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SUMMARY

The presemit study was undertakemm to evaluate the influcmmce of eimclogcmmous norepinepim-

rine content on tue rate of mmorepimmephnine synthesis in vivo. Tissue levels of noi’epineph-

rifle were increased in guinea pigs by administration of a monoamimme oxidlase immhibiton

and tyrosine-14C and DOPA-�H were used to measure nonepimmel)hmnimme synthesis. In braiim

and heart when norepinephmrine levels were increased 2- to 3-fold, comivension of tyro-

sine-14C to norepinepimrine was decreased markedly. Whmen tyrosine imydroxylase was by-

passed by administering DOPA-3H, conversion to norepnmepimnine was actually increased.

These findings lend support to time imypothuesis that norepinephrimme synthesis is regulated

by a mechanism of end-pnod!uct inhmihitiomm at the tyrosine hmydroxylase step.

INTRODUCTION

Increased sympathetic stimulation as-
sociated with exercise or exposure to cold
leads to increased catecholamine synthesis
(1). It appears that the acceleration of

norepinephrine biosynthesis under such
conditions is a result of increased nerve

stimulation since it has been shown that

electrical stimulation of time cat adrenal
gland (2, 3), guinea pig vas deferens (4, 5),
rat salivary gland (6), and rat heart (7)

increases norepinephrine synthesis in those

organs. Studies with radioactive tyrosine

and 3,4-dihydroxyphenylalanine (DOPA)
indicate that the increase in norepinephrine

synthesis is a result of an increased activity

of tyrosine hydroxylase (1, 7).
An impom’tant questiomm concerns the

mechanism whereby the increased! nerve

1 In partial fulfillment of the requirements for
the degree of Doctor of Philosophy, Department
of Pharmacology, George Washington University,

Washington, P. C.

activity increases imyc!moxylation of tym’osimme

in sympathetically innervated tissues.

Several obvious mechanisms have been comm-

sidered. Time possibility of ahlosteric acti-
vators was investigated by Ikeda et al. (8).
Increased formation of the enzyme does
not appear to occur.� A likely possibility

is that tyrosine hydroxylase is regulated!

by a mechanism of end-product inimibitiomu

simmce it has been shmow’n that catechiol deriv-

atives am’e inhibitors of the emuzyme (8-10).

If thus were so, timen an increase in tissue
levels of norepinepiurine should diminish

symmthesis of the tm’ansmitter. One way of

increasing tissue levels of norepinephrimme

is to administer mommoamine oxidase (MAO)
immhibitors. Time followimmg experimemmts wem’e

undertaken to detem’mimme whether increased!
tissue levels of norcpiimepimrine, associated!

2 Inhibitors of protein synthesis have failed to

block increased conversion of tyrosine-14C to

norepinemthrine brought about by increased sym-

pathetic activity (M. Lipton, R. Gordon and S.
Udenfriend, to be published).
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witim nmommoammmimmeoxidase immimibition, dimin-
ishu ImO1’epi1Ie�)hmnimme symmthmesis in vivo and

whmetiuer the effect is at the m’ate-himuuiting

step, t.yrosine hmvd!roxvlase (lOa).

MATERIALS AND METHODS

i\Iale, lIamtley straimu guimmea pigs weigh-

big 180-220 g wem’e used! imm the study. The

nuonoamumimme Oxid!ase i mmhuibitor n-methyl-n-
1)enzyl-2-pmo�)ylmalanui ne ( Pargyhine) was
kimmdly supplied! by Abbott Lah)s, North

Chmicago, Ilhimmois. L-Tyrosimme-14C (uniformly

lal)ele(!, 376 1�C/�tmmmole) was obtained from
New Englamic! Nuclear Com’poratiomm. L-3,4-

Dihydnoxyphmcnylalammimme (m’ing-2,5,6-3H,
28.7 or 37.4 mumC/�molc) was obtaimmed! from

�Nuclcar Chicago Corporation. Omme imundred

imuicrocunies ��‘ere diluted! withm 1 p.imuole of

carrier DOPA pm’ior to injectiomm.

