hydroxydopamine,- and section of the brain at yarfous levels. Unilateral

a5 ) . i
splanchnicotomy reduces very significantly thg induction of ODC producéd

3

by either APM or PBD. Spinal cord section‘aﬁveither of two’ different

B

levels (Tg or Tp) also lowers thedresponse to the drug. ‘Intracerebrb-

ventricular injection of 6-hydroxydopamine, on the other hand, elevates
. W
the_mean ,response to APM, although not to a statistically significant
. A - t . -
extent, Section of the mesencephalon well §elow the periaqueductal gray

does not alter the response of adrenomedullary ODC to APM. Tragnséction

o
Al

of the diencephalon almost prevents it whereas hypothalamic deafferent-
ation and incomplete diencephalic transection potentiates the effect of

this drug, These observations étrongly suggest t;;;‘55§253533h11ary
n i
ODC activity is predominantly regulated by a central system, originating

mainly in the diencephialong/telencephalon and including a facilitatory
- 7 » -
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. spinal roo#s reduces the inductive effect of APM administration, the

_ reductior dependingaupon tha number of roots interrupted and their

k!
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INTRODUCTION

' 'Recent studies in our 1aboratory have shown that the activity of

?om

1.
ornithine decarboxylase‘(ODC EC.4,1.1.17) in the adrenal medulla of
5.
the rat Hiﬁ be increased several fold by the administration of the
dopamlne agonlstsAgpomorph1ne (APM) and plribedll (PBD) (2) These

effects are time- dependent for bothkdrugs and dose- related for APM,

¥

That,1s, at least two doses of the drug (10 mg/kg) are necessary to

-,

increase 0DC significantly over controls. The specificity of action of

these drugs on dopamine receptors resulting in an increased adrenomedulhary
q .

ODC activity was checked i the sale work by the prior administration of

haloperidol., A dose of 5 mg/kg of this dopamine-receptor blocker . W‘*,

antagonized the effect of the drugs pp to 4 h, but haloperidol itself

. e
in larger doses increased adrenomedufaar? oDC activity in a time-dependent

-

manner (1) This latter actlon was prevented by denervation of the

adrenal gland, as has been reported for ODC increases after cold exposure

b

(11,42), immobilirétion snd adm&nistration’bf reserpine (42,15) and

- . -
" ¢holinergic drugs (41,46). . .

-

- N LY

In related work ‘we have foupd that unilateral section of ventral *
v ] . !

-

.’

location in the thoracic region from T, .to Ty» (3). All these results

. o . ;o
'suggest a crucial rdle of central innervatien in determining the

inductiofi of ODC activity, ,
4
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activity. In this regard we have kept in mind the earlier result, namely

We have now sought to define further the'centrai dopaminergié
system involved in the APM-induced increase of adrenomedullary ODC
that another medullary enzyme, tyrqsine hydroxylase (tyrosine 3-mono-
oxygenase, EC 1,14,16,2), is also affected by a central dopaminergic
system (39) lying fbstral to the thoracic cord (19),
EXPERIMENTAL PROCEDURES ‘ - ! .
Materials : ' . | \

°

Pyridoxal 5'-phosphate (crystalline), DL-dithiothreitol and

~ 6-hydroxydopamine HBr (6-OHDA) were purchased from Sigma Chemical Co.

($t. Louis, MO). Apomorphine . HCl was obtained fro& F.E, Cornell and Co.

(Montreal, P.Q.), and chloral hydrate from Fisher Scientific Co,

L d

(Montreal, P.Q.). Synthetic AS%H (Synacthen depot) was purchased from
Ciba-8eigy (Dorval, P.Q.). Piribedil (;ED) was a gift of Lagoratoire§
Servier (Neuilfy-sur-Seine, France), g—(1—14C)0rnithine and 2,5~ / .
diphenyloxazole‘Qere purchased from New EnglandgNuclear (Boston, MA).
Desmethylimipramine (desipramine) was donated by Ciba-Geigy (Dorvai, P.Q.)..
All other chemicals (analytical quality) were obtained from standard
coﬁmercial sdurces, |

Animals

¥
\

Male Sprague-Déwley rats weighing 203 g + 1.9 (SEM), used in various

°

experiments, except where the weight is otherwise specified, were
* t

obtained from Canadian Breeding Farms and ‘Laboratories Ltd., S$t. Constant,

o #

»

)

°
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P.Q. Thex were kept in the animal room in individual wire cages under
a light-dark cyclgﬂpf 12:12 h with tap water and Puriha Checkers ad
libitum. N
Apomorphine . HCl was dissolved, 3.3 mg/ml, in 0.1% solution of sodium °
metabisulfite to ﬁrevent oxidation. Piribedil was suspended, 16.71hg/m1,
in a 1% solution of methyl cellulose. Desipramine, 6.7 mg/ml, was
dissolved in 0.9% saline. The three drugs were tiirntgd with 0.1 N NaCH
to around pH 6 and injected in a vdlume 5f 3 ml/kg'bédy yeighﬁ. 6~0HDA
was dissolved, 12.5 mg/ml, in a solution of ascorbic acid, 1 hg/ml, in |
0.9% saline, and was injected into the right lateral ventricle in a volume

C of 10 ul (containing 125 pg) over a 2 min period. ‘The dosage of the

drugs and timing of the injections are indicated in the legends fo the

\

figures.and tables. !

-

' Surgical procedures

@
All surgery was performed in this laboratory under chloral hydrate

anesthesia (300 mg/kg i.p.). For injection o& 6~0HDA into the right .’

R.

lateral ventricle and sections of the braip, the rats were placed in a
stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). Sections

of the diencephalon and mesencephdlon were carried out in 267 g % 2,3

-~

rats with a sharp stainless steél knife, 1 mm wide and 15 mm long, mounted

on the stereotaxic carrier. _The coordinates -of Kinig and KlippeL'(SO)

' N

were used to locate intrdcerebral targets.

bt 5 g o
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" Unilateral (left) splanchnicotomy in rats weighing 200 g t 2,7 was
performed with the aid of a dissection microscope after a midline
laparotomy. The vascular supply to the gland was left intact, as—couid
be observed under the microscoﬁe during the operation.
Spinal cord transection was carried out in rats weighing 312 g + 1.5,

r

with fine scissors after posterior laminectomy of the vertebrae

corresponding to T2 or T5 spinal levels.ligome rats underwent laminectomy

and section of the dura, but not section of the cord; these are termed
]

.

"sham-operated rats'.

Intraventricular' injection of é-OHDA was carried out’in rats weighing
243 g + 2.4, pretreated 1\h earlier with desipramine, 20 mg/kg. "Animals
were placed in a stereotaxic apparatus, and éhey were injected with a .
Hamilton microsyriﬂge iﬂto the right lateral ventricle. Sham-operated
controis were injected Qith the same volume (10 pl) of carrier solution.
All brains were examined postmortem to check the trajectory of the needle

into the ventricle.

Incomplete mesencephalic¢ transection., A fissure was drilled 6 mm
3 .

long transverse to the midline of the skull and the knife assembly was
lowsred into the brain in the sagittal plane, with the following
coordinates for the tip of the knife: A 0,5, L %2.,5, V -2 (cf. Figure 1A).

t

éomplete diencephalic transection. A fissure 9 mm long was drilled

as above. The knife was lowered with the following coordinates: A 3,

.-, L x4,V 3.0, The lesion is illustrated in Figure 1B. J

¥

[

&
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Hypothalamic island. This procedure was performed with modificatfbns

of the technique described by.Haldsz and Pupp (24). The knife assembly

u b
used in these operations consisted of a stainless steel wire, inside a

v
A

23-gauge cannuia, and sharpehed at its exposed end. The inverted \
L-shaped knife fo;med a:90° gﬁg@e and its sides measured 2 mm by 3.8 mm.
Coordinates used were: A 6.5: L 0, V-3, After the knife point had
reached its target, the knife was turned 90° to the right and left by
means of the handle, thus providing a semicircular cut at the level of
the optié chiasma, with its concavity directed posteriorly. With the
knife turned laterally 2 mm to the right, - the assembly was loweréd
ventrally so that the tip would be at these coordinates: A 2.5, L 2, and
V -3.4 to -3.6, At this new position the'knife was turned through 18(}o ,
clockwise so that gnother semicircular lesiof was made. The complete
circle then included an area extending froﬁ the optic chiasma‘anteriorly
to the midmammillary bodies posteriorly. The knife assembly was later :
removed from the brain with the blade in the sagittal plane, The lesion
is illustrated in Figﬁre 1D,

Incomplete diencephalic transection. -A fissure 4 mm in length was

drilled,tranéverse to the mgdline at the plane corresponding to the
entrance of the knife, Tﬁ; carrier was set at 20° 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 animals (to touch the base of the'skull)s

14
&
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The knife was then lowered at 1.5 mm right, and moved with slow motion

to 1.5 mm left of the midline, R .

A

. There were two groups of sham-operated controls. In the fipst of

these, the knife used for transection of the dieneéphaion was lowered

T

into the brain 2 mm from the scalp and a transverse section was made in
the same way as in lesioned animals. In the second group of sham-operated
rats the knife msed 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 0, V -3,
, } « ¥ /

. Animals with brain sections were used 24 h after the operation, and

-

those with splanchnicotomy, spinal cord transection and intraventricular

injection between 4 and 8 days after surgery. On the day of the

experiment the rats were injected with either APM (3 doses of 10 mg/kg i.p.)

given at 0, 1.5 and 3 h or PBD (one dose of 50 mg/kg i.p.). The rats

were killed by decapitation 4 h-after the initial injection.

Preparation of the tissue

N

‘Aftef‘decapitatﬁon of'tﬁeirats, the adrenal glands were quickly
removed,(fréed of capsular tissue and\weiéhed on a to@xion balance, 1
The dissection of the glands to separate medullary tissue from cortex .
was carried out af 4° with theiaid of a magnifying lamp; The'exteng of
contamination of medulla}y tissue with cortex was estimated to be about
15%; this was based upon measurement of corticosteroids in both adrenal

portions by a microfluorometric method (21) as previously described (2).

4
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fhe portion of the tisslie corresponding to two medullae was pooled
and homogenized in 200 ul of sodium—potassium‘phbéphaté buffer, 0.05 M,
pH 6.8, with a motor-driven Tef%?n‘homogenizer. The homogenate was then '
centrifuged at 20,000 g:for 20 min; and the supernatant fraction was
taken for use in thebassay of ODC activity.

Ornithine decarboxylase assay

: »

ODC was determined in an assay system that combined elements of the
assays described by Russell and Snyder (47), and J4nne anq Williams-AshmaQ
(27), with some modifications. In a final voi;me of 0.5 ;1, 100 ul of
the ZQ,OOO g supernatant was incubated with the irdicated final
concentrations of reagents: phosphate buffer, pH 6.8, 50 mwM; pyridoxal
5'-phosphate, 0.05 mN;' dithiothreitol, 1.0 mM; EDTA, 0.1 mM; and 1 uCi
of é(1-14C)ornithine, 0.04 mM. The incubation mixture was contained in
a 25 mllconical flask fitted with a plastic well and sealed by a rubber
stopper; After 10 min preincubation at 370: the reaction was initiated
by add{hg the radioactive ornithine. After incubation for 45 min more,
the reaction wa;yterminated by the addition of 0.5 ml of 5N sulfuric
acid, with éﬂ'additionai 60 min allowed for the release of all the 14CO2
formed. The 14CO2 was trapped in a filter paper (2 cmz, Whatman-no, 3)

impregnated with 100 ul of a mixture of ethyleneglycol monomethyl ether

and monoethanolamine (2:1, v/v). At the end of the incubation, the
;ilter papers were transferred to counting vials containing 10 ml of a

mixture of toluene and eﬁhyleneglycol monomethyl ether (2:1, Y/v)

.
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containing 0.4% 2,5-diphenyloxazole. Radioactivity was measured in a

-

Beckman liquid scintillation spectrometer,

[y

Protein contefit of the adrenomedullary supernatant was measured by

the method of Lowry et al. (33). ODC ‘activity is expressed as pmol of

14CO2 produced per milligram of protein during 45 min inét@gtion.

X

Histological examination of the brain
The rat brains were fixed in 10% formaldehyde in saline solution
and serial sections were cut in some of them to check the extent of the
Id .
lesion. The rest of the brains were simply sectioned in a sagittal .,

plan'e (midline) and photographs were taken directly,

Statistical 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 mez‘m, individual valyes were transformed logarithmically

prior to calculation of statistics. used in assessing the significance of
N |

« - - ‘ 3 :
the data, i.e., Student's t-test in comparing two means and Fisher's F
> b .
. b
ratio in the analysis of variance’ (51). - 1

N

A
RESULTS

P

The effect of dopamine agonists on adrenomedullary ODC activity

The .repeated Sa.dmi.m'.stration of APM tL rats (10 mg/kg i.p. at 0, 1.5
. \
and 3 \\2 results in a large increase in adrenomedullary ODC activioty
over control values 4 h after the first injection (Table I) lyls previously

described by Almazan et al. [(2). A single large dose of PBD (50 mg/kg

'

’
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i.p.) produces a similar effect* Animals exhibited stereotyped behavior
with apomorphine (52).
To determine how important innervation of the adrenal medulla is for

the increase ine¢ODC activity the left gdrenql_gland was denervaéed. The/,n

activity of the right adrenal medulla (innervation intact) served as

£

control. Six to eight days after splanchnicotomy the animals were injected

as in the previous unoperated groups. At the time of killing the rats,
the weights of the denervated and innervated adrenals were almost
identical (reséective mean *+ SEM were 14 ¢+ 0.3 mg and E?.é £ 0.2 mg, .
number of pairs = 34), as is the ca;e in intact animals.

The reﬁh%t; §how that the basal adrgnomedullary 0DC activities in

_ @ .
rats without drug’treatment were almost identical for the denervated and

innervated adrer QFigure 2)., However, differences,appeared in animals
éggists: on the denervated side of APM-treated rats
the activity was 2.5:fold greater than in the controls, and PBD provoked
even;larger increases, But these respdnses were far smaller than in the
innervated gland of rats given either of the two agoﬁists gfigure 2).

A comparison‘of éLe results in Table I and Figure. 2 shows that the
innervated gland of unilaterally splancﬁniqotomized rats is more sensitive
to APM and PBD than is the adrenal of intact rats, with respeEt to
meduilary 0DC activity. This suggests the operation of séme compensatory

mecggnism when one of the splanchnic nerves is severed. Alternatively,

: . ‘s . A
the response mechanism may be sensitized by surgical trauma, even 4-8 days

. ’
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\ Q ’
after‘operation? A similar effect has been observed in rats given
) {

oxotremorine (41). -\

Inspection of the SEM bars in Figure 2 shows how large the variation-

\

in response to PBD is in these animals. This has been previously

observed with this drug, in respect to responses of both adrenal medullary

and cortical 0DC activity (2).| The variability may arise from thé fact

that PBD is administered as a suspension, and its absorption’ani
circulatign through the organism is erratic., Because its dopamine-)iké
activity depends upon its metabolism to the cgpecholic derivative, 1-
(3,4-dihydroxybenzyl) -4-(2-pyrimidyl)piperazine (14), variations in the
rate of Ehis conversion from animalrto animal may’'also contribute to the

. v

large SEM,

\

Effect of ACTH on adrenomedullary and adrenocortical ODC activity:

time-course . . ’ - — -

The effects of ACTH administration have been studied in hypophysect-

omized rats’in order to deter?ine if the release of this hormone from

k]

the anterior pituitary has any role in the small incredse produced by

APM and PBD in the denervated adrenal medulla. Five day;'after hypophy-

7
§ . . . s .
sectomy, experimental animals received one subcutaneous injection of

synthetic ACTH (10 IU or 0.1 mg/rat); controls received 0,1 ml of a 1%

solution of methyl cellulose. To study the time-course, animals were

killed every two hours up to 12 h, along with two ‘additional groups at
f—

18 h and 24 h after ACTH. As can be observed in Figure 3, adrenomedullaﬁy"

3 o«
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ODC did not respond to ACTH administration in the time-course studied,

’

In contrast, the cortical enzyme showed a significant increase %t‘é h,
rising to a peak at 12-h, Twenty-four hours after the administration

¥
of ACTH, thelcortical enzyme still showed higher values than controls.
»
To see if the basal levels of ODC activiyy were affected by hypo-

’ physectomy, a group of?sham—operated con&;ols were included in the study,
Table II shows that basal medullary ODC activity is not altered b;
g}pophysectomy. Cortical ODC, however, is significantly loﬁered as
compared to sham-operated controls. The same table displays the effect
of two different dosesilf ACTH: 10 and 20 IU. A slightly higher mean
value was obtained with 20 IU but this was not significantly‘djfferéﬁt
from }h;t obtained with 10 IU. These results ggfee with thé-report of
Levine et al. (31,32), who-estimated ; maximal dose of 10 IU ACTH for -

induction of adrenal QDC.

