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i’IIARGOLIs, It. K., .J.m.�xm-s, S. 1).. AXI) MAICGOLI5, II. U. : St-imulatiooim by acetylc’imclimme

cf suifmmtec! muecopol\saeeimminid!e nc-lease- freumi the perfused emit adnetmal glanid. Mol.

P/cariinacol. 9, 390-594 (1973).

Sulfmitc’c! c-oniple-x carbcoimyclrato-s mm the- adrc-nmal nie-dulla were labeled with 32SO4� after time

adniiniistnmmtiooim of insulin too dc-plc-to- -mitecheolamiime’ store-s. Tmveimty-foun hours later the left

adre-mmmml glammcl was pe-nfusc-d in silo ivitim Locke’s solution. Additiomm cof acetylcholimme too the

penfusiconi seoluticomi nc-sulto-c! mm mm 12-20-foold imicrease in the release cof� sulfate-labeled nomm-
c!ialvzablc niatc-nimil, tcoge-timc-n with time imsual large increase iii catccimcolamine secro’tion.

l)igo-sticomm cof time- sulfate’-lmihe-lc-c! macnomciolecular material with bacterial chmoimdroitinmases

c!o-nieonmstnmttc-c! tiimit (iS-SO ‘� oof time radieoactivit-v � in the form of cimondroitimm 4- and 6-

stil fmmte-. Timc no-nmmainmiimg radio amet ivity was presenit- mm an N-sulfat c-ti mucopolysaccimanide

ivimicim ii�as tonmttitivolv idc-nmtifie-d as ime-panaim sulfate-. The results of time-se experimemmts are

o-ocusisto-mmt with oour pnc-vicous finidinig cof sulfated nmucopolysacchanides, coonmsistimmg mostly of

o-licomme!rcoitimm 4- mimic! 6-sulfat-, mi ptinifiedl chronmaffimm granule-s from hoovimme’ adrenal medulla,

tiIO(! mine- c!ise-usse-ei iii to-mis of time’ 1ooossihlo- role- cof aumiconic COmi)!O-X ctmnl)oolmydrates mm the

st c logo’ mimic! re-Ic-misc’ c of hicogomoic mmniiinio-s.

Sc-ve’nal no-I000rts iimivc’ simggc’stec! timmit bico-

go-tue miniimio-s tire’ stcoio-ci mm tissue-s am time- foornm

oof cc )nmplc-xc-s c-commtainminmg stmlfate-d nmucopeoly-

smic-cimmi ride-s . I’Xl s-ri niommtal o-vid!c-mmc-o- has be-eu

pro-se-mmte-d iii sul)I000rt cof sucim mi steorago’
nmo-c-hmmmmmismimfeor nmiast c-c-li gnmimmulcs mimic! nmit

thmneoniboe-ytc-s, em which imistmmnminio- timid

sc-neoteonimm tire- c-comisiclc-nod too be- linmke-d by

c-Ic-ct rc ostmitic be oimds too mmmuccopeolvsacclimmnio!o’-

‘Ehois ‘woork mo�tis sonh)1000nte-el by ne-search granots

NS-�.34s tonic! \lh I -17018 fromnii t lie Unite-oh Sttites

I’inlohic- I lealt Ii Sc-rvice.

pro)tc-imm ce)flil)1oX (1-3). Otlmo-r studio-s immive
sugge-ste’d that sulfate-c! niuce)�)colysacchmmmnides

tiimiy be’ iIiVO)1VO�d in time’ biumding amid! steorage
cof catc’cho!amines mm oshromaffimm gramiulcs of

adne-na! medulla (4) amid iii adnemu-rgic v-sicle
fnmic-t bus from sympatimetically iumnmc-nvated

t issues, po-ripime-ral synipat lme-t ic mio-rvc-s , timid

bnmiiti (5).

\Ve imave prcviousi� de-nioomistnatc-e! the

pro-se-nec of chondroitimi 4- amid 6-sulfate- timid

of glycoproteins witim a high siaiic- acid

c-cotitcimt in purified e-hre)nmtiffinm granmule-s
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from bovine adrenal medulla (6). Howe-ye-n,

the number of anionic sulfate amid carboxvl

groups present in the-se complex carboimy-

drates was much less than required to) ac-

count for 1-he bindimig of time large quamitities

of catecimelamine-s found in time- isolmited

grammule fractioons. Iii aim at-tempt to eobtaimm

more- infcormationm cc oncenning the poossiblc-

role o)f mucopolysaccimanides and glye-opro-

teimis iii the storage- amid release c)f cate-chol-

amine-s, \\�e have immv(-stigated the effects of
acetylcimoline- stimulatiomi on the- re-lease- of

sulfatc-d complc-x carbohydrate-s from time

perfuse-d adre-nal gland!.

To o pnc)duce- imypooglycc-niia , and thereby

deplc-t- catecholmimine- stores in the- aelno-nal

medulla, male amid fe-male- cats (1 .6-2 kg)

were- givemm subcmmtmimie-ous injections of

crystalline- zinc insulin (0.3 unit-/kg) clis-

solved in 0.5 ml of c!ime-timvlsulfeixidc-. This

was fellowed after 30 mimimmby Na235S().0 (20

mCi/kg intrape-ritono-ally), arid 24 hr we-nc-

timen allcowe-d for time- labe-limig e)f sulftmte-d

complex carboh�vdnat c-s in the- aelrc-nmul

medulla.

