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ABSTRACT .

This work concerns the central reﬁfion of dopamine beta-
hydroxylase in the adrenal gland of the rat. This enzyme {8 neurally
induced by subjecting rats to stress or to the injection of reserpine.
Several neJ:otranamitter agonists and antagonists were administered in
order to clarify the nervous.pathwaye to this organ. The combination of
the central or systemic administration of a catecholamine depletor and a
serotonin depletor alsa chreases the activity of this enzyme.
Serotonin antagonists but not catecholamine antagonists potentiate the
action of reserpine. However, the depietion of catechclamines or
serotonin alone does not elevate the activity of this adrenal enzyme.
Serotonin agonists block the effect of reserpine. Adrenal
phenylethafiolamine N-methyltrangferase exhibits a gimilar regulation.
Eléctrolytic lesions and administration of.a serotonin neurotoxin in the

raphe area show that the medial raphe nucleus is the centre of the

.inhibitory serotonergic pathway regulating adrenal functions. The

muscarinic agonist oxotremorine produces a centrally mediated induction
of adrenal dopamine beta-hydroxylase. Depletion of central or
peripheral cacecholami;es and serotonin does not modify the elevatilon of
this enzyme activity by oxotremorine. Central and systemic

administration of agonists binding to gamma—aminobutyric acid-receptors

decreases adrenal dopamine beta~hydroxylase activity and impairs the

- effect of the cholinergic inducer. These negative effects are blocked

by a specific antagonist of gamma-aminobutyric acid type A~receptors.
This work suggests a central inhibitory action of the aminocacid and a
gamma-aminobutyric-ch5linergic interaction in regard to adrenal dopamine

beta-hydroxylase. Corticotropin releasing factor, centrally
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administered at a constant rate, increases adrenal dopamine beta-

hydroxylase and phenylethanolamine N-methyltranferase activifies without
elevating plasma corticosterone. This result supports the role of the

peptide as first mediator of the stress response.
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RESUME —_—
Ce travail porte sur les mécanismes centraux contrflant 1;ctivite'
de la dopamine beta-hydroxylase dans la glande sutrén;nle du rat. Cette
engzyme est induite par voie nerveuse lorsque les rats sont soumis 3 un

-

stress ou lorsqu'on leur fnjecte de la reserpine. Plusieurs substances
agonistes et ancagoni;tes des neurotransmitteurs furent administte'es;
afin de déterminer les voies nerveuses contr®lant la fonction de la
glande surrénale. L'administration combinde, centrale ou périphérique,
de substances causant de fortes diminutions de catécholamines et de
substances diminuant le niveau de sérotonine augménte dgalement
1'activite de l'enzyme. Les antagonistes de la sérotonine,
contrairement aux antagonistes des catécholamines agissent, e;n synergie,
avec la réserpine. Par contre, une réduction des catécholamines ou,de
la sérotonine uniquem’ent ne produit pas d'augmentation de l'activité
engymatique. Les agonistes de la sérotonine bloquent l'effet de la
reserpine. La phényléthanolamine N-méthyltransiérase surrénalienne est
contrBlee de fagon similaire. Le rfle du noyau du raphé median en tant
qu'origine de la voie nérveuse inhibitrice de la fonction surrénalienne
a été demontré a 1'aide d; 1ésions électrolytiques ou d'injections d'une
neurotoxine dans la région du raphé. ) L'oxotre'qorine, un agoniste
muscarinique, induit la dopamine beta-hydroxylase via un mécanisme
central. Une réduction centrale ou périphérique des catécholamines et
de la sérotonine n'a aucun effet sur l'augnentatior_x d'activité
enzymatique produite par l'oxotréworine. L'administration, qu'elle soit
centrale ou périphérique, de substances agonistes se liant au récepteur
‘de 1'acide gma-aminobutyx;ique réduit l'activité de la dopamine beta-

«

tﬁydro;yla:e, et diminue lfeffet\lde 1'induc teur cholinergique. Ces
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effets ne'gatifs sont bloqués par 1'injection d'un antagoniste

§pécifique aux récepteurs gabaergiques de type A. Ces études suggéerent

PR . . . A
un rdle central inhibiteur pour cet acide aminé et une ifiteraction gaba-,

acetylcholme en ce que concerne le contr@le de l'activitd de 1la

e . N
dopamit}e beta—hydroxylase. La ‘Eo«riiicolibérine, administrée au niveau

central e‘ i taux constant augmente 1'activitd de la dopamine -beta~

hydroxylase et celle de 1la phenylethanolamne N-methyltransférase sans

toutefois élever la corticostdroné plasmatique. Cé- rédsultat plaitfé en

0

. g ) . .
~fdveur d'un rGle pour le peptide en tant que premier médiateur de la

’
reponse 3su 8tress.
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l.A. Dopamine beta-hydréxy_lase . o
Dopamine beta-hydroxylase (DBH, EC 1.14.2.1) is a mixed function

oxidase that catalyzes the conversion of dopamine (DA) to noradrenaline

-
r

(NA), according té the -stoichiometric reaction (Levin et al., 1960):
DA + ascorbate + 03 —-—=—--- ? NA + dehydroascorbate + H30

This enzyme has beeﬁ!shown to be relativelly nonspecific; it is able
to c;atalyze the hydr';xylation of the side chain of many plrenylethylamine

analogues in the beta position (Goldstein and Contrera, 1962; Levin and

-~

Kaufman, 1961). Early studies demonstrated that this enzyme is
inhibited by many metal-chelating agents (Levin et al., 1960; Goldstein,
1962; Kirshner, 1962). Later it was proved that the metal associated

0 o

with DBH is copper (Friedman and Kaufman, 1965), and that this undergoes

. reduction and oxidation during the enzyme-catalyzed hydroxylation

reaction (Friedman and Kaufman, 1965; Blackburn et al., 1980) It wad the
second )mammalian hydroxylase to be shown to contain copper; the only
other one known at the time was the phenolase comfplex (Lerner et al.,
1950). Other copper enzymes are: tyrosinase (Vanneste and Zuberbbhler,

1974), galactose oxidase (Bereman et al,, 1977), cytoéh‘rome oxidasé

(Nicholls and Chance, 1974), superoxide dismutase (Hassan, 1980).

l.A.1. Copper content and mechanism of reaction

An i;ndgcation that the purified enzyme contained copper .was first
provided by the observation that a yellow color developed when a
concentrated solution of the enzyme was reacted with
diethyldithiocariaamaté (Friedman and K;ufman, 1965); the spectrum of the
treat.ewd enzyme was identical to tha; of the ct;pper
diethyldithiocarbamate complex fFriedma,n and Kaufman, 1965). The

[3
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content of copper, unlike that of iron, increased with the purification

of the enzyme, which indicates the relation between copper and the

-

enzyme moleeule. The purest prepération contains 0.65-1 pg-per mg of

A

protein (4-7 moles of copper per mol of enzyme). The enzyme 1s stroagly

inhibited by various copper=chelating agents (Goldstein et al., 1965;

Friedman and Kaufman, 1965; Skotland and Ljones, 1979), and the

reactions with CN~ (Friedman and Kaufman, '1965), bathocuproine

&

disulfonate or EDTA (Skotland and Ljones, 1979) have been used to remove
the enzyme-bound copper. The addition of cupric ions (CuSOa)_ to the

inactive apoenzyme (cyanide—treated, for &xample), restored enzyme

activity (Friédman and Kaufman‘,- 1965'; Skot land and Ljones, 1979), and
- . '

the extent of the restoration was a function of the concentration of

4

copper added. However, the maxima}l:’ recovery of activity was 40% and
excess of -copper cz;used inhibition. » Experime‘nt;s' in vivo show that DBH
activity {is décreased in rats made copéer deficieng by dietary means and
that activity is restored by simple addition of Cugoa to - the deficient

diet (Missala et al., 1967). It has been proposed that the enzyme—bound

LN .
_copper 18 involved in electron transfer during the catalytic cycle,

: 3 .
because ascorbate can reduce this copper (Friedman and Kaufman, 1965,
1966; Ljores et al., 1978; Diliberto, 198l), which is 'then reoxidized in
the presence of the gubstrate. This mechanism was formulated by Craine

and coworkers (Craine et al., 1973) as follows:

)
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cu*t .
EC scorbate ===-a——=3 E< + dehydroascorbate + 2n*
Cu* ’
<Ch* Cu*t_ \ cult -
E o ¥ 0 ~=-3 E( 03 —---2 E< >o -
Cu* Cu* Cu2+ 2
éu2+ Cu2+

<C 2>022‘ + RH + 2HY .y E< 2t ROH.+ H20
u ‘ Cu

Kinetics experimepts support this mechanism (Goldstein et @l.,

1968).
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{ - : 1.A.2. Activators
Fﬁmarate}and other dicarboxytic a@i@s stimulate the rate of

hydroxylation by DBH in vitro (Levin et al., 1960). Acetate a't high
concentration can replace fumarate (Goldstein et al.; 1968). This

atﬂ,imula.tion was reported to be due tAo a lowering of the Km for DA in the

presence of atmospheric oxygen at pH 6.4; at pH 6.8 and 7.2; Vmax is

]

also affected (Goldstein et al., 1968). Tris-HCl, sodium phosphate,

v . ~ NaC1o,, gu"am'@ine HC1 (at low concentrati?n), NH4' and NaCl all activate
the hydroxylase (Craine et al., 1973). In the absence of 'activat;u's,_ the
opci:mum pH is 6.4, 'Vhereaa in tt)eir presence .it is shj.fted to the right
(7.0-7.1). High c&ncentr'ation of substrate al'so sh;ift:s the pH optimunm

downward, suggesting the dissociation of an io\nizable-\group on the

.

eniyme-substrate c.ompiex (Craine et al.," 1973). Craine a.nd ~hia,‘¢~.‘

{ . ;zl'leagues (Craine'et al., 1973) have also shown by measurement of

@

tircular dichroism that fumarate and succinate have no effect on t}\e

v
-

tconformation of DBH. Electron spin resonance data showthat fumarate
’ ‘ v -

- v

increases the CuZ* signal of the enzyme (Friedman and Kaufman, 1966);

this could be by a funarate-induced change in the conforma‘t:ion_of the

A

. enzyme or a fumarate-dependent -change in the- ligand field surrounding

- . the enzyme-bound copper (Craine et al., 1973).-

.

1.A.3. Structure

s .
-7

- - - . DBH is contained in the chrofaffin cells of adrenal medulla

(Kirshner, 1957), in peripheral and central adrenergic neurons (Potter '
. \ ' /

- and Axelrod, 1963) and in a soluble form in blood plasma (Weinshilboum _

\* and Axelrod, 1970). h

The enzyme has been purified from bovine,'sheepvand rat adrenal

N

( ‘glands (Foldes et al., 1972; Rush ‘and Geffen, 1972; Crz,nm'\a and Coyle,

13
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1976), from human. pheochromocytoma (S‘tone et al., 1974), human serum
¢

1

(Miras-Portugal eé al.,} 1975) and 'bovine brain (Matsul et al., 1982).
Based on sedimentation equilibrium data bovine adr;nal DBH has a
molec‘/p,lar weight of 290,000 (Fl"wiedman and Kaufman, 1965).
Sedimer'ntaj:ion equilibrium in the presence of guanidine-HCL or guanidin'e-
HC1l and diethyltlyiocarbamat:e has been used to determine tﬁe,molecular

weight of tﬁe enzyme subunits. It has been calculated from these data

that thé molecular weight is 1.6 x 105 for nonreduced and 7.6 x 101‘ for

reduced enzyme. This suggests the existenceé BE 4 subunits, two which

are 11inked by covalent disulfide bonds and two of which are 'linked by

"noncovalent bonds (Craine et al., 1973; Foldes et al.,~1973).

Electrophoresis on sodium dodecyl sulphate (SDS)/polyaci'ylamide gels

gives values in agreement with th&)previous experiments. A single band

is obtained in SDS aild urea—containing gels, indicating the pi‘epence of

¢ .

single-species (monomers) (Craine et al., 19f3). This model of DBH is

widely accepted (Frigcm et al.,v1981). Foldes et al. (Foldes et al.,

1973) treated enzyme preparations from bovine adrenal medul la with-

either 8 M urea’or 0.1% (w/v) SDS, and obtained dipsociation of the ’

enzyme into ihrée similar subunits, éach of molecular weight of the

'

order .of 100,000. R

Thetsubunit structure of a membrane-bound form of DBH from bovine

"adrenal-mfedulla chromaffin granules has _been 1nvestigabed by

'

~

—— °

immunochemical and electrophoretic techniques (Helle! 1971 a,b). - The

-

soluble and bound enzymes have similar molecular weights, vﬁz. 290,000.

VThe bound enzyme can be sdlubilized with deter.:gents.' Helle claims that

the two types of the enzyme contain six subunits Held together by

electrostatic bonds. Urea or SDS did not have any further disaociating

1
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effect on the three subunits (Foldes et al., 1'97_3).\

/

{
1.A.4. Forms of DBE

DBH in ¢hromaffin granules of the adrenal medulla occurs 507 in' &

.

water-soluble form and 50% in a membrane-bound form (Smith and Kirshner, \

1967). These two forms are similar in immunoreactivity (doldatein et

~ ¢

al.; 1965; Skotland and Flatmark, 1979), mobility during polyacrylamide

" gel electrophoresis (Hortnagl-et al., 1972) and in their binding

affinity for various substrates (Brodde et al., 1976). Some differences

have been reported in regard to: (i) Arrhenius kinetics depicting

discontinuities in the temperature~activity curves (Aunis et al.,” 197735 —
- . F -4

(11) detergent bindir;g"(Bj_errum et al., 1979); (1i1) amphiphilicity by
3 " )

éharge-shift electrophoresis (Winkler et al., 1970); (iv) altered

4

-mobility by SDS gel electrophoresis (Sabban et al., ‘1983); (v) the

. presence of extractable phospholipids, especially phosphatidylserine or

»

binding of the enzyme to synthetic-lipids (Saxena and Fleming, 1983);
and (vi) the presence of extra, hydr—ophobic peptides in the bound form
(Slater et al., 1981). Hovfever, there are great similarities in the\
primary structure of the two forms of the enzyme in human and bovine
adrenal as revealed by amino acid analysis and tryptic peptide mappiqg
(Sokoloff et al., 1985). Perhaps,' differences in secondary or tertiary

’

structure determine the differences in - binding to detergents or

membranes. This has been shown for other enzymes, such as lactate’

3
dehydrogenase (Kimura and Futai,.1978) and pyruvate oxidase (Schrock ang

L s . 4

Gennis, 1977). L , .
1.A.5. Kinetics / " : N

. ; .
Tyramine 18 a better substrate for the enzyme in vitro than is DA

or phenylethylamine (Molinoff et al., 1971; wvan der Schoot and

.

Creveling, 1965). The apparent Km values\of the enzyme for tyramine,

o ML+ "
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ascorbate and fumarate are 2.0 x 1073 M; 0.9 x 10-3 M; and 0.6 x 1073 ¥

? ‘ respectively-(l?oldés et al., 1973). Km values‘ rangin’g from 1.7'x 10"1‘ M

~

(Belpaire and Laduron, -1968). The hydroxyla.-éion proceeas by a "ping~
o pong mechanism (Goldstein et al., 1968, Foldes et al., 1972).
AD nor NA has any inhibitory effect on ‘the enzyme activit:y in vitro at

~any of the concentrations tested (O‘.2-8.lt mM). Addition of low

. concentrations of cupric ions stimulates the cai:alytic activity up to an
i N .
optimum concentration around 0.03 mM.
[ . 6 . )
observed (Foldes et al., 1973; Goldstein and Contrera, 1968; Molinoff et

Above this,

B,

al., 1971; Coyle and Axelrod, 1972). . ' |

1.A.6. Ascorbic acid as cofactor

The best documented specific role for ascorbate is in nervous

system tissue where it functions as cofactor for DBH (Friedman and
- Y

This enzyme requires an electton donor; ascorbic acid

Kaufman,

“ Iy

1965).

1

serves in this capacity (Levin et al., 1960). In fact, recent studies
have suggested® that ascorbate can modulate neurotransmission;

ascorbate inhibits dopamine-sensitive adenylate cyclase in vitro (Thomas

and ‘Zemp, 1977); blocks amphetamine-~induced stereotypic behaviour in

rats (Tolbert et al., 1979); and inhibits the binding of neurot rans-
nitters to their receptors (Leglie et \al., 1980)., - )

The physiological role of ascorbate im beta—hydroxylation is
‘su‘pport;d‘by (1) the presence of thigh conc?nttation of this vitamin in
Y ' cﬁromaffin vesicles (Ingebretsen et al.,'1980); and (i1) the i"act that

primary cultures of bovine adrenomedullary cells accumulate asconbic

- ®

‘acid and release 1t under stimulation by nicotine along with catechol-‘

2+

afﬁines (CA) (Daniels et al., 1982). This release is a Ca
s, , '

.

-dependent

to 7.0 x 107 3 M have also been reported for the ehzyme with tyramine

Ngithgr .

inhibition 1s-

that is, .

ow
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. process. Thus, chromaffin cells have a mechanism to accumulate aac:n'bic

‘acid at the site of DA be‘ta—hydroxylation. The vitamin would be taken

-
s

, up from the circulation and could be conserved during physiological

function throu—gh the putative cytoplasmic regeneration system (Diliberto

and Allen, 1980). s
: 1.A.7.Inhibitors . -

Several substances inhibit DBH. Diethyldithiccdrbamate, a well—

known copper—chelating agent, is effective in vitro and in vivo

thiocarbonyl)—disul fide] (Fla-63) and methimazole act by the same
mechanism (Anden and Fuxe, 1971; Stolk and Hanlon, 1973). Fusaric acid
(5-butylpicolinic acid) and several of its analogues are potent

inhibitors _g_x_x_t vitro, apparently acting by means other than copper-“

hinding; they have hypotensive actions (Hidaka et al., 1969, 1973). The

3 inhibition by fusaric acid is uncompetitive with the substrate, but
competitive with the ascorbic acid cofactor. Substrate analogues; such

as benzyloxyamine and benzylhydrazine, are alqo potent.inhibitors in
Al

" witro (Hidaka et al., 1973). . .
Because Cu?t at the active site of the enzyme undergoes cyclic
oxidation and reduction (Friedman and Kaufman, 1965) it is thought that

L]

the action of at least some inhibitors is exerted by interaztion with
Q ~

Cu'2+ (Nagétsu et al., 1967, Orcutt and Molinoff, 1976). The inhibition

.et al.,, 1968).

.:I‘he observation that little or no DBH. activity 1ig present fin
homogenatés of adrenal glands, but does show up in-fractions of the
homogenate, led to the suggestion that some,nativ'e substa;xce limits. the
hydroxylation in vive (Creveling et al,, 1962). Indeed, endogenous’

‘ ‘ i 9 - .

4

(Goldstein et al., 1964). [bis-(I-Methy1—4-homopiperaziny,l—:'

[T

of adrenal activity is reversed by N-ethylmaleimide and by cut (Duch
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-inhibitors of DBH exist in many tissues (ﬁqgatau‘et al., 1967).

Endogenous inhibitors of this enzyme have been purified from heat-~

-

denaturaced homogenates of heart (Chubb et al., 1969) and from bovine N
adrenal medulla (Nagatsu et al., 1967; Duch et al., 1968). It has been

thought that the 1nh1b1tote could be glutathmne and, cysteine (Nagatsu

(4 .
. . , -

et al., 1967;.Duch et al.; 1968) H‘owe{)ver, depleti-on of glutathione .

B

+ with du%thylmaleate does not complete ly elmunate inhibitory aenvxty in

homogena\$es of adrenal giand (Orcutt and Molinoff, 1976) .These authors '

¢

D . have tep&rted dxfferences in the endogenous 1nh1b1tots from’ several rat

~

) 1
.organs.

1.A.8. Metabolic c¢lé&arance ) »

DBH enters the circulatory compartment with the sympathétic
Ty T neurotransm{it’ters 'presv.;mably_ after exocytotic ’release ofrom nefve ce_lls
(Smith et ‘al.(, 1;970; Weinshilboem et al., 1971). Studies of serum DBH
activity and its rela‘ti,onshi‘p to ner‘;Ous_ functioﬁ in & variety of
-epecies show that circulating levels of DBH do not correlate with co
sympathetic neuronal activity (Kop~in et ai , 1976). This failure of )
"serum DBH activity to ;:;efﬁlect acute changes in sympathetic nervous
system activity_ is well illustrated by studies ixt insulin-induced
hypoglycemia (Nisula and Stolk, 1978) and in subjects with signs'and
symptoms of-altered sympathetlc activity followed longltudlnally
(Friedman and Stolk, 1978) Actually the DBH level in serum reflects
the balance between the rate of e;try inte the serum and the rate of . -
" peripheral disposal, so that at:.teinpts to correlate~DBH activity. withv,*
‘way'mpathoadrenal function without taking in account the disposal pathways ‘ .
will be unsuécess,f'ul‘. ’ ‘ : ’ ' AR
. There is also. uncértainty about the ternover«rate o;f Diﬁl. The use

» . " ,’

- |
A’r
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T ) s 6f imunochemical and radiolabeling, techniques shows thdat the half-life

of DBH in the -rat ia&relati_vely long (3-5 days). Thus, Grzanna and Coyle

,:’; ‘-—’- ’ ' ' » ‘ b‘ : lo. :
: (1977) observed that the injection of anti-rat DBH antiserum into rats

’

' cauges a -rapid e11m1nat1on of DBH act1v1ty from ‘the circulation and they

calculate the Curnover in the aerum by t:he rat.e Qf reappearance of

[

1

circulating PBH. Geyer and Schanberg (1982) obtal.ned smgxl,u values

) with ragioiodinated DBH, us'egl to assess the turnover rate. of

’

circulating DBH activity in the rat. This method has been criticized as

ol ’ ' invalid by Stolk. He and hi's”cplieagu'es have employed a’ pulse-dose of

homoldgous or’ he't:ei"ologoua DBH; with measurement of its rate of

v

; ‘ d1qappearance (Stolk et al., .1980; Hurst et al., 1982)..His studies of

.

the kmetu:a of metabolum of rat and bovme ‘DB in the rat (Stolk et .

al., 1983) mdxcate tha't‘the time-frame of turnover of enzymati‘cally

[]
active DBH is hOUtB, not days. In other, experlments the enzyme has

‘ \ N been infused at & conscant rate into the rat chculat.mn (Stolk et al.,
} 198{3). Metabolxc clearance rates with the two procedures - constant

'infpsion and pulserdose technique - were similar. TInjected DBH activity

" and 8 ml/h per, 100 g body weight for heterologous enzyme Hlth a mean

-

transxt time of about 8 hours.

ot .0~ LA9. Methods of determiningp_n_l_i_ activity
" The early assays used to measure DBH activity were t1me-consum1ng

" and relat:\.vely insensitive. One of the most common methods was based on

¢ Lo ! .

the measurement of ‘the beta-’hydro;gy1ated_p'roduct of DA or tyramine’

o r (Creveling et al., 1962). NA formed from DA could be measured fluoro-

! . " metically or chromatographically (Levin et al., 1960). OQctopamine
: formed from tyramine could be cleaved with periddate to yleld p_—hgdroxy-

. ( . . benzaldehyde, this product would then be measured spectrophétometucally

o ', ' . N . ) . ’ 111

was cleared at the rate of 1 ml/h per 100g‘ body weight for homologbur
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or rad'iomelt,rical ly (Piisano et al., 1960; Friedman and Kaufman, 1965).

.

' Because of their low sensitivity these methods ake useful only in the

[

adrenal gland (Nagatdu et al., 1968), which is rich in DBH. An improved -

spectrophotometric assay (Nagatsu and Udenfriend, 1972; 'Kato et al.,

1978) has a sensitiv{ty of 250 pmol. Activity values with this method™
- N » L}

are Vmax, because it is carrigd out at saturating concentrations of

substrate (20 mM tyramine). |

o

Some” of the radiometric assays are the following; (i) Levin and

coworkers (Levin.et al, 1960) reported a ‘method that uses Ci-

) u’({)dopaxﬁirie,as éubst,rat:e. The product of the reaction is cleaved to

.

yield ll‘()--i:'ormaldehyde and separated by dimedon precipitatioen. (ii) The

w

method of Pisano ‘and.colleagues (Pisano et al., 1960), makes use of

Gring-3H)tyramine as the. sybstrate, which product of the reaction is

-

submitted to perioidate cleavage to produce 2-3H;hydroxybenzaldehyde,

. separated by_,so'tlven/t‘:/%iom (iii) In Creveling's assay (Creveling

and. Dal_y,»,l%S)‘, @.@-33iotyraﬁine is the substrate.a The JHOH formed is
* ~ ‘ - . | 3 s -

.obtained by s,épﬁfation' through Dowex-50 resin. (iv) The method of’

' t

Molinoff (Molinoff et al., 1971) is explained in detail below.

_ This radicassay, developed by Molinoff (Molinoff et al., 1971) is.

highly specific and even more sensitive than the others (30 pmol) and,

.

once the conditions are established, the method is rapid and convenient.
The assay involvés two reactions: ], Tyramine is beta-hydroxylated by

DBH present in the supern—atant of adrenal gland homogen e. 2 The

'

octopamine formed is labeled with 14C-SAM to form synephrine, catalyzed

v

by phenylethanolamine N-methyltransferase ('PNMT)_xpart,ial.ly purified from
~«bo‘viﬂ'e adrenal medulla. The final radioactive product is separated bj'

solvent extraction and its radioactivity is determined; The maximal

1 o
. .




activity of DBH in adrenals is,incteased g;o some extent as the dilution

of the homogenate is increased probably due to the dilution of

’

endogenoue inhibitora (Molinoff et al., 1971). Therefore, cuﬁric ions

(Molinoff et al., 1971) or N-ethylmaleimide (Goldstein, 1971) must be
. 2
used in the first step (DBH reaction) to inactivate the inhibitors . An

optimal concentration of Cu2+ has to be determiried_, -according to the

2+

dilution of the tissue. Higher concentrations of Cu are necegsary for

more concentrated homogénates. " EDTA added in- the second gtep chelates
the excess of cu?t and favors the PNMT reaction. )
Two factors are responsi‘“ble for the higl; sensitivity achieved- with

the Molinoff method: 1) the ability to,ass'a"y DBH at substrate

'concentrations above the Km (2 Km), and 11) the use of a partially’

purified enzyme in the second step. However, t:yramine inhibits the PNMT

»

reaction and DBH can'not’ be saturated with the substrate. Therefore,

values obtained by this procedure are not paximum véiocities.