Effect of spinal cerd transection on adrenomedullary ODC éﬁtivii&

f The data obtained with unilaterally splanchnicotomized rats suggests

. \ that the mechanism of action of APM is largely central. .In an effort to
>
/ -
K trace back the neural pathway from the adrenal gland to that central

site of action of the drug the spinal cord was sectloned at T2 and TS
) segmgntal levels that are rostral to the main roots of origin of the
splanchnic fibers innervating the adrenal meddiia (3,495.\ The results in
{Table 3 show that transection of the cord at Ts of i%self led to an

L

increase (P < 0,01) in adrenomedullary OBC.activity as compared to

*
N
*
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sham-operated controls, an effect that was not observed when the
. Y

section was carried out at T The administration of APM produced

\ 2.

significant increases in ODC activity of the adrenal medullajin all grouyps
studied: cord-transected at both lévels and shan‘l-opera%ed rats. The

level of the operation seemed to make a quantitative difference in the.

response. Thus, rats with a sham-operation at T, showed a much. larger
P Op 2 8

increase over comtrols than those sham-operated at T Animals sham-

Sl

operated at T2 may be-more sensitive to the drug than at TS’

surgery is more stressful: the animals bleed more because the vertebra.
1] ' ‘ w

is very deep (T2 represents the lowest point of the cervicothoracic

_ curvature in the rat); furthermore, the muscles incised are more important

"at '1‘2 for movement of upper limbs and neck. By contrast, after section

of the cord at T2 .there was a much smaller response of adrenomedullary

ODC activity to APM than.after section at TS (117 vs. 249, These results
suggest that the APM-induced increase in adrenomedullary ODC activity
originates mostly from an area rostral to the second thoracic segment of

¢
the spinal cord. However, a propiospinal mechanism seels to be operating
- ) s
as well, since section of the.cord did not completely prevent the rise

in medullary ODC produced by APM.

Effect of intraventricular 6-hydroxydopamine

%

Injeci:ion of the neurotoxin 6-OHDA into the right lateral ventricle,
J

M

-

one hour after administering desipramine intraperitoneally to rats,
- :
Selectively destroys dopaminergic neurons (8). This treatment did not

because the ..
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the same. The administration of APM to this group of animals produced
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have a significant effect on adrenémedhl]ary ODC activity (Table IV,

Controls). Administration of apomorphine to rats 6-8 days after 6-OHDA

St

led 'to large increases in ODC activity. The mean response was higher

!

than in the control group, but.because of the large variation in the
individual values the difference could not be judged ﬁ}ggistically “

significant, . -
h : .
The rags receiving 6-CHDA shoﬁé@ more intense stereotyped behavior -

)

after the injection .of APM,

Effect of section of the brain at different levels

A

Sham-operated controls. Twenty-four hours after surgery, brain-

operated controls showed OQQ basal levels (Tablé V, Line 1) comparable
.:",“' . ~

to those of intact non-operated controls (Table I). The administration ,

of APM produced a 5.5-fold increase over controls, similar to that pro-

z ¢

duced in intact rats.
.
Incomplete mesencephalic transection. Transection of the midbrain

i

well below the periaqueductal gray matter,prd&uced no change in the
basal levels of adrenomedullary ODC activity. The data were pooled 1
with those obtained in sham-operated controls since they were essentially ;

“

an elevation in the activity of ODC similar to that in sham-operated

rats (Table V), , . . ‘
* .

Complete diencephalic transection. In order to derermine the site

of action of APM for the induction of adrenomedullary ODC, complete
SN
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transection of the diencepha%on was carried out. Th*is lesion isolates
the forebraj;h dopaminergic ngrve terminals from théir origin in the
mesenc?phalic centers ’(51:1bstantia nigra and ventral tegmental area) (36).
The results with rats operated at this level are shown in Table V.. Two
,imp“o‘rtant consequences of this operation were observed. First of all,
the basal acti\;ity of adrenomedtillary 0DC was significantly lower in
sxich animals than in sh\am contrels. Secondly, the large increases
prodaced by APM in intact (Table I) and sham-operated- (TaBle V) rats
were almost, but not completely, abolished. The tripling of ODC-activity

produced by APM, though small by ciomparison with the induction of enIymec

in sham-operated rats, was nevertheless significant (P < 0.01).

4

2

The data suggest then that APM-acts in at least two central sites .
f ] 5
in the induction of adrenomedullary ODC activity. One site would lie
> / '
.below the diencephalic level, and might imvolve stimulation of descending

o

as seen in intact animals, would require the connection of mesencephalon-

nigrospinal or spinal neurons directly. But the full effect of M
‘ !

diencephalon with forebrain structures, . . ,
’ ' »
Hypothalamic island and incomplete rdien,cephalic transét:t“ﬁo}v‘

~R

-

Because the ”hypothalaxﬁus exerts an %mportant hregulatory influence on the
autonomic nervous system, it was of interest to isolate surgi;:ally this
rlegion from the“ rest of the bre;in. QA preparation of this kind could
indicate w;lether the descending pathway£ media"t)ir)tg the. APM-inquged

increase in adrenomedullary ODC pass through the'hypothalamus. This

. {
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hypothalamic island, extending aﬁteroposteriorly from the nucleug
suprachiasmaticus to the posterior mammillary nucleus, prodﬁced no
change in resting adrenomedullary ODC activity as compared to sham-
operated controls, %he administration of APM to these rats produced a
10-fold increase in ODC. Thesé'values were significantly higher than
those obtained gn sham-operated rats treated with the drug. The second
type of lesion (complete dorsoventral section,-but extending only 1,5
mm to each side of the midline), which extends from the rostral part of
the superior colliculus ventrally to the medial hypotﬁalamus, produced

.
similar results: no alteration in resting ODC activity and a potentiation

of the APM-induced increase. ° ‘
DISCUSSION / )
“Several observations suggest thét central dopaminergic mechanisms

are involved in the regulation of adrenomedullary ODC activity: fifst, L~

the increase in adrenomeduyllary ODC produced .by the agonists APM and

iy

PBD can be antagonized by haloperidol (2); second, transection of ‘

ventral spinal roots from T4 to le reduces the effect of APM (3); and
¢ Ve

third, the iﬁcrease’cau;ed by a 1arge’dose of haloperidol can be prevented
by denervation of the adrenal (1). In this work, we have tried to define
these4¢4thways by the following su;gical treatments: unilateral }
splanchnicotomy, traqsection of the cord at T2 or TS’ and transection |

of the brain at two different levels (mesencephalic, diencephalic). We

have also ‘employed intraventricular administration of the neurotoxin

L

6-OHDA. § ' . g
\'s g N
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The increase in adrenomedullary -ODC activity provoked by the

' administration of either APM or PBD was largely prevented by denervation
of thé adrenal (Figure %}- There was, howéver, a significant inductipn
of enzyme on the denervated side of both APM‘gnd‘PBD-treated Tats as
compared to controls. [In contrast, the effects of oxotremorine (41),
carbamylcholine (46), reserpine (42) and colﬁ exposure (11,42) are

completelﬁ abolisbed by splanchnicotomy. This small, but significant,

increasg of ODC activity of the denervated gland could résult if:

(a) the adrenal glands were not completely denervated; (B) some humoral

component is responsible for the increase; or (c) the drugs have a

direct action on the adrenal medulla, Local effeq£§ of APM and PBD on

adrenal medulla are unlikely because of the failure oflthe drugs to

cause any increase of ODC in vitro (2). Results obtained earlier i

our laboratory lend support to the second suggestion, inasmuch as éhe

response of adrenomedullary ODC activity to APM was considerably reduced

in hypophysectomized rats (2). Also, APM and other dopamine agonists

) fe

cause an increase in the levels of circulating corticosterone in the
rat (18,29). Additionally, the activity of another inducible enzyme of
tﬁé adrenal medulla, phenylethanolahine-N-methyl-transferase, can be
markediy redﬁféd by hypophysgctomy (55) and then restored to normal
values by administration of ACTH or ‘glucocorticoids. Hence, it was of
—interest to sée whether ACTH has an effect on adrenomedullary ODC of

hypophysectomized rats. Administration of 10 IU of synthetic ACTH

-

$
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produced no increase in adrenal medullary ODC in the time-course -
studied (1-24 h). Basal levels of adrenomedullary ODC were similar to
those observed in sham-opefated controls. In contrast, cortical values

of controls were significantly lower than sham, and ACTH administration

caused a large time-dependent jncrease. The latter results agree with
earlier reporﬁf of the effedts of ACTH on ODé activity of the whole

adr?nal (31,32,44), These results exclude any possible obligato?y :
role for ACTH iﬁ the APM-induced incrgzse in adrenomedullary ODC activity.
Growth hormone and prolactin are also said to cause a very small increase 1
in whole adrenal ODC of hypophysectomized rats (31,43,53), but their ‘A
mediation of the APM effect in the'medulla is ufilikely because growth. .

hormone is not released by high dgées of APM (37) and this drug inhibits %

release of prolactin both in vivé and in vitro {10,50). %Finally, the

possible participation of other peptides cannot begal%ogether excluded

oy

as B-qgéorphin 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 TZ)

Fad

bt o b i ol . it o

served to isolate sympathoadrenal preganglionic neurons from their

-

supraspinal connections. This operation led to a large reduction in 7
the inducibility of medullary ODC by treatment with APM. Cord section
at T2 produced a greater reduction in the efficacy of APM with respect

to induction of ODC than section at T These results suggest that the

50

1

magnitude of transynaptic induction is proportional to the number of i

1
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sympathoadrenal preganglionic neurons that remain intact above the
lesion, as previously demonstrated with section of ventral spinal roots
(3). One can conclude that the APM-induced increase of adrenomedullary
ODC activity originates mostly from an area rostral to the seéond
hthoracic segment of the spinal cord. As with splanéhnicotomy, the
;ffect of APM on medullary 0DC is not completely abolished by cord
section. Indeed, highly significant increases are still observed:
3-fold higher than spinal control with segtion at Ts, and 5-fold with
section at Tz./gThese effects may be due ég the action pf the drug on.
dopamine receptors in the spinal cord. There is ample evidence for

dopamineréic neurons in the spinal cord of the cat (17,6) and the rat

(12,34), as well as for specific dopamine receptors there, binding

3H-haloperidol in cat (13) and rat (16). Additionally, the steady state
g

content of dopamine and its turnover rate in the spinal cord of the rat

decreases in a rostro-caudal 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 relative increase in ODC when the transection is
carried out at T2 than at T5 (Table III), we may also suggest that

dopamine receptors below the transection become more sensitive to APM.

“
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Similarly, denervation supersensitivity to serotdnin has been reported
to develop after ;pinal cord transection (5).

To characterize further the dopaminergic pathways involved in the
regulation of adrenomedullary ODC activity, the neurotoxin 6-OHDA was

administered intraventricularly to rats pretreated with desipramine.
Destruction of dopamine-containihg nerve terminéls (8,?5) did not preven£
the dopamine agonist APM from inducing an increaselgn adrenomedullary
ODC activity. Similar results were obtained by Quik and Sourkes (39)
with adrenal tyrosine hydroxylase activity, The explanation might be
that, while the neurotoxin damaées mainly presynaptic nerve endings (54)
APM'is acting po;tsynaptically on receptors unaffected by the neurotoxin
or rendered supersensitive by destructidn of the presy;aptic fibers
normally communicating with them.- In fact, we observed enhanced stereo-
typed behavior with APM, as well as a mean enhancement of the APM effect
on adrenomedullary ODC activity of animals treated with 6-OHDA.

A preliminafy attempt has been made to localize cerehrql centers
responsible for the control of the APM-%pduced inggease in adrenomedullary
ODC activity by gross separation of large brain areas. Transection of
the brain at the level of tﬁi mesencephalon below tﬁe periaqueductal
gray matter, did not alter the responsé ofi adrenomedullary ODC to APM.
These data lead 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

i
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and forebrain from posterior structures, 'produced an effect similar ,
to section of the cord and splanchnicotomy, i.e. almost complete block-
ade of the APM effect on adrenomedullary ODC activity. This result then

suggests that the -APM-induced increase in adrenomedullary ODC activity
. * [ 23

is mediated at the level of the rostral diencephalon-telenqephalon. As

t
ko

already proposed, APM seems to be acting to a small extent also below -
the level of the sectién. . Descending dopaminergic pathways from the
substgntia nigra to the reficular formation (23) and from the diencephalic
A, dopamine cell group to the‘spinal cord in the r;t (26,7) have been

11

described by electrophysiological and histofluorescence techniques,

<

respectively,
S

Interestingly, section of the diincephalon at thé‘legel of the medial
hypothalamus and extending laterally 1.5 mm from the midline, along with
complete deafferentation of the hypothalamus to produce aﬁ£ypotha1amo-
pituitary island, permitted not only maintenance of the éffect of APM on
adrenomedullary ODC activity, but even its pq?entiation. The data
suggest that pathways involved in this inductiye phenomenon must be
travelling more laterally than 1.5 - 2 mm from the midline at the level
of the hypothalamus ;nd, furthermore, that these lesions may sever some
inhibitory pathway originating at the level of the hypothalamus or in*

passage there. The existence of a direct hypothalamic-autonomic nexrvous

pathway has been demonstrated (48).

~ g
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Because of the demonstrated role of a serotonergic pathway origin-

ating in the medial raphe Cgucleus in the regulactfi\?n of adrenal tyrosine

hydroxylase activity (9,39,40), our attention turned to the possibility

that the potentiation observed affer the lesions described in this

paper might also be due to destruction of an inhibitory serotonergic
system. Anatomical (35,38) and electrophysiological (35) studies hayg'
provided strong eviden’ceﬂfor a serotonergic pathway emanating from the
dorsal raphe nucleus and terminating in the caudate-putamen (45).

Destruction of that serotonergic nucleus by electrolytic lesions increases‘

the dopamine content in the striatum. Further experiments would be

i

needed to determine if serqtonin\ does play a role. or not, Because both

lesions, hypothalamic deafferentation and incomplete diencephalic

transection, must sever some dopaminergic neurons, another possibility

to explain the potentiation effect must be consi:iered. This is a

denervation supersensitivity, previously proposed té explain the effects
B

caused by 6-OHDA on the APM-induced increase in ODC activity.

