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SUMMARY

rfhe over-all synthesis rate of catecholaminies was determmmimied iii control �hl1(l j)hielmoXy-

bemi.zamine-treated rats both by mimeasurimig the imic( )rp( )rati( in of 14( ‘-L-tyr )sine into niorepi-

nephrine and by assaying all the known major urinary mimetabohites of epinephriue amid
norepinephrine. Time phenoxybenizamimie-stimimulated increase mmsymithesis of these hior-
inones is firmly established. Consideration of the results of amialysis of urimiarv nietabolites

reveals that (a) there is a large turmiover of epiniephrine and miorepiniephrine that must take
place in sites not usually studied, amid (h) studies of nietabohismim based oni time imitravemmous

administration of labeled mu repimiephrinme must he intei’preted with reserve.

INTRODUCTION

Factors whelm alter catecholamnimie syn-

thesis amid turmiover have h)eenu the subject

of intensive investigatiomi in nimany labora-
tom’ies over the past sevcm’al years. There

am’e several methods for estimmiating rates of

synthesis in. vitro and in v�vo. 1mm the
earliest experiments, the labeled precursors

14C-tyrosine or 3H-3,4-dihydroxyphenylala-

nine were injected amid the rate of decline
of specific activity of time emmdogenuously
labeled catecholamines in various organs
was followed (1-3). More recently the ac-
cumulation of label into endogenous cate-
cholamimies following 14C-tyrosine adminis-
tration has been used to estimate synthesis
rates in vivo (4).

After it was denuonstrated that infused
norepinephrine was taken up by tissues
(5), reports appeared describing time half-
life amid nietabolic fate of the intravenously

administered labeled amine (6, 7). This
technique has been applied to the brain,

‘Roche Institute of Molecular Biology. Nutley,

New Jersey 07110.

tue blood-braimi harriet’ beinug circummmvemmted

by a lmmmimmist en’inmg labeled mmorel)immel)imrine
immto the lateral vemitricle (8). W’hmen the

n’ate-iiimmitinig step imm catecimoiamninue syn-
thesis was elucidate(I (9) amid an effective

inhibiton’ of over-all synthuesis was found
(101, tissue turmmover could be estimmiated

by observimmg die rate of cateciiolamnine

depietiomm mm organs after imihil)itioni of syn-

timesis 11) . Tue limitationms of each of

t hiese nmiet hmods hmave beemu l’eviewe( I recemmt l�’

by Costa amid Neff (12)

All of the above mimethiods indicate thmat

conmconiuitanmt wit im increased svmumpatlmetic

nerve activity thmem’e is an increased rate of

synthesis of norepimiephmm’ine. Suchm studies

have yielded information on turnover rates

in individual orgamis such as iieart , brain,
and adrenal gland. Although timey immiply a
net incm’ease imi synthesis of time transmitter
by the whole organism, they do not estab-

lish it immiequivocally. A prolonged elevation
in the urinary excretion of catechohamines
suggests aim incm’eased synthesis of the
neurot ransmitter. Although suchu findings

have heemm reported (13-15). they are not
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comivinmcimmg, simmcc unchange(I um’iniai’y nor-
eI)iumepiim’imme amid epiiicpimi’imic i’epn’esemmt ami

imusignificanit proportiomi of time total hmor-
momue secreted amu(I nietabolized by time rat.

To cnsum’c thmat urinary excrctioni represents
synthesis rather than altem’atiomms in mnetab-

olisnn or kidney fummction, it is necessary to
nmeasume time cxcm’etionm of all time urinary

degradation products of mmorepinephirine as
a fuumctionm of sympathictic mmem’ve activity.
()muly i’ecemmtly have sinitable methods beemi

developed for measurimig cat ccholanmimmes amid
thmeir major miietabohites imi i’at urimme.2 The

n’esenmt n’epon’t (lescribes time appiicat iou of
�iuchm mumethods to demommst rate tlmat factors
which mmmcn’ease svmmmpatiietic nem’ve activity,

uts mneasurei 1 by imuci’ease(l tinrmnover of the
cateehmolanmimmes in individual om’gamms, do

result mi a unmarked increase mmt lie excm’etiomi

of muon’eiuimmeiuimn’imme amid a 11 its metahnohtes.