Cats we-re- mine-st imo-t izc-c! wit hi so odium

pentcobarbital (30 mg/kg intrapenitomie-milly),

and the left- adrenal gland, acutc-ly dc-rio-n-

vatc-d, was perfuse-d ut situ by the- aort-ic

route and the efflue-mit was ceollecte-di from

the adrenal veimm according to) the proc-c-dune-

of Douglas amid Rubimi (7). Perfusions we-re

carried out with normal Leocko-’s soluticomm,

equilibratcd at- room te-mI)o-rature- with 95 Co

oxygen amid 5 � carbon dieoxido-, timid imaviimg

a pH of 7.0. The se)lution contained XaCl,

154 mmi; KC1, 5.6 niml; CaCi2 , 2 nimmi;MgCI2,

0.5 mitt ; NaHCO3 , 12 m�m ; and glucose-,

10 mM. The flow rate- was maintained at aim

average of 1 .2 mI/mimi by no-gulating the pc-n-

fusiomm pressure-, and aftc-r four commtrol

periods of 10 mm o-a-h pc-rfusion was be-gumm

i-m-itii Locke-’.--o solutiomi c-ommtaining ace-tyl-

choline (55 ,�r), resultimig in a decrease in

flow rate of approoximate-ly 20 %. The effluemit-

was collected during alto-mating ceommtnoi

periods of 5-10 mm amid during acetylcimolimme-

stimulat-icin as simowim in F’ig. 1 . Time data

are- expressed as mac-nomole-cular (i.e-., imomi-

dialyzable-) sulfate radio)activity p�-r milli-

litc-n of efflueimt. Total c-mmte-choiamimme-s in

the effluent we-ne- do-tc-rmino-d by the- me-time)d!

of Antomi and Savre- (s). Cimommdreoitinase-

digest ieonms mine! anmmlysc-s of smul fat e-d nmmue-o-

I)olYsaccimanide-s we-re I)e-rfo)rnme-dl as e!esc-nibed

previously (9, 10).
�\.dclitieomm of ae-e-t�le-hmolimio- mit ti c-eoimo-c-ntm-a-

tid)Ii O)f 55 j��m too Loe-ke-’s sooluticoim pc-nfusimmg

time- c-mit- ac!rc-nai glanme! nc-suIted iii a 12-20-fold

stimulat-ieomm of time- nc-lease- cof nimid-ronmeole-c-uiar

suifmitc- naclicoac’tivitv. Time- nc-stilts oof e-xpe-ni-

mo-nts on c-igimt mininimils, mm which ac-e-t-yl-

cimohume- stimulatioum � miltc’nmimmtc-cl with

control periods, arc sunmnianizc-cl in 1”ig. 1.
In timrc-e- of thmo-sc- c-xpc-ninie-nmts time- mmcc-tyl-

choiiimc- c-oomic-c-mmtnmmtiomi was micro-misc-c! 10-fold

too 550 ;�eM after time- first pc-nod of stimulmi-

tion, but pne)dluc-e-d eommlv a 14 #{182}gre-mite-n iii-

creasc- iii time- ro-le-ase- cof sulfato--ltmbe-le-cl ma-

te-nial as c-oonmparc-d! too timmit oobtmiirme-c! witim

55 /2:\I ac-e-tvlclme ohmic. rFimc�sc� e-xpo-nime-mmts m�c-ne

time-re-feone- mieot trc-mit-ci se-ptintito-lv in time- cal-

c’ulmition of mive-nmigc- vmmiuc-s foor Fig. I -

lii four omits wimicim immid bc-c-mm tne-mmte-cl with

c-cnisiderablv lmirge-n doosc-s oof inmsuhimm (1-2

umiits/kg) befcnc- timo- ac!niimmist natiooni cf

lmibo-lo-c! sulfmmtc-, time’ stinmulmitie)ni pro)duc-e-cl by

ac-e-tvle-hmoohimic- \vmis coiily 75 (-� eof timmit e)b-

se-nyc-cl mm mmninimils tre-mite-cl with 0.3 ummit kg.

Timo-so- cxj)o-nimc-mits tin-c- foot iimcluclc’d imi time

dmttmi sunmnommnizc-c! imi I’ig. 1 . In tiic- mmbsc-nmce

o)f pnicor tre-mmtnmc-mmt with immsuhimm omily a

ne-lmmtiyc-lv smmmli stinmulatio)mm (2-4-foolel) m�as

obse-rve-c! mm t ime- no ‘he -misc- oof nimme-roonieolc-e-uian

sulfate- nmmc!iooa-tivitv aftc-n time- additiomi of

mice-tyleiioiimmo t co time- l)c-nfusiomi scoiutioni.