: In conclusion, it has been demonstrated that adrenomedullary ODC

activity can be increased by the administration of the dopamine receptor

agonists APM and PBD. This increase is dose-related and time~dependent

P

. (2). Unilateral splanchnicotomy, section of /the spinal cord and

H

transection of the diencephalon result in a very large decrease in the
response of adrenomedullary ODC to APM. These observations strongly

suggest that adrenomeduilary ODC activity is predominantly regulated by

CN
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a central system originating mainly in the diencephalon-telencephalon;

and containing a facilitatory dopaminergic component. There is some

evidence that a propiospinal dopaminergic pathway also participates in

1

the regulation,

/
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. FIGURE 1° 3

v

Representative lesions caused by: A, mesencephalic section (sagittal
view); B, diencephalic transection-(sagittal view); C, incomplete
d1encepha11c (sagittal v1ew) transection; and D, hypothalamlc island
(coronal view). ¥mife.assembly shown in dlagram.\
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TABLE I  Effect of apomorpliine and piribedil on adrenomedullary ODC

activity in intact rats.

AN
»

> g ’ . A4
¢, '
y -
, Treatment Control Drug-treated P
APM 40.9 £ 3.7 7N - 311.1 % 19.7 (8) < 0.001
PBD 42.4 £ 3,1 (N 411.0 * 70.3 (7 < 0.001

/ 1

v

/

Apomorphine (APM) was administeréd i.p. in a dose of 10 mg/kg at 0; 1.5

and 3 h. Animals were killed 4 h after the first injection. Piribedil
.(PBD) was injected i.p. in one dose of 50 mg/kg. Animals were killed

4 h after. Figures are given as pmol CO; per mg protein per 45 min

and represent the mean *'SEM for the number of observations in parentheses.
The P value indicates the level of significance for the difference

between the control and treated groups (Student's t-test).

«
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‘ FIGURE 2

Effect of apomorphine (APM) and piribedil (PBD) on adrengmedullary
0DC activity in unilaterally splanchnicotomized rats., The animals
,were decapitated 4 h after 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 animals in each group. Control
values were 24 * 1.5 and 24 * 1.4 pmol CO2 per mg protein per 45
min for denervated and innervated adrenal medulla, respectively.
*P-< 0.001 for comparison of indicated mean with cohtralateral side
ap < 0.001 for comparison of indicated mean with ipsilateral side
P < 0,01 for comparison of indicated mean with ipsilateral side.

4
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hours

X FIGURE 3 ‘ -

Time-course of stimulation Jof adrenomedullary (#) and
adrenocortical (A) ODC following subcutaneous adminis-
tration of 10 IU of ACTH. Each point represents the
mean response of 4-6 animals. "

3p < 0.001, and °P < 0.05 for comparison of indicated

mean with control.
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TABLE II Effect of hypophysectomy with and without ACTH on/

adrenomedull‘ary and cortical 0DC activity ! ¢
1 o ' . / ’ , ’;
8 ; é‘u
,, “;‘:reatment ACTH | Medtilla Cortex - 2 g )
{’ 3 7 \ ‘{;
- o~ i »
. Sham - 28 * 2.3 . 612 51 ()2 ,
Hypox - -- 27+1,7 30+ 11 (® 7 -
o e
_ Hypox 10 TU° . 26:1.8° 157 253 ©2* .
. J { ] .
Hypgx 20 IV 28 £ 1.5 193 £ 52,3 (9% 7,
L3 [’ ; Y
:  — - | !
I ) —
Values shown are mean * SEM (number of animals in parentheses)., Five

days after sufgery, the rats were injected with control solution and:

10 or 20 IU 4CTH. Animals were killed 12 h after. # !l

% < 0,001 for comparison of indicated mean ;vith~h§poph)}sectomized‘ controls. -
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. TABLE III  Effect of apomorph{ne on adrenomedullary ODC activity in
rats after transection of the spinal cord
\ . ‘ L@"m

) Treqtment// Control w Drug-treated P
Sham-opngted 2% + 8,2 (6) 620 * 117.7 (6) <0:001
Sectioned at T 81 +'21 7 A 249 *, 42,7 7)%  <0.001

i T 1/ o 427 (D«

\ e ‘ .. ] o

: 'Sham-operated T 182 5 (6) 1406 * 238 (4) <0.0Q1
Sectioned at T 2 t 6 « (6) 117 + 38,9  (5)° <0.01

2

Y -

/
Values shown are gpéh £ SEMténumber of amimals in
’ [

experimental details see legenf to Table I.

<

parentheses). For other

(1/‘r %p < 0.0 for comparison of indicated mean with sham-operated rats
b x>

-

~

LS

x P < 0.001 for comparison of indicated mean with sham-operated rats

oy
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TABLE IV Effect Qf intracerebroventricular injection of 6-hydroxydopamine

o ]

. Treatment Control APM-treated p
----- 25 & 1.8 (6) 553 % 133.5 (6)-  <'0.001
6-~O0HDA .39 £10 - (7) 830 + 180.0 (6) < 0.001

o -

£

Animals were injected into the right lateral ventricle with 125 ug/fat

»

6-OHDA one hour after thé pretraatment w;th 20 mg/kg i.p. de51pram1ne.

u

?ontrols were injected with cartier solution and desipramine. One week

g

after, they were given three doses of APM (10 mg/kg s.c.) at 0, 1.5 and

Iy

3 h and were -decapitated 4 h after the first injectio e dru
P values indicate the level of significance for the di between

i

control and treated groups.
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FIGURE 4 T

Schematic diagram of the sagittai and coronal views
representing: A, diencephalic transection (main
dopaminergic pathways on sagittal view); B, hypo-
thalamic island; C, incomplete mésencephalic, trans-
section; and D, incomplete diencephalic transection.

’ '

o At betastes

o bt ) ST £

Bt

e e 2 E V¥



4

+
'

401

TABLE V  Effect ,of apomorphine on adrenomedullary ODC activity in

rats after section of the brain at various levels

b

Lesion Control , Drug-treated . P,

‘Sham 46+ 6.3  (6) | 255 £ 29.3 (7). < 0.001

Mesencephalic 46%+ \6:3 (6) 286 + 28.2 . < 0,001

Diencephalic . R 3.2 (4)‘ 66+ 12.6  (6)° < 0.01
* Hypothalamic jsland 16+ 6.5 (5) 481 +63.7  (6)% < 0.001

Ihcomplete q}encephalic 49 *+ 15,2 (5) . 427 + 31,2 '?(7)b < 0,001

Values sho#n are mean * SEM (number of animals in parentheses). 24 h

‘

afte® the surgery, the rats were injected with APM according to Table I.

.

% < 0.05 for compariéon of indicated mean with sham-operated rats
., .

-bP < 0,01 ~for comparison of indicated mean with sham-operated rats
N £ 4

“p < 0.001 for comparison of indicated’mean with sham-operated rats

.dResults pooled with those obtained in sham-operated controls (see text).

/

o t \
P values indicate the level of significanéz for the difference between

" contyol,and treated groups. e
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CHAPTER VI

P

4

Role of Serotonin in the Apomorphine-iqduced Increase

of Adrenomedullary Ornithine Decarboxylase Activity
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SUMMARY . (

The role of sérotonin in the regulation of adrenomedullary
ornithine decarboxylase (ODC) activity has been explored in rats after
systemic add@nistration of Erchlq;ophe;;lalanine (PCPA) and

intraventricular 5,6-dihydroxytryptamine (DHT) or in animals with electrolyt-

Y

‘ic lesions of the medial and dorsal raphe nuclei. None of the treatments

produced any alteration in endogeﬁous ODC activity, However, all except
lesion of the dorsal raphe nucleus significantly potentiated the
induction of adrenomedullary ODC produced by apomorphine (APM) admini-

v 4
stratién. It is suggested that serotonergic fibers originating partly
in the medial raphe ﬁucleu§‘exert a tonic inhibitory action over the

APM-induced increase in adrenomedullary ODC activity.
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" there is the possibility that a serotonergic system.§erVes in the
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INTRODUCTION S o

Ornithine decarboxylase (ODC, EC 4.1.1.L7)'is'théwrateglimit{ng
;nzyme in polyamine'biosyntbesis (37). This enZyﬁeiis present in many
tissues of the body, includigg\fhe adrenaI1g{éﬁd;f In tﬁé’adrenal ; Q
medulla, it; activitylcan bé reflexly iqSuced by subjecting animals to )

Y ~

"« cold exposure (12,33), or bodily restraint’ (32) for>sheft periods, or

by injecting them witﬂ reserpine (16,32,34), cholinergic agonists (33;%4),‘
.o . 4 “ 4 * ¢

or dopaminergic agents (1,2,3), "Work in progress in this laboratory -

o

] -8 . . .
with rats bearing lesions transecting the brain at various levels has
v b}

]
9

led us to conclude that the primary site of stimulation of dopamine-
sensitive structures by apomorphine (APM) is at the level of the

diencephalon-telencephalon.. We have also obsetved that after transection
3 .
of the brain at the level of the posterior hypothalamus through z 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 ODC is potentiated, -

Because this lesion must sever the medial‘asbending serotonergic pathways,

< -

r%gulation of ODC, through exerting a tonic inhibitory action reljeved .

a

by the lesion, N , ’ ’ ‘

Tﬁafe is already much histological and pharmacological evidence: for o

the-existence of functional interactions between serotonergic and

dopaminergic systems in the brain (29). Of special pertinence to the
- i . )

3

[ 3 .
present work are the findings that tonic inhibitory- impulses originaginh

in the medial raphe nucleus (MRN) are importanf in the regulation of the

-
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e e
.
. s
| X .

o

L

!




,*.o

B O

192

activity of another inducible adrenomedullary enzyme, tyrosine

hydroxylase, and that these impulses function together with an, Q

-

excitatory influence from a dopaminergic center in the brain (30,31),.
$‘ Therefore, in attempting to define the role of serotonin in Athe
regulation of adrenomedullary ODC aciivity we have investigated the
effects of specific depletors, p-chlorophenylalanine and.5,6-dihydroxy-
tryptamine, and of selective electrolytic lesions of the dorsal and

v

medial raphe nuclei on the activity of.this enzyme, To study the

possible interaction of serotonin with dopamine, these treatments have
-~ o

been used in combination with APM, .
MATERIALS AND METHODS %
Materials

o

Cou W
Apomorphine hydrochloride was purchased from F,E., Cornell and Co.,
Montreal, Quebec., Pyridexal 5'-phosphate, Eé-dithiothreitol,‘s,é—

dihydroxytryptamine creatinine sulfate fbHT), 6-hydroxydopamine hydro-
«’

bromide , (6-OHDA), and DL-p-chlorophenyldlanine methyl ester hydrochloride
(PCPA) were obtained from Sigma Chemical Co., St. Louis, MO,

L (1-14C)

Ornithine, specific ,activity 40-60 Ci mol, and 2,5-dipheny&pxaéilé were
M b

purchased from New England Nuclear, Boston, MA, All other chemicals

»

were obtained from standard commercial sources.

"

o

I

Animals
- Male adult Sprague-Dawley-rats were used throughout this work.
\ «

Weights of particular groups are specified below, except for” intact (non:

operated rats) which weighed 203 g + 1,9 (SEM). The animals were

A
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n

obtained from Canadian Breeding Farms and Laboratories Ltd., St. Constant,
: \

Quebec, They were kept in the animal room in individual wire cages

unddr a light-dark cyclé of 12:12 h with tap yater and Purina Checkers

1] J—

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.)
on three occasions at 0, 1,5 and 3 h. Animals were killed 4 h after
the initial injection. It has been p&gviously shown that a single dose
of APM does not ﬁffect ODC activity up to 4 h after its administration.

AR s . . .
At least one agdditional injection of the drug is necessary to increase

ODC activity, In this work, we have used a standard treatment of three
t N - A

~,505es (1).

*  PCPA, 50 mg/ml, was dissolved in 0,9% saline; it was injected
intraperitoneally in two doses of 150 mg/kg, 24 h and 12 h before APM,

Both APM and PCPA were titratdd with 0,1 N NaOH to afounf pH 6 and

injected in a volume of 3 ml/kg. »

b Py
DHT and 6-OHDA were dissolved in 0,9% saline containing ascorbic

acid, 1 mg/ml, and were injected into the right lateral ventricle one
' |
week before APM in a volume of 10yl (containing 75 ug DHT or 125 ug

6-0HDA) over a two-min perioé.

Surgical procedures
7 -
All surgery was performed in this laboratory under chloral hydrate
4 - X
anesthesia (300 mg/kg i,p.), with rats in a stereotaxic apparatus, The

coordinates of de Groot (17) were used for the intraventricular injection

Aeshiain
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of the neurotoxins,\and those of Kbnig and Klippel (25) for introducing
electrolytic lesions, Intracerebral injection of DHT and 6-OHDA’ was

carried out in rats weighing 243~g + 2,4, A Hamilton microsytringe was

used, ' Sham-operated controls were injected with the same volume (10 pl)’

rd

of carrier solution. All brains were examined postmortem to check the
trajectory of the qeedle into the ventricle, Electrolytic lesions of
the raphe nuclei were carried out in rats weighing 246 g * 3.2, A,
burr hole was made in the midline over»the midbrain raphe nuélei.
Anodal electrolytic lesions were produced by passing a current of 2 mA
for 30 sec (MR&) and 1,5 mA (dorsal raphe nucléus, DRN) through é
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 connéctgd to the
cathode. Stereotaxic coordinates (25) were A 0, L O and either V -1.5
(DRN) or V -3 (MRN), Sham-operated control animals were treafed in the
same manner eéxcept that no current was passed after the electrode had
been lowered intracranially. These surgical procedures have been

previously employed in rats, and the resulting changes in the serotonin

content of the brain have been reported after electrolytic lesions of

~

the raphe (31) and administration of DHT (30), Histological control ok

~the lesions has been done in this work as before (31) so that animals

with lesions lying outside the dorsal or medial raphe nucleus were not -

included in the calculations of experimental results. . The thanges in

brain catecholamines after intraventricular injection of 6-OHDA -were

’

»
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A t -
also repdrted previously (30). oo ) . u

Tissue preparation

Upon decapitation of the animals the adrenals were quickly removed
and dissected at 4°, Contamination of medullary tissue by cortex was
estimated to be about 15%; fhis was based upon the measurement of
corticosteroids present in both portioés ;f the %issected tissue by
a microfluorometric method as previously described (1),

The portion of the tissue corresponding to tLo medullae was pooled;”
and homogenized in 200 ul of sodium-potassium phosphate buffer, 0.05 M,
pH 6.8 with motor-driven Teflon pestle. The homo%engte was centrifuged

at Z0,00otk_for 20 min, and the supernatant pérti n was taken for ODC

assay,
\

ODC assay

Determination of ODC activity with L-(1-14C)ﬂrnithine as substrate,
was performed as previously described (1,32). Th% reaétioﬁ mixture.
contained 1 uCi of L-(1-14§)ornithin ,10.04 mM; pyridexal S'-phosphate;
0.05 mM; dithiothreitol, o' 01 M Enl,, 0.1 mM; and 100 ul of enzyme
preparaéf;n in 0.5 ml final volume. The activity of the enzyme is
always expressgd as pmol 14C02 produced per mg protein per 45 min
incubation at 37°,

& -

Statistical procedures

\
t t
Data in the tables and figures are represented as mean * standard

error of the mean (SEM). As the variance tended to vary directly with

3
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A

s
the size of the mean, individual values were transformed logarithmically

prior to calculation of statistics used in assessing the significance

bt

“of the data, i.e. Student's t-test in comparing two means and Fisher's

F in the anaylsis of variance (36),

RESULTS o

Effect of PCPA on adrenomedulldry ODC activity

2

. The systemic administration of PCPA irreversibly inhibits tryﬂ?gﬁgan
hydroxylase, the rate-limiting enzyme in SHT synthesis t23), and brings
about a severe depletion of serotonin content in the brains of micp,~rats
and dogs (24). In our experiments, PCPA was administered intraperiton-
eally in gwo doses of ISOﬂﬁg/kg each at 24 h and 12 h before the
administration of APM, This dosage reduces brain serotonin to {iﬁ of
control (11)., PCPA given alone‘had no significant effgct on the resting
medullarytoDC activity as compared to controls injected with inert,
vehicle (Téble I). APM (three doses of 10 mg/kg i.p.) produced a large
increase in ODC activity, viz., 15-fold over control adf%vity, as
previously observed in this laboratory. 'The administratioﬁ of APM to .
rats pretreated with PCPA showed much larger increas§s, amounting to an
additional 300% potentiation (Table I). ‘

Effect of 5 6-dihydroxytryptamine and 6-hydroxydopamine

The neurotoxin DHT given 1ntraventr1cular1y effects a long~last1ng
and selectlve depletion of brain and spinal cord serotonin (6). Th1§

drug acts by causing degeneration of nerve axons and terminals (7).
pe.)
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Further evidence of its neurotoxi; action on serotonergic fibers is
demonstrated by the reduction in brain tryptophan hydroxylase (10).