hum thus stin lv svnimpat bet Ic nerve activity

was iumcn’eased by adnmimnistem’inig the (lip/la-

blocking ag(’nlt phieumoxybemizammiimie 16. 17 I

METIIODS AND MATERIALS

I-our f(mmialc Spn’ague-I)awley rats weigh-

mug IGo g �vere immdivnhmallv housed in

mmmetai)ohismn cages oven’ a commtainem’ hiol(ling

inept anne coole I wit hi I )n’y lee, as reported

by 1)emmckla 18). The mats wen’e allowed

to eat ad hibitummm fromn a dish in the cage
conutaimmumg them’ usual food susl)elmded as a

nmush mm water. Aft em’ beimmg givemm I day to

adapt to its nmew euuviromumiment, each animimal
received 0.5 ml of 0.9% NaCl iumtraperi-

tonically. Urinnc was collected fom’ time fol-
lowimmg 24 hr. At time end of this control

pem’iod, each aumimal received l)hienox�’l)emm-
zamnimme, 25 mug/kg immtn’apem’itommeally in 0.5
ml of 0.9% NaCh, and time ui’imme was col-

lected foi’ time following 24 him’.
.4irnl�jsis of ui’ine. Time urinme was thmaw’e(l,

amm ahiquot was takemm foi’ cm’catinine deter-

nmimmation, aimd time remaimielen’ was divided

into two 10-nil portions. One portion was
hydrolyzed for 18 hr at pH 5.0 with 1 ml
of Glusulase (Signma type H-2 contains
100,000 Fishman units of f3-glucum’onidase

and 10,000 units of sulfatase per milliliter)

Protein was timen 1)recipitated by making

2 L. B. Bigelow. mantmscript in iireiaration.

time ui’inie 0.4 N w’ithi respect to perchloric

acid, aumd catecholaminies were i’emoved by

passage ovei’ alumimimma ( 19) . i�s1etanephmrine
amm(I umoi’nmetamiephim’imme �vem’e isolated from
the filtm’ate 1)\’ passage ovci’ Amberlite CG-

50 amid ��‘eu’c est inimated accordimmg to the

pu’ocedum’e of Bigelow ammd Weil-Malimerbe
(20) . Both fm’ee amid comijugated 3-nmctimoxy-

4-imydroxyphienylglycol (glycol metabolite),

time major um’imiam’v mimetal)ohite, ��‘as cx-

ti’acted from tine neutm’al filtrate of the

Ambem’hite columnnm unto et hivi acetate and

estimated as vammiilin by a umuodificatiomm2 of

time mmietimod of Rutimven and Samidler (21)

Time secant! pou’tioim of time origimmal urine

specinmenis was imydn’olyzel mm acid, amid time
hmydu’ohvsate was ammalvzed for epimiephrine

ann I nom’epimieiuhmm’imme by time tw’o-column

pm’ocedum’e of Weil-Mahhmem’be 119) aimd
Weil-\ Ialhmen’l e amid Bigelow’ (22)

3-Met Imoxv-4-hmvdm’oxymmiammdehic acid w’as

not i’ointinmelv estimated, sinmcc the i’at ex-

cretes SO mmmcii p-hvtln’oxvuimaimdelic acid

thmat methods i)ased onm time conversion

of 3-mctimoxv-4-hmvdm’oxymnammtjelic acid to
vaumilliim oftenm may not yield mneammimmgful
results. evemu whmemm optical deumsities are

takenm at 360 nm,t as m’econmmended by

Pisamio et ai. (23 I . Thmimm layer chm’omatog-

m’aphmv was mused to show timat the imu’inary
3-methmoxv-4-hmvdn’oxvnmmantlehic acid in these

stuthies tliil not exceed 5% of the urimmary

glyeol nnietalnolitc timid flint thmis maximal

t’st inmate w’as ummaffected by time ti’catummeuit

w’itlm pimeuioxyhemmzaimmiume.