Pargylimue (80 mg/kg) was imijected in-

tm’apenitommeally at st.atec! imiterva!s prior to
time ammuimmo acid!s. Time radioactive conm-

pounc!s, L-tyrosine-14C (25 �C imm0.5 nil of
saline) on L-DOPA-’H (100 p.C imi 0.5

saline) ��‘ere imm�ected! into time saphemmous

vein. In all expem’iments ammimmmals were killed!

exactly 1 hr after admimmisti’atiomu of the

appropriate radioactive pm’cdursor. Nonep-

inephrimme, tym’osine, and DOPA were then
isolated from hmeart and bm’ain, and rad!io-

activity and specific activity were deter-

mined as previously d!escnii)ed (11). Radio-
activity was detemmmuined! in a Tni-Carb
liquid scimitihlatiomu spectromumetem’. Time effi-

ciency for 14C was 75% amid for �H was

15%.

RESULTS

Effect of Mon oa ni inc O.m’ida se Inhibition

on Endogen ons Norepinephrin e Levels

and on Conversion of T’yrosine-14C and

DOPA-�H to Norepinephrine

From previous expenimemmts (12) it is

known timat 24 hr aftem’ administration of

the monoamimme oxidase inhiil)itOm’ Pargylimme

(80 mg/kg), time norepinepimnimme levels in

guinea pig heart amid! brain are almost

(!oul)led!. To test the effect of increased

norepimmephmrine levels in tissues on overall
norepineplmrine biosynthesis, tym’osine-14C

was admiluistered! to guinea pigs treated! 24

1w earlier with Pangyhimme. As shown in

Table 1, administm’ation of time moimoamine

oxidlase inhuibitor immereased time endogenous

levels of norepinepiurine almost 2-fold in
time imeart. Commcomitammt with this, thuene was

more than a 50% d!immutiomu imu conversion

of L-tym’osine-14C to mmorepiimephrine. It

TABLE 1
Effect of MAO inhibition, on norepinephrine

synthesis from 1�jrosine-’4C in heart

Animals were injected with 80 mg of Pargyline
per kilogram intraperitoneally and 24 hr later were

given r�-tyrosine-’4C (25 �C) intravenously. Guinea
pigs were killed 1 hr after time administration of the

radioactive precursor. Tissues were assayed for

tyrosine and norepinephrine concentration, re-

ported as nmicrogranms per gram of tissue (�g/g), and

specific activity (cpm4tg). Radioactivity in norepi-
nephrine is reported as cpm per granm of tissue

(cpnm/g). Figures represetmt individual experiments.

ivrositie Norepinephrine

Freatment /2g/g (pm/�g ,.�g/g cpnm/g

Control 14.S 1510 1.50 1247
Control 15.7 1630 1 .55 1233
Comitrol iS. S 1671) 1 .55 1628

MAO-I is.:; 1590 3.02 487

MA( )-I 15.2 1670 2.63 445
MAO-I 14.9 1630 2.63 921

should be mmoted timat time specific activities

of tyrosimme imu time tissues of control and

mommoamine oxidasc-iniiibited gm’oups were

time same, immd!icatimmg timat Pargyhine did not

immfiuemmce time uptake or excretion of the

radioactive precum’som’.

Table 2 shuows siimiilar results in time brain
stemum. Inhuibition of muuonoamine oxidase in-

creased mmorepinephnine levels in the brain

stem over 2-fold whuile time formation of

radioactive mmorepinephmnimme from tyro-

sine-14C was greatly dimimmisimed. Again

Pargylimme did not chammge time endogenous

contemut or specific activity of tyrosine in

time tissue.

Since pulse labeling in vivo would be
immfluenced by chammges in metabolism or

distribution of the pm’ecursor by the experi-
immental drug, it was necessary to study the

effects of Pargyhine on the disposition of
tyrosine-14C in the early stages of the ex-



Eflect of ill 0 lit/i jbit ion on norepineph rine

synthesis from !yro.cine-’4C in brain stein

Experimental conditions were time sanme as iim

Freatnmeimt �ig/g

Tyrosine

(�)nh/pg Mg/g

Norepinephrine

cpnm/g

Control 1St) 1693 0.33 31)6

Control 16.5 156:; 0.34 264

Control 17.7 1551 0.34 431

MAO-t 18.1 1653 0.82 167

MAO-I 16.4 1554 0.61 161)