In this work, DHT was administered to rats into the right lateral
ventricle, and 7-10 days later APM was given as previously describe&l
Animals treated with DHT alone had no change in adrenomedﬁllary 0oDC
activity. As with PCPA, rats treated with DHT and APM showed larger
inéreases in‘enzymie activity than after the administration of APM alone
(P < 0,01), In this casé the potentiation of the effect of APM by DHT
was doubled (Table I).

To check if the effect'of DHT is selectively due to a decrease iﬂ
serotonin content and not to damage to catecholaminergic neurons, a
group of rats was injecfea intraventricularly with 6-OHDA, This
neurotoxic amine causes large decreases in brain noradrenzline and
dopamine (9,30). 6-OHDA alone, as was the case with DHT, did not have
any significant effect on adrenomedullary ODC activity of controls,

Furthermore, when given in combination with APM, it did not cause a

potentiation (Table I, Line 3). .

The results obtained with PCPA and DHT strongly suggest that a

central Serotonergic system exerts an inhibitory role 'over the APM-
' ' *

induced increase in adrenomedullary 0ODC activity.

Effects of electrolytic lésions of dorsal and medial raphe

a——

« { N
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 evidence for direct SHT projections from both nuclei té
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dopaminergic centers (13,15,18,27), discrete electrolytic 1e§idns of

the individual nuclei were made.

3, \
L4 Y

The position of the electrolytic lesion was confirmed histologicglly
in each animal by examining serial coronal sections through the midbra{n
GEFigure 1) under the dissecting microscope, The bfains had been fixed
‘ fdf two weeks in 10% formaldehyde. 1If the lesions had been inaccurately
placed, the results were discarded.
P “&ven to ten days after lesion of either DRN or MRN there was no
significant differenéé in res;ing adrenomedullary  ODC concentration, by
. comparison with sham-operated controls (Table II). %his suggests that
neither of the affected raphe nuclei plays a"significant role in the
maintenance of steady-state levels of adrenomedullary ODC activity,
Administration of APM caused large increases of ODC activity in all
groups studied: sham-operated rats, and those with lesion ofleither

the DRN or the MRN (Table II). In ‘addition, there was some potentiation

of the effect of APM in animals bearing lesion of the MRN (P < 0,05).

DISCUSSION .

In this study we examined the possible participation of a seroton-

ergic system in the regulation of adrenomedullary ODC activity, both

the resting (endogenous) activity and that induced by treatment of the

N N

an;malslwith APM, The use of depletors of cerebral sérotonin, i.e.
£ ' ' o
PCPA and DHT, produced no significant changes in the control values of,

adrenomedullary ODC activity. ]ihis contrasts with the effects of these

i
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compounds with respect to locomotor activity, which is increased (19,38)":
&
and adrenal tyrosine hydroxylase activity, which is also augmented

(10,29).

\

In contrast to the failure of PCPA and DHT to influence the resting

level of adrenomedullary ODC activity, both drugs produced clear

potentiation of the 'effect of APM in inducing that enzyme (Table I),

The effeat of DHT on serotonergic neurons has been foutfid to be |
selective because administration of 6-OHDA which destroys both \ \
dopaminergic and noradrenergic neurons did not potentiate _the effelt of
APM on adrenomedullary ODC activity.

Numerous anatomical and electrophysiological studies gi\}e support

for the exis'ter_lce of functional interactions between S@T and DA systems

-

.in the brain., Thus, serotonergic projections have been demonstrated

as follows: from the DRN to the substantia nigra and striatum by
Fibiger and Miller (20); from the DRN to neostriétum, and from the
substantia nigra to DRN by F;asquier et al. (27); from DRN to Faudate-
putamén by Miller et al. (29); and from MRN to substantia nigra by Dray
et al. (18) and Bobillier et alg. (8). Separate electrolytic lesions of
the DRN and MRN were made in an effort to define the possible participa-
tion of a specific serotonergic center in t};e potentiation on the APM
effect on adrenomedullary ODC activity., Neither lesion produced an
alteration in the controllvalues in comparison to sham-operated controls,
a result consistent with the previously 'noted lack of serotonin depletors

(Table I)., On the other hand, destruction of the MRN produced a
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potentiation of response of gdrenomedﬁllary ODC to APM., This indicates
that the MRN exerts 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 regard to the induction of adrenal tyrosine hydroxyla;e
(31), as well as to motor activity\in rats (22). Both ihduction.of
adrenal tyrosine hydroxylase and motor hyperactivity oceur spontaneously
after producti?n of the lesion, ih‘coht;ast to adrenomgdullary oDC
activity. \\

Three treatments were tested in the attempt to influence the
serotonergdt mechanisms that are concerned with induction of adrenomedu-
llary ODC. These were,lin order of their decreasi%g potency, systemic-
ally administered PCPA, intraventricularly injected DHT, and electrolytic
lesion of the median raphe nucleus, The last treatment affects only &
portion of the serotonérgic ascending pathways in the brain (14,28).

' The relative effect of DHT in depleting serotonin stores in the brain.

s limited by its ability to diffuse imto the parenchyma from the
ventricles and thereby to reach digzant serotonergic axons (35). By
contrast to these treatments, systemically injécted PCPA readily crosses
the blood-brain barrier and causes a fairly uniform reduction of
serotonin content in various parts of the brain througﬁ the reduction

of tryptophan hydroxyiase activity. Our results, therefore, do not -

exclude the involvement of other serotonergic centers in this regulation.
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Thus, descending spinal serotonérgic projections (26), with an o
inhibitory component, may be implicated in the regﬁlation of adrenal
tyrosine hydroxylase activity (21) and in the insulin-induced depletion
of adrenal adrenaline (4). %

In conclusion, experiments with DHT, PCPA and electrolytic lesion

of the raphe‘nucléi suggest that a serotonergic pathway (or pathways)

L4

_originating in the MRN exerts an inhibitory (braking) influence over

the induction of adrenomedullary ODC activity, at least as‘iiicited by

APM,

(L
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+ FIGURE 1
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Coronal view of a typical electrolytic lesion to:
I, medial raphe; and II, dorsal raphe nucleus.
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TAgLE I, AdrenémedullarXVODC activity after p-c¢hlorophenylalanine s .
T o

" )
(PCPA), 5,6-dihydroxytryptamine (DHT) or 6-hydroxydopamine
. { k]

(6-OHDA) with or without apomorphine (APM) k

4

PCPA (300 mg/kg i.p.) was injected in two doses of 150 mg/kg,‘24 h and
12 h before the administration of?APM (3 dosés of 10 mg/kg Bt 0, 1.5 | : "
and 3 h)., DHT (75 ug/rat) or 6-OHDA (125 ué/rat) was inje;té& into thg
right 1ate;aI Qentriclgno;e week before APM. Animals were killed 4 h
after the first injection of APM in all cases., Figures are gigsn‘as
-pmol 14CO2 per mg protein per 45 min and represent\mean.i SEM_f6§ the
number of fats gn parenthesés. The P vglue indicates the ievel of \ .

3

significance for the difference between control and APM-treated groups.

b

"2 p < 0.001, P < 0.01 for comparison of indicated mean with rats

treated wifhoAPM’only. . ?
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Treatment Control APM-treated P
— \
----- 95 + 7 (7 647 + 51 -(5) - < 0,001
DHT 116 + 19 (5) 1039 + 83 (5)° < 0,001
6-0HDA 63 + 13 ) - 691 + 204 (4) < 0,01
..... 27 £ 5 (6) 392 + 56 - (6) < 0,001
PCPA 37 + 4 (6) 1304 + 123 (N2 < 0,001
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TABLE II. Effect of apomorphine (APM) on adrenomedullary ODC actiwity

o
[

in rats with electrolytic lesion of théfaphe nuclei ¢

o - - 7 o °

o ¥
-

“x o \ ¥ s
APM was injected i.p. in three dbses of 10 mg/kg at (0, 1.5 and 3 h) ~

I A ¢ Y-S

7-10 days after electrolytic lesions of the raphe nuclei or sham-
- Bl - . h ¢ . \ ) ¢
operation. Figures are given as pmol 14CO2 ‘per mg protein per 45 min =
. " o . o ) Tk
and represent mean * SEM for the number of 1/3.1:5 in par’gntheses. The -

1 : ]

] o P - "
P value indicates the level of significance for the difference between’

el ¢ « o

v

the control and APM-treated’ groups. : :

. o . 5 - -, R
a ERE F]

a . Ca .
» P < 0,05 for comparison of indicated mean with s}}a;n-tre’ated with APM,
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X 7
Treatment Gontrol i} APM-treegced ~ P
Sham 59 + 6 (6) 269 * 55 (6) < 0,001
Lesion of dorsal raphe 48 + 3 (6) 209 * 30 (1) < 0.001
: — =5 -
Sham . 64 + 6 (7 288 + 38 (9) < 0,001
Lesion of medial raphe 82 + &2 (8) 424 + 44% . (10) < 0,001
- \ \' —
4
1
o)
- £
. r - N }
-~ j\ 7
. -

)

/"\\\N )

e}

#2mr

N~



» 205 .
® N .

REFERENCES
1. Almazan G, Ramirez-Gonzalez MD and Sourkes TL (1982) Effect of

¢
apomorphine, piribedil and haloperidol on adrenal ornithine

5

decarboxylase activity of the rat., Neuropharmacology, in press. -

. “\
2, Almazan G, Pacheco P, Vassilieff XS and Sourkes TL' (1982) Adreno-

o <

\med&glary ornithine decarboxylase activity:.its use in biochemical
mapping of the 6}igins of the splanéhnic nerve in the rat, Brain
ﬁes, in press.

3. Almazan G and SoJ;kes_TL ,(1981) Effects of haloperidol on ornithine
décarboxylgse activity of the rat, Eur: J éharmacol 75:131-134, .

4, Andén NE, Carlsson A and Hillarp N-A (1964) Inhibition by S5-hydroxy-
tryptophan of insﬁlin-induced adrenaline depletion, Acta Pharmacol
Toxicol 21:183-186, »

5. Andén NE, Dahlstrbm A, Fuxe K, Larsson K, Olsen L and Uﬁgerstedt 1]

(1966) Ascending monoamine neurons to the telencephalén and

diencephalon: Acta Physiol Scand 67:313-326, . ,

?. Baumgar;en HG, Bjarklupd Q? Lachenmayer L, Nobin A and Stenevi U

(1971) Long-lastihg selective depletion of brain serotonin by 5,6-

dihydroxytryptamine, Acta Physiol Scand Suppl 373:1-15,

A

~ 7. Baumgarten HG and Lachenmayer L (1972) Evidence for a deéeneration of

indoleamine containing nerve terminals in rat brain induced by 5,6~ -
dihydroxytryptamine. Z Zellforsch mikrosk Anat 125:553-569,

8. Bobillier P, Seguin S, De;heurcé A, Lewis BD and Pujo} JF (%979)
The efferent connectiogs of the nucleus raphe centralis superior in

the rat as revealed by radioautography. Brain Res 166:1-8,
] L

it i




A
5.

10,

11,

12,

13,

14,

206

L]

Bree#ngR and Traylor TD (1971) Depletion of brain noradrenalihe
and dopaﬁine by 6-OHDA. Brit J Pharmacol 42:88-99,

Breese GR, Cooper BR, Grant LD and Smith RD (1974) Biochemical and

(béhavioral'alterations following 5,6-dihydroxyt;yptamine administra-

tion into brain, ﬂburopharma;olcgy 13:177-187,
. R 1:' . ', . -
Breese GR, Cooper BR and Mueller RA (1974) Evidence for involvement

of S-hydroxytryptamine in the actions of amphetamine, Brit J
Pharmacol 52:307-314. . >

Byus CV and Russell DH (1975) Ornithine decarboxylase activity:

&

control by cyclic nucleotides. Science 187:650-652,
Costall B, Naylor RJ, Marsden CD and Pyc&ck CJ (1976) Serotonefgic

modulation of the dopamine response from the nucleus accumbens. J

Pharm Pharmacol 28:523-526.‘ s

Dahlstrtm A and Fuxe K (%964) Evidence for the existence of monoamine-

"

containing neurons in the central nervous system. Acta Physiol Scand

-

" Suppl 232:307-314.,

15,

16,

Davies J and Tongroach P (1978) Neuropharmacologlcal studles on the

pl

nlgro strlathl and raphe-striatal system in the rat, Eur J Pharmacol
5:133-138. | ‘ ‘

\
Deckardt X, Pyjol-JF, Belin MF, Seiler N and Jouvet M (1978)

Increase of ornithine detifijé;z;;;kabtivity elicited by reserpine

in the peripheral and central monoaminergic systems of the rat,
> : . :
Neurochem Res 3:745-753, 1



17,

18,

207 ‘

' / N

De Groot J (1959) The Rat Forebrain in Stereotaxic Coordinates.
Noord-Holland, UM, Amsterdam.

Dray A, Gonye TS, Oakley NR and Tanner T (1976) Evidencélfor the "

" existence of a raphe projection to the substantia nigra in rat,

19,

20,

21,

Brain Res 113:45-57,

[

Fibiger HC and Campbell BA (1971) The effect of parachlorophenylala-

nine on spontaneous locomotor activity in the rat. Neuroﬁharmacology

4
10:25-32, h

Fibiger HC and Miller JJ (1977) An -anatomical and electrophysiological
» - L

IE
investigation of the serotonergic projection from the dorsal raphe

‘nucleus to the substan&ia nigra in the rat. Neuroscience 2:975-987,

Gauthier S, Gagner J-P and Sourkes TL (1979) Role of déscending
5 ‘ .

. spinal pathways in the regulationf of adrenal tyrosine hydroxylase.

22,

23.