Recently, hfgh perfomance liquid chromatogtaphy (HPLC) has been

o

int:roduced in: the assay.of varioue bicactive substances, because of its

simplici,ty, specificity and densitivity ("Kisainger_ et al., 1981).

. Methods to as}say"DBH by HPLC with fiuerescence detection when

tyramine is the eubetrate' tElafmark et al., 1_978); -with u]."trav'io;.et
spectropﬁotometric dé.tgction when DA 0is the substrate (Lasal.a' and
Coscia, 1979); alid- with electrochemical detection 'when. DA is substrate
(Davis and Kissinger, 1979; Sperk et.al., 1980) -have been .reported. A
more sensitive HPLC method has aiaowbeen reported, in which NA for'me'd

from DA {s i'solated by a double-column procedure This method has a

sensitivity of 30 pmol, which is comparable to the radiometric assay, .

»

‘and hae, been used for determination of DBH in cerebrosp'ina'l fluid'

P

(Marsui et al., 1981),

©




The problem with HPLC methods is that one must use an excesg.of

a substrate to ensure zero order kinetig with respect to aubstrate.

Hence when the reaction is stopped a considerable amount of unreacted

~

substrate remains. In the method with DA as substrate the hydti’n;yli

3

group in the beta position of the side chain has a 1vange effect in
° " 3

reducing the hydrophobicity of NA relative to DA; fthis ‘18 e'specially

1mportant in reversed phase HPLC modified with ion-pair reagents.'

.-.Resol‘uti‘on of the two_ compounds 1ig accompli‘shed with a difference of 10"

9

min in retedtion times;- Thus, one 1s dbliged to wait for the DA to be

'

. eluted before another. sample can be injected. In addition, the large
A

amount of DA (substtate) 1njected overloads the column and saturates the

"w -

output -of the- detector. These last problems can be.resolved by

L

util‘izing spl,it column .chromatography (Davis and Kissinger, 1979). This

invelves the use of two short columns 1ns‘tead of’a .eitsgle longer one} .a
\}e}ve between the two columns is opened for DA to be wasted.

v Deepite advapt'a‘gea ofst:iie HPLC methods, tl;e radioenfymatic method

of' Holinoff (Holinoff et'al, i9]1) offers facile operation, “specificity,

) sensitivity and rapidity, and is ideal for DBH determination.. It was

selected ﬁm:/the work descri.bed in this thesis. .

" . 1.B. Phenylethanolanmine N—methfl trtansferase

-« - + ° Phenylethanolamine N-methyltransferase (PNMT, EC 2.1.1.28), the

-

eneyme tl;at catalyzes the convetlsior'x of N\ to AD (Kirshner and Coo’d_al,]:,
.. 1957;.fA’xelro‘d, 1962) is highly localized in the adrenal mec.lullan but is
also present in .the CNS G(Ciaranello et al.,\ 1969; Saavedra et al., '19’74';
H8kfelt et al., 1973; Yu, f978,). This enzyme ;zas first reforted.by
- Kirshner and Goodall’ (‘1957) to_ oecur in' the adrenal -medtlla &nd to use

SAM as methyl -donor. Axelrod (1962) purified the enzyme further. PNMT

1
¥
.
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' Weiner et al’,

acts upon' a variety of phenylethylainines, but these require a hydroxyl
group in the beta position of thelside chain. The molecular weight of
PNMT, by Sephadex chromatography, is 38 000' no cofactors are needed

1979Q)..

(Comnett and. Kirshner, Titration of the enzyme -with p- -

hydro:tymercuribenzoate showed that th‘:ere are 8.5 moles of sulfhydryl
groups, but only two are esseut'ial for catal%'tic activity (Connet and
Kirshner, 1970). Kinetic analygis reveals a complex reaction mechanism
with random bindiag of substrates (Connett and Kirshner, 1970) or

i L

preference of SAM as the i’irst substrate bound (Pendleton and Snow,

1973). The method of determination developed by Axelrod (19’62) is based

% .
on the incubation of the enzyme with normetanephrine and 14C-SAM. The
N~meth}{l—1l’c-rnetanephrine formed is extracted into a mixture of toluene

and i{soamyl alcohol at pH 10 a:nd the radioactivity in the solvent is

Octopamine can also be used as substrate (Dia‘z\ Borges et al,,

¢

1978; Yu, 1978).

measured.

. o
A "HPLC method has been used for determining PNMT with

I:IA as substrate and with electrochemical detection of the product

a ¢

Ly

(Borchardt et al.,o 1979}'".

C. Regu“lation of’ catecholanine biosynthesis
L)

CA are. gynthetized, stored and released from the central nervous

. ) | | . )
systen (CNS), sympathetic ganglia, sympathetically innervated organs and

adrenal medulla.
4

tissue CA does not change appreciably.

Under phy’s:[ologicaI conditions the céncentration of

Increased sympathetic activity

i '

causes aeceleration in synthesis and release of CA 1in sympathetically

innervated structures and.adrenal nedulla (Bygdeman and von Euler, 1958;
\, . ‘

1973).

“

Four enzymes are involved in CA biosynthesis: tyrogine hydroxylase

(TH), DOPA deca{'bOxylase (DDC),. DBH and PNMT (Figure 1) The enzymes

hd ) e 1.5 Lo :
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involved in CA metabolism are monoamine oxidase and _catecholamine O-

methyltransferase (Figure 2) (Cooper* et al., 1978).; “\ ? ”

TH is a soluble enzyme located in the cytoplasm of cell bodies and
nerve endings. It 1is generaliy considered the rate-limiting step. in CA
biosynthesis (Levitt et al., 1965). The 3,4-dihydroxyphenylalanine (L=

DOPA) produced by TH 1is rapidly deca’rbo;cylated by f)DC, or aromatic amino

acid decarboxylase, which is also a cytoplast}lic enzyme (Sourkes, 1966).

4
’

The DA formed ig stored in the dopaminergic neurons. _In the.
noradrenergic neurons, DA is taken up by the stoi‘age granules at;d is
hydroxylated by DBH (Kirshner, 1957; Livett et al., 1969_). In thé
adrenal gland and in the CNS, NA leaves the stora;ge vemsicles to be N- °
methylated i;n the cytoplasm by PNMT (A}gelrod, 1962; Ciaranello et a‘l,
1969). - , , 4 ;

The intraceliular concentration of NA is of the order of 1074 M ‘
(von Euler, 1967), and is thus of the same magnitude as the Ki of TH for
NA*(}Musacchio et al., 1973). Cytoplasmic reduction of DA levels

. a
produces’an 1increase in DA synthesis by tht; release of a feedback

“

inhibition of TH (Glowinskl et al., 1973). The administration of

pargyline or pheniprazine, two (monoamine oxidase inhibitors, 'produces an

elevation of DA levels with a marked regluc'tion of the accumulation of °

3H—DA from 3H-tyrosine, and of the activaiqy of TH (Javoy et al., “1972).
However, tyrosine/administratitm increases DOPA to a ghall extent in rat

brain, and treatments that decrease brain tyrosine decrease DOPA
3

accumulation (Wurtman et al., 1974). This indicates that TH is about

752 saturated under normal conditions (Carlsson and Lindquist, 1978).

A short-term stimulus, such as a brief increase 1in

neurotransmitter utilization, produces a release of the feedback

.
-
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inhibition on TH, and a subsequent increase in enzyme activity. After
prolqngedf'aq‘gmentation of activityl in the CA-containing systems ‘there ‘1s
an incregse in the en-zyme ac}fivit\ies, mediated by an inc.rease in the
rate of synthesis (Musacchio et al., 1969; Thoenen, 1970; Reis et al.',

¥y -

1974; Molinoff et al., 1970; Ciaramello and Black, .1971).
. AN

*Recent data suggest"that phosphorylatgloﬁ of TH is = primary

cellular mechanism far the control of TH activity. Cyclic AMP~-dependent |,

= ‘

) Ptoteir_x kinase (kinase A) phospnhorylates and activates the enzymé in®

f the

-4

vitro (Vulliet et al., 1980). Physiological activation o

&

adrenergic éystem produces kinetic changes of TH similar to, i:hoae seen

,in yitro (Masserano and Weiner, 1979). Other invés"tigati\c;ns hqvé

‘Indicated that the cofactor for the hydroxylatio‘ﬁ of tyrosine, L~
erythro-tetrahydrobiopterin (Kaufman and Fisher, 1974), is important. for
the‘biosynthesis of biogenic moncamines and that monoamines may in turn

regulate the blosynthesls of the pterin'cofactor from GTP (N'agatsu,.

. .
1'9333). Thus, ,.there is mutual regulatian between the biosynthesis of

blogenic ami‘.nes and that of the blopterin cofactor. Drugs that increase

NA in vivo inhibit CA synthesi:s and adding pteridine cofactor to the

, @

preparation revergses -the effect (Weiner et al., 1973).

Althouéh TH is the rate~1limiting en;yme in the. biosynthesis- of FA,
DBH seems té# play an important role in the regulaéion of NA bio-
syntheasis. Disulfiram, a potent inhibitor of DBH in vitro and in vivo
(Golcﬂl’stein,n196¢‘5; Goldstein and N,akaj:l.ma, 1967) causes a rapid and
marked' fall 4in endogénous' content of NA in brain and heart and elevates
endogenous DA.” This inhibitor blocks the reple«nishmen't \of NA stores
after depletion by reserpine (.Goldstein and Nakajima, 1967). In a time—
course study, disulfiram prdved n':orc;_ effective than alpha-mpthyl-p-

tyi‘bsine (AMPT), an inhibitor of TH, 1in decreasing NA 1in brain

17 -
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(Goldstein and Nakajima, 1967).

i

[

. . l,
'L.D. Short and long term stimulation of CA biosynthesis. Molecular

characteristics of tyrosine hydroxylase, dopamine beta—hydroxylase and

phenylethanolamine N-methyltransferase

Acute stimulation of the splan‘c}mic nerve i‘ncreaaes both the
reiease, and the biosynthesi's of CA in the adrenal medulla (Bygdeman and
v<;n Euler, 1958). Recent data suggest that the phosphoryiatioq of TH is
primary. in this effect. cAMP-dépendent protein kinase (kina.se A)
;-Jh()sphorylate‘s ‘and activates the enzyme in vitro (Vulliet et al., 1980)
and _igﬂy_i_\_rg (Masserano and Weiner, 1979; Waymire, 1984). Direct
stimulation of the splanchnic nerve also activates adreﬁa} TH (Vulliet
et al., 1984).

4

Chronic étimulation of the splanchnic nerve leads to an increase in

_‘_‘..\ ' .

e

the synthesis of e;zymes of CA blosynthesis, TH, DBH and PNMT; they

increase in activity in a coordinated fashion (Ross et\aih\1978, 1979).
Th‘ig s;lgge.sts that similar mechanfsmsg control the re.gulat’ion of the
geties coding for these enzymes. On the other hand, the three enzymes
are ‘n;gt: expr};ssed in all CA neurons; this would mean that sep(rate genes

code for each enzyme and that the separate genes are independently.

expressed. Aminoacid analysis and peptide mapping of the three enzymes

show that they share common protein domains in their primary structures

(Joh et al., 1981). Immunochemical and structural analysis of CA- .

- 'syntheéizing enzymes implies that they may also share common gene—coding
~ gequences. cDNA cloned for each enzyme«cross-hybridizés with mRNA of

the three enzymes (Joh et? ai., 1984). Joh has proposed that the
* homologies of these CA enzymes gene-coding regions may be the result of

duplication of a common ancestral gene, followed by divergent evolqution,

< b
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-(Joh, 1985).

mechaniam

though with conservation of sequences essential for catalytic activity

. AN el
. . P

_I.E‘ Transsynaptic 'induction‘_g_f_ adrenal enzymes. Molecular

7

In ,their studies of the transsynaptic induction of TH Costa and

.Guidotti (Guidotti and Costa, 197@ Costa, 1976) showed that the

activation of nicotinic recepté’rs praduces an increase in cAMP and -

protéin kinases. Thege protein kinases are taken up into the nucleus

I ‘ L ‘ v

where they promote the production of mRNA; this increases the rate ot — —~

synthesis of specific proteins (Joh, 1973). Reserpine a'dministrath'on,

produces the transneuronal induction of. édrenal TH (Thoenen',‘ '1970)  and

increases cAMP (Guidotti and Costa, 1976), protein kinase éctivity i

- (Insel, 1975; Costa and Guidotti 1978) and TH-TRNA (Mallet et al.)

1983). Immobilization stress (Paul et al., 1971) and cold expoaure
(Guidotti et al., 1976) also elevate cAMP levels in the adrenal gland of
the rat. .Denervation of the gland blocks the :lncreases of TH activity,

cAMP and prot:ein kinase activation (Guidotti and Costa, 1973; Insel,

1975 Gu;Ldotti et al., 1976). In chromaffin cell cultures cAMP induces

JH (Kamanmura et al., 1979). It has beehn proposéd that phosphorylation

of acidic proteins could inhibit the chromatic template restriction and

increase the synthesis of specific RNA (Costa and Guidotti, 1978).

3.

i

1,F. Release of CA from the adrenal medulla

- j . !
—__ The adrenal medulla is composed largely of chromaffin cells, These

[ - N
cells have no terminals, but recelve innervation from spinal‘\ cord

segments Tg¢~Ty; throuih the adrenal branch of the splanchnic nerves .

(Hillarp, 1947). ACh 1is the physiolegical mediator of ex;:itation of the

°

1
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" adrenal medulla (Feldberg et al., 1934; Trifaro et al., 1‘9_72"; Co_sté et
al., 1981). Nicotinic¢ and muscarinic receptors are present (Kirshner and
« "Viveros, '1972). ACh causes depdlarizatiou of the plasma memb;aqe\ih the, s
- -absence of Cal*, but~;ecretion occurs only. in the présénee of.that‘ion -
(Douglas, l968ﬁ External Na* is necessary also, probably to effect
changes in membrane.pQQeqtial (Banks eé al., l979).~ Finally, a
%eﬁabblic source of energ; is‘necegyary'(Kirshner and Smith, ;969).
Release of CA from the adrenal medulla occurs by exdcytosis, a procesé
ié which éﬂe éontent of';he adrenal storage vesicles‘ié released to the
exterior, leaving‘tﬁe membrane of. the Vesiclegwithin the cell ( Poisner
‘and Trifard, 1967; Viveros et al., 1969; Ealdéésarini, 1975). The
_energy source for up;ake and.sequestratioﬁ of CA and nucleotides‘{s a
ptgton-pumpiﬂg ATPase providing a pH gradient (iow inside the vesicle)
aqﬁ a membrane pot;ntial. Except for the ‘complexes bétween'ATP and CA,
the gran;lé content is %so—osm@tic with the‘;}toﬁlasm (Kirghner and
Viveres; 197i1 Studies with primary cultures of adrenal medulla havé

-facilitated the understanding of some of these phenomena\(xirahneg and

Viveros, 1972; Trifaro and Bouner, 1981). The cultured chromaffin cells
. ) A by

have & secretory behaviour iiké\the cells in the intact gland (Trifard

and Lee, 1980). ..

4

1t has been hypothesized that in the splanchnic nerve ACh coexists

with opioid peptides and that these substances are coreleased, each

]

acting -on its respective receptors in the chromaffin cells (Schultzberg

et al., 1978). It'geems that these peptides then mbdhlatelthe felease

of CA el%cifed by the actigd of Apﬁ (Costa et al., 1980); bi.
in?iﬁit;ng it. This’inhipitioﬂ-is~qon‘§e@pétit@ve,‘énd brobahly‘
invélves an {ndirecc ;mchthsm (Kaﬁaki%a et al., 1980). B

Chfomiffih‘ceiré'glso contain GABA.aFJ benzsd%szepine feceptorc; '( *

20
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these are functionally linked (Costa et al., 1984). The action of
muscimol on CA release is blocked by bicuculline; this suggests that

cmA' receptors occur: GABA is said to have .an inhibiioty action on CA
‘release (Costa et al., 1984).

' 1.G. Adrenal cortex and medulla. ‘Regulation of sdrenal enzymes

|

o

Tﬁe'agli‘enachortgx 'is of mesodermal origin and produces steroids.

’Coréicotropin releasing factor (CRF),from. the, hypothalamus acts on the
’ “ant;eribr pituitaty and stimulates the pzjocLlucticfp and release of adreno-
c'orticctrbpin" (AC'I’K)' wh’icl.i, through the circulat‘ion, gets to. the cort;x
' and stimulates the synthesis and release of'glucocotticoids. Ths

adréual‘npedul'la derives from the neural crest (ectoderm) and produces

"CA. There is some. evidence for sl;lanchnic innervation to the adrenal

cortex (Unsicker, 1971) and for a neural role in'the secretion of .

corticoids (Henry et al., 1976). The adrenal cortex and medulla are

’

“intimately :"ella:éd not only a:ﬁtomically, but functionally. For

ekample, splanchmic innervation of the medulla is not the only regulator

of its functions; adrenal cortical hormones and ACTH play(regulatory'

v

' roles in the -production of medullary CA (¢iaranel lo, 1980). \ )

s In response to stressful stimuli the adrenal gland secretes CA into

the circulation from the medulla, and glucocorticoids from the cortex.’

LI

‘Both hor‘niones inc'reasell‘:he available body gl'ucoae by ptom.otiqg'
" glycogenolysis and gluco"ne’,ogenesis, respectively (Figure 5). Also, NA
and AD h;vg vasoqonatrictive properties, and élucocorticoids stabilize
epithelial membranes. ‘ o

1.G.1. Humoral control

rd

‘ The levels of PNMT in the adrenal medulla are reduced in hypo-

t

) ﬁhysec-tguized rats and restored by hydrocortisone or dexamethasone

P s -

IR i
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.(Coupland, ' 1953; Wurtman and Axelrod, 1966). Also glucocorticoids seem

,to be important in regulating ‘the resting activity of other enzymes,

such as TH (Mueller et al., 1970), DBH (Weinshilboum and Axelrod, 1970),

k
catechol-o-methyltransferase and monoamine . oxidase (Wurtman and. Axelrod

~

..obser\'(ed after hypophysectomy (Pohorecky and Rust, 1968).

1.6.2. Neural control .° .

Rg,flex ‘ac;ivation of the splat}chnic nerves to the adrenal medixl}a

-

by agents such as reserpine or 6-hydroxydopamine (60HDA) el vates

adrenal TH (Mueller et al, 1970), DBH (Molinoff et al., 1970) agd PNMT

1y

(Ciaranelloand Black, 1971). = Other' treatments such as administration
of dopaminergic agonists transsirnaptjcal ly’ increase adrenal TH/ (Quik and

Sourkes, 1976) and adrenal' ornithine ;lécarboxylase {Almazan et ‘“%,"

]
[

1980). ’I{nx-nobi‘lig.ati_on and cold ‘stress also induce these adrenal

‘enzym'es (Thoenen, 1971; Kvethansky et al., 1970, 1971). Direct

stimulation of the nicotinic receptors on the chromaffin cells with ACh
G ¢

(Patrick and Kitshner, 1971) or carbamylcholine (Guidotti and Costa,

v

1973) results in an increase of these enzymes in the rat.

1.6.3. Dual regulatlon of dopdmine beta- hxdtoxylase and

Lenylethanolamme N-methyltrans ferase

Studies of DBH (Ciaranello et al., 1975) and PNMT (Ciaranello et

al., 1978) by immunotitration and by double labeling of the enzy%es with,

pulses of 3H and l4C-aminoacids show that these enzymes are regulated in

a dual manner. Both neuronal and humoral stimuli affect them, but by

0

different biochemical mechamsms transsynapnc factors control enzyme

mductmn (synthesis) aud hormonal control regulates steady, state levels‘

13

-

' 1966) Only minor changes in ultrastmcture of the adrenal medulla ate—\
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(degradation). In contrast to the action of glucocorticoids or ACTH,
.

' which only te,stores the enzymes back to control levels in hypophy-

A

I
sectomized rats (WeinshilBoum and Axelrod 1970), the neuronal

stimulation 1ncreaaes them i1 normal animals. Moreover, it has been
shown that ;scerbie acid and SAM, cofactors of DBH and PNMT reactions
respective/iy, prevent proteolytic breakdown of these ‘enzymes (Wong and
Ciaranello, 1981, N 1982) Both cofactors decrease after hypophysectomy

in the adrenal gland (Wong and Ciaranello, 1981, 1982).

1.H. Coexistence and interaétion of neurotransmitters

'Monoamines are localized in the CNS in cell groups temed AI-AIZ

‘for CA and B]_-Bg for serotonin (5HT) (Dahlstrﬂm and Fuxe, 1964). These

neurons represent only a very small propottion of .the cells in the CNS

v

(Dahlstr&n and Fdxe, 1964). In areas with a very high concentration of

CA- fibers only 10 ISZ of all nerve endings contain the monoamine

(Hdkfelt, 1968). Thus, other neurotransmitters could coexist in the

same neuron or area of the brain and interact with each other. On the

I;asis of dynamic histoi?mpunochemistry in central CA and peptide systems -
H&kfel-t (1984) assumes that those interactions could be: 1. Direct: CA: ‘
‘ and peptides contact with each other at different levels. 2. Indirect:
This could occur by separated axo-somatic contact in a third neuron or
léy intermediation of an interneuron. 3. Coexistence: Monocamines and’
" peptides coexist in some neurons of the brain. Simultaneous release of

both neurotransmitters and neuromodulators could affect the postsynaptic

response or the presynaptic regulation, as has been reported in

’peripheral models (Lundberg et al., 1982).

In addition, tl:e. fact that some central functions are modulated by

‘several neurotransmitters acting in ‘a facilitatory or inhibitory way

N
v
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~ and: SHT is inhibitory.

e

] sqégests that they interact to modulate those functiong’-/i't{ a balanced '

!’

manuer. Some'examples of these interactione' are:

1) A&renergic—cholinetéic interaction: Evidenc‘e: of this type of
interacti‘on is as follows: (i) a noradreneréic inhibitory syste:‘n;
actxvated by ACh has been teported to be present in the cerebral cortex
of rats (Malcolm et al., 1967); (ii) -Ach and SHT are shown to have

positive effects on DA release from caudate nucleus (G}owankx,.-l970);

(iii) depletion of striatal ACh produced by reserpine is reversed, by

v

administration of L-DOPA (Beanid- et al., 1966).

2) - Serotonergic-dopaminergic interaction: This interaction is

suggested~{n va'rioue reports: (i) psychotic manifestations produced by

. , '

5HT atre reported to be decreased by L-vt:typtOphan and by L-DOPA
(lhrkmayer et al., 1972); (1;) admuustratxon of L—DOPA produces an_

. .
in_crease in DA, but also a matke¢ decrease in'brain SHT (Everett and

Borcherdxng, 1970 Ng et él~-.,:l 1970); (iii) there is a' central

.serotonetgic-dopaminergic interaction in‘-the regulation of adrenal TH
. 4 e

netivity (Quik and Sgﬁrkes, 1977), in which the DA system is atimulatery

< -
]

3) Cholinergic-serotonergic. interaction: The fol lowing evidence .,

supports this interaction: (i) SHT in vigro inhibits brain AChesterase
. N 4 * '

in a competitive manner (Mohammed et al., 1975); (ii) some cholinergic

»~

agonists increase 5-hydroxyindolacetic acid (5HIAA), a 5{!’1’ metabo}ite in.

- &

the brain (Haubrich and Reid, 1972).
4) Gabaergic-dopaminergic interaction: Iontophoretic application

of gamma-aminobutyric acxd (GABA) to neurons in the substancxa nigra

produces neuronal inhibition of ACh and DA neurons; thls is’ blocked by

picrotoxin (Groves et  al., 1973). .

i
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5) Galiaer%é?z"noradrener'gic-sef"otonergic interayom It‘ has been

reported that GABA treatment lowers NA and raisés_ 5HT levels in the’ .

brain; ‘this is more pronoun;:ed in the hypotha‘lamus (Yessain et al., .

1969). ; o
6)¥vGabaergic-cholinérgic;dopsminergic interaction: Picrotoxin, a
GABAy recept_or blocker, produces an increase ig ACh j-_n toat gtriatum,
'shich is antagonised by AMPT. It has been suggssted that by blocking
'GABA receptors DA activity is incressed"and inhibits cholinergic neurons
. leading ss-iqcsease in ACh' content (Ladinsky et sl, 1976).
‘#7) Catecho1aminefgic-éatecho1am1nergic 1nteract£;n' Autelmsn and

-Caggiula '(1L977) have described a NA gystem that when is depressed brings

about a facilitation of DA function. )

Other examples specifically related to the présent work are given

in:the Results and Discussion section.

.

LI Pdathways of stress ' o

R

lﬂ%j Walter Cannon in 1911 introduced the concept of homeostasis and
describedthe complex physiological reactions that maintain the 1nternal
'equilibrium of the orﬂjﬁisms. Cannon demonstrated that, during stress,
AD 1is Feleased ‘from .the adtenal glands (Cannon, 1929): Then, it gas
reéognized thst the repeated éiposdre to certain scisuli results in
adap%ative changss in'ordé? to preserse the internal eonditions. Selye
1ntfhdsced the councept of'ths “general adaptation syndrome " with
- special attention to the role of adrenal glucocorticoids (Selye 1936,
'1976). Sincg then, the hypothalamo-hypophyseal-adtenocortical axis has

taken import;nce in studies of the endocrine response to stress. The

stress theory of Selye described a non-specific response, but later

ngsearch has demonstrated the existence of different patteras of

i
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endocrine response to stress agents, so that there 1s no single general

——

response to all kinds of stimuli (Masgon, 1971).