\Vithm time above mimethods of imydi’olysis

aiid assay. recoveries w’ere of the order

of 70� and 85% fon’ epiimephrine and

mmorepi mmej )hi mimic, respectively, 90-95% for

inet aimei )h mimic a nid nom’met anephriume, and

80e/ Ion’ time glycol. Time values shown in
the tables ale imot com’rected for recovery,

but tile adjusted mm all cases to thmeir molar
eqinivalcmmt of norepnmephrine.

TI me pu enmoxyhen zani imme-t reated animals
were letluargic. They coimsunied little food

or w’atem’, ammd timen’ urine output was ai�-

pm’oxiuimatclv omie-thmir(l of the comitrol period
voluumme, The 24-hi’ excretion of creatinine
was 10.6 ± 1.1 mg (±SEM) for time con-
tm’ol collectioim period amid 7.8 ± 0.5 mg for

time pheumoxyhenzamine period (not signifi-
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TABLE 1

Effect of phenoxybenzamine on incorporation of radi�iactit’ity from “(‘-tyrosine into catecholamincs in the rat

Rats were given phenoxybenzamine (25 mg/kg mt raperitoiieally. Three (experiment 1), 16 (experi meat

2), or 22 (experimemmt 3) hr later they received 25 g�Ci of #{176}C-m.-tyrosine inmtravenou�Iy. One hour followimig

the a(lminmistratiOfl of radioactive tyrosiiie, the rats were killed and the tissues were examined for catechol-

amines. The differemmt experiments refer to studies carried out oii ditI’en’ennt days.

Newly funned ca techolaimiine’ .h

Cat C(’loilanunie

Expt. Time Tissue assayed (‘out rol Phemmuxybenzanuine

hr c�mi/q tissue ± ,SE.1!

1 :u heart Xorepii�ephrine 692 ± 142 4 16(11 ± 57 )4

3 Bi’ainm Xorepineplmrinie 337 ± 155 4 556 ± 41 .5 (4
3 Adrenals Lpiriephrine 1290 ± 171 (4) 2395 ± 21S 4

2 16 Heart Norepineplmrirme 249 ± 22.4 ( 3 1214 ± 106 (3

16 Brain stem Norepiuephrine 447 ± 19 3 765 ± 2)) (3

3 22 Adrenmals Epiuephi’imme 1153 ± 49 :� 2532 ± 250 (3

a A(lI’enal data are expresse(l as counts per mi,iinte per a(Irenal pair.

Numbers inn parentheses n’efen’ to iuinmuber of ammimals used.

All phenoxybenzamine amminuals were significantly (liffereuut fu’om controls (p < 0.01

camitly diffeu’ent by time two-tailed test).
Thie m’eporte(I values for catechuolamimies
amid metal)ohtcs am’e com’u’ected to 10 11mg of

creatimmimme to commmpemmsate fan’ ammy alten’atiomm

mm kidmuey ftmmictiomm and possible en’n’on’s imm

collect iomm.
Estim at ion of i’a tes of ca fec/n ola in in e

synthesis by the isotopic method. A second
set of rats was hOtmse(l uuntlen’ coimditiomms

sinnilam’ to thiose (lescn’ibed above. 0mm time
secon(l day, hialf of thiem wem’c treated with

iuiiemmox�’bemmzauuiiume (25 nmg/kg I immtm’apeu’i-
tonically, amid the othmen’ half w’ithm (lilueumt.

At vam’yiumg time intervals aftem’ the phemi-
oxybenzaminme, eacim of the rats was given