MAO-I 17.0 1590 0.86 213

periment. As simown in Fig. 1, tyrosimme-14C
levels in plasma were relatively unaffected

by Pargyline treatmumemmt. Table 3 also in-

dicates that time specific activity of tyrosine

and tyrosine levels in brain amid! imeart w’ere

ummaffected by thmc immhmii)iton.
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11(1. 1. Effects of Pargyline treat uncut ott plasma

levels of tyrosine-14C

Tyrosine-”C (15 �w, 13 gig) was injected in-

travenouslv via the saphenous vuiim. Anmi nmals were

killed at specified tinmes and free plasimma tytosine

was isolated. Each time represents the mean of 6

animals ± SE. Monoanmine oxidase was inhibited

1w administering Pargyline 16 lmr �riot to tyrosine.
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Table 1.
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TABLE 3

Levels out! specific activity of t!,i’osinc-14C in heart

and brain stem fo!!ouing M .10 inh ilniion

Guinea pigs were injected with SO nmg of Pargyline

per kilogram intraperitoneally, :ln(l the animals were
killed 1 imr after the intravenous administration of
L-t.yrosiime-’4C (25 � ‘l’issues were assayed for

tvrosiime concctmt rat ion represented as immierograms

p’r gram of tissue (�g/g�, counts ler imiin;�te iwr
gram of tissue ( cpm/g , and Sl)e(itiC itt ivity

(epn� /,.tg).

‘Iisstie heat inent

‘l’v i.t sinc

�ig/g

t iSSue

epnm/g

tissue (�)In/�g

Heart

Brain stem

Coimtrol

Control

Control

Control
MAO-I
MAO-I
MAO-I
MAO-I

Control

(.,‘oimtrol

Control

Coimt nil
MAO-I

MAO-I

MAO-I

MAO-I

17. 1
15.9

15.0

17.1
14.5
IS.4
14. 1
15.3
17.4
17.2

18. 1

16.S
16.3

18.4

i�.7

19. 1

32421
28714

26913

31585

23516
27473
26429
29431
342M3
21919

36773

33371

31866
3741S

40271

37966

1901

1504

179()
1863
1763

17M1
1S77
1921
1970
1856

2032

1986

1931

2034

2154

1988

L-1)OPA-H was also used as precursor

for mmorepimmcpimnimme biosymmthesis. Time data

in Table 4 show timat aloimg witim a iise imu

emudogenous levels of mioi’epiiucpimm’ine there
was an increase of over 2-fold in the imm-

corponatiomu of radioactivity fm’onu DOPA-
:i1J into norepimmephurimme. Thmis is imu contrast
to time decrease in labeling from tyrosine-’4C

under coinpam’able coimc!itions. As shown in
Table 5, sinuilar results were obtained with
DOPA-3H in time brain stem. This effect

on DOPA-3H incorporation is exactly time
60 sanme as thmat seen whuen a-metimyltyrosine

was used! to inimihit tvm’osine imydlroxvlase

(13).

Time C’oui’se o,f (‘On.vcrsion of TyrosiluT-’4C
a nil I)OPA _3JJ to Norepineph i’ine after

Monoa 7fli?1C Oxidase Inh ib ition

Time experimuiemmts presented above un hcate
thmat nmoimoanmimme oxidase imiimibitioim de-



creases incorporation of tymosinc-14C into

imorepinephrine and commvemsely immcm’cases imi-

corporation of DOPA�H. Time question re-

mains whetimem’ the effects oim incorporatiomm

of precursors are related to time increased
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TABLE 4
Eflect of MAO inhibition, on norepinephrine

synthesis from DOPA-3H in heart

Guinea pigs were injected with SO nmg of Pargyline
per kilogram intraperitoneally and 24 hr later were

given L-DOPA-311 (100 ,2C� intravenously. The
animals were killed 1 hr after the adnministration of

the radioactive precursor. Tissues were assayed for

radioactive DOPA reported as counts per minute

per gram of tissue (cpm/g and norepinephrine

concentration as micrograms per gram of tissue

(�g/g) and counts per minute per gram of tissue

(cpm/g). Figures represent ilm(lividual experinmeimts.

lreatment.