. X

Despite the fact that changes in the adrenal medulla were well

2

S

. _recqgnized,. the role of CA in stress was temporarily forgotten.. m,\-e'n.
more information concerning the central action of CA as neu‘ro"tr?ans-‘-,“
ﬁtters was available, it.was inevitable that the actio# of CA in stress
research recovered importanlce. Son;e laborator‘ies have been‘intetestegi

in the regulation.of certain medullary functions, such as DBH and PNMT

b

activities (Ciaranello 1975; 1982¢ Wong et al., 1983). Others have C\

worked on the mvTécular aspects of the adrenal me'ciul-lary activation

(Costa and Guidotti, 1978). And others have ‘'studted the nervous path-
R ‘ .

ways regulating these functions and producing a final response through

£ 4

the activation of the adrenal gland (Sourkes, 1983, 1_985).

~

Different types of stimuli have been used, 'such as immobilization

3
4

~s't:reas (‘Kvetﬁanskyr gt' al., 1971), cold .expogureA (Thoenex‘i, 1970) oF high
t.emiieraturé ‘co;nditionsh (Simmonds, 1969), hypoglycemic shock (Viveros et
‘ al., 1969; Patrick and Kirshmer, 1971), hemoﬂrrimge (Cubedd'ﬁfet al.,
1978) or the action of certain pﬁatmacoldgical agents of known specific
action (Thoenen, 19713 Molinoff et al., 1970; Leﬁand;r eé al., 1977;
Sourkes, 1983). =

Several central pathways can be activated mdé;‘ pharmacologi.c’:.al
stress. Th'e administratiog of DA ,ag‘o'n'ists (Quif; and Sourkes, 1976,
19:17;‘Gagner et a‘l...“1983), ACh agonists (Lewander et al., 1977), of
'rese::pine (Thoenen} 1971), aor antiserotonergic drugi (Quik and Sourkes,
1977) inecreases adreqal .TH activity. Some of these treatments, sucl? as

administration of reserpine (Molinoff et al., 1970) and cholinergic

. agonists (Lewander et al., 1977), alsa increase adrenal DBH activi't'y.‘

o
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The aim of this work 1s ‘o 'shed. light on the interaction of
" . q “ -

‘neurotransmitters related to the dual-regulated adreral enzyme, DBH.

-
5 .

v a
» -

1.J. Gentral adminisp:ration of specific compounda L

" Intracranial chemical administration of drugs is a valuable tool ‘to

extend and refine the method of electrochemical stimulation. The

advantages of using the icv route for drug administration are: 1)

‘avoidance of the blood brain barrier, in the case of impermeability of

v

certain substances; 1i) reduction of collateral effects in the

periphery; and 111) restriction of the drug action to specific brain

areas. However, some precautions concerning the diffusion of the

substance to be administered should be taken (Girgis, 1983; Lum et al.,

<

. . .
1984). These are: 1) use of an appropriate concentration of the drug to

-

be injected; 1i) control of duration of the irdjection to avoid

asymmetrienptake; and 1i{) administration of the drug in very small
-

* o -

volumes to circumscribe 1its action. , .
Microperfusion with osmotic minipumps permits the cbntinuous

administtation of the compound under study (Theevwes and Yum, 1976; Lum

et al., 1984). Thisé technique offers the following edvantages: :l) '

counstant and prolo'nged admninistration; ii) lesa stress of the animal,

owing to less handling, and 111) minimum damage of the SNF because the

injection of serial pulses {8 avoided. In addition, much lower doses .

-
» >

are sufficient to obtain a pharmacological effect, 1in contrast to t:he‘

acute injections of the tested substance. . ; ‘

\
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Schematic representation of the humoral

and neural pathways to the adrenal gland.
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" Information concerning animals used in the experiments and their
treat':men'ts, surgical and histological procedures, and PNMT purificaiioﬂ

are specified in corresponding Results and Discussion section. Other
) i '

]

methods are described in this section. ’ .
. 2.C. Tissue

2..1. Adrenal gland

Adrenal glands were removed. from animals deeply anesthetized with

sodium methohexital, 65 mg/kg 1ip, and placed on ice. 'fhey_were
dissected, extracted from the capsule, and weighed. Tissue to be
analyzed for enzyme assay or CA determmination was ﬁomogenized in l,ml_ of

3

the appropriate solution by means of 10 péssages wvith a Teflon

v

- homogenizer.
2.C.2. Brain .
The brain was removed from the skull of animals decaijitated after

sodium methohexital anest'heaig_. It was coo]:ed on ice, cleaned and

weighed. Homogenization was done by 15 ‘passages of a Teflon homogenizer ~

N 4 '
in four volumes of 0.36 N perchloric acid, containing 0.1Z ascorbic

acid. The supernatant fraction was used for CA or - 5HT.'determination.

2.C.3. Forebrain Et_l_t‘_l_. raphe area

Dis&ction of forebrain and raphe area vas done by the procedure of

Aghajanian et a1‘. (-Aghajan:lan\‘gt al.; 1973).: The forebraix;was 7obt‘ained
through a gsection from the anterior border of the superior gol 14iculi ro
the posterfor border of t;he hypothalamus. "Cerebellum was separated from
the‘re’st of the brain, after which the;-posteriqr midbrain was dissected,
from the remaining tissue by a‘ver't;cal section,thr,ough‘the superior
colliculi and ‘the pons. Finally, a block of gissue containing the raphe
. perikarya was obtained /by: 1) horizontal sections thrm‘:gh.the'cerebral

aqueduct and through the lowei:‘mid):ra:ln', below the median raphe nucleus,

] -
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and 2) sagittal sections on either side of f:lie"laterallbordérs of the

central gray area alongside the dorsal and medial raphe m;clei (Figute 1).

2.F. Enzyme determinations in the adrenal - - :'«

'2.F.1 ~ Dopamine beta hydroxylase )

I%BH wasg determined' by the two-step assay of Molinoff et al. (1971)

(Figure 2) with slight modifications.’ Supernatant, 200 pl, was added to

ey

120 pl of the incubation mediuym in a I5-ml stoppered centrifuge tube.,

_The final concentrati‘on of the reactants in the incubation medium were:
agcorbic acid (pH 6), 4nM; disodium fumarate (pH 6), 40 mM;'p'argyline,
0.4 mM; tyramine, 1 mM; CuS04, 20 pM, concentration sufficient .to block

endogenous "inhibitors for the given concentration of. Ehe enzyne, (i.c.

dilution of tisgsue); Tris buffer (pB 6), 0. 03 M; and 1500 ‘units of

catalase. The fi,rst step of the Molinoff assay, the DBH reaction, was
carried out at 37° C for 20 min; at the end 'of thét the seécond step;' the
PNMT reaction, was initiated by the addition of the fol lowing sgbstances

in a volume of 100; ipl: 20 pl of a preparation of PNMT partially

purified from bovine adrenal medulla; EDTA 13.5 mM3 Tris buffer (pH

8.6),’1 ¥; and 1.7 nmol of '%c-sAM (58.2 mCi/pmol). After 30 min of

P
incubation the reaction was as stopped by the addition of 500 ul of 0.5 M

i W

/ U S

“borate buffer pi 10 and by rapidly cooling the tubes on. ice. e

product, '14C—synephrine, was extracted by_the addition of 5 ml of

r

toiuene:isoatﬁylalc‘o’nol (3:2, v:v) and vortexing for 15 sec. . After

centrifugation of ' the mixture at 2000 rim for 10 min, 2 m1 of the
organic phase were transferred to scintillation vials and evaporated at

[
0°C. One ml of ethanol was then added -to dissolve the residue, and

1

, was followed by 10 ml of Liquifluor for radioactive detemination.

Blanks were prepared with gubstrate omitt:ed with boiled enzyme, *or w:lth

. .

-
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3 mM fusaric acid added' hese did not vary significmtly. Each sample-

was prepared in dupliéate, variqtion betveen them being 1-52. Am

internal standard of 50 ng of octopamine was included in all

experiments. Non-dialyzed preparation of DBH was incubated with various

concentrations of tyramine, from 0.05 pH&?'— 2 mM;. the Km for tyramine was

0.39 mM. The reaction showed linearity with the concentration of the =

enzyme up to 2.5% (wiv) dilutidn of adrenal tissue. The dilution used

‘in the assays was 22. Maximal formation of product was obtained with
¢ . ’ ,

-

3

20-'30')11 of the PNMT extract from 8ovine adrenal medulla.

Mosf of the DBH determinations were done with this procedure,

however, at the end of this work, the assay was further m;)di_fied by

reducing the volumes.to one-tenth of those specified above, except for
.- . ! . - N

the partially purified PNMT solution that was reduced to one—fifth.

Final.conCe‘ntrétions'of the reactants were mantained.

2F.2 Phenylethgi()lamine N—methyltransferase

PNMT was determined by the 'method of Yu, (Yu, 1978) with some

modifications. Adrenal glands were homogenized with a Teflon

homogenizer in 1 ml of an {ce—cold solufion of 0.05 phosphate'bi:ffer,‘

pH 7.4, containing 0.15 M HC1, 0.1 mM ditﬁiothreitol, ‘and 1 mM EDTA.
Homogénates were centrifuged'at 10,000 g for 1'O.m'in. .Supernatanti,' 20
pl, vas added ‘to i30 pl of the incubation medium. . The: final
conceqtrati‘on_s of the reactants in this medium were: k’l_‘f:la buffer (pli
8.6), 0.1 M; dithiothreitol, 3 p}i‘; octophﬁing, 2 mM; ;nd ll‘c-SAM, 0.8
nmol (58.2 mCi/mmol). 'The reaction was carried out at 37°C "for 30
mir;, t,md'vas fallowed by the addition of 100 pul of borate (pH 10), 0.5
H, "the microtubes cox;taining the : mixtutes were placed on ice. The
*methylated product, 1l‘c--synephr:!.nqz, was extracted by the addition of 500
ul of toluene.isoamyl alcohol (3 2, viv), and vortexing for 15 sec.
= . - * . * ’ v

<
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After centrifugation ‘at 2000 rpa for 10 nin, 200 pl of the organic phase

were transfered to scintillation viais and evaporated at 70°C. One 4@

of ethanol was added to dissoIve the residue, followed by 10 ml of
Liquif luot fc:r radioactive counting. The efficiency of the counting was
. 85%902. Blanks were fxrepared by omitting. substrate or by‘i;ldlusion of
boileci enzyme; these shoxlv;.d’no signifiéant di’ff'erences. Each samplqe was

prepared in duplicate; vér;ationa were less'than 2. Corresponding

s 0

internal aCaqdards of the 1Z’C-SAM were counted in order to calcul'ate

s

product formation. The Km for the substrate '&etermined with

concentrationsg of octopam;lne from 0.03 mM = 3 mM ‘was 0, 38 mM.

2.¥.3. Dopa decarbogylase -

Adrenal dopa decarboxylase was deterniined‘ by the method of Awapara

°

and: coworkers (Awapara et z;l., 1964). -Carhoxyl-labeled substrate ylelds

14

with 100 pl of a mixture of ?thyleneglyéol monomethyl ether and

€03 which 1s.,tfai>ped as it 1is produced, on a filter papei- imi:regnated

monoethanolamine (2:1), and piaced in a polypropylene well s%spended

with a‘rubber, stopper 1ip _;1 25 ml conical flask. The 1ncubation medium

consisg:e'd of 0.2 ml of 0.077 M phosphate bﬁffer, pH 6.8, 0.2 m1 of 0.08 °

M pyridoxal phosphate, and 0.1 ml of superqathn; of adrenal gland,

'~p‘1'ev:lous]:y homoge,ni’zéd.in the sgame“buffer solution. A preincubation of

reagents was carrled out for 10 min and the reaction was initiated by

_ the ‘addition of ll’C-‘DOPA, 1 mM (5];.8 mCi!mmol). Blanks were prepared
with bo'iled) enzyme. The reaction was ‘stopped hfter 5 min of incubati’on
by the addition of 0.5 ml of 5 NH,504. The filter paper in the center
well vas then placed in 10 ml of Liquifluqr for scintillation counting.

2.F.4. Lacdtate dehydrogenase ' *

35
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.Adrenal 1lactate dehydrogenase was det%fmined by. a

spécfroph,otomet‘i'ic method (G‘ilford~Spec;rophoto’mete'r 250),. Adrenal
glands were homogenized in 1 nl of 0.2 M Tris-HC1 buffer, pH 7.3. Th;e
‘re-action velocity was calculated by the decrease 1in absorbafce at 340 nm
! 'resul!ting from the oxidation of NADH. One unit of enzyme activity is
represented by: A A3;‘0/min per mg of protein in the reaction mixture x

100. The incubation medium consisted of 2.8 m1 of Tris-HC1l, buffer pH

3

7.3; 0.1 ml of 6.6 mM NADH; and 30 mM sodium pyruvate. This mixture was

4 -

preincubated at 259C for 5 min and the reaction was started by .the

s
1

addition of 10 ul of the supernatant of adrenal gland: The decrease in’

absorbance was foliowed to 60 min after the addition of the enzyme..

s

Proteins were determined by the method of Lowry (Low;'.y et al., 1951).

-

' ’

2».G.‘ Monoamine determination

CA and SHT were determined by HPLC according to the procedure of
. ( ‘ ' Felice (Felice et al., i273), and Anderson (Anderson et al., 1981),
respectively. The 1liquid chx.:omatograp'h and detection system employed
was? ,W;teré M-45 pump (Waters’Scientific), a Waters U6K injector, and a

:uBondapak C,g reversed phase column (300 mm x 3 mm I.D., 10 um average
p;u't:icle size) (W'atet:’s Asso.c:lation, Milford, ‘MA, U.S.A.). The
amperometric detection system compr‘ised a Bi.oanal;Vtical Systems
electrochemical controller (LC-_4B),, a 's:ll:lco‘ne carbon yoat'kingJelectrode,
\ , ‘a Ag/AgCl reference electrode ,atigl a Teflon tlllin-layer detector cell and
reference electrode compartment ‘(Bioanalyt.ical Syst;exns, West Lafayette,

1

IN, U.S.A.). The potential of the working electrode was + 0.7V for'

serqfonin and +0.6 V for 'CA,. respec'pively, versus the reference
electrode. Background currents of 1-2 nA were observed. Standards were
purchased from Sigma (Sé. Louis, MO, U.S.A.). Stock.solutions were made

‘up in’ double-distilled water, containing 0.1% ascorbic acid. Diluted

.
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standards were prepared da.ily. : . ) 3

- Ve
-

»

Whoalﬂé rat brain, foreb;'ain’or rapbé area was };omogenizéd in -0.36 N
HC104, cont'aining 0.1 ascorbic acid, to yield a fina‘l tissue
concentration of 25% (w/v).v Adrenal glands were hon;ogenized in 1 ml of
the same solu:;on. Then they were centrifuged at 15,000 rpm for 30 min.
Some of the .homogem‘:tes recelved portions of each standard. The
recovery of these étandards was cal»culat‘ed by subtracting the endoqenous

content from the loaded sample'and- compaiing this difference with a

standard prepared the day of the homqgeniz&tion and gtored under the

v

.

same conditions at -70° C. The recovery was 90-952.

Samples for CA determination were submitted to alumina extraction .

in order to purify the monoamines to be determined. Supernatants

obtained after tissue homogenization (500 ul) were added to 100 mg of -

alﬁmina in 15 ml glass conical tubes éontaining 1 ml of Tris buffer, 0.5
'M pH 8.6. Each s;mple was vortexed. for 15 sec, allow to stand for 5

min, after which the supernatant was gspirated. The alumina was washed

with l‘ml of double-distilled water three times, and 1 ml,of perchloric

acid, 0.2 M, was added. Tubes.were vortexed for 20 s,’ and allowed to

stand for 20 min. The supernatant was filltered through a $winngx

filter, 1.3 mm diameter (Millipore). Recovery was 60-65Z.

2.G.1. Catechqlamines ' ) o

The mobile phase used in the determination of CA was ‘95”1 .01 M-

phosphate buffer, pH 5, containing 0.2 mM sodium octyl sulphate as fon—

pair, and 52.methanol. Volumes of 10-50 ul and standards of 0.5-5 ng

were injécted (Figures.3 and 4).

a
.

2.6.2, Serotonin . -
The mobile phage used in the aetermination of 5HT was 922 0.01

4
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"were injected (Figures 5 and 6).

L4

4

sod'ium acetate buffer, pH 8, 25, adjusced with glacial acetic acid,

containing 8% methanol.: Valumes of 10-50 u1 and standards of 0.5-5 ng

a

2.F. Plasma corticostezrone' determination .

1

——Blood was obtafned during the course of the experiment by tail

’

bleed“ing. and at the end of -1t by heart puncture. Plasma corticosterone

was determined by a competitive protein-binding radioassay (Murphy et

al., 1963; Murphy and Wagner, 1972). In this methéd a known quantity of
'labeled 1ligand is added to the unknown ligand and the mixture is exposed
to a protein that Binds the ligand specifically. The amount Of, labeled
free ligand depends on how much ligand, present in standard cu—rves and
samples, competes with 1t for t:he protein. Internal standa'rz‘i.e of
corticosterone (Sigma Chem:lcall, St. Louis, MO, U.StA.) of 0.5-16 ng in
ethanol were prepa.red in duplicetea. In performing the assay rat
plasma, ~10 ul, was pipetted in duplicate on a square of filter paper;
the paper w;s placed in a culture tube and 2.5 ml of methylene chloride
(Fisher §c1ent1fic, Montreal, Quebec) was added. Samples were shalcen
for 30 min for extriaction of corticosteroids. All samples and standards
were evaporated on a ho‘t-water bath. Then 1 ml of the binding-proteix;.

solution was added to each tube. This solution was prepared as follows:

150 ul of 3H—corticosterone, 50 uCi/ml (New England Nuclear, ‘85.8

) Ci/mmol); 100 ml gel water- (0.052); and 0.25 ml monkey plasma. The rack

was 1ncubeted at 459¢°for 5 ;nin and at 4°C for 1 % A tube for total
counts was also incubated. Still in the cold 1ncubation, 60 mg of
Florasil (Fisher Scientific, Montreal, Quebec) was added to each tube,
shaken vigorously for 1 min, and centrifuged. Tﬁen, 0.5 ml‘ of the
'scpernatant ;ras pipetted into 2 ml of Econofluor for scintillation
counting. A representative curve of standards is shown .in Figure 7,.
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, .Figure 1

Dissectjoq of raphe area and forebrain

.
)

F, whole forebrain; PM, posterior
midbrain; DR, dorsal raphe area;
MR, medial raphe area; PCS, superior
-cerebral peduncle. . s
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LS ) ] Steps in dopamine beta-hydrbkylase assay.
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- - Supernatant of adrenal gland homogenate,
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3.B. Purification of bovine adrenal _PNMT ~ ¢

o °

oA
See subseotion 3.H.2, pp. 82

s

3.D. Catecholdhine levels

3.D.1. Adrenal and brain of reserpine-treated rats

Adrenal CA wer¥ determined in reserpine—treated rats. _ The, animals

receive®the depletor in a dose of 2.5 mg/kg 1ip daifszﬁ for three days.
Brgdn NA, AD and DA decreased by 82, 79 and 68%, respdétively. Adrenal
yNA, AD and DA were depleted by 65, 64 and 79%, respectively (Figures 1).

3.D.2. Adrenal of alpha-methyl-p-tyrosine-treated rats

: In these experiments rats received reserpine, AMPT, or thie -

-

2

combination of the two drugs, as was épne to test their effects on
. <
adrenal DBH activity, and CA were determined. Reserpine was

administered ip in a dose of 2.5 mg/kg daily; AMPT, 200 mg/kg, was given
P i -
ip daily in two doses. Both drugs. were injected oh three succesive days.

Control values are shown in Figure 2. AMPT decreased NA, AD and DA by

68,\ 38 and 58X, respectively. The combination of the two drugs

prwoduced decreases of é3, 59 and J9% in NA, AD and DA, respectively
" (Pigure 2). _ R .

o

3.D.3. Adrenal and bfain of rats treated with 6-hydroxydopamine

(iv) v '
) 60BDA, 100 mg/kg (1v) daily for two days, was administered:\;q:'t.he

’

. @

rats. The aanimals.vere sacrifice three days after the last injection.
This treatment did not~modify adrenal or brain concentrations.(Table I).

3.D.4. Adrenal -of hemisplanchnicotomized rats receiving insulin

o In order to test the degree of denervation of the adrenal gland in

the hemisplanchnicotomy oq.feration insulin, 100 IU/kg sc, was
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administered to fasted rats and animals were sacrificed 3 h later.
Failure of the putative denervated glands to respond to insulin

stimulatfion was observed: Depletio't'l of adrenal CA would have indi_cated

. t

the presence of residual intact fibres to the adrenal (Table III).

o

-
-

3.E., Serotonin levels ) .

p .
3.E.1. Forebrain and raphe area of PCPA and DHT -treated rats

See subsection 3.H.4, pp. 84. . N

' i . o

3.E.2. Brain of PCPA, DHT and reserpine-treated rats

- S5HT was determined in the whole brain of rats receiving PCPA, 300
‘fi‘g/kg ip; DHT, 175 ug icv; reserpiﬁe,‘g 2.5 mg/kg ip daily for three days
or the con';bination 6f PCPA and reserpine, or of DHT and reserpine.

.Ei%re.days after the administration of PCPA in the indicated dose, a

decf‘ease ‘of. 75% in brain SHT was observed; reserpine produced a

depletion of 54%; and the combination of the two drugs depleted central
serotonin by 97%. Eight dgys after the administration of DHT 1cv a

decrease-~ of 49% in serotonin was obtained; the combination of the
neurotoxin with resérpine depleted brain serotonin by 89Z (Figure 3).

o

-

{

f ’ \ "
3.F. Induction of adrenal DBE by reserpine and oxotremorine

3.F.1; 'Resergine and the dOSe—dependent "increase in DBH activity

‘ See Figure 1,/¢subsection 3.H.4, pp. 82.

+

3.°F.2. Kinetics of the enzyme in control and induced forms .
g . . .

Kinetics .experiments were carried out with adrenal DBH preparations.

-from control and reserpine treated'rats. Li%ewaaVer—Burk glots are shown

in Figure 4. Reserpine increased DBR activity by 90Z. The Km for the

'
»

subet'rate tyramine““ in control rats was 0. 256 mM and in reserpine-

trated rats, 0.243 oM (Figure 4), ' ‘ ‘ -

t

,Adrenal glands of control apd’oxottemorine-trqa’ted? rats vere also
' " N . , b . N ’
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used for kinetic eipetﬁqgnt. + The supernataut‘of a homogenate prepared

El - -

from 4 adrenal glands was dialyzed aga‘in'st‘ phosphate bﬁffer,'0.0Z‘ M, pH
.;‘6.6, for 18 h. Figure 5 ghows that the value of Km for coptrol, 0.11
>
. “ .
mM and for oxotremorine-treated rats, 0.09 mM.:

. . \

3.F.& Blockade _6_f_ reserpine and oxotremorine ‘effects by

o

In order to test if the blockade of translation by cyclohexinide.

[N
1

cycloheximide

B

gz

could affect the ihducing effect of reserpine and oxotremoring’,}woj
‘ o ' b
experiments were carried out in which reserpine and oxotremorifie-were -

- given alone or in,combination with cycloheximide as specified in Table
hY ! ' tn ¢

III. Cycloheximide abolished the effect of the inducers, but it did not

have any effect on adrenal DBH activity wheri given alone. .

+ , N

3.6. Adrenal dopa decarboxy lase and lagctate dehydrogensse

-

activities in reserpine~ and oxotremorine-treated rats

The specificity of the inducing effect of reserpine and
oxotremorine on a’drena‘i DBH vas tested by the determination of two other
adrenal enzymes: dopa decarboxyluase, the enzyme that converts DOPA to DA
and, for this reason, one that 18 related to catec't}olamine bilosynthesis,
and ldctate dehydrogena;e, an enzyme not directJIy involved in monolam_ine
éynthesis. Reserpine and oxotremorine, given according t;o prg;ocols

that result in increased adrenal DBH activity, did not alter adrenal

dop'a decarboxylase or lactate dehydrogenase activities (Table IV).

]
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h Table I

*

.Effect of the\ intravenous administratfon of 60HDA on adrenal and brain
A

catecholamine concentration. &’
' Treatment Noradrenaline Adrenaline Dopamine
Adrenal (pg/gland) - . J
Control . 4.63 + 0.78  <9.86 + 0.78 034 + 0.0l
w4 . .
60HDA / © 4.38 + 0.51 8.43 + 045  0.30 + 001
Vo ' .
Brain (ug/g) / . _ ‘-
Control . | 2.21 + 0.40 024 + 0.2  8.61 + 0.40
" 60HDA ‘~ 2.45 + 0.05 027 + 0.01 - 818 + 0.10
. - .

-Each value is Mean i SE. 60HDA vas gi\{en iv,i'n"a‘ dose of w‘100' E/kg. .
daily for 2 d. Animalg were sacrificed.3 d after the las;‘in;lgctian.

e 4
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Table I1 \__

¢
L]

Effect of insulin on adrenal noradrenaline and adrenaline of

o

hemisplanchnicotomized rats.