24,

Exp Neurol 66:42-54,

J;cobs BL, Wise WD and Taylor KM (1974) Differential ﬁehaﬁioral and
neurochemical effects following lesions of Fhe dorsal or medial
raphe nuclei in rats. Brain Res 79:353-361,

Jeduier E, Lovenberé W and Sjo;rdsma A (1967) TryEtOphan hydroxylase
inhibition: The ‘mechanism by which B:ch}o;ophenylalaniné depletes
rat brain éeroton;n. Mol Pharmacol 3:274-279, :

Koe KB and Weissman A (1966) p-Chlorophenylalanine, a specific

depletor of brain serotonin, J Pharmacol exp Ther 145:499-516.

Kynig JFR and Klippel RA (1963) The Rat Brain: A Stereotaxic Atlas
. e A\
of the Forebrain and Lower Parts of the Brain Stem. Williams and ,
« ‘ -

Wilkins, Baltimore. 2 L , ‘\\\*’////h\\§<:i]



26,

27.

28,

29,

30.

31.

32,

208

»
°

o

o

Loewy AD and McKellar S (1981) Serotonergic projections from the

ventral medulla to the intermediolateral cell column in the rat.

-

Brain Res 211:146-152,

Miller JJ, Richardson TL, Fibiger HC and McLennan H (1975) Anatomical
- ’ “

and electrophysiological identification of a projection from the

mesencephalic raphe to the caudate-putamen in rat. Brain Res 97:

°

133-138,
Pareént A, Descarries L and Beaudet A (1981) Organization of ascending
serotonin systems in the adult rat brain, A radioautographic study

after intraventricular administration of (SH)S-hydroxytryptamine.

Neuroscience 6:115-138, “

{

Pasquier DA, Kemper TL, Forbes WB and .Morgane PJ (1977) Dorsal raphe,
substantia nigra and locus coeruleus: interconnect}ons with each
other an@ the neostriatum, Braiﬁ Res Bull 2:323-339,

Quik M and Sourkes TL (1977) Central dopaminergic and serotoninéfgic'

systems in the regulation of adrenal- tyrosine hydroxylase, J

\ o

Neurochem 28:137-147,
‘ ¢
Quik M, Sourkes TL, Dubrovsky BO and Gauthier S (1977) Role of the

raphe nuclei in the regulafioﬁ of adrenal tyrosine hydroxylase,
Brain Res 122:183-190,

Ramirez-Gonzalez MD, Widy-Tyszkiewicz E, AAdmazan G,aqd Sourkes TL

(1981) Effect of cold, restraint, reserpine and splanchnicotomy‘gp

%
the ornithine decarboxylase activity .of the rat adrenal medulla and

cortex, Exp Neurol 73:332-641.



209 .- ' o

33, Ramirez-Gonzalez MD, Widy-Tyszkiewicz-E, Sourkes TL andrAlmazan‘G
(1980) Effect of oxotremorine on ornithine decarboxylase activity
of the adrenal gland of the rat. J Neurochem 35:193-201,

34, Russell DH and Byus CV (1976) Possggle regulation of orn{fhine
decarboxylase activity in the adrenal medulla of the rat by a cAMP-
dependent mechanism, Biochem Pharmacol 25:1595-1600. - o

35, Sanders-Bush E and Massari VJ (197%) Actioné of drugs that deplete
serotonin, Fe% Proc 36:2149-2153, ) ¢

36, Snedecor GW (1956) Statistical Mathods, Fifth.Edition, Iowa State’
\ .

1t o

Univefsity Press, Ames,

37. Tabor H, Rosenthal SM‘and Tabor CW (1558) The bib;ynthesis offv
_spermidine and spermine from putrescine and methionié%. J Biol Chem
233:907-914, - , |
38, Warbritton JD, Stewart RM and Baldessarini RJ (1980) Increased ,
sensitivity to intracerebroventricular infusion of serotonin and
deaminated indoles after lesioning rat with dihydroxytryptamine.

»

Brain Res 183:355-366, \



210 »

A

[

CHAPTER VII >

N

. !

S Neurohumoral Regulation of Adrenocortical Ornithine
N\,

N . . .
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. adrenocortical activity, particularly the medial raphe nucleus, ‘

SUMMARY 7 .
Administration of the dopamine receptor agonists apomorphine (APM) aﬁg
piribedil increase adrenocortical ornithine decarboxylase (ODC) activity.

%

In this paper alterations in the act%}ﬁties of the sympathoadrenal system
and:gf the central degpaminergic and serotpnergic systems have been
Srohpced to study the possible meéhanism of action of APM on adrenocortical
0DC. Unilaéeral splanchnicotomy and rhizotomy, and*bilateral demedullation
attenuated the response of fdrenocortical ODC to APM, Intraventriéulhr

6-hydroxydopamine and 5,6~dihydroxytryptamine, intraperitoneal p-chloro-

phenylalanine and electrolytic lesion 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
R

adrenal cortex. It is postulated that dopaminergic brain structures
participate directly in the stimulatory effect on the hypophyseal-adrenal
system to increase adrenocortical "0DC gp%{xity. An intact central

A

serotonergic system seems to be necessary for APM to exert its effect on

'

\
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INTRQDUCTION
Ornithine decarboxylase (ODC, EC 4.1.1:17) catalyzes ghe conversion

of ornithine to the diamine putrescine, in a‘?Eaction that appears to be

rate-limiting for the biosyqthesis of polyamines (48). The enzyme is

found in many tissues, where it may be induced when the animal is |

subjected to a variety of stimuli, such as the administration of certain
- hormones or drugs, or is placed under stress even for short periods of
time (30,39,46), Thus, the muscarinic agonist oxotremorine (36), and
dopaminergic agents (1,2,3) provoke the induction of adrenocérti;al oDcC

activity, jHaloperidol, a dopamine anffagonist, prevents the action of

apomorphige (APM) in the first four hours after the administration of that

- -

dopamingrgic drug, but by the sixth hour the antagonism is not as evident,
- %forﬂgy that time ﬂaloperidol itself has caused a significant increase in
adrenocortical ODC activity (2,3). The effects of oxotremorine-and the ‘
dopaminergic drugs APM aﬁd piribedil are abolished in hypophysectomized
rats;. this demonstrates that their actions in regard to induction of
adrenocortical QPC are ultimately mediated by the pituitary gland.
Previous work gn the mechanism of action.of APM on hd;enoco?tical
XODC activity haé now been extended, The action of the drug has been
explored in rats after denervation of the adrenal glands, adrenal demedu-
llation, and chemiéal denervation of central dopaminergic systems, In
addition, the possible participation of a se;oténergic system ig the
regulation of adrenocortical ODG: activity has been investig;ted by taking

\ i
measures to alter brain serotomin levels in rats,

)

-
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MATEﬁIALS AND METHODS

The materials, tissue prﬁparation, ODC assay and statiétical
procedures are the same as in Chapters II, IV and V, All surgical
;;/ﬁ?ocedures have already been described also, except for adrenal
s ’e

demedullation. N

q
a

Bilateral demedullation in rats weighing 153 g * 2 was carried out,
after midline laparotomy. Three weeks after the operation, animals weighed
300-315 g whereas sham-operated controls weighed 250-265 g. Operated
animals received 0,9% sodium chloride solution iﬁstead of drinking water.
Examination of the tissue at the end of the experiment showed that about
70% of the operated rats were totally enucleated., Measurement of
catecholamines by HPLC in demedullated adrenals showed that the amount of

- '

medullary tissue remaining in- the glan&s of the other 30% was 5% or less

than in intact adrenals.

RESULTS

Effect of apomorphine on adrenocortical ODC activity

The control levels of ODC in the adrénal c;rtex of the rats caA be
increased 3-10 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
tZ). As is clear in Table I, the effect of APM on adrenocortical ODC
activity is dose-related, at least two doses being necessary to increase

the enzyme activity significantly over control values, Moreover, at 6 h

-
pL3

the response of adrenocortical ODC is larger than at 4 h, That is, two

doses produced an increase of '191% over controls at 4 h, but 336% at 6 h,

2

1
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With three doses of APM, the corresponding increases wefe 401% and 756%.

\

\ In subsequent work three doses of APM were used,‘and animals were

k&lled at 4 h after the first dose. This schedule was chosen to
&

accommodate experiments on ODC activity of the adrenal medullae of the

sa&e animals (1,2), Although the cortical response at this time-point
has not yet attained its maximum, both structures of the adrenal show
large 4nd significant responses to the APM treatment.

Effect of splanchnicotomy on the APM:induced increase

-~

Table II shows that the mean endogenoffs adrenocortical ODC activity

of the denervated gland 1s slightly higher than the intact, but this
difference is not statistically significant. In animals 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 APMVpan be attributed to contamination by the highly
responsive medullary tissue: medullary ODC of the intact side amounted to
763 = 63 rmol 14C02 per mg protein per 45 min as compared with 60t 5.9
for the denervated side. When cortical values are corrected for 10% _
contamination by medullary tissues (see M;thods) with these‘respective
activities, the real increases producea by APM ;re no longer as lérge.as;
in Table II, but neverfheless amount to a doubling of control value; on
both sides. When thé'values obtained with APM im unilaterally
Splanchniéotomizeq animals (Table II, line 2) are\compared to thoée‘in
intact rétsl(Table I, line 3), or sham-operated (Table III, line 35,

splanchnicotomy appears to attenuate the effect of APM on ODC activity of

the adrenal cortex, and this holds even after correction for pfesence of

;
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medullary fragments,

' Effect of rhizotomy .

To investigate further autonomic effects on the ODG activity of the
adrenal cortex, some rats underwent unilateral rhizotomy, that is, section
of ventral or dorsal sp;;al roots or a combination of these, Five ddys
after surgery, they we;e injected with three doses of 10 mg/kg APM,
Rhizofomy, independently of the number of roots sectioned (1-4) and of the
region studied (T4-Tyg), produced an attenuation of the APM-effect on
adrenocortical ODC activity of both intact and operated sides as compared
to control rats treated with the drﬁg (Table I). More;ver, this attenuation
occurred after section of either ventral or dorsal roots, or both, and‘thg

°

adrenocortical response on the two sides wds ess®ntially equal.<

v

Effect of demedullation

To check whether‘the response of the corticai enzyme is in any way .
dependent upon the presence of the adrefial meduLla; some rats were bilater-
_ally demeduilateé. They were used ﬁprithe drgg experimentlthree weeks -
aftef the surgery to dllow for complete regeneration of the cortical tissue,
as ODC activity is elevated during the early regeneration pfocess (31),

Basal levels of ODC activity of demedullated adrenals, (Table III) were e
- comparable to cortical enzyme activity in sham-operated rats, Administrat-
ion of APM brought about a significant increase iﬂ ODC activity over
controls at both 4 h and 7 h, an approximate doubling in each case.

However, the ODC responseABf demedullated adrenals was much- lower taan in

adrenal cortex of the sham-operated or non-operated rats (2-fold vs 5-6-fold).

-l
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- The second important difference in the response of adrenocortical ODC to
Vo, ¢ @

b APM in rats with demedullated adrenals as compared to intact rats is that

2

this increase in enzymic activity is not time-dependent, APM doubles the

adrenocortical ODC activity over controls at both 4 and 7 h in rats with
'4

demedullated adrenals (Table III). On.the other hand, the¢- same dose.of ..

the'drug causes a 5-fold increase-at 4 h and an 8,5-fold increase at‘éqh

in intact rats (Table I, lines 3 and 7). Contamination of the adrenocort-

ical tissue by medullary tissue is not responsible for these differences.

. M . . .
In fact, if all the values are corrected by the 10% estimated contamination

[

4
(see Methods) the increment in activity is similar to uncorrected results

PN @

(see legend to Table I for corrected values),

Effect of intracerebroventricular 6-hydroxydopamine

.Sirice the demonstration by Thoenen and Tranzer (49) of the destructio

! , of catecholamine-containing nerve terminals by 6-OHDA, the injection of

neurotoxins into brain of experimental animals has been used to investigate

‘the role of aminergic 'systems in various physiological, pharmacological

~

and behavioral responses. 6-Hydroxydopamine was used in the present

riments by injecting it into the righg lateral ventricle. This is
known to ca decreases in cerebral catecholamine levels 24 h after .
injection (50). To render the action of the drug more'specific for
dopamine, the rats were treate 'tﬁ\aésipramine, which block; the uptake,
of‘the‘drug by noradrenergic, but not dopaminergic, neurons (8), ~APM

. \ " }

(loimg/kg i.p., three doses) was a4pinistered to ra 6-§\Hays\after

injection of 6-OHDA.

»
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: Rats treated in this way showed a reduction of 64% in the Tresponse 03'&

v o

adrenocortical ODC ,activity to APM (Table IV, corrected values). It :
\ e

) &chld be noted that the control animals, injected with the vehi;:le
| int\raventricularl,y and }:herefore’subjéc;ed to the sé‘me suz"gical stress aLs”
the others, showed ndrmal‘ increaées in adrenocortical ODC wac}:ivit:y after
o APM, Hence, the effect of the neurotoxin cannot !b? attributed to a \I

t

. reduction in.yesponse owing to this invasive ‘technique, . '
N v : 4 o

- - . - dl X
Intraventricular administration of 5, 6-dihydroxytryptamine

Céntral serotonergic’ mechanisms antagonize ampﬁetamiﬁe-induced

hype'ractivity in-rats (9) and APM-induced increases in adrenal tyrosine
~ - ]
’ " ” N
hydroxylase ac”:tivcity (34). In seeking a/possible dqpaminergic-serotonergic
relationship in the control of adrendcortical ODC activity, rats were

. 4 D4

.injected. intraventricul_a}ly with the neufotoxic tryptamine derivative

: | s
5,6-dihydroxytryptamine (DHT). This drug causes long Iasting selective 0

v ¢ “

‘f : 4 r
depletion of brain serotonin (4), In our experiments, DHT alone had no - o
- . " ! -

effect on adrenocortical ODC activity, ., However, ,v/vhen the drug'was -

a - 0 ’
istered to rats in combination with APM, it caused a reductioh in the :

« response of the enzymé to that drug (Table V). The absolute values for -

N 9 .

. . cortex must be adjusted for “an e'étimated 10% contamination by ODC of

o 2

, P B . ' - . , |
adrfen’omedullary origin, Because the medullary portion of the enzyme j

increases very highly in rats treated with both drugs, .the precise g

LEEGE

correction is difficult’to estimate,“but it is clear that cortical 0DC CoL
¢ ” - ~. - b . . -0 ;
s e values,* cprrected for this contamination are extremely low in rats given
. &
PR q . - ¢
e DHT, Of course, even the uncorrected values for the adrenal cortex are
L2 “ ) . - P ) r o _ . e &
o I 4 « ' . *
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only 50% of those observed in sham-operated rats treated with APM (Table

{ .
Iv). "Hence,‘it is clearwggat DHT has produced a profound decrease in

. R C\
: ‘/' N

the responsiveness to APM injection, .

i

' - -

Effect opr-chlorophenylalaniné , -

i}

The administration of p-chlorophenylalanine (PCPA) brings.about a
Y [ .
severe depletion of serotonin content in the brain (24). . In the.present' .

. . / \
work, 300 mg/kg PCPA produced xo dlteration in-the basal leveéls of ODC o

Pr—,

activity in the adrenal corteéx, but it reduced the uncorrected response

of adrenocortical ODC to APM by about' 33%, and tbe corrected valaes byQ}
80%’(Tabie V). _?hese data, as well as those with DHT, show a cledx v
tendencf towards inhibition or-abolition of APM-induced increase of

adrenocortical ODC activity._ g . . A
A .