DOPA

epin/g

Norepinephrine

1�g/g cpm/g

Control 7211 1 70 1590

Control 5109 1 .50 2229

Control 3514 1 .75 2363

MAO-I 3322 2.70 4787

MAO-I 3704 2.73 3122

MAO-I 4116 2 so 3530

‘FABLE 5
Effect of .11.10 inhi’tjtion on. noiepinephriie

synthesis from i)OPA-’H in. brain stem

Experimental conditions were the sanme as in

Table 4.

‘l’reatnment

I )OPA

cpm/g

Norepinephrine

/hg/g cpnm/g

Control 3375 0.34 283

Control 3230 0.32 226
Control 2571 0.31 183

MAO-I 2153 0.72 595
MAO-I 3(X)5 0.S() 719

MAO-I 2957 0.80 798

concentrations of imorepinephnimme in the

tissues or result from some othuer action of
the inhibitor, Pargyline. To differentiate
these actions, imiconponation of tyrosimme-14C
into norel)inephmnimme was examuuimied at vari-

ous time immtcrvals after a(imimmistration of

the drug. At time dosage of Pangyline em-

ployed, inhlih)itiolm of nmonoamine oxidase

3 4 5
HOURS

Fics. 2 and 3. Effects of Pargyline treatment on

norepinephrine levels in heart and brain

Guinea pigs were injected with Pargyline, 80

ing/kg, intraperitoneally to inhibit monoamine

oxidase. At specified intervals animals were killed.

One hour prior to sacrifice each animal was given

L-tyrosme-14C (25 pC) by intravenous route.

Tissues were assayed for the concentration and
radioactivity of norepineplmrine. The data re-

present. nmeans ± SE of at least 3 animals.
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is maximal and almost complete within 30
mm (12). This degree of immhibition is main-

tained for over 24 hr. By contrast, norep-
inephrine levels rise slowly and do not

reach maximal values until 8 hr after
Pargyline administration. This is shown in
Figs. 2 and 3 for guinea pig heart and

TABLE 6
(‘onversion of DOPA-’H to norepinephrine

in heart and brain stem following

MAO inhibition

Guinea pigs were injected with 80 nmg of Pargylitme

per kilogram intraperitoneally; the animals were

killed 1 and 8 hr after the MAO inhibitor. Time
animals were given L-DOPA-’H (100 5iC) intrave-

nously and killed 1 hr after time administration of
the radioactive precursor. The 1 hr time after MAO

inhibition was obtained by administering the

precursor immediately after the inhibitor was

given; for the 8 hr figure, the precursor was given

7 hr after the inimibitor. Tissues were analyzed for

DOPA and norepinephrine concentrations. Figures

represent individual experinments.

‘�orepinephrine

Time l)OPA
Tissue Treatnment (hr) cpnm/g �g/g epm/g

Heart
Control - 10,173 1.53 2147

8,752 1.38 1565

MAO-I I 10,857 1 .49 4629

10,904 1.72 4002

MAO-I S 12,142 2.15 2683

10,901 2 .27 3430

Brain
stem

Control - 7,630 0.35 1061)

4,876 0.35 683
MAO-I 1 5,651 0.35 1962

6,467 0.35 1477

MAO-I 8 6,671 0.64 1633

6,433 0.65 2019

bm’aimu. It sholmid be mmoted, that time immitial
effect of Pam’gyline, when thuere was still

little change in tissue nom’epinepiurine levels,
was to iimcreasc incom’poration of tyro-
simme-14C imito flOI’epimmephniime. DOPA-3H in-
corporatiomm was also increased at this t.inme

(Table 6). However, whereas incorporatiomm
of tyrosine-14C into mmom’epimmeplum’ine fell far
below control levels whuen time tissue levels
of norepirmepimm’ine hecam’ne significammt ly dc-

vated, incom’poration of I)OPA-H nelnailmed
huh)O’Ve control levels t imrougimou it t hmc

expei’imiment.

DISCUSSION

The use of tyrosine-�C in thus type of

study may be Considicred to be as a pulse

label. It serves as an indicator of overall

mmorepinephunine syntimesis imu time imutact aim-
imal undler time defined commditiomms of time
expem’iment. The DOPA-H is also used as
a pulse label indicator of norepinephmnine

symmthucsis. However, it serves as a measure

of mmom’epinephnine synthmesis subsequemmt to
time tym’osine hydroxylase step. The validity

of this use of tym’osine-14C and DOPA-3H

to detect amid localize inhmibitiomm of nor-
epinephmnine synthesis in vivo was denmomu-
strated in studies with the tyrosimme hmydrox-
ylase inhibitor, a-methmyltymosimme ( 13).