ﬁ"\

\
AN —
' Intact ' © ' Denervated
adrenal : adrenal
. N . \\‘ ~ A" 12 . .
Treatment N ) Nl\ ; AD NA AD
. y ' (pg/adrenal)
o ) I\ . ‘w
Control: 3 2.54 1‘0.22 9.08 + 0,11 2.56+ 0.21 10.18 + 0.67

5 r
sg’y -

Insulin 4  1.43 +0.13% 1,20 + 0.16%  2.27 +0.18  9.42 + 0.51.

Each value 1s Mean + 'SE. - Hemisplanchnicotomy was carried out 4 d prior’

to insulin administration. Insulin was given in a dose of 100 TU/kg sc

‘to rats fasted overnight. Sacrifice was done 3 h later. - ,

'a P < 0.01 e

o’

L

P

18

N o i o B e S




o Table IIT = . .

«

Effect. of cycloheximide on the induction of adrenal DBH by reserpine and

- oxotremoripe. .
DBH 'acxtivity“

(nmoles per 30 min per adrenal) .

Experiment Treatment N Without cycloheximide N With cyc loheximide)
A -, Control “ 4 78+ 08 5 ' 6.6 + 0.6

'Reserpine 4 11.9 + 0.44 4 83 +05 -
B 'Control 4 9.3 + 09 & 6.1 + 0.5
Oxotremofi;xe 3 154 + 1.68 3 ‘ 7.8 +0.6

Each value 'representa Mean + SE. ExPériment As Resetp:lne was given in a

-

dose of 10 mg/kg ip once on day one. Cycloheximide wa? given, 1 mg/kg

/7 .
ip 1 h after reserpine on day 1 and 0.5 mg/kg ip daily on days 2, 3 and
.- 4. Animals‘vere sacrificed *96 h after reserpine 1pjec1;£9n. Experiment
B: Oiotremorine was given in a dose of 0.5 'mg/kg sc twice a day 30 min
after 5 mg/kg ip of methylatropine for 4 d. Cycloheximide was given‘ 2 h
after ‘each injection of oxotremorine. Sacrifice was donme ‘18 h after the, -
' last injection., — ‘ ‘ " o - '
t ) ) [} “ T /.
*a P < 0.005 with respect to control
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- : ' Table IV - X
Effect of regerpine and oxotremorine on adrenal dop'a :iecktboxylésemm)

and lactate dehydrogenase (LDH)

\

DDC activity ' 'LDH activity
Treatment (omoles/mg protein) (Units/mg)
Control 8.2 + 0.9 2.8 + 0.4
/ B
Reserpine | . ... 84 + 07 3.2 + 0.4
Okotremorine 7.8 + 0.9 2.8+ 0.3 .

Each value is Mean + SE. N = 4. Reserpine was given in a dose of 2.5
‘ - | ;

ng/kg ip once a day for 3 days. Oxotremorine was %iven 1n a dose of 0.5
mg/kg sc, 30 min after 5 mg/kg of methylatropine twice a day for 3 d.

Rats were sacrificed on the fourth day.
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" Control ~

Brain (ng/g) Adrenal (pug/gland)

N ‘N 3.41 3.67
AD 062 " 1445
] oA 7.51 0.37

BRAIN’ 'ADRENAL

l"igure 1-
Effect of reserpine on adrenal and braim

catecholamines .
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Brain serotonin. ..--

(% of control)

. 100

50

-

PCPA RES DHT PCPA DHT
+ +

RES RES

:Figure 3

Effect of reserpine, PCPA and DHT on

brain serotonin concentration.

66

s




ol -
i -
.
.
-
L@
Py '
“
-
-t
)
t v - s
. !
[
-
” st
.
i
F] L4
4 -~
P
£
I
5
(S
4 v
K
. ’
.

S

TR o MRS L TR S8 e

s

P

‘»2:3--
Vi

-~ N A
L
¥
57
.
k4

4

Km of DBH for tyramine.

CONTROL 0.25 mM

ﬁ
1/8
Figure 4
Lineweaver-Burk analysis of adrenal DBH )
- 1 ————
in control and reserpine-treated rats. o
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Km of DBH for tyramine
CONTROL 0.1 mM
/- i
OXOTREMORINE 0.09 mM
( Ll
¢ %
F o -1Km 2 4 ’ 20
. - 18 I R
: Figure §
s , Lineweaver-Burk analysis of adrenal DBH '
-in control and oxotremorine-treated.rats.
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3.H.1. Abstract ’ . . ¢

AL

The systemic administration of reserpine to u;ts ingfreasés adrenal
dopaminé beta-hydroxylase activity, but 18 without 31,gﬁi_fiéant effect on
the K~ (tyramine). This induction is partially blocked by

hemisplanchnicotomy and by impairment of translation. The combined

A

administration of (a) alpha-methyl-g-tygos;né' and  p-

chlorophenylalanine; (b)a 6-hydroxydopamine and p-chlorophenylalanine; .or

°(c) alpha-methyl-p-tyrosine and 5,7-dihydroxytryptamine° increases

adrenal dopamine beta-hydroxylase activity. 'GThesearP,sfllt‘:s s\.iggest’ thay
the simultaneous .cfepletion of central seroton_ina and'cz‘atechbléﬁinesg as
achieved by reserpine aloné or by 'conjoir;t action of t;wo'spééifié drv:xgs,
is necessary for the induction. R—Chloropheny‘lalanine (ip) or 5,7~
dihydroxytryptamine (iev or 1njected into the MRN) 1ncreases the effect
of reserpine, but the use of a catech‘olamine—deplating agent vgith
reserpine does not alter the increase of a&rehal.dopgniine’ bgt’a-\
hydroxy%ase.obtained with reserpine alon;. “Thée pptenti_ation by 5,7:-
dipydroxytryptamit}e is abolished By hemispian&ﬁnicotbmy, a resu]:t th:at:
demonstrates neural medlation of its ef.fect:. : A)J:J;bqu’gh’ 1nir'§venous .
adnfinistration of 6-hydroxyd‘opamifne al'one iﬁgrea'sés .th'eléctivit'y of

. * -
adrenal dopamine beta-hydroxylase, the combination of°this treatment

. Bl - L] *
with p-chlorophenylalanine does not further elevate'it, as occurs with

. . [+]
intracerebroventricular injections; th:}s sﬁggests a specific role of

central catecholamine depletion. The seroton.in agoniats' 5-

~

"hydroxytryptophan, fenflura@:[ne and 5 methoxy-g‘l°N—dimethy1tryptamine
abolish the inducing effect of reserpine. This work sheds 14ight on the
act‘ion of reserping as inducer and provides evidence for the role or

monoaminefgic pathways, with net 'inhibit\org effe(ﬁs\,‘ that are’ involved
1 A i . - . -

bs
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in the regulation of the activity of an adrenal enzyme.

3.H.2. Introduction

Dopamine beta-hydroxylase (DBH, EC 1.14.2.1), the enzyme that
catalyzes the conversion of dopamine to noradrenaline,18 can be 1induced
in the adrenal gland by stressors as well as by certain drugs.u'ZB'33
For example, the administration of reserpine to experimental animals

4 that ts prevented by

causes an Iincrease in adrenal DBH activity
denervation of the gland.ll'33 Immunochemical and radiolabeling
techniques show that the increased DBH activity {s assoclated with an
increase 1in the rate of synthesis of the enzyme.ntl?"21 The 1increase
is attributed to significant changes {n the level of activity of the
sympathetic nervous system that result in a postulated reflex increase
in activity of the pregangl {onic (splanchnic) nerves to the adrenal
gland.13’“ Although nerve stimulation brings about an increase in
activity of tyrosine hydroxylase, another inducible enzyme, there is as
yet no electrophysiological evidence that reserplne actually induces an
adrenal enzyme by this means.51

In addition to the above problem, there is the related matter of
the site (or sites) at ;’{;hich reserpine's action 1s specifically

i

effective in eliciting the induction of enzymes in the adrenal glands
and elsewhere, and the relation of depletion of neuronal monoamines to
that induction. Supraspinal cholinergic, dopaminergic and serotonergic
systems have been detected as playing roles in the induction of other
adrenal enzymes,“ so it was conslidered worthwhile to I{nvestigate some
of these inregard to reserpine's tnductiof of adrenal DBH activity.

In this work specifal attention has been directed toward the depleting

action of reserpine on central stores of serotonin and catecholamines.

79



3,H.3. Materials and Methods

Drugs. Reserplne, serotonin, 5,7-dihydroxytryptamine creatinine
sulfate (DHT), 6—hydroxydopamine hydrochloride (6-OHDA), tyramine HCl,
QL—E-chlorophenylafanine methyl ester HC1 (PCPA), alpha—methyl-QL-p-
tyrosine methyl ester (AMPT), 5-hydroxytryptophan (5HTP) and 5-methoxy-
N,N-dimethyltryptamine were purchased from Sigma Chemicals, St. Louls,
MO; and chloral hydrate, USP, from Fisher Scientific Co., Montreal,
Quebec. Fenfluramine was a gift of A.H. Robins, Canada. Imipramine and
desipramine were donated by Gelgy Canada Ltd. Doses of the neurotoxins
are given as the weight of the salt injected Into the lateral
ventricles. k :\\

Animals. Male Sprague-Dawley rats welghing 200 + 10 g were used in
the non—-operated groups. Animals submitted to surgery weighed 150 + 20
g Initially. They were obtained from Canadian Breeding Farms and
Laboratories Ltd., St. Constant, Quebec. Hypophysectomized animals were
also obtained from this supplier and were used 8-11 days after
operation. None of the animals designated for hypophysectomy gained
welght during this period in the laboratory. Rats were kept in an
animal room with.')a light-dark cycle of 12 hours. The animals were fed
ad libitum with Purina Checkers. They were in individual cages at least
one day prior to experiment. Control animals received vehicle by the
same route as the experimental group and also received the same number
of injections.

Surgery. Hemisplanchnicotomy was done under chloral hydrate
anesthesia, 300 mg/kg 1p, 4 days prior to tlfwe start of the experiments.
The tissues around the adrenal were completely dissected, except for
protection of the vascular supply of the gland. The mean welights of the

adrenals on the denervat:ad and {ntact sides were not significantly

|
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different. The efficlency of the denervation was tested by giving
fneulin, 100 IU/kg sc, to fasted rats: depletion of catecholamines
indicates {ntact {nnervation. Adrenals denervated in the manner
described did not respond to insulin stimulation.

The coordinates for the intracerebroventricular (icv) injections
were L 1.5, P1 and V 3.5 mm; and for injections in the dorsal raphe
nuc leus (DRN) and medial raphe nucleus (MRN) they were26 A (-)350 pm, V
(=)0.6 mm and A (=) 350 ym, V (=) 2.6 mm, respectively. Craniotomy was
performed at the site corresponding to the place of injection. The
ventricular target site was confirmed by Injection of methylene blue:
the brain of such animals was then sectioned transversally to verify the
;)resence of methylene blue in the cavities. A Hamilton syringe with 26-
gauge needle was used for the Injection of the neurotoxin. Sham-
operated controls received only the vehicle. The injection was
performed over the course of one minute, in order to avolid asymmetric
uptake.6 A dose of 175 pg DHT was administered in 20 pl of 0.1%
ascorbic acid in saline. A square of Gelfoam was placed over the burr-
hole in the bone, and the skin was closed with a metal clip.

Tissue. Animals were deeply anesthetized with Brietal (sodiunm
methohexital), 65 mg/kg, and then the adrenal glands were removed and
placed on 1ce. The capsule and fat were removed and the glands w;:re
welghed. Homogenization was done with a Teflon homogenizer in 1 ml of
0.05 M Tris buffer pH 7.4 contalining O.1% Triton X-100. Homogenates
were centrifuged at 10,000 g for 10 min. Supernatant was kept at -70° ¢
for up to 4 days prior to assay.

DBH assay. DBH was determined by the two—step assay of Molinoff et

al.3* Blanks were prepared with substrate omitted, with boiled enzyme,
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or with 3 mM fusaric acld added; these did not vary significantly. Eath
.

sample was prepared in du’plicate, variation between them being 1-5%. An

fnternal standard of 50 ng of octopamine was included in all

experiments.

PNMT purification. Phenylethanolamine N-methyltransferase (PNMT, EC

2.1.1.28) was partially purified from bovine adrenal medulla according
to Dfaz Borges et 91.16 Approximately 10 g of tissue were homogenized
in 10 volumes of 50 mM phosphate buffer, pH 7.4, containing 0.15 M KC1,
1 mM EDTA and 0.1 mM dithiothreitol. The homogenate was centrifuged at
100,000 g for I hour. The supernatant was submitted to =salt
fractionation with ammonium sulfate from 0-40% (precipitate
discarded) and from 40-55%. The second precipitate was collected by
centrifugation, resuspended and dissolved {n 1 mM phosphate buffer, pH
7.4, containing ! mM EDTA and 0.1 mM dithiothreitol. The solution was
dialysed for 12 h against the resuspendi{ng solution. Individual
portions of the dialysed preparation (30 ml) were stored frozen at
-70C. There was little loss of enzyme activity for at least up to 6
months. The specific activity of the dialysed solution is 4 nmoles of
synephrine formed from octopamine h-l(mg of protein)_l. The dialysed
preparation was applied to a Sephadex G-200 column (90 x 2.6 cm)
previously equilibrated with 0.1 mM dithiothre{tol, 1 mM EDTA, 40 mM KC1
and 1 mM phosphate buffer, pH 7.4. Elution was done with the same
solution. Fractions with enzymatic activity were pooled, lyophilized
and resuspended. The specific activity after this step fs 35 nmoles of
synephrine formed h"l(mg protein)_l. (Table IX).

Serotonin and catecholamine determinations. Serotonin was

determined by reversed-phase high performance liquid chromatography
\

(HPLC) with electrochemical detection, according to the method of
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;%nderson et al.% The forebrain and raphe nuclel area were digsected

according to the procedure of Aghajanian et al.l Catechglamines were
also determined by reversed-phase HPLC with electrochemical detection
by the method of Fellice et 31.17

Statistical analysis. Results are expressed as mean + standard

error. Significance of differences between mean was calculated by

49 was carried out in indicated

Student's t-test. Analysis of variance
experiments.

3.H.4. Results

Effect of reserpine on the DBH activity of the denervated adrenal

gland. Earlier investigators have shown that the daily administration
of reserpine to rats brings about significant increases in the activity
of adrenal DBH,“'33 and that this effect 18 blocked by denervation of
the gland.11 In the present work two experiments with
hemisplanchnicotomized rats were}performed. As the  results were
quantitatively similar the data have been pooled, as shown in Table I.
Transection of the left splanchnic nerve did not modify the resting
activity of adrenal DBH, as compared with the sham—operated controls, in
agreement with the earlier reports,11 nor was the weight of the adrenal
glands affected (data not shown). There was a significant increase of
DBH activity in the denervated adrenals (P < 0.05), owing to reserpine
administratfon, despite the lack of neural input, but this increase was
smaller than that produced in the intact gland (P < 0.05). Additional
results supporting these experimental conclusions are presented later
(Figs. 2 and 3).

The nature gf the increased activity with reserpine was examined in
related experiments. In one of these the K, of DBH for tyramine was

-
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determined in control and reserpine—injected rats, the latter receiving
2.5 mg/kg 1p. For this purpose the adrenal glands were homogenized and
the supernatant fraction obtained by centrifuging the homogenate for 0.5
h at 10,000 g was dialysed for 10 h. The K; values were 0.26 and 0.24
mM for control and reserpine-treated rats, respectively. Cycloheximide,
1 mg/kg daily, blocked the increase of adrenal DBH activity produced 96
h after a single injection of 10 mg/kg of reserpine.

Reserpine was also administered to rag; hypophysectomized 8 to 10
days prior to the beginning of the treatment. In sham—operated animals
reserpine increased the activity of DBH from 8.3 + 0.9 nmoles per 30
min per adrenal (Controls, N=7) to 12.1 + 1.3 (Reserpine-treated
group, N=6). A similar increase Qaa observed in hypophysectomized
rats: from 7.2 + 0.7 (N = 6) to 12.3 + 1.3 (N = 6). The resting
activity of adrenal DBH was not altered by the hypophysectomy.

Effect of PCPA and DHT on serotonin brain levels. The content of

serotonin in the raphe area and forebrain was determined in rats treated
with PCPA and DHT (Tablell). Four days after the systemic
administration of 300 mg/kg of PCPA decreases o} about 702 in serotonin
levels 1in both brain areas were observed. The icv %dminiatration of DHT
depleted serotonin by 432 in the forebrain and by 37Zr1n the raphe area
(Table II). Reserpine, 2.5 mg/kg for three days produced a depletion of
45-64Z of brain serotonin. The combination of resegpine and PCPA ip or
DHT {cv, given in the described ways, produced decreases in brain
serotonin of 95X and 86X, respectively (data not shown).

Effect of reserpine, AMPT and 6-OHDA 1iv on adrenal catecholamines.

The administration of reserpine to rats for three days produced a dose-
dependent decrease in adrenal catecholamines (Fig. 1), At the same time

4
.
there was a dose-dependent increase of adrenal DBH activity. The
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administration of AMPT, 200 mg/kg per day for three days, produced

decreases of 68, 38 and 48% in adrenal noradrenaline, adrenaline and
dopamine (data not shown). This treatment given in combination with
reserpine, 2.5 mg/kg daily, produces decreases of 83, 59 and 78% in
noradrenaline, adrenaline and dopamine respectively. The administration
of 6-0HDA, 100 mg/kg 1v daily for two days, as s.}—\fnwn by Kostrzewa and
Jacobow:lt:z27 did not alter adrenal catecholamine levels.

Effects of PCPA on the DBH response to reserpine in

hemigsplanchpicotomized rats. Although reserpine causes larger losses of

serotopin from the brain it does not affect the synthesis of that amine.
Hence, 1t was of interest to determine 1f a decrease of serotonin
stemming from inhibition of its synthesis would contribute to the
induction of DBH. PCPA, an {irreversible inhibitor of tryptophan
hydtoxyl'ase,25 was given to hemisplanchnicotomized rats in a single dose
of 300 mg/kg 24 h before the first of three d?_ily injections of
reserpine. PCPA when given 1in this way decreased serotonin in the raphe
area and forebrain by about 70%. The results (Fig. 2) show that PCPA
caused an increase of DBH activity 1in the innervated gland, although
this effect was not consistently obtained in similar experiments carried
out later. As demonstrated by the results of Fig. 2, reserpine also
caused significant increases in DBH activity: a mean increase of 1201 in
the intact gland (P < 0.001) and 54% in the denervated organ (P > 0.05).
Moreover, the increase in the intact gland was significantly greater
than in the denervated one (P < 0.05). In animals receiving both PCPA
and reserpine a very great potentiation of the induction of the enzyme

in both glands obliterated this effect of denervation (P < 0,001).
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The neurotoxin DHT given to rats icv causes a long-lastil)é

agse of gerotonin in the brain.®3% 1In our experiménts, four days

he injectfon of DHT serotonin was depleted by 431 in the

%
3 »

forebrain and B7% in the raphe area. As shown gy the results in Fig. 3,
there was- no significant effect of DHT by‘itself on adrenal DBH
activity. In hemigplanchnicotomized animals recelving a geries of
reserpine injections on three consecutive days (see legend to Fig. 3)
there was an additional Iincrease of DBH activity in the intact adrepal
with the administration of DHT but, unlike the case with PCPA, th
increase o/f enzyme ac‘tivity in the denervated adrenal owing to reserpine
was gustalned, but not potentiated by DHT (Fig. 3). Thus, the
potentiation'of the action of reserpine by DHT with respect to adrenal
DBH activity depends upon {intact innervation of th‘e g land.

In order to eliminate a possible action of DHT on noradrenaline-
containing neurons,5 this neurotoxin was given icv to rats 30 min after
they\ had received desipramine (20 mg/kg, ip). The reserpine treatment
of these rats (N = 5) resulted in a mean increase of 140X, as compared
to a 60% increase over controls in amimals receiving only reserpine and
desimipramine (N = 4). The abiding potentiation of reserpine by DHT in
these rats makes it unnecessary to attribute any role in this phenomenon
to central noradrenergic fibres because the potentiation i{s still
observed if the uptake of DHT into central noradrenergic neurons is
prevented by desimipramine treatment.

DHT was tested by 1njecti(§n into two other sites, viz. the MRN and
the DRN, in intact rats. The neurotoxin did not affect the endogenous

ad.tenal DBH activity in either case, but the results demonstrate (Table

ITI)that DHT instilled in the MRN 18 as efficient as icvadministration
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in potentiating the effect of parenterally administered reserpine on
adrenal DBH activity. In sharp contrast to this, there was no influence
of the neurotoxin injected into the DRN. Thus, {t appears that a
pathway involving the MRN, among other sites, is important in the effect

of reserpine on adrenal DBH. This pathway {s presumably serotonergic.

Effect of AMPT on adrenal DBH activity. In the above experiments
. # ~ -
reserpine was tested in animals whose cereb?ﬁ\,,serotonin had first been

made to undergo some decrease through use of PCPA or DHT, {n addicfon to
that caused by the reserpine treatment {tself. To study the parallel
slituation with regard to the catecholamine content ;f the brain, rats
were given AMPT alone or {n combination with reserpine. Thus, this
1r{ﬁibitor of tyrosine hyd!‘oxylaz-lel‘t3 could exert its specific depleting
action on cerebral catecholamines and favour even further the loss of
these substances brought about by reserpine. There was considerable
variation 1in response to AMPT so0 that the observed mean increase of DBH
activity in rats given this drug (Table IV) did not attain statistical

significance (P > 0.05). When AMPT was combined with reserpine, the

influence of the latter drug on DBH activity persisted (Table IV).

AMPT was also given to rats that received PCPA. In this particular .

experiment neither of the two substances had a significant effect on
adrenal DBH activity. However, the simultaneous action of the drugs,
entalling decreases in both catecholamines and serotonin levels, through
impairment of the corresponding synthetic pathways, produced increases
(Table IV, EBxpt. B) of 70% in adrenal DBH over controls-and those
animals receiving only AMPT (P < 0.001), and 35 over the group

receiving PCPA alone (P < 0.025). In another experiment AMPT was given

after the icv administration of DHT. Again there was no significant

Ra
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effect with efther of the two drugs given alone, but their combination
produced a great increase (P < 0.001 by comparison with the other means)
in adrenal DBH actfivity (Table IV, Expt. C). The results of these
experiqents c;mbining the administration of depletors of catecholamines
and serotonin are thus consistent with the view that simultaneous
decrease of these monoamines {8 crucial to the Induction of adrenal DBH
activity.

Effect of 6-OHDA on adrenal DBH activity. 6-OHDA, a neurotoxin
45

affecting the terminations of catecholamine-containing neurons, was
fnjected fcv 1into rats in two similar experiments (Table V), except that
in one of them {ts uptake into noradrenergic and serotonergic terminals
was prevented by the pretreatment of the animals with 1mipramineﬁ0 The
results were qualitatively identical: 1in neither case did 6—OHDA have a
significant effect on adrenal DBH activity, nor did this substance
modify the action of reserpine (Table V).

Although, as mentioned earlier, PCPA does not have a consistent

effect upon adrenal DBH (Fig. 2; Table IV), {t was important to

determine whether the deleterious actfon of 6-0OHDA on central

catecholaminergic neurons might evoke some change when combined with the‘

lowering of cerebral serotonin caused by PCPA. The results in TableVI
indicate that 6—0HDA injected into the ventricles prior to PCPA did have
such an effect, more than doubling the increase of activity of DBH over
that expected from the two substances acting individually (each value
corrected for control mean). 6—OHDA was also tested by the {v route. In
this case, the neurotoxiqlcaused a significant Increase in DBH activity
(p < 0.001), as previously reported by Brimijoin (1971),7 but there was

only an additive effect from PCPA given at the same time (Table VI).
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Effect of serotonin agonists on adrenal DBH activity. It was

reasoned that if reduction of central serotonin stores is 1mp<;rtant in
the action of reserpine in inducing adrenal DBH activity, the increase
of serotonergic function by means of serotonin agonists might prevent
rgserpine from bringing about this change. This hypothesis% was tested
in a.series of experiments with fenfluramine, a serotonin—releasing
drug,“"lg’32 and S—methoxy—N,N-dimethy1tryptamine,19’20"'1 a serotonin
agonist. Although the experiments were of a homogeneous 2 x 2 design the
essential comparison for the test of the hypothesis was of the mean for
treatment with both reserpine and agonist and the mean for reserpine
alone.In this test (Table VII) both fenfluramine and the tryptamine
derivative reduced the response of the adrenal DBH activity to reserpine
signigicantly (&( 0.025 and P < 0.0125, respectively, by the one-tailed
t—-test).

The actual cerebral content of serotonin can be increased by
administering its precursor to rats previously treated with a
peripherally acting dinhibitor of aromatic amino acid decarboxylase.
This was testf:d with rats given 5HTP al\ong with carbidopa (Table
VIII). The inhibitor did not affect adrenal DBH activity nor the action
of reserpine in that regard. The combination ofyinhibitor and precursor
also had little or no effect upon DBH activity. However, when this
combination was given to reserpinized rats, the expected Increase of  DBH
activity was no longer in evidence (Table VIII).