25 ,Ci of ‘4C-L-tym’osimme intravenmously
(unifou’mly labeled; 376 pCi/pimmole; New
Eumglaumd Nuclear Corporation). Exactly 1

hr after time 1�C-L-tyrosimme in�ectiomi, time

animals were killed and time heart, bram,
and adrenals were removed aumd frozen.
Incorporation of isotope immto catechola-

mimics was measured as descm’ibed previ-

ously (4) . Dopamimme, umom’epinephmm’ine, and

epiimephi’ine were isolated from tissues by

nmethmods published elsewhere (24). Non’-

epinephrine and epinephrine weu’e assayed

by a modification of the triimydroxyindoie

procedure (25), amid 3,4-dihmydroxyphenyl-

ethylamine (dopamine) by the nmethmod of

Drujan et at. (26). Tyrosine was isolated

by a nmodificatiomm of time methmo(l of Lewan-

(len’ and ,Jommssomi (27) and (let em’nmimme(l ac-

com’dimig to Wan Ikes amid ldenifrienmd (28)

Fom’ m’a(lioassay, sammiples were dissolveI in

Bray’s solutiomi 129) amid nueasured iii a

scimmtillat ioum spect m’omet ci’. Time resultammt

commits w’em’e adjusted to ani efficiency of

75%. Studemmt’s f-test w’as used to detcu’-

mimic time sigmnificamm(’e of (liffen’enmce between

time vai’iotns meanus.

RESULTS

Effect of phen o.ryben Z(l in inc on in coi’po-

,‘a t ion of 1 (‘ - t !/ rosin e in to ca tech ola in in es.

T.unm.u. 2

Effect of /)hCnOJ’yb(na?nin( on the specific (U’Iflit!/

of ‘(‘�fi/)o,’,.jn(’ ill (‘(it tix.s’ues

Bats were given I)luc-uuoxyl)euuzanuuue (25 uiig/kg

in t ma pem’i Iomuenily. Sixt c-cnn h it irs later, they receive( I

S 0Ci of 14C�i.�Iv,osiuue iuutraveuiounsly. One luouu’
following the admiuuist nat ion of tyrosirme, time mats
were killed anal tine tissues were assayed for ivrosimue.

SJ)(’I’ifi(’ act ivitv’

Tiss,ne (‘unit 4)1 Plmeuo xvi )euuzaminuc

Heart
�‘P’#{176}� t/rosu!( ± SE.’I!

151 ± 5 4 174 ± S S

Braiuu 246 ± 144 220 ± 10 7

a Four amminials wcm’e inst-il fun’ each group.
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TABLE 4

Catecholamine content of tissues from rats treated with pheno.rybenzamine

Expen’imental commditiomms were identical with those of Table 1. Rats were killed 23 hr following phenoxy-
benzamine administrationm.

Tissue

Catecholamine

assayed

Catechol�mnmine contenta

-

Control Phenmoxvhen,zanuinie

Mq/(1 ± kSE.lI

Heart Xorepinmephrine 0 72 ± 0.01 (). 36 ± 0 03h

Spleemi Norepineplmrine 0. 36 ± 0.07 0.23 ± 0.04

Brain Norepinephrne
Dopaniine

0.27 ± 0.02
0.54 ± 0.02

0.29 ± 0.02
0.50 ± 0 01

Adrenmal Epinmeplmrinme 15.3 ± I . 17 14 . 3 ± 1 .01

a Four animals were used for eaclm group. Adm’enmal data are expressed as micrograms per adrenal pair.

b Significantly different from conitrol (p < 0.05).
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Dairman et at. (30) have previously shown
that phenoxybenzamine increases catechol-

amiume symutimesis. Experiments were carried
out with a set of amiimals to determine
whether immcm’eased synthiesis l)ersisted dur-

ing the entire experimemutal period. Table 1

shows that. time immcorporation of u’adioactiv-
ity from ‘4C-L-tyrosimie iiito norepinephmrinme
and epinephrimie was markedly stimulated

3, 16, and 22 hr after the admimmistratioum

of phemmoxybeumzamimme. Table 2 shows timat
the specific activity of 14C-L-tyrosimie in

tissues was uiot affected by time phuenoxy-
beumzaniine. The above data show thiat
throughout time emmtim’e 23-hr phmenoxybenza-
mine treat.nment period catecimolamine symi-

thesis was stimmulated.
Effect of phenoxybenzamine on urinary

excretion of norep inephrin e, epinephrin e,

and their inetabolites. A second set of
animals was used to follow the urinary
excretion of catecimolamines ammd timeir mime-
tabolites. Table 3 summarizes the 24-hr

excretion of eacim of the immetaholites meas-
tired and the total of all imietabohites. Fol-

lowing phemmoxybenzamine there were large
increases in time excretion of epinephirimme,
imorepinephrine, and 1)0th met anephrines
(5-9-fold). The glycol level was also ele-

vated, but to a lesser extent. It can he seen

that the excretion of catecholamines and
metabolites nearly doubled in the pimenoxy-
benzamine-treated rats.