\Vhen sufficient a-mumethmyltyrosimme was ad-

ministered to produce a tissue concentration
of the drug 10-35 tinmes imigimen than its K1

time in vivo conversion of tyrosimme- “1C to
norepinephurine was conmpletely i imhibited

(14). When DOPA-1H was admimmistered to

bypass tyrosine imydlroxylase, immcorporatiomu
into norepinephmnine was actually increased

13). Imicm’eased immcorporatiomm of DOPA-3H
immto norepinephmnine is a (hirect commscquence

of tyrosimme imydroxylase blockade since
ummdcr such commditiomms the DOPA-3H would
miot b)e diluted as nuucim by emmdogenously

fonimmed DOPA. It follows thmat immhibitiomm

of tyrosimme hmydlroxylase by any otimer means
should lead to both decreased immcorporation
of tvrosine-14C and immcreased iimcorporation

of DOPA.

Iii time Present studies I)OPA-�H served!

a dual function. 1mm adlditiomm to being a

precum’sor which pem’muuittcd bypassimmg the
tynosine hydroxylase step it also served as
an excellent control for other factors wimiclm
could influence norepinephm’imme synthesis and
mmuetabolism. For examumple its incorporatiomi

into mmorepinephrine still reqlmires one of the
two hmydroxylation steps. Mammy commditions
�vhmichi could affect one emmzynme would
mumodify time activity of time otimer in a similar
maimer. Therefore eimanges iii oxygen ten-

iou would! be expected to produce compara-
i)ie d’ff(’CtS �vithm 1)0th SUi)Stm’Ilt(’S. 1JOP.A-�H
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is also aim eXdehlemit dOmmtmOl fom’ clmammges in
um0nc�)iIicphm1i1me (!egm’ad!atiolm. It can be seen,

however, (Fig. 2) that after 8-24 1mm when

mmorepimuephnimme imad liSCII to mumaxinmal levels

IM)PA-II immcorporatiomm was immcreased

ahmove commti’ol values wimile tym’osimme-1”C imm-

corporation w’as decreased. These findings
are sinmilam’ to those oi)taimmed witim a-mmmetlm’vl-
tvm’osine and suggest not oimly that time in-

cm’eased amount of umorepimmcpimrimme in tissues

immimibits norepineplmnine syntimesis hut thmat

time iimimibitiomm is at time tvrosine imv(lnoxvlase

s1ep.

It �hmoukl b)e mmoted thmat 1 un after adl-
mmmimmisteniimg time monoammiimme oxi(lase in-
hmii)itom’, immconl)oratiomm of i)otlm tymosiume-14C

and DOPA-�I’i were immcmeascd. \Vimateven

time reasomu for this iumcrease(l immeorponatiomi
of both precumsoms, it pm’ol)ably is mmot re-
lated to increased svmmtlmesis. If it �vem’e, it

\\‘olmi(l lmave to i)e subsequemmt to time tyrosine
hmydm’oxylase step. The latter possibility is
unlikely siimce tymosimme imydlroxylase is time

rate-limumiting step. A mumone likely explauma-

tiomm of time initial enlmammce(l immeomporation

of both irecumsons is thmat time mumommoamine
oxidase ilmimihiton protects time newly svn-

thesizedl cat ecimolamines (dopanmine amid!

imomepmepimnine) from being metabolized.

JTndei’ sucim cOimdlitiolms, time sammme amount of

rauhioaet ive precnm’son used imi time pulse
labeling wouldi yield more madhioactivit.y imm
time imorepinepimniumc in tissues. Rutscimnmaumn
ct al. (15) hiave also dleummonstnatedl incm’eased

iumcorporatioum of DOPA-�H imito norepi-

mmepimniume 1-2 hr after adimuinistratiomi of
mimommoauimimie oxidase iumimihitoms. These ob-
servations imply timat time immcorporation of

pm’ecunsors at 8 audI 24 imr simould i)e com-

pared to time incorporation obtained 1 him
subsequent to mommoamimme oxidase immimibi-
tioum ratimem’ tlmamm immconporatioum imm uumtreated

controls. If timis is diomie, timeum time degree of

immimibition of tynosimme-1 4C incorponat iomm
produced by nom’epinepim nine a c eumummimI at i on

umiav i)e as much as 80-85%.