3.H.5. Discussion

The Increases in adrenal DBH activity obtained in the present work
by treatment of rats vgith reserpine for three days are highly
significant, a result in accord with previous teports-11’33 The use of

.

radiolabeling and immunological techniques has shown that the action of
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reserpine 18 to increase the number of molecules of the enzyme through
an {ncrease f{n the rate of synthesis,11’13'50 an inductive effect

11

mediated thrﬁ?ugh the splamchnic nerve. Al though reserpine 1is

reported to modify splanchnic activity in some way,51 that mechanism is
not well understood. Despite this, our experience in working with
unilaterally splanchnicotomized rats receiving reserpine is that an
increase of adrenal DBH activity persists even after denervation of the
gland, but the increase is significantly smaller than that observed in
the 'Lntact gland (Table 1). This makes {t likely that there {8 a
humoral or a peripheral component to the action of reserpine. Indeed, a
decreage of cerebral mom,)amine content caused by reserpine could affect
35,47

the function of peptidergic neurons in the hypothalamus and,

consequently, o% hypophyseal function. In addition, reserpine is a
potent stimulator of ACTH secretion in rats,29 probably through an
increase in the release of corticotropin releasing factor.8 Thus, in
the a¥Bence of the main i(nductive mechanism, i{.e. the peripheral neural
component, as a result of adrenal denervation, reserpine would produce
an endocrine-mediated 1increase in adrenal DBR activity. A hormonally
mediated increase of adrenal enzyme activity 1is also evident in the case

38

of adrenocortical ornithine decarboxylase. The persistence of the

effect of reserpine on adrenal DBH in hypophysectomized rats, as
previously reported,ll’l‘s "could then be attributed to the peripheral
neural mechanism or, po.ssibly, to a local action.

Reserpine depletes adrenal catecholamines in a dose-dependent
manner, and also brings about an increase of adrenal DBH (Figure I;

Viveros et al.a6 showed that 1in the rabbit the neurogenic stimulation of

the adrenal medulla produced by reserpine depends on the amount of drug

90

[N

¢



. O

administered. Doses of 1 mg/kg, unlike higher doses, did not stimulate

LY

the release of catecholamines and DBH from the chromaffin granules, but
e }
did fncrease adrenal DBH aotivityl‘6 (Figure 1). As has been shown in

’

o ¥ P
the rat, the presence of an intact nerve supply is not necessary for the
o

depleting action of reserpinebn the adrenal medulla.g’:22 Thus, in

»

order to assure not only a local action of regserpine on adrenal DBH,
but also a r@x;ogenic stimulati:m, af‘dose of 2.5 mg/kg was used inall
the experiments. It has been previougly repcn:tedll’[’8 that the
a?:tivity of DBH in the adrenal gland of chronically hypophysectonmized
dnimals (i.e. more than two weeks following operation) is reduced
significdntlly below that in sham-operated t:ats. We did not obtain this
effect (see Results section), .perhaps because in Oulz experiments
sacrifice vasg carried out 'onlyg8-11 days after the operdtion, not long
enough to produce"a significant blological effect.

Because reserpine causgses the lc‘)ss of many monoaminis from the brain
it vas important to :ietbermine the effects of depletion of particular
menbers of this group. The first drugs tested were the serotonin
depletors PCPA and DHT. The latter, after icv injection, is talgen up
into axons and nerve éndings6 where it causes the destruction of these
elements, with a result equivalent to serotonergic denervation. In our
work DHT caused a 40% decrease in central seroton;iq content (see Results
section), but did not modil’y adrenal DBii activity (Fig. 5; Tables IT1
and IV). Howev,sr, there was °occas£onally a small, increas‘e of DBH in the
adrenal of aﬁ{mals recelving PCPA, (Fig. 2; Tables IV and VI). This is
quite different from the case of tyrosine hyd:qulase Induction, where
depletion of cerebral serotonin leads to an unequivocai increase in
activity.37 However, the result is not unlike the effect of serotonin

depletion on adrenomedullary ornithine decar,boxylase.3
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It is generally accepted that the decrease in monoamines produced
by reserpine throuéh blockade of reuptake of these monoamines into
storage vesicles!9 {s a cructal step 1In the 1induction of DBH. The
decrease® in monoamines, however, 1s not complete, because thelr
synthesls continues during the time that the animal 1s in the
reserpinized state, and because the enzyme undergoes synthesis {n the
adrenal. Newly synthesized amines, unable to be retained, would be
continually available for binding to receptors and actlion on appropr(até
neurons. For this reason an experiment was carrfed out in which some
rats gliven reserpine also received PCPA to block specifically the
synthesis of serotonin. In this case PCPA potentiated the inducing
effect of reserpine by 47% (Fig. 2). The fact that this potentiation
was not abolished by denervating the adrenal gland, supports the
existence of a humoral component that is evoked by PCPA. It {s well
established that serotonergic inputs affect peptidergic neurons in the
hypothalamus, so that a decrease of serotonin might trigger the
production of corticotropin releasing factor, adrenocorticotropin and
glucocorticoids in succession by eliminating a net negative Iinput. Tt
has been reportedlS that the synthesis of serotonin {s more susceptible
to inhibition by PCPA 1in the terminals than in the perikarya of raphe
neurons. Continuing synthesis in the raphe cell bodies could then be
responsible for the persistence of PCPA effects 1in

hemisplanchnicotomized animals. A peripheral effect could also play a

role.

When reserpine was administered to rats that had already received
DHT, its effect was potentiated by 53-87%. This increase was sharply

modified by denervation of the adrenal gland, as seen in Fig. 3. The
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lower activity of the “combination of reserpine and DHT after denervation
suggests that descending serotonergic fibres or a central serotonergic
loop are Implicated. Such a loop would cause a net increase in the
function of descending excitatory fibres, leading to the enhanced DBH
activity.

Thus, PCPA and DHT, two drugs that reduce central serotonergic
function by quite different mechanisms, potentiate the action of
reserpine on adrenal DBH activity. However, the potentiating effect of
DHT is neurally mediated, whereas that of PCPA i{s not. PCPA might act by
producing a stress reaction in rats, as evidenced by Increased serum
corticosterone concentratlons,31 but a peripheral effect cannot be
excluded. Another possibility is that both agents act centrally but at
different sites {n the brain. There would then be a diversity in
serotonergic pathways that produce the differential effects of PCPA and
DHT, as seen {n hemisplanchnicotomized rats treated with reserpine.

The increase of adrenal DBH activity in rats given AMPT was
considerably greater after central serctonergic denervation by DHT than
the increase observed after the administration of PCPA (Table IV).
Thus, the decrease of serotonin is not the sole factor involved in the
potentiat{on of reserpine's action Iin respect to adrenal DBH activity.
It is pr%bable that the greater potentiation obtained with DHT is due to
the loss of other elements in the damaged neurons (e.g. peptides and
other modulators), and that this favours the elimination of a net
inhibitory effect in the regulation of adrenal DEBH.

Our data indicate that cerebral neurotransmitters other than
serotonin must be simultaneously decreased in order to induce adrenal
DBH. The use of AMPT, an inhibitor of catecholamine synthesis, does not

by itself produce a consistent or significant increase of adrenal DBH
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activity (Table IV). However, 1its administration along with PCPA does
praoduce such an Increase; this result supports the evidence already
accumulated that both monoamines must be decreased in order to effect an
increase in enzyme activity (cf. Tables IV and VI). Because AMPT did not
modify the inducing effect of reserpline (Table IV, Series A),
catecholamine depletion might be considered to play a secondary role in
the process of DEH induction. Yet there {s evidence ia the present
results for the interaction of catecholamine and serotonin systems in
DBH induction. Thus, the great increase in adrenal DBH activity observed
when DHT was injected into the cerebrospinal fluid, to be followed by
parenterally administered AMPT (Table IV, Series C), supports the
existence of a central serotonergic pathway with a net inhibitory action
over the adrenal gland; however, in this case the, K decrease in
catecholamines by giving AMPT ip {s systemic, and a peripheral or local
contribution 1s added to the central effect. Furthermore, the 1increase
of adrenal DBH activity occasioned by the simultaneous administration of
PCPA and 6-OHDA (the latter given into the ventricles of the brain)
shows (Table VI) that central catecholamine sites must be affected 1f
the depletion of serotonin is to produce a marked effect on the adrenal
enzyme. It 1s noteworthy that when this experiment was repeated with {iv
administered 6—-OHDA, a measure that does not deplete brain or adrenal
catecholamines, there was no Increase of DBH. As 6—OHDA given 1iv does
not enter the braln, the result is a further confirmation of the need of
central catecholamine-serotonin interaction Iin order to effect the
induction of DBHR. These {nteractions are shown schematically {n Fig. 4.
Other such interactions have been detected in the regulation of
26

different biological functlons. For example, Jouve aggerts that a
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sleep-waking cycle 18 regulated by two Iinteracting ascending systems,
adrenergic and serotonergic. The simultaneous decrease of serotonin and
cerebral catecholamines Is necessary for facilitation of the hippocampal
kindling formation.? Biochemical studies have shown that che. depletion
of cerebral noradrenaline by inhibition of cerebral DBH 18 accompanied
by an increase in the rate of serotonin sym:hesis-z3

In order to verify the important role of the decrease of cerebral
serotonin in the DBH-inducing action of reserpine, three serotonin
agonigts were tested to determine whether they are able to overcome that
efect (Tables VII and VIII). Fenfluramine, 5-methoxy-N,N~
dimethyltryptamine, and 5SHTP (given with carbidopa) all effectively
diminished the effect of reserpine on adrenal DBH activity. These
results, then, implicate serotonin in the regulation of adrenal DBH
through a central inhibitory system (see Model, Fig. 4). The results 1in
this work demonstrate, however, that interference with or interruption
of the working of this serotonergic system 1in the brain 1s necessary but
not sufficient to bring about the increase of adremnal DBH activity, for
the simultaneous decrease of catecholamines is important also. The
analysis of the central serotonergic component affecting adrenal DBH has
revealed, moreover, that, PCPA and DHT, used as serotonin-depleting
agents along with reserpine, have different sites of action. More
specific studies will be necessary in order to determine the role of
descending spinal serotonergic projections as well as of forebrain

projections that act on the hypot:halamus.3o'36
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Fig. 1. Effect of reserpine on adrenal DBH activity and catecholamine
content. Rats received 3 daily injections of reserpine in doses of 0.5,
1 or 2.5 mg/kg ip. Sacrifice was done 18 h after last injection. (@)
DBH activity. (O) Noradrenaline. (&) Adrenal(ine. (o) Dopamine.

* P ¢ 0.05

+ P < 0.01

+ P ¢ 0.001
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Fig. 2. Effects of PCPA and reserpine on adrenal DBH activity of
hemisplanchnicotomized rats. Rats were splanchnicotomized on the left
side and allowed to recover from surgery for 4 days. They then received
a single ip injection of PCPA, 300 mg/kg. Reserpine, 2.5 mg/kg given
ip, was administered at 24, 48 and 72 h after PCPA. The rats were
killed 96 h after PCPA administration. The data were subjected to the
¢
analysis of variance, with extraction of sums of squares for experiments
(1 degree of freedom), innervation (1), treatments (3), {nteraction of
treatments and innervatfon (3) and remainder (44). Significance of
differences between means 1s based upon the t-test, standard error of
differences between means being calculated from the mean square for

error (remainder), which was 6.0745. Probabilities for the following

comparisons were:

Innervated Denervated

gland gland
Reserpine vs control < 0.001 > 0.05
PCPA vs control < 0.025 > 0.05
Both drugs vs reserpine < 0.001 < 0,001
Both drugs vs PCPA < 0.001 < 0.001
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Fig. 3. Effects of DHT and reserpine on adrenal DBH activity of hemi-
splanchnicotomized rats. Rats were splanchnicotomized on the left side
and allowed to recover from surgery for 7 days prior to the
administration of 175 ug of DHT {n 20 pl of 0.1X ascorbic acid in saline
into the right lateral ventricle during the course of one min.
Reserpine, 2.5 mg/kg given ip, was administered for 3 d after beginning
on the fourth day after DHT. The rats were killed 24 h after the last
injection of reserpine. The data were subjﬁected to the analysis of
variance, with extraction of sums of squares for experiments (1 degree
of freedom), innervation (1), treéatments (3), interaction of treatments
and {nnervation (3) and remainder (35). Significance of differences
between means is based upon the t-test, standard error of differences
between means being calculated from the mean square for error

.

(remainder), which was 16.0165. Probabilities for the following

comparisons were: .

Innervated gland Denervated gland
Reserpine vs control < 0.05 > 0.05
DHT vs control > 0.05 > 0.05
Both drugs vs reserpine < 0.01 > 0.05
,Both drugs vs DHT < 0.001 < 0.05
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Fig. 4. Role of monoamines in the reserpine-induced increase of
adrenal DBH activity: a model.
The specific effects of the drugs on the target organ are indicated by
the arrows. (A) Some centres in the central nervous system (CNS) are
gensitive to the decrease in catecholamines (CA) and serotonin (5HT)
cauged by giving reserpine (Table I). One of these centres is the MRN
(Table I1). The loss of monoamines results in a net decrease of
inhibitory outputs from the CNS that are relayed over a neural pathway
to the adrenal gland, with a consequent increase of DBH activity in that
organ. (B) If these and/or other centres are depleted only of their 5HT
content through administration of PCPA or DHT (Figs. 1 and 2), the
conditions are insuffici{ent for a significant increase in the activity
of adrenal DBH activity. (C) This 1s also true for specific depletion
of CA by administration of AMPT or 6~0HDA (Tables III and IV). (D-E)
However, administration of PCPA or DHT together with reserpine imposes
additional impairment of SHT functions in the CNS (Figures 1 and 2), and
produces a greater release of net {inhibitory oufputs than in (A). As a
result, there 1s significantly greater induction of DBH. (F—G) The use
of AMPT or 6—OHDA does‘not potentiate the induction of DBH by reserpine
(Table III). (H) The induction of adrenal DBH activity by reserpine is
blocked by 5HT agonists (Table VI). Tﬁus, the action of regserpine on
DBH activity of the adrenal 18 exerted primarily through its
antiserotonergic effect.

Peripheral effects of reserpine and AMPT, such as the decreases in
CA in sympathetic nerve endings, have not been taken into account in
this model; they may also be important for the production of the

observed adrenal effect. Thus, 6—OHDA acting outside the CNS (Table V)
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increases adrenal DBH activity. (I) A peripheral or humorally mediated
action of PCPA could also take place, especially considering that its
effect in potentiating reserpine action is not abolished in

2

hemisplanchnicotomized rats (Fig. 1).
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ROLE OF MOMOAMINES IN THE RESERPIIE - INDUCED [MCREASE OF ADRENAL DBH ACTIVITY A MODEL
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Table I. Effect of denervation on the Iinduction of adrenal DBH activity

after reserpine

Adrenal DBH activity
(nmoles per 30 min per adrenal)

Row Treatment N Innervated Denervated
1 Shamroperated 7 8.2+ 0.7 7.9+ 1.1
2 Sham—operated ,
* + reserpine 7 16.0 + 1.9% 15.9 + 1.9%
3 Left splanchnicotomy 8 ) 8.2 + 0.5 7.6 + 0.6
4 Left splanchnicotomy
. + reserpine 9 14.1+1.8% 11.2 + 1.9

e

)
)
‘

Rats were operated on for section of the left splanchnic nerve; sham-
operated animals underwent similar surgery, except that the ieft
splanchnic nerve was left intact. Four days after surgery reserpine was
administered ip in a dose of 2.5 mg/kg. This was repeated on 3
successive days and the animals were killed 24 h after the last
injection. Means + Standard Error ;;e shown. Because there was
denervation of one adrenal, but not the other, in rats belonging to two
of the four groups, a split-plot analysis of variance was carried outi
for the purpose of comparing individual means.49 The probabilities of
the differences between means derived from ANOVA are as follows: *P <
0.01 for the effect of reserplne in sham—operated rats (comparison.of
rows 1 and 2, both adrenals taken into account); *P < 0.05 for the
effect of reserpine on enzyme activity In denervated adrenals
(comparison of rows 3 and 4); P < 0.05 for the effect of denervation on

the response to reserpine (comparison of rows 2 and 4, denervated

adrenal only).
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Table IT. Effect of PCPA and DHT on braln serotonin content.

Serotonin (ng/g)

Treatment N Forebrain Raphe area
Control 4 157 + 10 258 + 10
PCPA 3 45 + 2 80 + 4
DHT 3 90 + I 162 + 2

Each value represents mean + standard error. PCPA was given 1in a
dose of 300 mg/kg 1p once, 4 d before the sacrifice. DHT was given icv
in a dose of 175 ug in 200 ul saline containing 0.1% ascorbic acid 8 d

before sacrifice.
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Table III. Effects of DHT administered at different sites in the brain

and of reserpine on adrenal DBH activity of rats

Site of Adrenal DBH activity
of DHT (nmoles/30 min per adrenal)
administration

Control Reserpine DHT Both
Lateral ventricle 8.2 + 0.6 15.1 + 1.4 8.6 + 1.3 28.1 + 5.1
Medial raphe nucleus 7.3 + 0.7 13.6 + 1.6 9.2 + 1.2 28.2 + 3.6

Dorsal raphe nucleus 11.6

| +

1.2 16.7 + 2.2 12.8 + 0.8  16.4 + 1.4

Rats received DHT, 175 pg in 20 pl of 0.1 ascorbic acid in saline,
by stereotaxic injection into the lateral ventricle; others received 10
pg of the compound in 5 pl of 0.1% ascorbic acid in saline by injection
{into the medial raphe nucleus or dorsal raphe nucleus. Reserpine was
given Ip In a dose of 2.5 wmg/kg dajly for 3 d, and the animals were
killed 24 h after the last Injection. Control means t+ Standard Error
(estimated from the error variance in analysis of variance) are shown
(number of rats per group, 4-9).
Significance of the difference: In each case the mean effect of
reserpine (alone or with DHT) is significantly greater than the effect
of D%T alone or controls (P < 0.05). However, the effect of reserpine
in rats that received DHT in the lateral ventricles or MRN was

significantly greater than In those receiving vehicle only (P < 0.05).
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Table IV. Effects of AMPT, reserpine, PCPA and DHT on adrenal

DBHactivity
Serles Treatment N Adrenal DBH activity
(nmoles per 30 min per adrenal)
A Control 4 7.6 +0.6
Reserpine 4 \ 13.4 + 0.7
AMPT 4 1.1 +2.0
Both 4 4.1 + 1.4
B Control 4 .5+0.3
PCPA 4 10.7 + 0.8
AMPT 4 8.5+ 0.1
Both 4 14.4 + 0.8
C Control 5 9.1 +0.2
DHT 5 9.1 + 0.4
AMPT 6 11.6 + 1.1
Both 5 2.0 + 1.1

Each value represents Mean + Standard Error.

Serles A: Reserpine was given 1in a dose of 2.5 mg/kg ip once daily
for 3 d, 2 h after the animals received 200 mg/kg 1ip of AMPT. Series B:
PCPA, 300 mg/kg ip, was given once, 24 h before the first of a series of
injections of AMPT; this drug was given in a dose of 200 mg/kg 1p twice
daily for 4 d. Series C: DHT was administered in a dose of 175 ug in 20
pl of 0.1% ascorbic acid in saline, into the right lateral ventricle.
Four days later AMPT injections were begun: 200 mg/kg ip twice daily for

4 4. Animals were killed 18 h after the last injection.
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Table V. Effect of 6-0HDA and reserpine on adrenal DBH activity

Treatment N Adrenal DBH activity
(mmoles/30 min per adrenal)

No pretreatment

Control 3 5.0 +0.4
Reserpine 4 9.9 +0.5
6—0OHDA 3 4.6 +0.3
Both 4 10.5 + 1.5

Pretreated with imipramine -

Control 4 8§.8 + 0.6

Reserpine 6 12.5 + 0.8
6—0HDA 5 8.9 +0.7
Both 5 13.7 + 1.0

Each value is Mean 4+ Standard Error. 6-OHDA was given by stereo-
taxic injection into the right lateral ventricle in a dose of 200 ug in
20 p1 of 0.12 ascorbic acid in saline. Twenty-four hours later
injections of reserpine were begun: 2.5 mg/kg ip dally for 4 d. Animals

were killed 24 h after the last injection.
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Table VI. Effect of p—chlorophenylalanine (PCPA) and 6-hydroxydopamine

(6—OHDA) on adrenal DBH activity

Treatment 6—OHDA, icv 6—-OHDA, iv

N  DBH activity N DBH activity
Control 4 7.8+ 0.6 7 9.9+ 0.6
PCPA 6 9.3+ 0.4 3 11.7 + 0.6
6—0HDA 5 8.2 +0.5 6 14.3 + 0.8*
6—~OHDA + PCPA 6 11.8 + 1.0% 3 17.1 + 2.0%%

Each value represents a mean DBH activity + standard error, in

nmoles/ 30 min per adrenal.

6-0HDA 1cv: 6-OHDA was administered in a

dose of 200 ug 1n 20 ul of 0.1% ascorbic acid in saline, into the right

~
lateral wventricle during the course of 1 min. Four days later PCPA was

given by ip injection, 300 mg/kg.

Animals were killed 4 d after the

PCPA. 6—OHDA iv: Rats received PCPA, 300 mg/kg ip; 24 and 48 h later 6-

OHDA was injected iv in a dose of 100 mg/kg.

after the second dose of 6-0OHDA.

*P < 0.001 with respect to control

*P < 0.05 with respect to PCPA

¥P < 0.05 with respect to the other means
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Table VII. Effect of serotonin agonists and reserpine on adrenal

DBH activity

min per adrenal)

Treatment DBH activity (nmoles/30
N Without reserpine N With Reserpine
A Control 6 8.0+0.7 6 11.7 + 0.4*
Fenfluramine (10 mg/kg) 7 10.2 + 0.90 7 10.0 + 0.6"
B Control 4 6.6 +0.2 4  10.8+ 0.3*
5-Methoxy-dimethyltryptamine 4 6.8 +0.2 5 8.5 + 0.8"

(1 mg/kg)

Each value represents mean + standard error. Reserpine was given in

a dose of 2.5 mg/kg ip once daily for 3 d preceded 5 h earlier by

fenfluramine or 1 h earlier by 5-methoxy N,N-dimethyltryptamine. Rats

were killed 24 h after the last injection.

*P < 0.001 with respect to control rats without reserpine

*P ¢ 0.05 with respect to control rats with reserpine
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Table VIII. Effect of reserpine, 5HTP, and carbidopa on adrenal DBH

activity
Treatment N DBH activit

(nmoles/30 min per adrenal)
Control 9 8.1 + 0.4 ‘
Reserpine 9 12.7 + 0.8 o :
Carbidopa 3 8.2+ 0.7
Carbidopa + reserpine 3 12.0 + 0.6
5HTP + carbidopa 7 9.6 + 1.5
S5HTP + carbidopa + reserpine 9 8.5+ 0.7

Each value respresents mean + standard error. Reserpine was given
in a single dose of 10 mg/kg ip and animals were killed 96 h later.
S5HTP was given ip 2 h after the injection of reseﬁrpine in a dose of 20
mg/kg, and thereafter twice daily for 4 d. Carbidopa, 25 mg/ké ip,
preceded each injection of SHTP by 30 min. Analyslis of variance was

done, with extraction of sums of squares for experiments (1 degree of
free;iom), treatments (3), interaction (3) :and error (27). Significance
of the differences between means were calculated from the mean square
for error (5.4001). Probabilitiea’are as follows: reserplne wvs.
control, < 0.001; reserpine vs. 5HTP + carbidopa, < 0.025; reserpine vs.

carbidopa, < 0.01; reserpine vs.QSHTP + carbidopa + reserpine, < 0.005.
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Table IX. Summary of PNMT purification

Activity Total Specific

Fraction per m1 Volume acfivity Protein activity
(cptg) (ml) (cpm (mg/ml) (cpm/mg é)rot) Yield Fold

x 10 x 10 x 10
Homogenate 212 125.5 26,606 ©17.8 11.91 100 1
Supernatant 234 121 28,314 3.4 68.82 106  5.77
(100,000g) ‘
Ammonium
sulfate 123 132.5 20,140 2.09 58.85 76 4,94
(0-40%) i
Ammonium
sulfate 368 50 18,400 1.05 350 69 29.38
(40-55%) s
Sephadex
G-200 36 40 1,440 0.05 720 5 60.45

-
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3.1. Differential role of raphe nuclei in the regulation of dopamine

beta-hydroxylase in the adrenal gland of the rat
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3.1.1. Abstract

The effect of reserpine on the activity of dopamine beta-hydroxylase
(DBH) in the adrenal gland of the rat was determined following
electrolytic lesfon of the dorsal raphe nucleus (DRN) or medial raphe
nucleus (MRN). In sham operated rats, as well as in those with a
lesion of the DRN there was no significant modification of the action of
reserpine on this enzyme. However, lesion of MRN potentiated the
inducing action of the 'drug. A specific role of MRN in the serotonergic
regulation of adrenal DBH is suggested by this work.

3.1.2. Introduction 6§

The administration of reserpine to rats produces a time-dependent
increase 1in the activity of adrenal dopamine beta—hydroxylase (DBH, EC
1.14.2.1) (Molinoff et al., 1970; Ciaranello et al., 1975; Lima and
Sourkes, 1985). This induction 1is potentiated by the conjoint
parenteral administration of p-chlorophenylalanine (PCPA) or by the
intracerebroventricular injection of 5,7-dihydr9xytryptamine (DHT) with
reserpine, measures that reduce the amount of bralin serotonin to very
low levels (Lima and Sourkes, 1985). Al‘though serotonin agonists when
gliven alone do not modify adrenal DBH activity, theilr administration to
reserpinized rats diminishes the increase of DBH observed in such
animals (Lima and Sourkes, 1985). It 1is thus apparent that the
antiserotonergic action of reserpine plays an important role in its
Inducing effect on DBH. Furthermore, the results suggest that a central
serotonerglc system exerts a net inhibitory influence on adrenal DBH, as
has been reported for adrenal tyrosine hydroxylase (TH, EC 1.14.16.2)

(Quik and Sourkes, 1977).

Central serotonergic neurons are localized in the midline raphe



nuclel of the bralin stem (Dahlstrd8m and Fuxe, 1965). These
indoleamine—containing neurons project to the forebrain and the spinal
cord (Morgane and Stern, 1974; Baumgarten and Schlossberger, 1984;
Conzolazione and Cuello, 1984). The dorsal raphe nucleus (DRN, B7)
projects to the amygdaloid complex, hippocampal formation, lateral and
posterior cortex, ventral thalamus and corpus striatum, the fibres
overlapping with projections of the medial raphe nucleus (MRN, BB).
More rostral fibers of the forebrain projections Innervate the
tuberculum olfactorium, septum, nucleus accumbens, transition cortex anad
main olfactory bulb. Both raphe nuclei appear to have minor descending
pro jections to the brainstem and spinal cord (Baumgarten and
Schlossberger, 1984).