Effect of phenoxybenzamine on endoge-

nous catecholamine content of the organs

of the i’at. Time tissue levels of catechola-
mines showim mi Table 4 were measured in

rats 23 hr after thiey received phenoxy-
benzammmine. Of time tissues examnined, only
the hearts of the drtmg-treated anmiunals had
a sigumificantly lowem’ catecholammmiime content.

DISCUSSION

lime (lata mi thus m’epom’t shmow timat a drug

whichi immcm’eases symumpathuetic umerve activity

not onmly hn’immgs about immcu’eased turumover

of norepinephmrimme in a few’ organms but leads
to a large immcrease mi um’inai’y excu’etion of
umom’epimmephrine ani(I its nmetabohites. Since

the immcreased un’imian’v excn’etiomm is not ac-

compamuied by significantly (linminisimed tis-

sue levels of catecholamine, with the ex-

cept ion of time lu-art, it appears that the
additionmal excretiomm is umot clime to release

of catechmolaminmes from these tissues. Jim
prehiniimmai’y studies we imave detem’minied
the umorepinephmrine amid! e�)imuephirine couitemmt
of rat carcasses fn’om which tue braimi,

imeart, adi’emmals, and spleen were removed.

Values on time order of 10 ,tg, consistinmg
mainly of norepinmephm’inme, wem’e obtaimmed
for 200-g rats. This m’epm’esemmts a fractiomm
of the total urinary excretion. One can now
say w’itim assun’ammce timat time iumcm’eased svmmm-

pathetic nen’ve activity (16, 17) resultimig

I u’om administration of phenoxybenzamiume

leads to increase(l symmthesis of mieurotrans-
mimitter. Most proi)ahly time immcreased sym-

pathetic nerve activity due to any stimulus
(cold, exercise, etc.) would also hrimmg



Fistic Estimaleil tales (if synthesis liefereuice

q ,.iq/q/hr 2q/tm.s’uIe/�!. hrh

Braiu Noi’epiuiephirinic 1 .6 0. 094-() . 165 3.62-6. 35 34

Ile’rt Noreputepbriiie 0.7 0.060-0.106 1 .0-1.79

Submaxillary gland Norepinephriuie (1. 05 0 . I 20-0 . 234 0. 14-0 28

Brain Nou’epiuwphn’ine 1 .6 (.). 13 5.0 (35,

heart Not’epinephn’iue 0. 7 0. 09S 1 . 6

Braini Nurepinephn’ine 1.6 0.071 2.72 (11

Brain Dopimine 1 .6 0.432 16.50

Ileant. Nurepinephrinc 0.7 0.049 0.83

Adrenal Epinephrine 0. 075 1 .0 1 . 80 (24
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about immcm’eases ium uu’inam’v excu’etiomm of
catcchmoiamnines and theiu’ metabolites.

Seveu’al inmportaimt poiumts must be noted

concem’nmimmg time quanititative aspects of
time urimmam’y excretion of non’epimuepimn’me,

epimmepimn’imie, amid timeir metabohites. Under
conmtu’ol conditions glycol is by fat’ time

mmmajon’ mimet abohite, account iumg fou’ about

90% of all time nmetabolites in time uu’iime. By
cant mast, fohlowinmg phmenmoxybenzamine ad-
mmninnistm’atiomm tine excm’etioui of glycol is ouuly

70% of time total. This inmdieates thmIlt OVel’

50% of time adthitionmai nmon’epimmephu’iume and

epimnel)lmn’inmc sec-meted as a m’esult of phie-

nmoxvbemmzamimme ��‘as mmot deamnimmated. This

fimndimng is conmsisteimt with time observations
thmat. pimtmmox�’bemuzatmmiime, iii a(l(htionm to