Effect of electrolytic lesions of the dorsal and medial raphe nuclei

Y.
The results obtained with DHT and PCPA demonstrate.that the serotongn*\\\
/ L

content of the brain gﬁ@%ﬁates the response of adrenocortical ODC to APM,

. / .
Electrolytic lesions of the separate mesencephalic raphe nuclei were

carried out, in an effort to define the possible participatiogxqf specific
serotobnergic cehters in gpis effect. The fesufﬁf are shayn in Table 'V, =
) ’ \

- \
Lesion of the dorsal raphe produced no alteration in'the response. of
4 -

¢

adrenocortical ODC to APM, and only a small reduction (23%) was objerved
after lesion of the median raphe. However, this reduction was statistically -

signifiéapt in comparison with sham-operated rats treated with the drug.

DISCUSSION

'Ag previously shown, the tadministration of AP) to rats causes a large ’
% -

A
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N
increase in adrenocortical ODC activity. This increase is time-dependent
0
and specificélly blocked at 4 h by the pretreatment with the dopamine

receptor antagonist haloperidol (2). Our present results demonstrate that *

the effect of APM on adrenocortical ODC is dose-related, and also that,

for a given schedule of injections, cortical ODC attains higher levels of

activity at 6 h than at 4 h after the start of that schedule.
The mechanism of action of APM on adrenocortical ODC activity must be

i

due to the release of pituitary factors.
Three anterior pituitary hormones are known to stimulate adrenal ODC

-

, . .
in rats: ACTH (27,28,38), growth hormone .(27), prolactin (37,51). It seems
unlikely that the effect of APM on adrenocortical ODC could be mediated by

n

release of.either of the last two factors, In the first place, administrat-
prolactin (10) and
¥

ion of APM to rats reduces the concentration of plasma
e
decreases prolactin secretion in anterior pituitaries of rat in vitro (44).
, ; skl
!

‘

Secondly, although APM causes a prompt increase in plasma growth hormone

’

" \ .
in humans (26) it has little or no effect in male rags (25). On the other

' . . - ¢ . .
hand, APM administration to rats increases the levels of circulating
corticosterone reflecting an increasederate of releage of ACTH from the

p{tuitary (17,25). YRelease of other pituitary peptides such as endorphins

or opiates i§ also éossible. Both have been reported to stimulate
corticostegéﬁ?‘s?nthesis in vitro (19,45). -
Although the adrenocortical increase produced by APM is ultimately
mediated by thé’pituitary (2), just as- in ‘the qaseﬂof 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, ODC activity was slightly higher in the denervated

adrenal, but APM administration produced a similar increase in both glands.

-

It has been shown that under normal conditions the denervated glands shows

F

hyperactivity (12,41,47,52). That is, splanchnicotomy results in an

"increased adrenal weight as compared fz sham-operated controls, and in
n

'slightly higher levels of corticosterone., However, the stress of immobili-

zation produces similar response in both intact and denervated adrenals

(52). In our experiments, we have found that the adrenocortical 0DC )

\J

response to APM is attenuated, and this is true for both- intact and

\

i

denervated adrenals, Furthermore, unilateral §gction of ventral or dorsal |

spinal cord roots or combined dorsal and ventral roots all produce a

° “

similar effect: bilateral attenuation of the APM—induc?d increase in
adrenocortical ODC agtivit}. /Thesé»resulfs with unilateral splanchnicotomy
and.rhizotomy suggé;t that the adrenocortical ODC response to APM stimula-
Fioq‘is ﬁot di¥ect1y dependent on the herve supply to tQF adrenal medulla,
However, a reflex ﬁechanism appears to modulate this regulatory function.
As the attenuation of the APM effect is observed in both glands, at least
the efferent compénent (i.e. directed towards the a&renal gland) must be
humoral./ The afferent limb of the reflex arc could be either nervoué or

humoral.

Because- adrenomedullary ODC acti&ity is increased by the .administration

- of APM, and responds earlier (2 h as compared to 4 h for the cortex) (2),

/ N ¢

the possiblezmediation of 'the adrenal medulla in the cortical increase

prbduced by APM was investigated ih\the following way: APM was administered

\




"decreased in such rats it still caused a significant increase in controls

221 , |

three weeks after bilateral demedullation. Although its effect was

(Table III). This increase did not display the time-dependency noted for
adrenocortical ODC activity of intact rats (Table I). Tﬁus, the data. |

demonstrate that, although APM can cause a significant increase in adreno-

cortic;l ODC activity without benefit of the medulla, the medulla must
play an important role for ‘the time-dependent increases observeéiéﬂ intact
rats. It is possible that the effect of APM on intact or sham-operated
rats is partly regulated by a reflex mechanism operating through the i
adrenal medulla; the mechanism would entail excitation of dopaminergic Q
centers in the brain with sympathetic effects in the periphery, occasioned

by the release of adrenal epinephrine. The changeso in the periphery would,

in turn, induce reflex stimulation of the pituitary-adrenal' complex. 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 level of the hypothalamus and the anterior pituitary (22,42). In the
case";f adrenal démeduliation, the levéls of circulating steroids !&e also '
altered (6). '

From our data, we cannot decide whether the attenuation of the -

L
T i

adrenocortical ODC response to APM is due to: (i) gggpiné;ion of a
facilitatory feédback ;rising from/ghgfmedﬁlii?/kii) the action of an
inhibitory feedbackwaris%ﬁ§/§;;;/the cortex itself; or (iii) a combination

of the two. We can oniy Eonclude—that thelphysi010g1cal changes either -

neural and/or humordl, caused by the ergical manipulation“(splanchhicotohy,

‘ | ! : . ! ) »
* L



spinal root sections and demedullation) exert some kind of ﬁodulatory
effect on the APM—inhuced inérease in adrenocortical ODC activity.
Chemical denervation of central dopaminergic fibers with 6-OHDA
produced a considerable reduction in the APM:induced increase in adreno-
cortical ODC activity. These results ‘suggest that dopéminergic brain.

\ |
structures participate’directly in the stimulatory effects_eﬂ’iie pituitary-

| . o . . .
adrenal system. Indeed, there are‘gopamlne-contalnlng fibers in. the median

" eminence that originate from cell bodies in the arcuate and ventral

anterior periventricular nucleus of tge hypothalamus (18). In addition, a

portion of the dopaminergic fibers of the median eminence originatelfrom
-

neurons in the substantia nigra (23). Interestingly, Cuello, Weiner and

5

Ganong (11) have described resistance of the hypothalamic dopaminergic

" neurons to the depleting effects of high doses of 6¥0HDA.Qn.the rat.

However, our experiments do not'implicate particular pathways, so thath
further studies would be necessary to locate specific aopaﬁinergic centers
responsible for the APM-induced increase in adrenocortical ODC activity,
The possible participation of a serotonergic system in the regulation
of -adrenotortical ODC ac@ivity’has.also been investigated by treatment of

rats with PCPA to inhibit tryptophan hydroxylase, and intracerebroventri-

cular injection of DHT to destroy serotonergic nerve terminals. Neither
- A}

“produced an alteration in the control values of adrenocortical ODC activity,

but both treatments reduced the response to APM, These data might indicate
that serotonin plays a tonic facilitatory role in the response.

Electrolytic lesions of the dorsal raphe nucleus failed to.mimic the

“f

action of PCPA or DHT. However, destruction of the medial raphe produced

! , ' - o
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a small but significant reduction in the response of adrenocortical ODC

to APM. This result suggests that the medial, but not the dorsal, raphe

nucleus plays some/ﬁple in mediation of the APM effect,

T S Mt B o artinde

The functionzl interaction between serotonergic and dopaminergic

if is well documented (7,9,14,15,29,33,34,35); and

systems in the br
serotonergic innervation of the hypothalamus of intra- and extrahypothalamic
origin has been described (5,16,18,13,32,40,53). It is particularly

-

interesting to mention again that the serotonergic influence on the APM-

induced increase in ODC activity is inhibitory for the medullary enzyme E
(1), but appears facilitatory for the adrenal cortex; although, both J
involve the medial raphe nucleus,

In conclusion, our expefihents demonstrate that dopaminergic brain
structures particibate directly in the stimulatory effect on %he hypo-
thalamo—hypophysea1~adrenal complex to inc?éase adrenocortical ODC activity.
Inm;ddition, APM administ;ation seems to promote a compgex\reflex mechanism
entailing”a flow of information pertinent to the regulation of adrenocortical
ODC activity back to the brain by humoral or neural messages. Thig‘latter +
effect is currently being investigated in our laboratory. Furthe:more,m :

intact function of the'medial raphe nucleus of the mesencephalon is

necessary for APM to exert its ef‘ect on adrenocortical ODC activity.
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TABLE I  Effect of- apomorphine (APM) on adrenocortical ODéﬁhctivity in intact rats

.

APM was administered in a dose of 10 mg/kg i.p., at 0 time, and rats were killed 4 or 6 h léter.

When more than one injection was used, the above dose was repeated at 1.5 h, 3 h and 5.5 h as
b S

indicated in the Table, Figu;és are given as pmol ;4C02 per mg protein pér 45 min and represent

mean * SEM for the number of observations in parentheses, .-

N -

N
Y >

. N
The significance of differences from controls was: @p < 0.001; bP < 0,01; °p < 0.01.
dThis‘mean value, corrected for approximately 10% contamination with medullary tissue, becomes

63 pmol 14C02 per mg protein‘per 45 min. Corresponding drug-treated group, 307, The corrected

means for these treatments at 6 h are 50 and 414, mespectively; ' - A
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Drug No., of Time Control . Drug-tl—'eated Percent

doses . of control
APM 1; 4h “@@35: 9,7 (3) #4515 (3) 97
APM 2 4h 78 + 25,9 (4) 227 + 38.1 (N 291
APM 3 4 h 67 + 14,69  (4) 338 * 57,4 (8)P 504
APM 1 6 h 86 + 26.2  (3) 91 + 40 ) 106
APM 2 6h  39% 7.3 (7 170 + 24,7  (8)2 436
APM 3 o 52£12.3 (4) 445 :73.9 (6)° 856
APM 4 ™ g 74+ 6.7  (6) 817 *+ 92,7 zg)a 1104
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TABLE II  Effect of apomorphine (APM) on adrenocortical ODC activity in rats after

unilateral splanchnicotomy and rhizotomy

Z;? -
APM was administered i.p. or s.c. in a dose of 10 mg/kg at 1.5 h intervals (0, 1.5 and 3 h)

4-8 days after left unilateral splanchnicotomy or rhizotomy. Animals were killed 4 h after the

first dose. Figures are given as pmol 14C02 per mg protein per 45 min and represent

N
mean * SEM for the number of observations in parentheses. e
) .
The significance of the differences from controls (non-drug-tredted) were:
4 < 0.001; by < 0.01; Cp < 0,05
-3 . )
S
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Treatment . - : Drug Denervated Intact

Splanchnicotomy -- 43 + 10.2 (7) 30 + 4.2 (7)
APM 105 * 16.1 (5)b 151 + 17 (5)@

Rhizotomy )

. Ty-g v APM 74 + 6.9 (4 71+ 7,9 4)-
T7-9 v Cm - 151 * 22.6 ()€ “135 + 19,3 ()€
T7.10, D+V APM 168 + 55,8 4° 161 + 24,5 O
T, 6 v APM 135 + 27.5 (5)°¢ 152 + 35 (5)¢
Tg v APM 149 * 38,9 ()€ 162 * 35 ON
T7.10 D - 80 + 6,9 (5) 77t 7.4 (5)
T7\_10 D "~ APM 177 7.4 (5)° 193 + 18,1 (5)b
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TABLE IIT  Effect of apomorphine (APM) on ODC acézﬁitx\of demedullated

adrenals N
Time Control Drug-treated , P
Demdullated o
4h - - 53%7.8 (10) 120 * 10.7 (11) < 0.001
7 h 78 + 8.6 (8) " 153 £ 17.4 (9)  <0.01
Sham
4 h 52 £ 6.6 (3) 298 + 6.72 " (3) < 0,001

)

Three weeks after bilateral demedullation, APM was administered to rats in
a dose of 10 mg/kg s.c. at O; 1.5 and 3 h, Animals were killed 4 h after

the first injection of the drug. Figures are given as pmol 14CO2 per mg

\

protein per 45 min and represent mean * SEM for the number of rats in

Y

parentheses. The P values indicates the level of significance for the

difference between the control and treated groups.
]

ap < 0,01 for comparison of indicated mean with demedullated treated with

APM, #

N im0 e 7
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P value indicates the level of significance for the difference between control and treated groups.

TABLE IV  Adrenocortical ODC activity after iﬂf;agerebral injection of 6-hydroxydopamine (6-OHDA),

5,6-dihydroxytryptamine (DHT) and intrapéritoneal ‘p-chlorophenylalanine (PCPA), with

-and without apomorphine (APij ‘
T e

I3

\\ -
6-OHDA (125 pg/rat) was injected into the right lateral ventricle of rats pretreated 1 h earlier with

desipramine (20 mg/kg i.p.). DHT (75 pg/rat) was also injected into the right lateral ventricle,
These neurotox1ns were g1ven 1 week before APM. PCPA (300 mg/kg i.p.) was injehted in two doses of
150 mg/kg, 24 h and 12 h before the admlnlstratlon of APM (3 doses of 10 mg/kg at 0, 1,5 and 3 h).

Anlmals were killed 4 h after the first injection of APM in all cases, Flgures are given as pmol

: - '
14C02 per mgyprotein per 45 min and represent mean * SEM for the number of rats in parentheses. The

=

€p < 0.05 for comparison of indicated mean with rats treated with APM-only,

¥ 92z
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Pl Kss
Treatment' @ontrol APM-treated Corrected P
values -
,
-- 26 + 3,0 (6) 287 t 62.7 (6) © 259 < 0,001
6-~0OHDA 300+ 5.3 (7) 164 + 38,3 (6) 90 < 0,001
— h&&:_ 45&?
x :\‘C’ -
- 66 * 13,7 (7N 205 * 38,6 (s) 159 < 0,001
sDHT 56 + 8.3  (5) 103 + 22.5 (5) 0 < 0,001
-3
- We' 29 =+ 5§ (6) 268 + 30.4 (6) 226 < 0,001
PCPA 40 £ 4.3  (6) 180 * 47 (Nn° 50 < 0.001
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TABLE V Effect.of apomorphine (APM) on adrenocortical ODC activity in rats with electfblytic

~ lesions of the dg'rsal (DR) and medialkrgphe (MR)

v

13

; ® - - “"

APM was injected s.,c. in 3 doses of 10 mg/kg (at 0, 1.5 and 3 h) 7-10 days. after electrolytic
lesion of the raphe nuclei or sham-operation. Figures are given as pmol 14C02 per mg protein -
per 45 min and represent mean * SEM for the number of rats in parentheseé. The P vdlue

’- - . - . Q’
indicates the Tevel of significance for the difference between the. control and treated groups.
o ) ) . . . BN\

®p < 0.05 for comparison of indicated mean with sham tredted with APM, ’ .
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Treat%nﬂt Control APM-treated Corrected P
values
* Sham 126 1152 (6) 198 + 20.4 (6) 171 < 0,05
DR lesion 116 10.7 (6)‘ . 188+x 24.5 (7) 164 < 0.05
Sham h 127 15.2 7N . 264 + 15.5 9) 235 < 0,001
’ - < —— £
MR lesion & 131 16.0 . (8) 205 * 25.6 (10)a 163 < 0,001
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CHAPTER VIII

Neurohumofé} Regulation of ‘Adrenocortical -

Ornithine Decarboxylase Activity '
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ABSTRACT
| The ingrease in activity of adrénocortical ornithine decarboxylase

(ODC),elicited byjthe administration of apomorphine (APM) was studied in

rats, 4 days after transection of the spinal\cord, or 24 h after various

types of brain surgery: transection of the mesencephalon or of the p

Q

diencephalon; hypothalamic deafferentation; or transection of the connect-
ions between hypothalamus and pituitary. Section of the cord elevated

enQPgenous adrenocortical ODC activity and potentiated the induction by

-

APM. Section at the level of the mesencephalon or interruption of theﬁ§%§k
° i

hypothalamic connections td the pituitary produced no change in either
i . 2

endogenous or induced Obcfiqtivity. In contrast, diencephalic transection
produced a profound decrghse in endogenous ODC and in response to APM.