Lesions of the MRN, but not the DRN, result in a spontaneous
increase of adrenal TH (Quik et al., 1977; Sourkes, 1983) and favour the
{nduction of adrenomedul lary ornithine decarboxylase (EC 4.1.1.17) by
dopaminergic agents (Almazdn et al., 1982). Electrolytic lesions of the
MRN and DRN are reported to produce decreases In forebraln serotonin of
20 and 50Z, respectively (Quik et al., 1977). Because of the
different{al function of these two serotonin-rich nuclel in regard to
adrenal enzyme induction, and because of the role of cerebral serotonin
loss {n the induction of adrenal DBH (Lima and Sourkes, 1985), it was
now of interest to determine the relative roles of these two major
raphe nuclel {n the {nducing action of reserpine. For this purpose we

have made use of rats with electrolytic leslons of the brain.

3.1.3. Materials and Methods

Male Sprague-Dawley rats (290 + 10 g) were purchased from Canadian
Breeding Farms and lLaboratories Ltd., St. Constant, Quebec. The animals

were kept in individual cages under controlled lighting (12 h on/l2 h
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off) and fed ad 1ibitum.

Animalrs submitted to surgery were anesthetized with 300 mg/kg 1ip of
chloral hydrate (Fisher Scientific, Montreal, Quebec). Anodal
-electrolytic lesions were produced by passing 3 mA for 10 sec for DRN
and 2 mA for 7 sec for MRN through a stainless steel monopolar
electrode. Stereotaxic coordinates were taken from Paxinos and Watson
(1982): for DRN, L O, A 1.2 and V 6.5 mm and for MRN, L 0, A 1.2 and V
8.5 mm. Sham operated animals were treated as lesioned, except that no
current was passed through the electrode. Five days later reserpine was
given ip in a dose of 2.5 mg/kg daily for 3 days. At the termination of
the experiments, the rats were deeply anesthetized with sodium
methohexital, 65 mg/kg given Ip,and the adrenals were removed and placed
on ice. The glands were homogenized with a Teflon homogenizer in 1 ml
of 0.05 M Tris buffer pH 7.4 containing 0.12 Triton X-~100. Homogenates
were centrifuged at 10,000 g for 10 min. The supernatant fraction was
kept at -70°C until used for assay of DBH.

Adrenal DBH activity was determined according to Molinoff's
procedure (Molinoff et al., 1971). Phenylethanolamine N-
methyltransferase was purified from bovine adrenal medulla by the
method of Diaz Borges (piaz Borges et al., 1978), as specified
previously (Lima and Sourkes, 1985).

To verify the site of the lesion the brains were immersed in
formalin for 2-4 weeks, after which the brain stem was dissected. The
parts for sectioning were placed in 30% sucrose for 24-48 h. Frozen
sections of 50 um were prepared and stained with cresyl violet.

Each value is expressed as mean + standard error (SE). Analysis of

variance (ANOVA) was carried out to assess the significance of
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differences (Winer, 1971).

3.1.4. Results

Representative lesions of MRN and DRN are shown in the Figure.
Corresponding sectiqns from the brain of shamoperated animals did not
present any evidence of cell loss or histological change as a result of
introducing the electrode.

Reserpline, given for 3 days, caused an Increase of 77% in adrenal
DBH activity 1in animals with a sham DRN operation (Table). Lesion of
the DRN alone did not affect the resting level of adrenal DBH; but when
reserpine was administered to rats with such a lesion, there was an
increase of 69% in enzyme activity. This increase was not significantly
different from that observed with reserpine in the shamoperated group
(Table).

In rats sham—operated in the MRN reglon, reserpine produced an
increase of 112% (Table). Lesioning of the MRN itself yielded a small,
but not statistically significant, increase in adrenal DBH activity.
However, when reserpine was administered to rats with lesions in this
nucleus there was an increase of 197% in activity (Table). The effect
of this lesion on the response to reserpine was statistically
significant (P < 0.025; legend to Table). Thus, lesions of the MRN,
but not the DRN, potentiated the Inducing action of reserpine on
adrenal DBH.

3.1.5. Discussion

Previous reports have shown that reserpine increases the activity
of some adrenal enzymes (Thoenen et al., 1969; Molinoff et al., 1971;
Claranello et al., 1975). This action with respect to DBH is potentlated
by the systemic administration of PCPA or the icv injection of DHT (Lima

and Sourkes, 1985), and {s attenuated by the administration of serotonin
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agonists (Lima and Sourkes, 1985). In contrast to this, although a
significant decrease of central catecholamines 1s necessary for the
induction of DBH to take place at all, additional measures to favour
depletion of cerebral catecholamines, in conjunction with reserpine, do
not potentiate the action of that drug (Lima and Sourkes, 1985). It has
been previously observed that serotonergic neurons provide a negative
input to the adrenal gland in regard to the regulation of the activity
of TH (Quik et al., 1977; Sourkes, 1983) and ornithine decarboxylase
(0DC) (Almazan et al., 1982) in that organ. These neurons seem to
originate in the MRN (Quik et al., 1977). Th; present study shows that a
lesion of the MRN, 1in contrast to a DRN lesion, potentiates the {nducing
action of reserpine on adrenal DBH activity. The injection of the
neurotoxin DHT into the MRN (but not DR&) produces a similar result
(Lima and Sourkes, 1985). These results indicate that serotonergic
neu;ons of the MRN play a specific role in regulating the adrenal DBH
content. Present evidence does not permit one to decide whether the MRN
neurons involved in regulation of the three adrenal enzymes mentioned

.

(TH, DBH, ODC) are the same or different.

The ne;vous conn;ctions of the MRN and DRN are apparently quite
similar (Consolazione and Cuello, 1984; Baumgarten and Schlossberger,
1984). However, the role of the MRN in regard to neural induction of
several adrenal enzymes, taken together with the failure of DRN to
affect those inductions, makes it obvious that these nuclei do actually
differ in their innervation. There 18, In fact, documented evidence for
guch differences. FPr example, the MRN (but not the DRN) receives

afferent fibres from the B9 area (Aghajanian and Wang, 1977), as well as

other (noradrenergic) fibres from the A1/A2 region (Massari et al.,

T
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1979). The DRN (but not the MRN) receives innervation from the nucleus
tractus solitarii and the medial aspect of the preoptic nucleus; in fact
there 18 evidence for an afferent congection from the MRN to the DRN
(Aghajanian and Wang, 1977). As for efferent fibres, the major
projection of the MRN is to the hippocampus and olfactory bulb, the DRN
to the striatum Azmitia and Segal, 1978). However, these projections do
not seem to be exclusive (Lorens et al., 1974; Kel lar et al., 1977). It
18, of course, possible that the connections between these two raphe
nuclei and other regions, e.g. the locus coeruleus (Koslowski et al.,
1974), are quite specific, without overlapping one another.

There 1is also neurochemical evidence of differential funct{ons of
these two nuclei. Intracisternal injection of neurotensin (Long et al.,
1984) or parenteral administration of apomorphine (Lee and Geyer, 1982)
to rats Increases the serotonin content of the DRN, but not the MRN.
McCulloch has. observed £hat lesions of these nuclel modify glucose
utilization of the brain, but the specific reglions affected are
different for MRN and DRN (Mc€ulloch et al., 1984). In pharmacological
experiments the catalepsy caused by administration of haloperidol to
rats is attenuated by a lesion of the DRN, but there 18 no effect from
damage to the MRN (Kozlowski et al., 1984).

The present experiments thus contribute to the evidence of
distinctive regulatory functions of these two raphe regions. Further
experiments will be needed to determine which of the afferent and
efferent connectiens of the MRN are important to the adrenomedullary

regulatory function of that structure.
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TABLE 1. EFFECTS OF LESIONS IN THE RAPHE NUCLEI ON ADRENAL DBH ACTIVITY
OF RESERPINIZED RATS.

DBH activit
(nmoles/30 min per adrenal)

Treatment N DRN N MRN
Sham-operated 6 10.8 + 0.7 9 8.1 + 0.7
Sham-operated +

reserpine 7 19.1 + 3.4 11 17.2 + 2.9
Lesioned 6 11.1 + 1.9 9 11.4 + 1.5
Lesioned +

reserpine 9 18.3 + 1.5 10 26.0 + 1.2

Lesions were mac!e as described in Materials and Methods, 5 d before the
first of 3 daily injections of reserpine, given in a dose of 2.5 mbg/kg
ip. Rats were sacrificed 18 h after the last injection. In the DRN
experiment ANOVA of 2 replicates was carried out with extraction of the
sum of squares for experiments (1 degree of frefedom), treatments (3),
and interaction (3). Significance of differences between means was
calculated from the mean square for rematnder (10.7795, 20 degrees of
freedom). Probabilities are as follows: effect of reserpine, P <.0.001;
effect of reserpine in rats with DRN lesion, P < 0.005. In the MRN
experiment ANOVA of 3 replicates was carried out with extraction of the
sum of squares for replicates (2 df), treatments (3 df), and interaction
(6 df). Significance of differences between means was calculated from
the mean square for remainder (31.9985, 27 df). Probabilities are as
follows: effect of reserpine in shamoperated rats, P < 0.005; effect gf

reserpine 1n rats with MRN lesion, P < 0.001; effect of MRN lesion on

the action of reserpine, P € 0.025.
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Figure 1

Representative lesions of a
(\) medial raphe nucleus, and

(B) dorsal raphe nucleus,
in a frontal plane section through

the caudal midbrain
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3.J. Pharmacological analysis of the neurotransmitter mechanisms

regulating phenylethanolamine N-methyltransferase and dopamine beta-

hydroxylase in the adrenal gland.
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3.J.1. Abstract

The 1p administration of reserpine daily for 4 dayd to rats brings
about an increase of adrenal phenylethanolamine N-methyltransferase
(PNMT) activity. However, the combination of the systemic
administration of p-chlorophenylalanine (PCPA) and reserpine for 3 days
produces an earlier increase in this adrenal enzyme. The effect is
significantly reduced in the denervated gland. Prilor administration of
5,7-dihydroxytryptamine (DHT) icv to rats greatly potentiates the
inducing effect of reserpine. On the other hand, the depletion of
catecholamines by giving rats alpha—methyl-p-tyrosine (AMPT) ip or 6-
hydroxydopamine (bOHDA) icv does not alter the action of reserpine on
adrenal PNMT. PCPA, DHT, AMPT and 60HDA do not have any effect by
themselves on adrenal PNMT, but the combination of PCPA and AMPT each
given 1p causes increased adrenal PNMT activity. The administration of
dopamine agonists, a treatment that increases adrenal TH, does not
modify adrenal PNMT or DBH. We conclude that, juist as in the case of
DBH, the induction of PNMT by reserpine involves depletion of
catecholamines and serotonin, the depletion of serotonin having the more
powerful effect. A monoaminergic (serotonergiés inhibitory pathway is
involved in the central regulation of adrenal PNMT activity.

3.J.2. Introduction *

The activities of adrenal tyrosine hydroxylase (TH, EC 1.14.16.2),
dopamine beta—hydroxylase (DBH, EC 1.14.2.1), and phenylethanol‘émine N-
methyltransferase (PNMT, EC 2.1.1.28) are increased by stressors and by

certain drug treatments (Ciaranello and Black, 1971; Kvetf;anskz, et al.,

1970; Kvetﬁanskzl, 1980; Thoenen, 1970). The response of adrenal TH to

such treatments has been extensively studied in this laboratory and
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1
elsewhere in order to elucidate the role of central dopaminergic (Quik

and Sourkes, 1976), noradrenergic (Gagner et al., 1983), serotonergic

(Quik and Sourkes, 1977), and cholinergic (Lewander et al., 1977)

systems that regulate the increases. Less 1Is known about
neurotransmitters concerned with DBH activity of the adrenal gland of
the rat, but cholinergic (Lewande‘zl et al., 1977) and monoaminergic
fibres (L_irE and Sourkes, 1985) are certainly involved. We now examine
the regulation of the activity of a third adrenal enzyme Involved In
catecholamine synthesis, viz. PNMT. For these studies we have used rats
given phammacological agents that affect monoaminergic functions. In
some experiments adrenal DBH was also measured for comparative purposes.

3.J.3. Materials and Methods

Male Sprague-Dawley rats (200 + 10 g or 290 + 10 g) were purchased

v

from Canadian Breeding Farms and Laboratories Ltd., St. Constant,
Quebec. The rats were kept {n individual cages under controlled
lighting (12 h on/12 h off) and were fed ad 1ibitum.

Animals submitted to surgery were anesthetized with 300 mg/kg ip of
chloral hydrate (Fisher, /Scientific Co., Montreal, Que“‘bec).

Splanchnicotomy was performéd in the left adrenalpgland as previously

described (Lima and Sourkes, 1985). The stereotaxic coordinates for the

intracerebroventricular (icv) injection of neurotoxing were P 1.0, L 1.5
and V 3.5 mm. The ventricular target site was confirmed by injectlon of
methy lene blue. A Hamilton syringe with 26-gauge fidedle was used for
the injections. 6-Hydroxydopamine hydrochloride (60HDA) and 5,7-
dihydroxytryptamine creatinine sulfate (DHT) (Sigma, St. Louls, MI) were
injected fcv in 20 ul of 0.1% ascorbic acid in saline. Doses of the

neurotoxins are given as the weight of the salt. Reserpine (Sigma, St.



Louls, MI) was dissolved in a solution of 0.57 methylcellulose. Alpha-

methyl-p-tyrosine hydrochloride (AMPT) and B—chlorophenylalanine
hydrochloride (PCPA) were obtained from Sigma; apomorphine from F.E.
Cornell and Co., Montreaf, Quebec; piribedil from Laboratoires Servier,
Neullly~-sur-Seine, France; and clonidine hydrochloride from Boehringer
Ingelheim, Inc., Burlington, Ontario.

Rats were deeply anesthetized with Brietal (sodium methohexital),
65 mg/kg given intraperitoneally (ip), and then the adrenals were
removed and placed on ice. The glands were homogenized with a Teflon
homogenizer in 1 ml of 0.05 M Tris buffer pH 7.4, containing 0.1Z Triton
X-100 for DBH assay and in 1 ml of 0.05 M phosphate buffer pH 7.4,
containing 0.15 KC1, O.1 wuM dithiothrietol and 1 mM EDTA. Homogenates
were centrifuged at 10,000g for 10 min. The supernatant fraction was
kept at =70° C for up to 4 days prior to assay.

Adrenal DBH was determined according to the method of Molinoff et
al. (Molinoff et al., 1971). PNMT was purified from bovine adrenal

medulla by the procedure of Dfaz Borges (Dfaz Borges et al., 1978) as

specified previously (Lima and Sourkes, 1985). Adrenal PNMT was

determined by the method of Yu (Yu, 1978).

Each value represents a mean + standard error (SE). Adrenal DBH
and PNMT activities are expressed as umoles and nmoles, respectively, of
octopamine per 30 min per adrenal. Significance of the differences
between means was calculated by Student's t—test. Analysis of variance
(ANOVA) was done in fndi{cated ekperiments (y_iﬂ, 1971).

3.J.4. Results «

~
Action of reserpine on PNMT activity i

It has been shown that three injections of reserpine given over a

period of six days lead to about 20X increase of PNMT in the adrenal
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gland (Ciaranello and Black, 1971). The experimental period could be

effectively shortened by administration of this monoamine depletar to
rats daily for & days, with an‘increase of 30% (P < 0.025) in the
activity of adrenal PNMT (Table I, Expts. A and C). However, three
daily injections were insufficient to induce the enzyme (Table I, Expt.
B).

Serotonergic mechanism

The systemic administration of a single large dose of PCPA, an

inhibitor of tryptophan hydroxylase (Koe and Weissman, 1966), to rats

produces a small mean increase of adrenal PNMT activity (Table I, Expt.
B), but this is not statistically significant. The injection of DHT
icv, in order to produce central serotonergic denervation (Baumgarten et
al., 1982), also did not affect adrenal PNMT activity significantly
(Table I, Expt. C). However, when elther of these treatments was
combined with the administration of reserpine, there was potentiation of
the effects of that drug (Table I, Expts. B and C).

PCPA in combination with reserpine given for four days was
further tested in rats that had been hemisplanchnicotomized. For the
intact adrenal, the effects on PNMT activity (Figure 1) were similar to
those obtained previously. Howeve\? in the case of the denervated gland
reserpine elther alone or with PCPA no longer caused an Increase of PNMT

activity.

Catecholaminergic mechanism

Two treatments affecting catecholaminergic mechanisms were tested
with respect to adrenal PNMT activity. 60HDA, given by {cv Injection,

in order to bring about central catecholaminergic denervation

(Ungerstedt, 1968), had no significant effect on adrenal PNMT activity

132



nor did it alter the effect of reserpine given to rats for four days
(Table I, Expt. A). The second treatment was the ip administration of
AMPT, an inhibitor of TH that produces a great decrease In catecholamine
levels in the central nervous system and the periphery (Spector, 1966).
The adrenal PNMT activity of control rats was 3.78 + 0.45 umoles per 30
min per adrenal (N=3) and that of AMPT-treated animals was 4.37_+_~ 0.25
(N=3) umoles per min per adrenal. The difference between these means
(13%2) was not statistically significant.

The ef fects of two dopamine agonists, piribedil and apomorphine,
were also tested. These drugs, given ip for three days 1in qosage
schedules that invariably result in large increases of adrenal TH (Quik

and Sourkes, 1976; 1977) were tested in a four—-day schedule. Neither

one induced PNMT in the adrenal gland of the rat. Thus, it seems that
the 1increase of adrenal PNMT does not involve dopaminergic regulation.

Similarly, clonidine, tested at two dose levels (Gagner et al., 1983)

did not modify adrenal PNMT activity (data not shown); this suggests
that a noradrenergic mechanism 1is not {implicated in the regulation of
adrenal PNMT in the rat. Comparison experiments Iin which adrenal DBH
was measured showed that'this enzyme 1s also unaffected by the

catecholamine agonists used (Table III).

Monoaminergic interaction

Because of the non-discriminating action of reserpine in releasing
I;?nmamine neurotransmitters, an experiment was carried out in which PCPA
and AMPT were administered alone in order to test their depleting
actlions on serotonin and catecholamines, respectively (Tablell). As
before nelither drug acting alone had an effect. However, the combination
of tPT se two increased adrenal PNMT by 441 above control value (P <

9.01). Thus, both types of monoamine, catecholamines and serotonin,
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must undergo depletion in order to produce induction of PNMT in the
adrenal gland of the rat.

3.J.5. Discussion

Reserpine i{s a very well known inducer of adrenal TH, DBH and PNMT,

acting mainly through a neural mechanism (Zigmond and Bowers, 1981) but

there are distinct differences 1in the forms of response of these
enzymes. Thus, twenty-four hours after a single injection of reserpine

there 1s already an Increase in adrenal TH (Rels t al., 1975).

However, two daily injections for two successive days are necessary to
see the same effect on adrenal DBH activity (unpublished data) and a
longer period of time, up to four days In the present study, 1Is
necessary to bring about an iIncrease of adrenal PNMT. It 1is known that
all three adrenal enzymes are under neural control, and that DBH and
PNMT are additionally subject to humoral regulation (Ciaranello, 1980).
The effect of humoral regulation {s especially prominent in the case of
PNMT. Thus, a longer period of stimulation {s necessary to detect the
neural effect on adrenal PNMT.

Although treatments (PCPA, ip; DHT, 1cv) that result in extensive
depletion of cerebral serotonin in the raphe area and forebrain (Llma
and Sourkes, 1985) bring about significant increases of adrenal TH

activity (Quik and Sourkes, 1977), they do not influence adrenal PNMT

(Table I) or DBH (Lima and Sourkes, 1985). However, such treatments
glven prior to reserpine potentiate the action of that inducer (Table
1), just as was previously observed for adrenal DBH (Lima and Sourkes,
1985). The results with catecholamine depletion show that, just as in
the case of serotonin-depleting agents, neither 60HDA (Table I, Exp.A)

nor AMPT (Table 1l) affects adrenal PNMT activity. In contrast todrugs



A

causing depletion of serotonin, 60HDA did not {nfluence the action of
reserpine at all (Table I). These results emphasize the importance of
specifically reducing the serotonergic component for {induction of
adrenal PNMT by reserpine through the neural route.

Comparison of the actions of DHT and PCPA with reserpine shows that
the former was more effective under our experimental conditions. It is
possible that the difference lies in the release by DHT (given 1icv) of
additional modulators from serotonergic nerve endings. This actually
occurs after central administration of DHT, 1in that there is depletion
of substance P and thyrotropin releasing hormone, in parallel with
serotonin, from the ventral spinal cord (Gilbert et al., 198?)

The experiments with individual monoamine-depleting agents show
that cerebral loss of serofonin or catecholamines alone 1s not

sufficient to induce adrenal PNMT. Farlier we found that catecholamine

depletion does not increase adrenal TH (Quik and Sourkes, 1976) or DBH

(Lima and Sourkes, 1985). However, the simultaneous decrease of

serotonin and catecholamines, achieved by administering AMPT to rats
that previously had received a single injection of PCPA, produced a
significant increase in adrenal PNMT activity (Table II), just as in the

case of DBH (Lima and Sourkes, 1985). These results indicate (1) that in

order for reserpine to act as inducer of adrenal DBH and PNMT, depletion
of both types of monoamine 18 necessary (Figure 1); and ({i) that this
response 1s neurally mediated (Figure 1, Expt. C). Thus, a central

serotonergic pathway {s exerting a net inhibitory effect on the control

of adrenal PNMT activity, just as has previously been recognized for TH

(Quik and Sourkes, 1977) and DBH (Lima and Sourkes, 1985). However, it

can not be concluded on the basis of the present evidence that the

9

seraotonergi¢ tracts are the same Iin all three cases.
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Present attempts to detect a dopaminergic mechanism in the
regulation of adrenal DBH and PNMT were unsuccesful. Similarly the use
of clonidine did not provide evidence for a noradrenergic mechanism in
regard to either of these enzymes. The failure of catecholaminergic
stimulation to affect adrenal DBH and PNMT contrasts with the {mportance
of these mechanisms, especially the dopaminergic function,. in the

regulation of adrenal TH (Gagner et al., 1983; Quik and Sourkes, 1976)

and, hence, points up the specificity and differential control of the
central pathways involved in the regulation of catecholamine-

synthesizing enzymes in the adrenal gland.
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Table I. Effect of PCPA, DHT, 60HDA and reserpine on adrenal PNMT

activity
PNMT activity
umoles per 30 min per adrenal

Experiment Treatment N Without reserpine N With reserpine
A Control 5 6.16 + 0.34 7 8.00 + 0.52

60HDA 5 7.53 +0.55 5 8.70 + 0.62
B Control 5 6.67 + 0.39 5 6.57 + 0.38
' PCPA 5 7.79 +0.39 5 9.36 + 0.67%
c Control 3 3.79 + 0.55 4 4.99 + 0.23%%

DHT 3 4.46 + 0.36 5 7.61 + 0.58%%%

Each value 1s Mean + SE. Experiment A: 60HDA was given icv in a dose of
200 ug in 20 pl of 0.17 ascorbic acid in saline 4 d before the first
injection of reserpine. Experiment B: PCPA was administered 1in a dose
of 300 mg/kg once 24 h before the first of three daily injections of
regserpine. Experiment C: DHT was administered icv, 175ug in 20 p1 of
0.1% ascorbic acid in saline 30 min after 20 mg/kg of desimipramine and
4 d prior to the first of 4 daily ip injections of reserpine. Reserpine
was given in a dose of 2.5 mg/kg and the animals were killed 24 h after
the last injection. .

* P <0.005 with respect to control with or without reserpine and P <
0.05 with respect to PCPA without ‘reserpine.