(amusing inmcn’eascl syuimpathmetic nerve activ-
ity 16, 17), immhibits ncum’oiial uptake of

1)0th) exogenious (31 ) anm(l enidogenmousiy m’e-

lease I nnon’epimmepiiriume (32 1 . A changed

pattermm of metabolism could b)e brouglmt
about iii several other w’ays : I a’) a genmeral

hiniitatiomn of time capacity fan’ oxidative
denim aunt iou, Ib) a umma� on’ coumtu’ihutionu diii’-

inmg stinmmulation fu’oni tissues w’hichi deanii-

nmate to a lessem’ exteimt, am’ (c) pm’efem’emmtial
u’clease of mmew’ly svumthnesized cat ecimola-
nmimnnes. Time last has been suggested by

I�ojninm et (ii. 33) , It shioimhl lie noted that

hn(’ dist m’ibutionm pat t cn’mm of um’imman’y cate-

(‘iiolamiminnes and nietal)Olites in this report
diffem’s fm’ouim time (histi’il)litiOnl pattcu’nm of

n’adionctive un’iumau’v pn’odmucts oi)tainmed fol-

lowing time iimtravenmous iimjection of labeled
1mo1’e�)immepim1’imme (6, 7) . This finding will be

the subject of a future report.
There is anothmer striking featun’e of time

urimmary data. The contm’ol rats excreted

appoxiumiateiy 130 �tg of catecholaminmes amid

rnetabohitcs (as umon’epinephmu’iume) duriumg time

24-him’ perio( 1. However, time contributioumS

or non’epimmepimn’imme amid epimmephrine from

hmean’t, hi’aimm, amid adrenal glamud, as detem’-
uniumed fronim tuu’nmoveu’ stnmdies jim the m’at

(11, 24, 34, 351, caum oumly accoumit lot’ about

10 /.‘.g/ (lay (Table 5) . Even if all the l)i’ainm

dopaummine w’en’c commveu’t cd to imou’epiimcphi’imme

(aim unlikely assuniption) , one could only
account. for anotimer 16 pg/day (11) at

utmost.. Thus, time bulk of time imrimmau’y cate-

cimolammes is unaccoummted for by time tis-
sues w’imichu have received the most immtemm-

sive study and which stou’e lai’ge anmotunts

of cateclmolaumiiuies.

If oume accepts the existiumg data for thrum-

ovem’ of norepimmepimu’ine mm time tissues, the

oumly plausiimle explanation for the nmmagmui-

tinde of time uu’imman’v excu’ctionm of catecimol-

aminme uimetabolites is time existence of other

major sites of nou’epiumepiirine synthesis. To
date, time tissues studied! with respect to

turnover have been those which stom’e large

ainotunmts of catecholamines. Other tissues
ummay exist w’huiclm have extremely m’apid

turumover rates, hut do not. store as much
catecholamines.

A likely cauldi(Iate for such a site may

T.m.nn.n: S

I’.slilnut((l ((lies’ of cutecholuin me s!/nh/Iess in 1/u ((it

Tissue

(‘atecholanniuie weight

Tissue weight estimated for a 200-g rat.
b Calculated on the basis of a 200-g l)ody weight.
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be the sympathetic innervation of the

1)100(1 vessels. Hartmaum amid Udenfriend

(36), using an aumtibody fluorescent tech-
nique, have demonstrated the presence of

dopamine /3-hydroxylase in the blood ves-

sels of the kidney amid adreuial gland.

Spector1 has recently found that some

arteries from guinea pigs and rats turn

over norepinephrine with a half-time

of approximately 2 hmr and contain 1
to 3 p�g of umou’epinephn’iume pet’ gram.

If tue entire vasciulam’ b)ed huas turmmover

times amid endogeumous levels of norepineph-

rine similar to this, onme could account

for as much as 100 p.g of mmorepiumephrine

synthmesis per 24 hr in a 200-g aumimal.
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