Hypothalamic deafferentdtion raised endogenous ODC concentrations and

potentiated the response of the adrenal cortex to APM. = The results

>strongly suggest that\APM acts at the level of the diencephalon to increase

-

adrenocortical ODC activity. However, diencephalic-mesencephalic connect-
»ions must be intact for this to occur. Peripheral and extrahypothalamic.

influences play a modulatory role in'this effect.

o

-

-
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P
INTRODUCTION
Previous studies in‘oqr laboratory have shown that the ac£}¥ity of

ornithine decarboxylase (ODC, EC 4.1.1.17) in the ,adrenal cortexupf the

rats is under the control of the pituitary gland. Hypophysectom} lowers -

the basal 0DC levels and prevents the rise in adrenocortical ODC activity

. produced by oxotremorine (38) and by dopaminergic agonists (3) in intact

rats. Moreover, the effect éf one of these aggnisns, apomorphine (APM),
is antagonized by the dopamine antagonist haloperidol (3). Several
pituitary‘hormones are able to increase’adrenal -ODC in hypophysectomized
rats: ACTH (29,30,42), growth hormorie (29) and pr&lactin (41,51). The

+existence of neural regulatory mechanisms for the control of Qdenohypo-
. ‘ \

2
physeal secretion is now well established (19). One of the neuyotransmitters

that has been identified with these regulatory systems is dopamine, It
g \ ,
plays an important role in the secretion of prolactin, as demonstrated by

neuropharmacological studies (5,25,34), and of growth hormene in humans
(37). It may also serve in the reéulatioﬁ of ACTH (17,22,26). On these
bases Qe 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 werels;;gicélly treated in order to produce gross
separation of\differédt brain regions. The animals were then injected
with APM according to a schedule that invariably cauées'induction of ODC
in intac;\iats. We also studiéd a possible somatic afferent influence on

neuroendocrine control by subjecting some animals to transection of the

spinal cord.
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4
MATERIALS AND METHODS

The materials, tissue preparation, ODC assay, surgical and statistical
procedures have been described in Chapters IT and V. The anim#ls used
in these experiments are the same as those used in Chapter V where only .
the resulfs for the ad;enal ﬁ;hulla were discussed, . .

Animals with brain surgery were used 24 h after the operation, those
with section of the spinal cord-4 days postoperatively. The operations

on the brain included mesencephalic transection, diencephalic transection,

hypothalamic island, and interruption of the hypothalamic link, i.e.

incomplete dienceihalic transection. On the day of the experiment' the rats
were injected intfaperitoneally with 3 doses of APM, 10 mg/kg each, given
at 0, 1.5 and 3 h. A6 The rats were killed by decapitation 4 h after the
initial injection. | ‘ ;

The brain and pituitary gland were fixed' in 10% fofmaldehydet Serial
sections of the pituitary, 4-7 um thick, were stained with hematoxylin-
eosin. Histological examination showed t$at no infarets had been produced
in'tﬂe pituitaries 6f the animals that underwent\suigery for the section
of ;he hypothalamo-pituitary link. Some of the brains from each group
with brain surgery were sectioned serially (100-200 ym) in a sagittal
plane to chegk the extent of the lesion. Thé—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 '

The administration of APM to rays as described above and previously
used in other work (2,3) leads to a considerable 1qgrease in the amount q$
ODC ac¢tivity in the adrenal*cortex (Table I, line 1) If information to
and from the periphery is at all important in the regulation of this
activit} and of its induction, tﬁe elimination of such informatioh by
section of the spinal cord could reveal its significance for the central
mechanism functioning in the APM-induced increase of ODC activity. * The
operations on rats to transect the spinal cord at the seéond and fifth
thoracic, vertebral levels, regions rostral to the main roots of ogigin
of splanchnic fibers innerating the adrenal glénd (2,45), were aimed at
achieving this. The results of these experiments are shown in Table I,
lines 2-5, First o% all, it is clear that surgery of the cord, without
interruption of its fibers, resulted in a mean lowering of the endogenous ~
ODC-activity in unoperated rats (lines 2 and 4, compared to line 1, for U
Controls). The second point in regard to the sham-operated rats is that
fhe amount of ODC activity following treatment with APM does not attain
.the high levels observed in the, intact rats, althéugh it is still about
* four times as high as in the corresponding controls.

In contrast to these results, transection of the spinal cord led to
mean endogenous ODC activities that were higher than in either sham-operated

or intact rats (Table I). Moreover, the administration of APM produced

greater effects in the cofdetransected rats than in their sham-operated

' .



A , 237

controls. The rats with the h;gﬁer transection (at T2) appeared
particularly sensitive to the interruption of all ascending and descending
pathways of the spinal cord. As the induction of adrenocortical oDc
\activity is ulfimately dependent upon the presence of the pituitary gland,
these results suégest that input from the periphery éo the hypophyseo-
adrenocortical system, with a net inhibitory influence, is removed by
interruption of ascending pathways in tﬁé sp{nal cord.

Rats sham-operated to control for brain operétions ;

k]

Twenty-four héurs after brain surgery sham-operated controls showed
basa1~%evels of ODC that were comparable to those of intact cohtrols
(Table I, lines 6 and 1). Admiqzétration of APM produced a'S.S-foxg
increase over coqtrols, i.e. slightly lower than that produced in intact

rats (cf. lines 1 and 6) or the sham-operated animals, as recorded in lines

1 3

2 and 4 of Table I:' €

Mesgncephalic transection

Transection of the midbrain well below the periaqueductal grey matter i
producéd no change in the basal lével of adrenocortical QDC activity., The !
valres observed in these rats #Were pooled with those of the sham-operated t

controls to provide a mean of 49 * 3,7 pmol C02/mg protein per 45 min,

activity similar to that in sham-operated rats (cf. lines 6 and 7).

Diencephalic transection

. . .

Administration of APM to this group of rats produced an elevation in }
i
|
|
i

Transection of the diencephalon was performed in a group of rats with

the aim of severing connections between mesencephalic dopaminergic centers,

«
'
1l




activity of diencephalon-transgcted rats was significantly lower than in

238 ' ' {

viz., substantia nigra and ventral tegment;m, from the hypothalamo-pituitarf‘
unit. The fibers concerned have been described by several groups of '
investigators. Thus, the median eminence and phe pituitary stalk contain
dopaminergic fibers originating at various levels. The A12 dopamine

system, originally described by Fuxe (18), originates in the arcuate and
central periventricular nuclei. The incerto-hypothalgmic system, wLich is
essentially intradiencephalic, islc0mposed of'groups A11’ A13 and AL4 (36). ’*if
In addition, as many as half the dopaminergic fibérs of the median" eminence !

\
originate from perikarya in the Aé, Ag and A10 cell bodies of the substantia

nigra in the mesencephalon (23). Twénty—four hours after operation 0DC

sham-operated\eontrols (Table I, lines 8 and 6), The large increases
produced by APM treatment of intact (line 1) and sham-operated (line 6)
rats were not réproduced in animals with the diencephalon transected

s

(line 8). Nevertheless, what increase there was could be judged statist-

ically significant (P < 0.05). These results indicate that mesencephalic-‘

-

diencephalic connections are necessary for maintenance of the basal levels .
of adrenocortical ODC activity; as well as for the normal response of this 4
enzyme activity to the administration of APM in vivo.

Hypothalamic deafferentation

\\controls (Table I, cf. iines 9 arid 6). Treatment of these brain-lesioned

Complete hybothalamic deafferentationsextending anteﬁggggxeriorfy

from the optic chiasma to the midmammillary bodies produced an elevation

[}
in endogenous adrenocortical ODC activity as compared to sham-operated

S % =

"~ ". ' &

» T

\\ ’\
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ratg with APM‘increased adrenoco¥tica1 ODC activity 7-fold over corresp-
onding controls (line 9). This change was not onl; highly significantly
different™$rom the corresianing controls (P < 0,001), but also resulted

in activities that weré.éignificantly different from those obtained,in
sﬁam-operated rats given APM (Table I, cf. lines 9 and 6 for "APM-treated").
A parallel result obtained by Haldsz et al. (20) seems pertinent: they found
that complete deafferenfation of the medial basal hypothalamus ked to the
elevation of the plasma corticostero}d concentration. The significant
increases of ODC activity, with or without APM tréatment, to values

greater than those noted in control rats suggests that this deafferentation

has eliminated extrahypothalamic inhibitory. influences by way*of the‘s
pituitary on adrenocortical QDC activity. Moreover, the large increment

o

in 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:

A
and influencing the activities of the anterior pituitary gland.

Section of the hypothalamo-pituitary link

To deterﬁine Qhether APM has a direct effecp on the pituitary gland
itself, an attempt was madeé to separate the pituitary from the hypothalamus
Sy the surgical procedure: used to tfanseét the diencephalon, Ideally, this
lesion, extending from the roét?al p;rt of the superior colligplus
ventrélly to the ventromedial hypothalamic nucleus, would not only interrupt

the neural conneéctions but also damdge the portal system. Endogenous

adrenocortical ODC activity in rats operated in this way was slightly
A 3 1

S
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higher than inrsham-openated contrals, but the response to APM administra-
éion wds very similar to.that shown by sham-operated rats (Table I, lines
10 and 6). , ' ‘ ‘

Histological examination of the pituitary glands of the brain-operated
animals showed no infarction of the tissue. This result taken wi?h th3
data on enzyﬁe activity indicates that despite disruption of the neural
connections the hypothalamic-hypophysea} portal circulation must be
functional. Hence, it is not possible to deduce whether APM is acting at“
the level of the pituitary gland without influéﬁbe from cerebral centers,

DISCUSSION : -

It has been previously demonstrated that the pituitary exerts a major

. role in the control of ODC activity of the adrenal cortex of the rat,

inasmuch as hypophysectomy lowers the basél levels and prevents the
induction of the enzyme normally produced by administration of APM (3).

There is, nevertﬁe1e§§)\a modulatory role of systemic information or the

~
IS

APM-induced igcrease, as indi{ectly demonstrated in recent unpublished
work of thi% laboratory. These Epsults show ﬁhét adrenal demedullation,
§planchnicotomy, and }hizotomy each Feduces to a similar extent the res-
ponse of ODC to APM‘éfministration. In the present work deafferentation
of the central control mechanigm by section of the spinal cord was effect-
iQe in two respectsf (1) 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 cause’ also an increase in the weight

o
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‘evidence for a direct neural input from the adrenal glands to ltlie a

A

and "'volume of the adl:enal gland (15,39). Our results suggest that
section of the spinal cord elimiunates "a net inhibitory afferent influc;nce
from the periphery ort‘ the hypophyseal system regulat,gngu ODC activity of
the adrenal gland. There°is morphological (21) gnd ftinctional (?,13,44’)
hypothalamus. ‘ 1 ’ o

On the other hand, we cannot entirelyﬂ exclude the possibility that
cord section eliminates an effefeng inhibitory furic‘taion of a supraspinal
structure in relation to theé adrenal cortex. There is morph@logmical
evidence for crossed efférent nerves.from the basglateral hyiaothalanrus ‘
1(6,11,12,48) and from the cerebral cortex (40,52) tg the adrenal éor}:ex.
‘Moreover, unilateral splanchmcotomy produces a slight increase in

+
adrenocortical 0DC act1v1ty of tl'}e denerVated gland (unpubhshed reSults).

o

The next set of experlments, i.e. section of the brain at different
levels, was aimed at elucidating the location of the central dopaminergic

pathway (s) to the pituitary mediating the response of adrenocortical ODC d
activity to APM, ‘The lesion of the transection of the mesencephalon |
L

extended from the superior colliculi ventrally into the superior cerebral

peduncles.  Latefally the lesion extended to the brachium colliculi

inferioris at the lewgl of the aqueduct. The structures destroyed 1n 4—»«- )

this lesion, in addrtlon to those ment:.oned, include almost the entire.
mesencephalic retjcular formation and the periaqueductal grey. 'Neither
the basal levhgf ODC nor the APM-induced increase was significantly
different from those of sham-operated controls, Direct afferents to the

‘ ' |

3

,
3
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lateral hypothalamus frdm the mesencephalic central grey matter, have been

describéd by Kuypers.(28) and Szentagothai et al. (50). "These authots have

also described conngctions from the anterior midbrain reticular formatlon

.

to the hypothalamus. Both areas were involved in our lesions, yet there

' &?’ AN 'K(‘ . Gn
. dﬁs no alteration of éﬂrenocortlcal oDcC actlvlty. From this-we may
e £ ¢
conclude that the fibers travelling in the described region are not

~
3 ‘ &

~ important for tﬁé‘xﬁM-linﬁéa increase of this cortical function. ‘
& ) L5 y .
In another groyp of experiments complete transéction of the diencephalon

o %ﬂlll!qiiipmed to 1501 ibstantia nigra and ventral tegmentum from

]
bt
]
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. *M' 4&’. s . N
* their rostral connectlons. The lesions extende! Erom the rostral superior -

colliculus ventrally to tﬁe fossa interpedunéﬁlaris; and laterally to the

fimbria hippocampi. This type of lesion significantly reduced ;E!vrestfng

Y,

Y o o :
0oDC }eVelé dt 24 h after the operation. The response to APM was also

,/greatly reduced in comparisoﬁ td'sham-operated animals, treated with the

* - i

‘v s drug; but the animals nevertheless displayed a significa.nt induction. These

data indicate that for APM to have. a normal effect on.adrenocortical ODC
v % * -

) *

L acfiqity,“the ventral donnections from the ﬁese%cephai&n to the diengephalon

must be intact Iﬂ“adaition, APM must also have an action at the level of

Y
the hypothalamus. In related work, Fraschini et al. (16) have sﬁown that

-

v, 1nrm1dbra1n-transected rats the feedback mechanism on ACTH release is less

q ° ‘

. sensitive to alterations in the levels of circﬁlating corticosteroids

-

- produced elther by exogenous admlnlségatlon or by unilateral adrenalectomy.
N Q’ °
" Their work conf1rmed earlier results obtalned by electrolytic lesions of
mesencephalxg areas (11,33,35,49). : . o

o

,
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The drastic fedugtion in response of the adrenal cortex, with respect
to ODC activity, following transection 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-opergted animals; and (ii) the sham operation producedl
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 that the mesencephalon is

)

acting as an intermediate station or relay system where péripheral inputs .
are processed. oo ‘

The midbrain has been shéwn»to play modul#tory (16), inhibitory- (8,47),
excitatory (43), and stress-facilitatory (14,46) roles in the control
mechanism of ACTH secyetion. -

The experiments aimed at isolating the hypothalamo-pituitary unit
from all neural extrahypothalamic connection created ”islanés" that included
the nucleus anterior mediélis thalami and all structures ventral t; this
area. Anteroposteriorly, the lesions%xtended from the nucleus supra- A

' A\
chiasmaticus to theposterior mammillary nucleus. In animals with complete
hypothalamic deafferentation endogenous ODC levels werg not only maintained
but significantly increased. The APM-induced increase was also potentiated.
These results demonstrate that adrenocortical ODC activity is modulated
by extrahypothalamic inhibitory influencés, in much the same way as has

been deduced for certain endocrine functﬁons. Thus, Egdahl (9) demonstrated

that cerebral decortication of dogs'elevated circulating corticosteroids

o s e e T e PR o 7 et s 4 O PREELY XTI
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. modulatory role in this effect. ‘ .
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concentrations. Similar lesion and stimulation experiments involving

other extrahypothalamic sites, viz. the amygdala and hippocampus, have

c&nfirmeqfﬁpeir iﬁfluence on ade?ohypophyseal secretion (7,10,24,31,32).
To determine whether A%M is actually acting at the level of the

pituitary gland to increase adrenocortical ODC activity further experiments

Y

can be suggested: (i) electrolytic lesion or section of the pituitary~

stalk by subtemporal or parapharyngeal approaches. These lead to functional
and morphological changes of the pituitarf E1,4,27} and (ii),transplantp’
ation of ‘the pituitary to an area, distant from the hypothalamus, such as
the kidney capsule. )

_ Our results demonstrate the complexity of the neurohumoral system
regulating the induction of adrenocortical ODC activity. This work has
adduced the féllowing key .observations. Hypqphyéectom; abolishes the
APM-induced increase in adrenocortical ODC aé%iyity (3). Experiments
ipvolving section of the spinal cord, together with the preparation of '
hypothalamic islanas and mesencephalgk-diencephalic transections, indicate
Fhat the primary site of respon;e to}APM must be in the dien¢ephalon, and
that its midbrain connections are'required for the normal increase in

adrenocortical ODC produced by the drug. Finally, it has been shown

that periphéral and superior extrahypothalamic influences.play a major

| o
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FIGURE 1 | .