** P < 0.025 with respect to control without reserpine.

Ax% P ¢ 0.0]1 with respect to DHT without reserpine and control with

regerpine.
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Table II. Effect of PCPA and AMPT on adrenal PNMT activity

PNMT activity

Treatment N umoles per 30 min per adrenal
Control 4 5.45 + 0.32
PCPA 3 4.59 + 0.70
AMPT 3 4.91 + 0.17
Both 4 7.83 +0.62

Each value 1s Mean t+ SE. PCPA was administered In a dose of 300 mg /kg
ip once 48 h before the first injection of AMPT, whic was given in a
dose of 200 mg/kg per day in two injections for 4 d. Animals were
sacrificed 18 h after the last injection. ANOVA was carried out with
extraction of sum of squares for AMPT (1 degree of freedom), for PCPA
(1), 1interaction (1) and remainder (7). Significance af the difference
between means was calculated from the mean square for remainder
(0.7302)., Probabilities are as follows: control vs. both < 0.01; AMPT

vs. both ¢ 0.005; PCPA vs. both < 0.05.
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Table ITI. Effect of piribedil, apomorphine and clonidine on adrenal

PNMT and DBH activities

PNMT DBH
pmoles per 30 min per nmo les per 30 min per

Experiment Treatment N adrenal N adrenal
A Control 11 5.05 + 0.50 3 5.05 + 0.54
Piribedil 11 5.96 + 0.93 6 6.45 + 0.82
B Control 6 5.34 + 0.19 6 6.37 + 0.33
Apomorphine 6 5.41 + 0.51 5 7.03 +0.91
C Control 4 7.33 + 0.37 4 7.90 + 1.08
Apomorphine 6 7.44 + 0.45 6 7.19 + 0.49
D Control 6 5.34 + 0.19 6 6.37 + 0.33
Clonidine 6 5.93 + 0.40 6 6.48 + 0.81
E Control 4 7.33 + 0.37 4 7.90 + 1.08
Clonidine 6 7.29 + 0.12 6 7.13 +1.73

Each value i1s Mean + SE. Experiment A: Piribedil was given in a dose of
50 mg/kg ip twice a day for 4 d. Experiment B: Apomorphine was given 1in
a dose of 3 mg/kg 4 tiems a day for 4 d. Experiment C: Apomorphine was
given in a dose of 10 mg/kg 4 times a day for 4 d. Experiment D:
Clonidine waslgiven ip In a dose of 2 mg/kg twice a day for 4 d.
Experiment E: ,élonidine was given 1n a dose of 15 pg/kg twice a day for

4 d. Animals were killed 18 h after the last injection.
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Figure 1. Effect of hemisplanchnicotomy, reserpine and PCPA on adrenal
DBH activity. Hemisplanchnicotmy was carried out 5 d before starting
the treatment. PCPA was gliven in a single dose of 300 mg/kg ip 2 d
before first Iinjection of reserpine. Reserpine was given dai{ly Iin a
dose of 2.5 mg/kg sc for 4 d. Sacrifice was done 24 h after last
injection. ANOVA was carried out with extraction of sum of squares for
splanchnicotomy (1 degree of freedom), treatments (3), interaction (3)
;
and remainder (17). Significance of differences between means was

calculated from the mean square for remainder (0.3138). Probabilities

are as follows:

Difference between Intact Denervated
Control vs. reserpine < 0.05 NS
Reserpine vs. PCPA < 0.05 NS
Both vs. reserpine < 0.025 = 0,05
Both vs. PCPA < 0.005 NS
Both vs. control < 0.005 NS

Reserpine intact vs.
regserplne denervated side < 0.01

Both intact vs.
both denervated side < 0.005
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3.K. Cholinergic and gabaergic regulation of dopamine beta-

|
|
hydroxylase activity in the adrenal gland of the rat 1
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3.K.1. Abstract

The administration of oxotremorine together with methylatropine to
rats produces a dose-dependent tncrease of adrenal dopamine beta-
hvdroxyvlase (DBH) activity., This effect is abolished bv denervation of
the zland and bv <yrloheximide. The Km for tyramine {s not affected bv
the transsynaptic inductinn of DBH by oxotremorine The induction {s
selective, because similar treatment does not affect adrenal dopa
decarboxvlase or lactate dehyvdrogenase {in the adrenal gland. The
combinat:ion of b-hydroxydopamine {cv or propranclol {p does not alter
the effect of oxotremorine on adrenal "BH. However, propranolol reduces
the tremorigenic action of the muscarinic agonist. The systemic
administration of p-chloruphenylalanine or the {cv {njection of 57-
dihydroxytryptamine prior to oxotremorine treatment does not affect the
tncrease of adrenal DBH. Progabide, a CABAA— and GABAg-receptor
agonist that effectively crosses the blood brain barrier, reduces the
effect of oxotremorine In a dose dependent manner. Muscimol, given by
either of two routes —1icv at a constant rate (Alzet minipump) or ip-,
produces significant decreases of adrenal DBH activity and attenuates
the action of oxotremorine. Denervation of the gland abolishes the
effect of muscimol ip in decreasing adrenal DBH activity. Baclofen, a
GABAg-receptor agonist, has no effect by itself nor does it affect the
action of oxotremorine. None of these GABA agonists has any in vitro
effect on adrenal DBH activity. Bicuculline, a GABA,-receptor
antagonist, reverses the action of progabide in oxotremorine-treated
rats with respect to adrenal DBH activity, partially blocks the effect
of muscimol, and enhances the increase obtained with oxotremorine. Thus,
GABA seems to be Involved in the regulation of adrenal DBH activity, and

-

at least some of its effect in this regard is med{ated by interaction
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with a central cholinergic system. 1In contrast to this, the results of
these experiments provide no basis for roles for central or peripheral
ratecholamines and serotonin in interaction with the central action of
oxotremorine on this enzyme.

3.X.2. Introduction

The muscarinic agonist oxotremorine (Cho et al., 1962) effects the
tnducttion of dopamine beta-hydroxylase (DBH, EC 1.14.2.1) and tyrosine
hydroxylase (TH, EC 1.14.16.2) in the rat adrenal gland by central
neural action (Lewander et al., 1977), but neither the site at which it
acts in the nervous system nor the efferent pathway is known. Central
cholinergic fibres interact with various neurotransmitters and some of
these relationships have been documented. Thus, oxotremorine decreases
the turnover rate of acetylcholine in many regions of the brain
(Nordberg, 1978), but it accelerateos the turnover rate of cerebral
serotonin (Haubrich and Reid, 1972) and elevates the plasma
concentrations of epinephrine and norepinephrine in consclous rats
(Welnstock et al., 1978). Moreover, catecholaminer‘gic centres Influence
the action of cholinergic neurons (Ladinsky et al., 1980; Weinstock et
al., 1978). The {Inhibitory neurotransmitter gamma-aminobutyric acid
(GABA) blocks the activity of cholinergic neurons in the striatum and
e lsewhere (Scatton and Bartholini, 1979, 1980), and GABA agonists, such
as progabide and muscimol, diminish the rate of turnover of cerebral
acetylcholine (Scatton and Bartholini, 1980, 1982). Because of such
Iinteracticns that affect turnover and levels of central
neurotransmitters it was considered worthwhile to extend the
investigation of the induction of rat adrenal DBH by oxotremorine, this

time with attention to the effects of drugs able to mimic or modify
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actions of some of the neurotransmitters mentioned on that 1nductlo{1 of

/

that enzyme. s

3.X.3. Materials and Methods

Male Sprague-Dawley rats (200 or 290 + 10 g) were purchased from-
Canadian Breeding Farms and Laboratori{es Ltd., St. Constant, Quebec.
The animals were kept Iin individual cages under controlled lighting (12
h on/12 h off) and fed ad 1ibitum.

Animals submitted to surgery were anesthetized with 300 mg/kg {p of
chloral hydrate (Fisher Scilentific, Montreal, Quebec).
Hemisplanchnicotomy was performed and verified as described previously
(Lima and Sourkes, .985). The stereotaxic coordinates for the
intracerebroventricular (icv) injection of the neurotoxins were P 1.0, L
1.9 and V 3.5 mm (Paxinns and Watson, 1982). A craniotomy was performed

at the site corresponding to the ~injection The ventricular target site

was confirmed by injection of methylene blue. A Hamilton syringe with
26-gauge needle was used for the injections. For the contimuous
microinfusfon of drugs, osmotic minipumps (Model 2001, Alzet

Corporation), were used. An l.-shaped stainless steel cannula was
prepared from 2l-gauge tubing. The tip of the cannula had a length of
3.5 mm; In order to guarantee its depth, a small stop was made with
epoxy resin. The longer part of the L. was connected to 8 cm
polyethylene tubing, internal diameter 0.76 mm, the othe: end of which
was attached to the mini~osmotic pump flow moderator. The mini-pumps
were filléd according to the procedure described {n the manufacturer's
fnstruction manual. The L-shaped cannula-catheter was also filled with
the solution to be deltvered.

b-Hydroxydopamine (60HDA), 200 pg and 5,7 dihydroxytryptamine

(DHT), 175 ug (Sligma, St. Louts, MI), were Iinjected by the
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intracerebroventricular (icv) route in 20 pl of 0.12 ascorbic acid in
saline. Injection time was one minute in order to avold asymmetric
uptake (Baumgarten et al., 1982). The drugs used (dose, route of
administrat{on and source) were: DL-propranolol, 50 mg/kg
intraperitoneal (ip); muscimol, 0.5 and 3 mg/kg ip or 50 ng/day 1icv; p—
chlorophenylalanine (PCPA), 300 mg/kg 1p (Sigma, St. Louls, MI); and
baclofen, 10 mg/kg ip (Clba-Geigy, Montreal, Quebec). These were
dissolved in saline. Progabide 100 and 50 mg/kg 1p (Synthelabo, Paris),
and gamma-vinylGABA, lg/kg (Merrell International, Strasbourg, France),
were prepared in 0.5Z methylcellulose. Oxotremorine (Aldrich Chemicals,
Milwaukee, WI) was given sc in a dose of 0.5 mg/kg 30 min after atropine
methyl bromide, 5 mg/kg ip (Sigma, St. Louis, MI).

Rats were deeply anesthetized with sodium methohexital, 65 mg/kg
and then the adrenal glands were removed and placed on ice. The glands
were homogenized with a Tef lon homogenizer in 1 ml of 0.05 M Tris buffer
pH 7.4 containing 0.1% Trito;'x—100. Homogenates were centrifuged at
10,000g for 10 min. The supernatant fraction was kept at -70°C for up
to4 days prior to assay.

Fragments of adrenal gland were pre—incubated in 2 ml of Krebs—
Ringer—bicarbonate, containing 0.4%Z glucose for 10 min, and then
incubated for 30 min in the presence of 23 pM progabide, 4 puM muscimol,
7 uM baclofen or 580 pM gamma-viny1GABA, respectively.

Adrenal DBH actl{ity was determined according to the prqcedure of
Molinoff et al. (Molinoff et al., 1971). PNMT was purified from bovine
adrenal medulla by the method of Diaz Borges et al. (D{az Borges et al.,
1978), as specified previously (Lima and Sourkes, 1985).

Each value 1s expressed as a mean + standard error (SE).
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Significance of the difference between mean was calculated by Student t-
test. Analysis of varfance (ANOVA) was done in Indicated experiments
(Winer, 1971).

3.K.4. Results

Preliminary experiments served to verify the Iinductive effect of
oxotremorine onr adrenal DBH. Activity of the enzyme increased i{n a
dose-dependent fashion with daily administration of 0.1, 0.25 or 0.5 mg
of oxotremorine per kg body weight for four days, the increase beling
statistically significant (P < 0.05)o0only with the last dose. Tremor
was observed at each of these dose levels. Further experiments
confirmed the finding that denervation of the adrenal abolishes this
induction (cf. Lewander et al., 1977). The {induction of DBH by
oxotremorine was blocked by ! mg/kg per day of cycloheximide
(unpublished data, this laboratory). Kinetic studies of dialyzed DBH
preparations from adrenals of oxotremorine-treated and control rats
showed that the Km for tyramine as substrate was similar {n the two
cases, 0.09 mM and 0.11 mM, respectively. In order to asses the target
selectivity of the induction adrenal lactate dehydrogenase and aromatic
amino acid decarboxylase activities were measured after administering
the drug to rats in a dose that induces TH, DBH (Lewander et al., 1977)
and ornithine decarboxylase (Ram{rez—Conzallez et al., 1980). These two
enzymes were undffected by this treatment (Lima and Sourkes, unpublished
data).

Catecholaminergic mechanisms: Several reports suggest that
cholinergic inputs via muscarinic receptors can influence the activity
of catecholaminergic systems (Morgan and Pfeil, 1979; Korczyn and Eshel,
1979; Ladinsky et al. 1976, 1980). In order to reduce the efficacy of

central catecholaminergic fibres that might be involved in the Inductive
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effect of oxotremorine two types of experiment were carried out. In
the first, the neurotoxin 60HDA (Breese and Traylor, 1970; 1971) was
injected into the cerebral ventricles of rats. 6OHDA was without
significant effect on adrenal DBH activity, either by ttself or fn
combination with oxotremorine (Table I). Because oxotremorine causes
the release of adrenal catecholamines {Weinstock et al., 1979) and
because the beta-adrenergic agonist propranolol can reduce the tremor
provoked by the drug (Weinstock et al., 1978), the second experiment
involved giving propranolol {p to rats Iin a dose of 5 mg/kg before each
injection of oxotremorine. The blocker reduced the tremorigenic effect’
of oxotremorine slightly but did not influence the effect of the drug on
adrenal DBH (Table I1). Moreover, {t had no significant effect of 1its
own on enzymic activity.

Serotonergic mechanisms: Two experiments were conducted for the
purpose of evaluating a possible serotonergic-cholinergic interaction
with respect to adrenal DBH induction. Such interaction has been
described for some biological functions (Haubrich and Reid, 1972;
Robinson 1982, 1984). As shown in Table III the administration of DHT {cv
in order to destroy the endings of forebrain serotonergic neurons
(Baumgarten et al., 1982) did not affegt ‘the adrenal DBH activity when
given alone or in combination with oxotremorine. In the second
experiment PCPA (Koe and Welssman, 1966) was injected in a schedule that
diminishes sharply the cerebral serotonin content through inhibition of
tryptophan hydroxylase. As 1in the case of the neurotoxin, this
inhibitor had no significant effect on adrenal DBH activity either by
itself or with oxotremorine.

GABAergic mechanisms: Progabide, a GABA agonist (Worms et al.
)
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1982), was administered to rats {n three similar experiments, the dose
of the drug in the second and third experiments being 50T greater than
in the first. Results obtained {n the latter two experiments are
presented in Table IV, this shows the Interaction with oxotremorine was
glven at 3 time when the maximal action of progabide could be expected
to occur (Worms et al. 1982). Analysis of the data reveals that
oxotremorine Iincreased adrenal DBH activity by 67%. However, when this
drug was given with progabide the Increase was only 28, the reduction
1n effect being statistically significant (see footnote, Table IV).
With the higher dose of progabide there was a decrease of 24X {n the
effect of oxotremorine (P < 0.029) (Figure 4); with the lower dose of
the drug the decrease was 172 (P > 0.05) (data not shown). Thus, a
reduction of the Inducing effect of oxotremorine was produced by the
conjoint administration of the GABA agonist, progabide.

In order to study further the action of progabide on the induction
of adrenal DBH by oxotremorine bicuculline, a GABA, receptor blocker
(Curtis et al., 1971), was administered to rats receiving elfther
oxotremorine or the combination of oxotremorine and progabide.
Bicucul line appeared to favour the action of oxotremorine, 1in
increasing the induction of DBH with that drug by 21%Z (P < 0.05).
Moreover, 1in rats in which the inducing effect of oxotremorine had been
abolished with progabide administration, as in Table 4, the bicuculline
now counteracted that effect (P < 0.01, Table V).

Other GABA agonists, such as muscimol (Brehm et al. 1972), baclofen
(Fox et al. 1978) and gamma-vinylGABA (Jung et al. 1977), each having a
distinct mechanism of actlion, were also tested. Muscimol, 1in a dose of
0.5 mg/kg ip did not produce any effect on adrenal DBH activity or on

the action of oxotremorine on this enzyme (data not shown). A higher
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dose of the GABA agonist (3 mg/kg) produced a decrease of adrenal DBH
activity (26%), without affecting the net central effect of oxotremorine
(Table VI). In addition, when muscimol was given lcv at a constant rate
of 50 ng/day, a great decrease of adrenal DBH activity was observed
(53%), a result that an otherwise effective dose of oxotremorine could
not completely overcome (Table VI). Nevertheless, the relative {ncrease
f{n adrenal DBH activity elicited by oxotrmmnﬁne {s essentially
unaffected by concomitant administration of muscimol (Table VI).

The potent effect of muscimol by itself in decreasing rat adrenal
DBH activity over a 3-day period (Table VI) paised the question of
whether this effect {8 exerted neurally or otherwise. To study this
rats were hemisplanchnicotomized and then given muscimol ip. The
results in Table VII demonstrate clearly that the DBH-reducing action of
muscimol {s exerted on the @nnervated adrenal (P < 0.05) but not on the
denervated gland (P > 0.05).

Baclofen did not alter either the effect of oxotremorine or the
resting activity of adrenal DBH (Table VIII). Gamma-vinylGABA produced
a decrease of 25% in adrenal DBH activity, but thi; change was not
statistically significant; moreover, gamma-vinylGABA had no significant
effect on the increase observed when oxotremorine was given to the
animals (Table VIII).

Fragments of adrenal gland were incubated in the presence of
corresponding concentrations of the GABA agonists. None of these drugs
tested in vivo modified DBH activity in vitro (data not shown).

3.K.5. Discussion

Lewander et al. (1977) demonstrated that the cholinergic agonist,

oxotremorine, induces TH and DBH in rat adrenals. The induction of
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these enzymes by oxotremorine persists even {f the animals are given
methylatropine, an antagonist that has very little access to the brain
after peripheral administration (Witter et al., 1973). Immunochemical
studies have shown that there is an actual {ncrease In the amount of TH
protein produced in this way (Lewander et al., 1977). This algo seems
to be the case for adrenal DBH, because the injection of cycloheximide
into rats blocks the increase observed after they are given oxotremorine
(unpublished data). There (s a selectivity to the Induction: {In
addition to DBH, TH (Lewander et al., 1977) and ornithine decarboxylase
(Ram{rez—Conzélez et al., 1980) of the adrenal are induced, but lactate
dehydrogenase. and aromatic amino acld decarboxylase actfvities are
unaffected by treatment of rdats with oxotremorine (l.ima and Sourkes,
unpublished data).

The abolition of the induction of DBH by denervation of the gland
(Lewander et al., 1977) {s amply verified by the data of Table I. Thus,
we are dealing with a central cholinergic mechanism that affects the
regulation of adrenal DBH. Some other adrenomedul ldary enzymes are
fnducible through stressors acting by way of central monoaminergic
pathway (Sourkes, 1985). Thus, the tnduction of‘ TH {s {nfluenced by
dopaminergic, serotonergic (Quik and Sourkes, 1977) and noradrenergic
(Gagner et al., 1983) systems; DBH and PNMT by monoaminergic, but
excluding at least dopaminergic pathways (l.ima and Sourkes, 1985); and
ornithine decarboxylase through dopaminergic, serotonergic (Almazdn et
al., 1983) and cholinergic neurons (Ramfrez et al., 1980). The present
work has almed at determining whether any of these types of neuron
fnteract with cholinergic fibres in the regulation of adrenal DBH.

The efficacy of central catecholaminerglc fibres was reduced In

rats by giving them an {ntracerebroventricular injection of 60HDA, a
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neurotoxin that reaches many of the dopamine- and norepinephrine-
containing endings in the brain and causes them to degenerate and lose
their stores of amines. By itself this did not affect the activity of
adrenal DBH (Table }I), nor did it affect the 1nducfion by oxotremorine.
The beta-adrenergic blocker propranolol was also tested. Althoughiit is
known to abolish the tremor caused by oxotremorine (Welnstock et al.,
1978), 1t did not modify the inducing effect of that cholinergic drug on
adrenal DBH (Table II). This demonstrates that tremor can be separated
from other effects ™f central muscarinic stimulation. Moreover,
propranolol had no effect by itself on rat adrenal DBH.

To test the posgsible Iinvolvement of central serotonergic fibres
rats received serotonin depletors, namely, PCPA to inhibit tryptophan
hydroxylase, and DHT, delivered to the ventricular space of the brain in
order to exert 1ts neurotoxic effect on serotonergic nerve endings.
Neither substance significantly affected adrenal DBH activity by itself
or in combination with oxotremorine (Table III). This is 1in sharp
contrast to the potentlating effect of these agents, given In
combinatifon with reserpine, on the induction of adrenal DBH (Lima and
Sourkes, 1985). The fact that a serotonergic mechanism is involved in
the induction by reserpine but not by oxotremorine itllustrates the
specificity of the central influences regulating such peripheral
functions. The results also demonstrate that the existence of such an
{nhibitory control (serotonergic) does not necessarily cause a decreased
response of adrenal medullary enzymes when the animal 18 under stress,
for other pathways are avallable to stimulate some of those
adrenomedul lary functions. Thus, the organism 1{s assured of plasticity

in this regulation.
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Cerebral cholinergic systems are known to interact with GABA-
containing neurons. For example, GABA prevents secretion of
corticotropin releasing factor by incubated hypothalamic fra[ ents when
acetylcholine is applied to them, and picrotoxin in turn /cks this
effect of GABA (Jones and Hillhouse, 1977). The analgesic response to
GABA-receptor activation is blocked by atropine (Andree et al., 1983).
Bicuculline increases acetylcholine eff lux from the cerebral cortex
(Gardner and Webster, 1973). It is in the light of sych findings that
GABA agond4sts were tested in this work. The first of these was
progabide a GABA, and GABAg agonist, a synthetic substance that
penetrates the blood-brain barrier rapidly so that its level 1{in brain
may rise to 1.5-2 t{mes the plasma concentration (Lloyd and Morselll,
1982). 1Its metabolites are also GABA agonists with long half-lives
(Lloyd and Morselli, 1982). The present results show that progabide
significanfly decreases the effect of oxotremorine on adrenal DBH
activity by 24% in a dose of 150 mg/kg daily; when given in a dose of
100 mg/kg it results'in non-significant decrease of 17% (see text above
and Table IV)Jn unpublished experiments we have found that progabide
has no effect on the induction of adrenal DBH by reserpine. The effect
of progabide seems to be mediated by GABA, receptors, because
bicucul line blocks the action of the GABA agonists on the induction of
adrenal DBH by oxotremorine (Table V).

Other GABA agonists, such as muscimol, gamma-vinylGABA, and
baclofen were also tested. Muscimol 1s a highly active GABA, agon\ist,
but penetrates the blood—brain barrier only to a very small extent
(Maggi and Enna, 1979; Eana and Gal lager, 1983), so that high doses or
icv injections must be used to obtain a central effect. This drug

decreases the resting activity of adrenal DBH (Tables VI and VII), but
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does not significantly impair the action of oxotremorine. The result
with muscimol given 1ip could be explained as stemming from the
stimulation of GABA, receptors in the adrenal medulla, with a decrease
in the relea’se of catecholamines (Kataoka et al., 1984); the decrease
would produce a feedback inhibition of adrenal DBH. .In thls case, a

e

central action could not be expected because muscimol penetrates very
’
poorly into the brain# However, the 1icv administration of muscimol in a
small constant dose produces a great decrease if adrenal DBH activity
(Table VI), and this suggests that muscimol does have a central action.
An increase of 16Z in DBH activity 1is produced by oxotremorine in rats
that are also receiving'muscimol, compared with the 21% increase in the
animals receiving oxotremorine alone, even though basal level of enzyme
a‘éﬁtivities \has been drastically lowered by the muscimol. These results
support the possiéility of a central inhibitory pathway that invglves
GABA as neurotransmitter and affects adrenal functlion. A genenal
inhibitory effect of GABA on tonic stimulatory pathways maintaining
resting levels of adrenal DBH could also occur. The GABA actions are

probably mediated by way of A-receptors because of the effect of

muscimol on adrenal DBH activity (Tables VI and VII), and also because

L 4

of the lack of effect of baclofen, a GABAR agonist (Curtis et al., 1974;
Fox et al., 1978; Hill and Bowery, 1981) on this activity (in the
presence or absence of oxotremorine) (Table VIII). This view is
strengthened by the fact that bicuculline, a :specific blocker of GABAA—
receptors (Enna, 1983), blocks the action of progabide on the inducing
effeét of oxotremorine. ,

The administration of high doses of gamma—vinylGABA, a GABA-T

{nhibitor, increases GABA content in the brain (Jung et al., 1977).
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Treatment of rats with this drug decreases adrenal DBH by 25% and the
action of oxotremorine on this enzyme by 16%, but these effects are not
statistically significant (Table VIIL). Perhaps higher doses of the
{nhibitor would increase the endogenous GABA sufficiently to inhibit
‘some of the adrenal functions, but we did not exceed a dose of 1 g/kg.

' We can conc lude that, whereas central catecholaminergic or
seroC€onerglic systems do not seem to {nteract with the central
cholinergic system involved in the induction of adrenal DBH in the rat,

a central Inhibitary action of GABA reduces the activity of this enzyme

and can impalr the effect of oxotremorine upon 1ts activity.



TABLE 1. Ef(ect of denervation on the increase of adrenal DBH activity

indoxotremorine treated rats

—%-4—__—‘__.-__-______.__._________-_._____-___-4__\,_ ___________________________
’ .-Adrenal DBH activity

Treatment nmoles per 30 uin per adrenal

N Innervated N Denervated ,/
Sham operated 3 8.0 + 0.5 3 8.7 + 0.6
Sham operated + . «
oxotremorine 3 15.5 + 0.7 3 13.7 + 0.6
Splanchnicotomized 4 9.1 + 0.7 4 9.6 + 0.7
Splanchnicotomized + "
oxotremorine 4 13.7 + 1.1 4 8.1 +0.3

Each values is Mean + SE. Left splanchnicotomy was done 4 days before
the first injection of the drug. Oxotremorine was administered sc in a
dose of 0.5 mg/kg and 30 min after 5 mg/kg ip of methylatropine twice a
day, separated by 5 h interval for 4 days. Animals were killed 18 h
after the last injection.

* P C 0,005 with respect to sham operated

** p < 0.025 with respect to splachnicotomized.
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TABLE II. Effect of oxotremorine and S50HDA on adrenal DBH activity

DBH activity
nmoles per 30 min per adrenal

Expt Treatment N Without oxotremorine N With oxotremorine
| Control 5 % 11 +09 7T asoe a9t
6OHDA 3 5.1 + 2 4 7 25.1 + 11"
2 Contral 5 8.7 + 9.7 5 13.8 + 0.7"
Propranolol 5 9 4 + 0.9 6 15.3 + 0.7"

acid in saline 4 days before the first Injection of oxotremorine.
PFopran'oIol was given {p in a dose »f 5 mg "kg 40 min before each of I
datilv injections of oxotremorine. Oxotremorine was administered sc in a
dose of 0.5 mg/kg 30 after 5 mg/kg of methylatropine twice a day for
four days. Animals were killed 18 h after the last injection

* P < 0.025 with respect to control.
AN
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TABLE III. Effect of PCPA, DHT and oxotremorine on adrenal DBH activity

DBH activity
nmo les per 30 min per adrenal

Expt. Treatment N Without oxotremorine N With oxotremorine
I Control 4 9.3+ 0.8 4 15.4 + 1.4"
DHT 4 10.5 + 1.9 7 13.9 +0.9"
2 Control 5 1.1+ 0.5 5 23.3 + 2.3"
PCPA 5 14.8 + 1.7 4 26.8 +3.1"

Each value {s Mean + SE. PCPA, 300 mg/kg ip and DHT, 175 ug icv in 20
pl 0.1Z ascorbic acid 1in saline were given 24 h and 4 d before the first
injection of oxotremorine respectively. Animals were sacrifice 18Qh
after last injection.