The umcreased labehimg sceum in time early

stages of moumoamimme oxidase iumhmibition also

suggests that umormally a substantial 1)10-

pomtion of newly synthesized mmonepmmmephnme

umiav I e Iapi(hlv released Itii(1 mimetabolized
by mmi(’)no:mmimilmd oxidase. It is eveim eoimeeiv-

i.i)l(.� that amm al)1)mcciah)le pmopoi’tioim of
miewly syntlmesizcd nOI’cpimmephrine is re-

leased and utilized for synmpathctic tramms-

mmmission without pooling with the endo-

gemmous stones of mmonepimmcphm’iime.

In more recemit studies it has been pos-
sible to raise norepinepimm’imme levels in pe-

niphem’al tissues by injecting large doses of

norepiumephmnine (5 nmg/kg) into rats pre-
treated! with adimemmergic blocking agents, as

descnibedl hi’�’ Croimt et al. (16) , and to dem-
onstrate eveiu more marked redluction of

commvcm’sion of tyrosimme-1 4C to norepinephrine.

Time pneseumt findlilmgs am�e coumsistent with

time eommcept. that time rate of synthesis of

umonepinepimnimme is controlled at time tyrosine
hiy(!roxylase step amid timat emmdogemmous levels.

of nom’epinepliniime ilmiiii)it this reaction.

Timese studies support the hypothesis, which

imas i)eelm a(lvance(l iii previous i�mbiications

fiommm timese lai)oratonies (1, 7, 17) and also
by Neff and Costa (18), timat regulation of

mionej)iumcphmniume svmmthmesis iumvolves end-pro-

duct iumimibitiomm. Time present studies localize
the inhibition at time tynosimme hydroxylase
step. Simmce nmommoamiume oxi(Iase inhibitors

elevate time emm(Iogeumous comitent of cateehol-
aimmiumes, it is immterestimmg to speculate that

their hmypotensive action may very well be
relatedi to a duimimmisimed symmtimesis of norepi-

mmepimnine in areas wimicim nomimmally impinge

upon specific meceptom’s immvolved in pressure
regulatioum.

Nom’epimmepimmimme ammd melated catechol coin-

pounds imave been shown to i)e inhibitors of
tyrosiume hydroxylase in vitro (8, 9). Inter-
estingly, they (10 not inhibit by competition

witim substm’ate, but w’itim the nedllmced tetra-
hvdm’optenicline cofactom’. In in vitro studies

witim relatively lange amounts (10� �i) of

a symmtlmctic cofactor, about 10� M nom’epi-

nephniume is required to produce 50% inhi-
1)itiomm of l)oviume adm’enal medulla tyrosine

imydroxylase. Time imormal cofactor, tetra-
hiydmohioptenium, is pm’esemmt in concentrations

ummucim lower timaim 10’M in tissues (19)
Immdem’ such conditions imorepimmephrine would

he expected to he evemu immone effective as an

iimlmibiton. Fumrthem’miiore, time catechoiamines

imm time admemmal gland. sympathetic nerves,

ammil hm’aium am’e umot raumdlolmmly dlistribUted, hut
am’e comiceumtratecl jim gmammules or ou’ganehles
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(20-23). It has been suggested that a sub-
stantial amount of the mmonepinephrine in

tissues is found in associatiomu with all three

enzymes involved in norepinephrine syn-

thesis (17, 24). Such a localizatiomu would
certainly lead to concentm’ations of nor-

epinephrine at time emmzyme site sufficiently
hugh to produce end-product inhibition.

Based on our present kimowledge, a good

working hypothesis is that tyrosine hydrox-
ylase in synmpatlmetic nerves, brain, and

adrenal gland is always partially inhibited

by norepinepimm’ine or epinephrine. Stimula-

tion of sympathetic nerves releases time
norepinephrine timereby freeing time enzynme

from end-pm’oduct inhibition amid resulting
in increased synthesis of norepimuepiurine.

It remains to be seen how this hypothesis

fits in with time rest of out’ knowled!ge of
the operatiomm of time sympatimetic mmervous

system.
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