Schematic diagram 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 I ODC activity in adrenocortical tissue after administration of apomoiphine

-

Rats were injected intraperi%oneally‘24 h after brain section or 4 d after cord section, with
APM, 10 mg/kg, at 0, 1.5 and 3 h, Theynwere decapitated 4 h after the first injection and the
adrenals removed for determinations of GDCfEct@vity, as described in the text.

apmoles co, produced/mg protein during incubation of tissue preparation for 45 min at 37° + SEM.
:bIndicates the leve} of significance for the difference between control and treated groups.
' Yy . 3 «

cSignificantly‘different from the mean for sham-operated rats: ,gﬁ

.

d

P'< 0.05; £

®p < 0.01; P < 0.001.
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Line ‘ Trefttmeqt R Control APM-treated P
- »/’ e
- .‘Mean * SE No. rats Mean * SE
1 Intact 67 t 15 -4 269 * 53 5 0.01 >
- Cord section P <
2 Ty sham " 37+ 202 6 169  + 46 6 < 0.001
3 Tg section 1245294 24 7 229  + 60 7 n.s.
4 T., sham e 20 & 7 6 82 + 18 4 < o0.001
5 T, section ) 96%: 1 16 6 385%:%4 91 5 <0.01
Brain section ! i )
N S R
6 Sham ~ L 49 4 6 169 £ 23 7 < 0.001
7 - Mesencephalic 49 i 6 140  + 17 6 < 0.001
8 Diencephalic 275294 4 62%:f: ¢ 6 < 0.05
9 Hypothaldmic deafferentation  120°°f: 13 5 848%: %1 53 6 < 0.001
10 Hypothalamo-pituitary connection 69 + 17 5 185 £ 23 7 < 0,001
\ -
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e
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CHAPTER IX

General Conclusions
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; adrenal medulla and cortex. : -

cycloheximide prevented the large increase in ODC activity normally seen

251

A. MECHANISM OF REGULATION OF ADRENAL ODC ACTIVITY
+ The administration of the dopamine-receptor agonist apomorphine, and
piribedil, to rats leads to an increase in the activity of ODC of the &

adrenal medulla and cortex. These changes in enzyme activity are mainly

-

due to protein synthesis de Q vo as deduced from the following observations:
¥
(i) Kinetic studies of d1a1yzed enzyme preparations from control

and experimengal rats showed similar Km_values; this was for”both the

(ii) Mif&ng experiments, in which enzyme preparations of controls and
APM-treated rats are incubated together, were always additive. This

indicates that the increase in 0ODC thivity is not caused by the presence

[Xes

of an activator or the .loss of an inhibitor.

(iii) Pretreatment of -the rats with the protein syntlesis inhibitor

il

3
after APM administration in both adrenal structures,

Fd
Kinetic studies revealed the presence of two distinct K values for

the cofactor pyridoxal 5'-phosphate. This indicates that ODC may be

a

present in two different forms in the adrenal glan&s. The significance and
interrelationship between these two forms of ODC for the regulation of the

v \ a ‘ v l
enzyme activity is at present not well understood and deserves further study.

v

N
.
R AV
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B. CENTRAL DOPAMINERGIC PATHW&YS INVOLVED "IN THE INDUCTION OF ADRENOMEDULLARY

N - ‘ : K S
ODC ACTIVITY \ . b

Adrenomedullary ODC activity is predominantly regulated by a central

" . -

(/ )




, endogenous or APM-induced ODC activity.

o
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system, originating mainl}y in the diencephalon-telencephalon and including
a facilitatory dopaminergic component. Nerve impulses evoked by the action

g of .
of the dopaminergic agonists travel in a pat},way lateral to the hypothalamus,

in the ventral part of the midbrain, down to the~spina1 cord, and finally )

;i'fect ‘tﬁ_agren'al medulla by way of the splanchnic nerve. This is supp-
orted by the folllowingv obsé’rvations:

(1) Pretreatment of the rats with the dopamine receptér-antggonist
haloperidol (HLP) causes a partial blockade of the APM-induced effect at
4 h in intact a'nimals and at 6 h in hypophysectomized.

(ii) Denervation of the adrenal gland prevents the incre;ses in ODC
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 tﬁoracic region from T4 to le. \5 ‘

(iv) Section of the spinal cord above the Qain roots of origin of the

splanchnic fibers almost’ prevents the increase produced by APM.

— i
(v) Transection of the diencephalon-mesencephalon reduces endogenous

0DC activity and abolishes the induction by APM.

(vi) Section of the dorsal part ’Sf the midbrain does not change either

\
3

(vii) Formation of“a hypothalamic island not only maintains but even

elevates the resp&nse to APM, This indicates that the pathways. are travell-

ing more lateral to the lesion.

' , T

-
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C. CENTRAL DOPAMINERGIC PATHWAYS INVOLVED IN THE INDUCTION OF
ADRENOCOIiTICAL 0DC ACTIVITY .
Induction of adrenocortical ODC activity involves a central dopamin-
ergic pathway originzlttiri’g mainly in the hygothalamus. Its action is

mediated by the release of ACTH from thé pituitary, and is modulated by

Both peripheral and central extrahypothalamic influences. Support for this

hypothesis arises from several sets of observations: -

(i) Pretreatment of rats with HLP causes a partial blockade of the

APM-induced \increase in adrenocortical ODC at 4 h. o~

i

(ii) Intraventrijcular injection of the neurotoxin 6-hydroxydopamine to

destroy dopaminergic nerve terminals causes a significant reduction in the

APM effect. .

(iii) Hypophysectomy completely prevents the rise in ODC activity
observed in intact rats after APM administration and reduces endogenous
QODC. Administration of ACTH to hypophysectomized animals not only restores

the basal activity but induces the enzyme maximally at 12 h, .

/ - »
(iv) Surgigal manipulation of" the animals such as unii}tgi'al splanch-

nicotomy or sham-operation at the level of the spinal cord (without damage

to neural elements)attenuates the response to APM. By contrast, seg:;iion
of the spinal'cord increases endogenous and APM-induced ODC activity!
(v) Bilateral adrenal demedullation rediices the ODC response to APM

A
and suppresses the time-dependent increases observed in intact rats.

#

(vi) Fémation of a hypothalamic island préduces a significant ihcrease-~

4 '
™ in endogenoys ODC activity and potentiates the effect of APM.

-

, ¢ W . \
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D, DOPAMINERGIC-SEROTONERGIC INTERACTION

{

The functional interaction of serotonergic with dopaminergic systems prov-

_ides net opposite,effects on adrenomedullary and adrenocortical ODC

activi‘ties: inhibitc\u:‘y for .the medulla and facili)tatory for the cortex,
This is supported by the following experimeﬁnts:

(1) ySystemic aciministration of p-chlorophenylalanine (PCPA),’
intraventricular inj ection‘ of S,6-dihydroxyt}'yptamiwe (DHT) andf selective

electrolytic lesions of the medial raphe nucleus, all of which deplete

"SHT by different mechanisms, cause a potentiation of the APPT indrease in

a&rehomedullary oDC activity. . -

(ii) On the other hand;~both drugs and the electrolytic lesion of the"
) : 4

. |
medial raphe decrease the adrenocortical ODC response to APM.

(iii) The medial raphe nucleus is involved in both systems.

l

_Finally, the increase in adrenomedullary ODC activity caused by. the

administration of dopaminergic drugs involves at least three Eypes of

v

neuroﬁ; : dopaminergic, serotonergic and the cholinergic sympgthqadrenb{_
pli,eganglioﬁic“neurons" . Our results show that changes im ODC activity in
the adrenal medulla reflect predominantly alterations in the ac,fivity of
the symi)athoadrenal system, whereas the changes in the .cortical enizyme

reflect modifications of the hypothalamo-pituitary syséem. Furthermore,

the model explored in this thesis may serve as a unique tool to study th{

regulatory relationship between the two adrenal ‘styructures’ in their responsg
-

-
. L3
to stress, and similarly, to trace specific neural pathways,

\

[ i ] '




P

BRI S

AUMEe Gkt VS paepene e VIR

*a.
( “
\ .
.
* r
2 P
)
T " K
)
°
1 ‘ N
. \
\ .
, ,
.
i o
-
,
. .
-
o~
.
w
-
A .
.
B
)
-
°
N
~
.
%
‘ ; .
o
-~
( } ” e
\
t ‘
. . ]
N ;
,
.

Original Contributions to

ko

¥

CHAPTER X

Knowledge

“

“r ‘o
- a
.
v
'
. , .
,
)
v 4 - /
E a - //
’ . ’ 7
v
- /
/
- . /
A 4
; -
-
' il
.
3 ’ ! "
. ‘
5 a
.
)
®» .
. . .
-
A .
, v *
. .
‘ ~ R
5 .
. .
~ -~
[ .
- - a
. .
.
\\
ty
o
i “
. - v
- +
N 0
. ‘
F .
i v
.
“ .
N
Ce- ..
P [P AT IO TR S e, \.,...m.u.«.w
> ' ' '
. . .

.
N
'
-
T
'
-9 .
. '
- L
3 B
a
‘ .
3
- «
.
.
N
'
“
.. <
L] -




aomawn 1 B e L LT SN . e ew e - P

- 256

1.)‘Administration of apomorphine (APM) or piribedil (PBD), two dopamine :
receptor agonists, to rats causes a time-dependent increase in the

activity of 0ODC of the adrenal medulla and of the cortex. The effect of

-

APM on both structures is dose-related and appears to involve induction
- > o
of protein synthegis.
b}

2. Kinetic studies suggest that the adrenal gland contains two different

. T .

forms of ODC with different constants of affinity for the cofactor but

~ v

similar congtants 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 ODC
produced by the agonists APJLor PBD for the first four hours after their
administration. This' makes evident the involvement of a dopaminergic
system or systems in the regulation of adrenal ODC actiyity. This
dopaminergic function is excitatory for both adrenal medulla and cortex,

~

with respect to ODC activity.

4. A larger dose of HLP than is required to block the action of APM or
N

PBD induces ODC activity in both the adrenal medulla and cortex in a
time-dependent maﬁﬁer. 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,
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S, Hypophysect;my reduces endogenous ODC levels in the cortex, -but not
in the medulla, The effect of APM on adrenoco;xical ODC activity is Q
abolished in hypophysectomized rats. Treatment of hypophysectomized rats
with ACTH not only restores but induces the adrenocortical enzyme in a
time-dependent manner. This démonstratéé that adrenocortical ODC is

jéggulated by the pituitary gland, bu£ that the medullary enzyme is not.
The action of APM én cortical ODC is ultimately mediated by the pituitary,

7

most probably through,the release of ACTH.

6. Unilateral section of one to four ventral spinal roots from T, to T
4

4 12
partially prevents the APM-fhduced increase in adrenomedullary ODC activity.
Dorsal root section at T7-T10 leéds~to a small redué%ion, while section at
T2-T4 has no effect at all. Thus, selective surgical interruption of
spinal roots indicates that the bu{k of splanchnic fibers mediating the’
transynaptic induction of adrenomedullary ODC course in tile venfral Toots
between T7¢gnd TlOi Dorsal rhizotomy causes similar ch;nges; these
manifest the existence of a segmental modulatory function (or reflex

mechanism) of the afgerent input to the spinal cord in regard to sympatho-

‘adrenal preganglionic neurons involved in innervation of the chromaffin .

'cells. This novel functlonal method of trac1ng neuroanatomlcal pathways

3

should be applicable to tracing the origin of fibers regulating other

activities of thefadrenal medulla, X
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7. The APM-induced increase in adfenomedullary enzyme activity is reduced
very significantly (but not completely) by unilateral splaﬁ%hnicotomy,

section of the spinal cord at T and T, or complete transection of the

2

: dienceﬁhalon. Transection of the dorsal mesencephalon does not affect the

induction. However, incomplete transection of the diencephalon and form-
ation ;f a hypothalamic "island" potentiate the effect produced by APM.
These results indicate that the central dopaminergib pathway involved in
the regulation of adrenomedullary ODC includes important nuclei in the
diencephalon-telencephalon. A second level of control appears to be the
thoracic cord because its section does not co;pletely prevent\the APM-

induced increase in ODC activity.

8. Depletion of cerebral serotonin 65HT) by administering- rats the
tryptophan hydroxylase inhibitor p-chlorophenylalanine (PCPA), or
destruction of SHT nerve terminals by injection of 5,6-dihydrox§tryptamine
(DHT) into theycerebroventricular system of the rat, produces no change
in ODC activity. However, both treatments potentiate the induction of .
adrenomedullary ODC produced by APM, The results indicate that a centrél

serotonergic system exerts an inhibitory role over the APM induction of 0ODC.

/ ' \
/

9.. Elé&trolytic lesions of the medial raphe nucleus, but not of the dorsal
raphe, potentiate the APM-induced increase in édrenomedullary oDC. Thus, |
the medial raphe nucleus is involved in thigS;unctional dopaminergic-

serotonergic interaction,
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10. Unilateral splanchnicotomy, rhizotomy, or bilateral demedullation
each attentuate the response of adrenocortical ODC to APM. Intraventricular

injection of 6-hydroxydopamine, which destroys dopaminergic nerve terminals,
- /

reduces the effect of this drug.’ 0? the oéher hand, section of the spinal
cord or formation of a pypothalamic "island" potentiate that effect. The
results suggest that the central dopaminergic system mediating Yhe APM-
inducea increase in adrenocortical ODC activity is 16c?ted'main1y within

the hypothalamus. However, peripheral and extrahypothalamic central

@

nervous influences play a modulatory role in this effect. . )

- -

11. Administration of PCPA, DHT or selective electrolytic lesion of the

medial raphe nucleus reduces the APM-induced increase in adrenocortical

LSS

ODC activity. The results ﬁnggest that se;otonergic‘structures originating
in the medial raphe nucleus play a facilitatory role in the r@sponse of

adrenocortical 0DC to APM.
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