* P < 0.01 with respect to the corresponding without oxotremorine.
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TABLE 1V. Effect of progabide and oxotremorine on adrenal DBH activity

DBH activity
nmoles per 30 min per adrenal

Treatment N Without oxotremorine N With oxotremorine
Control 9 7.5 + 0.7 9 12.5 + 0.8
Progabide 7 7.4 + 0.7 9 9.5 + 0.8

Each value ts Mean + SE. Progablde. 190 mg/kg ip at 9.00 p.m. and 50
mg/kg at 2:00 p.m. Oxotremorine, 0.5 mg/kyg sc 30 min after S mg/kg 1ip
of methvlatropine was glven at 11:00 a.m. and 4°00 p.m. for 3 d.
Animals were ki lled 18 h after the last injection. ANOVA of the two
experiments was carried out with extraction of sum of squares for
experiments (Il d;gree of freedom), treatments (2), interaction (3) and
remainder (26). Mean square of remainder (3.6253). Probabilitlies are:
control vs. oxotremorine < 0.001, progabide vs. both < 0.05 and

oxotremorine vs. both < 0.005,
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TABLE V. Effect of oxotremorine, progabide and bicuculline om adrenal

DBH activity

e i e e e e e e e e e e m e m e e e e e e ———

DBH activity
Treatment N nmoles per 30 min per adrenal

Oxotremorine 7 11.8 + 0.6

Oxotremorine +

progablde 7 9.3+ 0.6
Oxotremorine +

bicuculline 8 14.3 + 0.8
Oxotremorine +

progabide +

bicuculline 8 12.4 + 0.9

Each value {s Mean + standard error. Two daily injections of each drug
were performed: Bicuculline, 1 mg/kg 1p at 10:00 a.m. and 1:00 p.m.
Progabide, 150 mg/kg 1ip per day at £0:15 a.m. and 1:15 p.m.
Oxotremorine, 0.5 mg/kg sc 30 min before methylatropine, 5 mg/kg ip, at
12:00 m. and 3:00 p.m. for 3 days. Probabilities are as follows:
oxotremorine vs oxotremorine + progabide < 0.05; oxotremorine vs
oxotremorine + bicuculline < 0.05; oxotremorine + progabide vs
oxotremorine + progabide + bicuculline < 0.01. Bicuculline given alone

was not effective.
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TABLE V1. Effect of muscimol and oxotremorine on adrenal DBH activity

DBH activity ~
nmoles per 30 min per adrenal

Treatment N A N B

Control 5 10.6 + 0.4 4 13.8 + 0.7

Oxotremorine 5 16.1 + 0.9 3 6.7 + 0.4
Ny

Muscimol 5 7.8 + 0.5 5 6.5 + 0.8

Both 6 12.3i 1.1 4 7.6 + 0.9

Each value i{s Mean *+ SE. In A, muscimol was given ip in a dose of 3
mg/kg one h before each injection of oxotremori{ne. In B, muscimol was
administered icv into the right lateral ventricle in a dose of 50 ng per
day by an osmotic mini-pump at a rate of 1 pl per h, starting 18-24 h
before the first injection of oxotremorine and during the treatment.
Oxotremorine was given In a dose of 0.5 mg/kg sc twice a glay for 3 d and
30 min after 5 mg/kg 1p of methylatropine. Rats were sacrifice 18 h
after the last injection. ANOVA was carried out in each experiment with
extraction of sum of squares: Muscimol ip: treatments (1 degree of
freedom), interaction (1) and remainder (l4). Significance of the
differences between means was calculated from the mean square for
remainder (3.5798). Probabilitlies are as follows: control vs.
oxotremorine P < 0.005, control vs. muscimol P < 0.05, oxotremorine vs.

both P < 0.01 and muscimol vs. both P < 0.005. "Muscif®l 1icv: treatments

(1), interaction (1) and remainder (12). Mean square for remalinder
(2.4622). Control vs oxotremorine, P < 0.05, control vs muscimol, P <

0.001, oxotremorine vs both P < 0.001 and control vs both, P < 0.005.
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TABLE VII. Effect of muscimol on adrenal DBH activity

heaisplanchnicotoaixzed rats

of

DBH activity
nmoles per 30 min per adrenal

Treatment N Intact Denervated
adrenal adrenal

Control 3 7.6 + 0.3 8.3 + 0.8

Muscimol 5 6.3 + 0.4 9.1 + 0.9

Each value {38 mean + standard error. Hemisplanchnicotomy was performed

5 days before the first injection of the drug. Muscimol was given {p 1in

a dose of 3 mg/kg twice a day for 3 days. Probabilities calculated from

one tailed t test show: control vs muscimol (intact adrenal) < 0.05;

muscimol (intact adrenal) vs muscimol (denervated adrenal) ¢ 0.025.

164




TABLE VIII. Effect of baclofen, gamma-vinyl GARA and oxotremorine on

adrenal DBH activity

DBH activity
nmoles per 30 min per dadrenal

Treatment N Without oxotremorine N With oxotremorine

Control 5 8.9+ 0.8 5 13.4 + 1.2
Gamma-vinyl CABA 3 6.7 + N.4 3 11.2 + 0.1
Control 5 6.8+ 0.3 9 1.7 + 1.1
Baclofen 5 6.8 + 0.7 6 10.0 + 0.9

Each value i{s Mean + SE. CGamma-vinyl GABA was given in a dose of 1000
mg/kg 1p 2 h before each Injection of oxotremorine. Baclofen was given
in a dose of 10 mg/kg ! h befure each {nfection of oxotremorine.
Oxotremorine was administered sc twice a day in a dose of 0.5 mg/kg 30
min after 5 mg/kg ip of methylatropine for 3 d. Animals were killed 18

h after the last Injection.
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- 3.L. Effect of corticotropimreleasing factor on adrenal DBH and

PNMT activities and plasma corticosterone levels.

171




. ° .
3.L.1. Introduction

Corticotropin «releasing factor (CRF) has been characterized as a 4l-
aminoacid residue—containing polypept}de with. potent adrenocorticotropin
‘Systemic administration of antiserum against CRF or a CRF antagonist
blocks these effects (Rivier et al,, 1982;‘ 1984). CRF is anatomically
distributed in many brain regions, including some outside the areas
related to the regul‘ation of anterior pituitary'function (Swa’nson et
al., 1983). CRF given icv to rats and dogs yields a dose dependent
elevation of plasma noradrenaline and adrenaline copcentrations (Browr'z
and Fisher, 1984), and produces hyperglytfemiﬂ (Brown et al., 1982)
Central administration of CRF also affects cardiovasm;lar functions
(Fisher et al., 1982), Thus, CRF not only acts by releasing several
hormones, but also could be the first mediator of the stress response.
For these reasons, the central actlion of CRF on adrenal DBH and PNMT
regulation was teseted.

3.L.2. Materials i’i‘! Methods

Animals. Male Sprague-Dawley rats (290 + 10 \g) were obtained from
Canadian i&reeding Farms and Laboratory Ltd., St. Constant, Quebec. Tl;e
animals vere kept in individual cages under controlled lighting (12 h
on/12 h off) and were fed ad libitum. v

Animals submitted to surgery were anesthetized by the combination of
ketamine, 60 mg/kg, and xylazine, 10 mg/kg, im (Harkness, 1980).
Hemisplanchnicotomy was carried out and verified as previously described
(Lima and Sourkes, 1985). The stereotaxic coordinates for the

Intracerebroventricular (icv) administration of the peptide were P 1.0,

L 1.5 and V 3.5 um (Paxinos and Watson, 1982). The ventricular target
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(ACTH) and beta—-endorphin releasing activity (Vale et al., 1981).
L
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gsite was confirmed by in jection of methylene blue. Alzet osmotic ~.
minipump w&e ised for the central administration of ovine CRF

(Peninsula, Belmont, CA, U.S.A.) by constant infusion, according to the

¥

procedure previously described (Lima and Sburkes, 1985). The CRF was
administered in a dose of 100 ng/day in saline. Control animals

x|
recetved the vehicle in the same way.

N

Reserpine (Sigma Chemicals, -St. Louls, U.S.A.) was administered. sc in a

dose of 2.5 mg/kg daily for three days.

\ . . )
Six to seven days after the placement of the cannula and the

infusion the animals were deeply anesthetized with _sodium methohexital,

Al

65 mg/kg 1p and adrenals were removed and placed on ice. Each gland was

— r

homogenized with a T;zflon homogenizer in 1 ml of 0.05 M Tris buffer pH
7.4, containing 0.1% Triton i(-lOO for DBH determination; and in 1 ml of

0.05 M phosphate buffer pH 7.4, containing 0.15 M KC1l, 0.1 mM

1

dithiothreitol, and 1 mM EbTA for PNMT determination. Homogenates were

~ 1

centrifuged at 10,000 g for 10 min, an the supert{atant fraction was
stored at -70°C until used in enzyme assay. Adrenal DBH was determined

by the method of Molinoff et al. (Molinoff et al., 1971), with_some
‘ W
minor modifications. Final volumes were reduced to one~tenth of that

specified in the Molinofffprocedure, except for the partially purified

)
»

bovine PNMT, used in the second step of the assay; this was reduced to
one-fifth the spe\cified volume, . '

Bovine adrenal PNMT was purified from/bovine.adtgnal medtlxlla by the
procedu're of Diaz Borges et al. ‘(D{az Borges et al., 1978) as pteviouslyg

4 \
described (Lima and Sourkes, 1985). Adrenal PNMT was determined by the

micromethod of Yu (Yu, 1978).

Plasma corticosterone was determined by a competitive binding

radioassay (Murphy et al., 1963; Mugp’hy and Wagner, 1972)..

o
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Each value represents a mean + standard error (SE). Significance of
the difference between means was calculated by Student's t test.

Analysis of varlance, (ANOVA) was done in 1indicated experiments (Winer,

1971). N, —r ’
3.L.3. Results - T —~
¢ (r\‘ 2 ,
CRF was adminigtered by the way.of osmotic minipumps as described in
« ° o

'Materials and" Methods. A dose of/ 100 ng/day of this hormone increased

adrenal DBH and PNMT activities without affecting plasma cortlicosterone

significantly (Table I). As in previous studies (Lima and Sourkes,

“1985), reserpine givén for three days caused increases of ‘both’ DBH and

c
N

PNMT in the adrenals of rats. However, reserpine administered to rats
recelving CRF icv caused no significant further modification in the
,activity of the enzymes under study (Table I). Plasma corticosterone

was elevated similarly by reserpine and by the combination of reserpine

-

and CRF.

0

CRF was also given icv to hemisplanchnicotomized rats. Both DBR and

PNMT increased in activity in the Iinnervated adre’nal as before (Table

I1). Denervation of the gland did not alter significantly the activity

of these enzymes (Table rII)- : CBF caused Increases of DBH 'and PNMT
activity in the denervated gland, but only the latter increase was
statistical significant. .
. 1 CRF given sc increases plasma corticosterone, because the pituitary
gland, outside of the blood brain barrier, 1s acgessible to the action

of the peptide (Veldhiys and De Wied, 1984). CRF was administered for 3

days in two daily doses (Table 3). Adrenal DBH and PNMT, and plasma

‘ 4
‘corticosterone were- determined. CRF sc increased PNMT activity by 40X,

4 . s
but adrenal DBH was not significantly modified under these® conditioms.
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* 3.L.4. Discussion \ b
The role of CRF as the- principal physiological stimulator of ACTH
release (Vale et al., 1981; Plotsky and Vale, 1984) is based on the fact

o

that systemic administration ofkeither antisera against CRF or CRF
receptop-antagonis.ts (Rivier et al., 1982; 1984) prevencs' ACTH
secretion. CRF is anatomically distributed in hypothalamic and
ex::rahyp;thalz.mic nuclei. Several limbic nuclei, such as the lateral
amygdaloid nucleus, perivent;icular thalamic nuclei and bed nucleus of
the stria terminalis contain CRF (Palkovits et al., 1985). Thus, in

addition to its hormonal functions as releaser of ACTH and beta-

. endorphins, CRF has CNS actions, and could be the first mediator of the

stress response: In fact, CRF acts within the brain to sgimulate
s);mpathetic o:tflow (Brown et al., 1985‘),- and in this way affects
cardiovascular functions (Brown et al., 1984) and glucose nmetabolism
(Fisher ‘et al., 1982). Also, the icv administration of CRF results in
behavioural changes (Britton et al., 1982; Morley‘and Levine, 1982;
Sutton et al., 1982). Veldhuis and De 'Wied (Veldhuis and De Wied, 1984)
repf)rted .in the rat that one hour after a single ifcv injection of CRF in

doses of less/th/ar; 300 ng, ceantral effects could be observed, without
‘lncrease in plasma corticosterone. They also show that -the sc 1ﬁjection
of 300 ng of‘jél,u?' produces an ‘increase in plasms corticosterone.
corresponding to the increase observed in the icv injected ratse The
adx;inistration of él!F, one pg/h, by an osmotic miuipump connected to the
jugular vein produces a decrease in plagsma luteinizing hormone (LH)
levels up to the 7th day,‘ sugges;ing stability of the cc‘mpound in suc};
conditionis (Rivier and Vale; 1984).
’

We administered CRF icv by means of the osmotic minipumps, in a dose

of 100 ng/day, a dose that did not sig'pificanﬁly increase plasma

175



/cotticosterone levels (Table 1). However, both DBH and PNMT activities
increased significantly with this treatment. Denervation of the gland
blocke;/the elevation of DBH but not PNMT activity, suggesting that the
activation of the adrenal- medulla by CRF has two components: neural and
hunoral. These effects are evident Iin the case of doubly regulated
enzymes, such as bBH and PNMT (Ciaranel 1o, 1980)

) There is considerable evidence that adrenal PNMT is regulated by the

pituitary-adrenal .axis (Wurtman and Axelrod, 1966; Ciaranello et al.,

- 1975), to the extent that glucocorticoids or AC'.I‘HAadministration do not
significantly elevate adrenal PNMT activity in normal animals, but

‘ ’ . prevent the decrease bbserved in hypophysectomized rats (Ciaranel lo,
1978). In the present experiments CRF gi‘{en sc was able to increasz
adrenal PNMT activity in the intact animal. Probably CRF administered
by the sc route is potent enough to elevate corticosteroids‘in the
adrenal portal system of the rat, these steroids cause increases of PNMT

activity (Wurtman and Axelrod, 1966). CRF might have a local effect 1in

the adrenal medulla favouring an increase of PNMT.

o

CRF given sc, as indicated in Table 3, did not significantly
. increase adrenal DBH activity.
. Our results are preliminary, but nevertheless suggest that the

activation of the adrenal medulla by CRF has two components: neural and

humoral. Peripheral effects of the polypeptide need also to be studied.

-




| ’ . Table I

Effect of CRF and reserpine on adrenal DBH -and PNMT activities and

¢

plasma corticosterone.

Treatment N DBH PNMT Plasma corticosterone

Control - 4 6.2 + 0.3 3.9+ 0.3 1.2 + 0.2
Regerpine 5 9.5+ 0.72 5.2 + 0.42 1.9+ 0.2%
CRF 5 9.3+ 0.92 5.5+ 0.4® 1.7+0.5

Both 5 10.1+ 0.7° 6.0+ 0-2c 2.3+ 0.3,

i PR

Bach value 1is mean + SE. CRF was administered icv with an osmotic
minipunp 1in a dos,s of 100 ng/day for 6-7 days. Reserpine was
given the 3 last days of the CRF administration in a do;e of 2.5mg/kg
sc daily. ‘Animals were kirlrled 18 h .after the last injection.
Significance with respect to corresponding control is:

aP < 0.05

bP < 0.025 5

¢ P < 0.001 ’ ' )
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Table Al .

Effect of CRF on agrenal DBH and PNMT activities and plasma
{\

corticosterone of hemisplanchnicotomized rats.

: \

T

' Enzyme activity “Plasma’
: corticos.terone
Intact Denervated

Enzyme Treatment N, adren'th adrenal
DBE  Control ~ 3 14.8 + 0.6 14.3 + 1.8 1.8+0.1
CRF 4 20.6 + 1.2* 18.8 + 1.5 1.7+ 0.2
PNMT Control 3 2.9 + 0.3 2.1_:0.3 1.7:0;&
< CRF 4 3.6 + 0.2% - 3.2 + 0.04* 1.8 + 0.1

Each value.is mean + SE. Hemisplanchnicotoay was carried out 5 d before
CRF, 1icv by an osmotic ii’nlpu-p\“ ‘in a dose of 100 ng/d for 7 days.
Animals were kiiled on the 8th day. /DBH, nmoles per 30 lln‘ per adrenal;
P‘!lﬂ.', umoles per 30 min per adre}ul; corticosterone, Pg/-l.

* P<O0.05




T

. Table III ‘ .

~

Effect of CRF given sc on adrenal DBH and PNMT activities

Eozyme activity

Treatment N - DBH ‘ PNMT
Control 6 13.9 + 0.5 1.1 + 0.1

CRFP ‘

(Low dose) 6 15.3 + 2.2 1.6 + 0.1*
CRF

=)

(Righ dose) 15.7 + 2.0 1.5 + 0.1#*

Each value {s mean + SE. CRF was given sc tvice a day for 3 d. Low
dose: 60 ng/d.* High dose: 600 ng/d. DBH, nmoles per 30 min per
adreaal; PNMT, umoles per 30 ain per adrenal; corticosterone, pg/-l.

* P <0.05
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\ The experimental work describeé in thig thesis has been direcdted )

+
<

.ﬁ&

oward elucidating neural and other mechani’:-;ms involvedTin the

G
regulation of two adrenomedullary enzymes DBH and PNMT. This has meant,

in the first instancé, attempting to discover which of the commonly

accepted neurotransmitters play roles in the neural induction of these

~

two enzymes. Reserpine, a drug that causes the temporary -and reversiblg)

loss of monoamine neurotransmitters from the brain and other parts of

3

: £
the nervous system, has been used for two reasons: (1) it causes

induction of DBH and PNMT in the adrenal glands; and (2) it lowers brain

! low levels. It has hitherto been ass_umed that the second factor

explains the first, but the relationship has not been clark¥fied.. Inm

H

this work, the effect of res‘érpine in inducing adrenal DBH dis
.significantly reduced'by denervation of .the gland. Nevertheless,‘ a

small increase 1s still observed, and this suggests (a) that the.drug’

'

exerts a local effect by reducing adrenal—catecholamines, or (b) that 1t

acts through a humoral component as well. However, reserpine still

increases the activity of this enzyme in hy%ophygectomized rats. Hence, °

- )L n .
the increase of adrenal DBH in reserpine—treated rats must be considered

w as mainly neurally mediated.
. ' € o u
. In order to analyze further the effects of the non—specifilc)action' '
) ) a N

of reserpine 1% decreasing brain amine concentrations, th,:g
o™

adninistration of specific depletors of either catecholamipes or

I
Al .
[}

ferotonin was carried out in the experimentaﬁl animals. It was

[

¥ established that these depleting agents, given individuallvy, do not

alter adrenal DBH activity, but the combination of a serotonin depletor
4

! and a catecholamine depletor, a treatment designed to mimic the action
- N N ‘ ~ 14 ~ .
13
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catecholamines and serotquin, among other subgtances.in the brain, to -
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of reserpine, increases enzyme activity. This result indicates that the

x

induction 18 produced through the central deplétion of both types of
monoamine. The contribution of \catetholamine depletion to the effect
was confirmed, at least in the case of dopamine, by findir;g that the
administration of dopamineréic agonists, well documented inducers of TH,

L

for TH induction dopamine sensitive receptors rostral to the thoracic
) 1

»spinal cord, as demonstrated by others, are impartant, but for DBH or
Q »
PNMT induction such receptors have no role or need to be blocked e,g by

depletion of the presynaptic nerve endings.

It was found that serotonin agofists; but not catecholamine
agonists, potentiate the effect of reserpine on adrenal DBH and PNMT;
this suggests that the depletion of serotonin has a more powerful
effect. Im fact, the existence of a central serotonergic pathway with a
net inhibitory action has previously been described for the regulation
of adrenal 'TH. This pathway is also involved in the regulation of the
other two 1inducible enzymes of catecholamine biosynthesis. The
production of electrolytic lesions or the administratipn of small

L4
amounts of serotonin neurotoxins into the medial raphe nucleus, but not

into the dorsal raphe nucleus, potentiates the effect of reserpine
without significantly affecting the resting level of adrenal DBH. Thus,
the serotonergic pathway to the adrenal medulla concerns TH, DBH and

PNMT, and it has 1its centre in the \medial raphe nucleus. . N

Cholinergic pathways were examined pext. For this p'uwrpose

Ve
oxotremorine, a muscarinic. agonist, was used because of its known effect

in inducing adrenal TH and DBH by a neural mechanism. The combined

administratfon of bxotremorine and either catecholaminergic or

serotonergic antagonists given peripherally or centrally does not

184

does not alter adrenal DBH or PNMT in our experimental conditions. Thus,

ey e




+ modify the effect of oxotreémorine on adrenal DBH. These results suggest
that the central cholinergic pathway involved in the regulation of
adrenai DBH does not interact with catecholaminergic or serotonergic
sysths.‘Thus, the organism has available either a monoaminergic pathway
(as elucidated in the experiments with reserpine) or é cholinergic
mechanism, so that if one system were inactive for some reason, the
other could be maintaining resting levels of the enzyme. This
represents a_plasticity in the central regulation of peripheral

functions.

The: administration of GABA-receptor agonists such as progabide and
muscimol significantly reduces tHe increase of adrenal DBH in
pxétremorine—treated rats. éecause this effect of GABA-agonists is
blocked by GABA,—receptor antagonists 1t 1s suggested that this type of
regepto; i1s involved in the interaction with the c;ntral cholinergic
system. Moreover, muscimol, a potent GABA,~receptor agonists décreases
adrenal DBH, an effect that it is blocked by adrenal denervation. The
action of muscimol could be due to the activation of a central
inhiﬁitory pathway to the adrenal gland or “‘to a general i#hibitorf
action of the neurotransmitter.

Some experiments were carried out with peptides, particularly
cort;cotropin-releasing factor. This substance was infused into the
cerebrospinal fluid by slow release from an Alzet pump. It increased
adrenal DBH and PNMT activities without 1ncréasing plésma‘
certicosterone. This findingisupports a‘central act{od'of the peptidé
Andependent of the stimulation of the hypothalamic-pituitary-adreﬁéi”

axis. However, the effect of CRF on adrenal DBH activity is not

completely abolished in denervated adrenals, and not at all affected in

M )
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the caseDof PNMT. This means that CRF has a dual effect: 1) a neural

action which is8 direct, or else mediated through adrenocorticotropin

and beta—endorphins acting on some other neural substrate with

.

connections to the adrenal medulila; and 11) a humoral effect mediated

through the activation of anterior pituitary causing release of

adrenocorticotropin and beta-endorphins and, thereby,' adrenal

activation.

&
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H. Though reserpine is a well known inducer of adrenal enzymes, it
was not hitherto clear where its action' is exerted in this regard.
Through a "pharmacological-biochemical dissection” of the drug action

this work provides a clarjfication of thé central action of reserpine.

9

This was carried out by the central and peripheral administration of

catecholamine and serotonin antagonists, given in combination to mimic

the effect of reserpine.

2. This work supports the existence of a central serotonergic

’ 9
pathway with a net inhibitory action in the regulation of the adrenal

I3

enzymes, DBH and PNMT. Such a pathway has been previously described for
the regulation of adrenal TH actiwjity. Through the use of classical

.techniques it was demonstrated that this pathway has 1its centre in the

AN
i o

. "mwedial raphe nucleus. ' . “ o

‘ )8
3. A central choli;ergic gystem has been recognized as pléying a
role in the induction of the adrenal enzxmeq,_TH and DBH, for about lb
-years. This has now been investigated fér possiblé interactions w;th

other central systens. Thus, some GABA agonists decrease and the

GABA, antagonist, bicuculline, enhances the ¥ffect of the muscarinic

e

agent, oxotremorine, on adrenal DBH activity. Impairment of

o 1)
catecholaminergic or serotonergic functions does not affect oxotremorine

action. This work ﬂ%ovides the first evidence for the existén;e of a
pbssible cgniral GABA-cholinergic interaction concerning the regulation
of adrenal DBH. The cholinergically induced Increase of the synthesis
of adrenal DBH is ipeciftc, for other adrenal enzymes such as dépa
decarboxylase and lactate dehydrogenase do not incfeasé Hith.

oxotremorine treatment. he /

s Y
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4. Muscimol, given' peripherally or icv by osmotic minipumps

. AY

decreases adrenal DBH. Thé central inhibitory effect of muscimol on an
A

adrenal enzyme 1s novel and suggests either a general inhibitory effect

of the GABA agonist or an inhibdbitory pathﬁay to the adrenal gland.‘ ’

v -

5. CRF has been suggested as a first mediator in the stress

response. Another contributlion of this work 1is that -centrally

ey =T .

administered CRF, given by means of an osmotic minipump in a dose small
enough not to affect plasma corticosterone, increases adrenal DBH and

PNMT activities. This result suggests that CRF has a central action

" independent of its stimulatory effect on the bituitgry glénda The dual

role of CRF, together with the dual regdlation of adrenal DBH and PNMT,
] - ‘ - e - o .

offers an interesting model for study of the'controi_o{‘,pienal

N .
.
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functions. . . . .
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