Aim tive-nage- cof 16 � O)f time- sulfate- radio-

mic-tivity nc-Ic-misc-el immto time- l)c-nfusion soluticon

c!unimmg time- c-enitrcol pe-nicocis was mmtho- fconnm

O)f mic)mid!ialvzable- macneomole-culan mmito-nial,

wimilo- 54 �;;� of time- sulfate nacliooactivitv iii

time samiiple-s c-cilie-cte-d c!uning ac-ct-ylclmolinie-

stimulation wmis mmoomidimilvztmblc-. Time-ne- was

lic_) sigmmificmint c!iffc-ne-mie-e- iii time- po-rce-mmtmige cif

sulfate- rmidiomme-tivitv wimic-im wmis imommdialvza-

bli- in the e-anly cor late-n o-oomitnool stiniple-s, or

in the e-ffltme-nts coile-cte-cl during suce-e-ssive

ace-tylo-imeolimic- stimulations . Time- diaiyzmtbie

sulfate- rmmdioactivit-v ceould be- oiumimitittmt ive-ly

ne-cove-ne-c! as mm simmgic- re-ttmnc!e-o! peak mvlmio-im

wrms c-lute-cl with 0. 1 u XmiCl fronm a I X 50

c-ni c-oluniim cof Se-pimadc-x G-25 mit aim c-fTluo-nt-

voolunic- c-conrc-spcommd!imig te o t immit of imiongammic

sulfate.

Tre-at nie-nt m�it ii baoto-nimml clmondnoit iimmise-

AB(�’ eof mnate-nial 1)00)10-el freom c-itlme-n commtnol
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Fi o. 1 . .h100Op(Ol!/2,UcCharidc1’ sulfate ra(Io (O(l(t ioity reloci.secl fromoc perfoo.se(l cat aciremoal glamo(l imo 1-he presence

a 10(1(lbsomo(e of (1(1(10-cl (lcd ylcholiii e

The eflluenits c-collected during ac-e-tylchcolinie stimnulaticoni are inodli-toted by tIme hatched bars. The figure

shows time nienni sulfated mnricoh000lvstmcciitmride radiotic-tivitv in the l)erfusmmte- fron� eight experinmenits

(mime-amos± sttonidard err(ors).

on mieetyloimeolimie stinmulmmtioon c-fflucumts O(oli-

vc-rte-d (iS-SO � . cof time- umoonidimilvzablc- radico-

activity too bow nimole-culmmn weight dismi--

chanidc-s, which c-oould bc so-jomirato-di from time’

unmeligest c-el nimi t c-rail by go-I filt rat io im omm

Sepimadex (-2.5 c-lute-el ivitim 0.2 �I NeC!.
Tno-mitnio-nt with eimeonic!nooitinasc- AC gave-

tho- stmnn 0 1utmmmtitativc- i-ic-he! c of c!ismmc-e-himmrick-s

as ehcl cimonmeircoitimimiso- Al-IC, itmelie-atinmg the

abso-mico- cof signmifie-mmnit amoummts of lmibeled

dennmmmtttmm sulfmitc- iii time’ pe-nftmsie)nm c-ffltment-.

Thmc siimglc rc-tmmrclcc! pe’mik c)f c!ismmccimarides

%%_tisdc-stilted cm 8cJ)iitid!O’X ( ;-io timid c-imronmat-

ognaphmc-d onm \Vimmmtnimimm Xoo. \i’ei �

usimig butammod tic-c-tic- mic-id-l N animeomiia

(2:3: 1, yv). Fxminimintitiomm of time- strips

Wi tim mmrmmdiocimnoonmmmt cogrmmnm se-mmmmne-r nc-vc-aled

thmit mippnoxinmmite-ly 60 #{182}�of time’ nadieoac-

tivity migrated as 3-O-�-� 4, 3-gluc-urommosyl-

.IV-acc-tyi-I)-gmiltio-tcosamiiine----4-O-sulfate (de-

rive-d from c-lie oumdreoit-in 4-sulfate) , wimiie

the re-nmaiumd!e-n wmis iii time- forum of time- con-

re-spo onding dismu-e-lmminic!c from cimoomidre oit in

6-stilftttc. 1’tmlly 75 � ; cof time radicomictivity iii

t ime- cimommdrcoit iimase--ummdigestible niato-nial

cO)liI(! be- nc-nmcovc-d! unic!e-n e-oomiditioomis suffi-

cie-mit for time iivo!nodvsis of sulfooaniimio bcaids

(0.04 N HC1, 90 n-un, 100#{176}), amid till time

sulfate- iii this frmmeticomm was remove-c! by

hvc!moolysis iii 1 N HC1 fcor 4 un at 100#{176}.Time-se

nc-stilts imic!icmmto- timat lmmbele-d hmo-pmmran sulfate
( con hmo-ptiniim) , c-c omitainoinmg \T�stmlfmi-te�c! lie-xe osmi-

amimmo- re-siduo-s, was also released mite time-

Pe-nfusate te)gethe-r withm chondroitin 4- amid
6-sulfate-.

Commconmitauit ivitim time imicre-ased re-lease

cof sulfated nmucc)polvsacchanidc-s produced

by ace-tylcimoline was time occurrence cof a

100-fold or gre-ate-n increase- in o-at-echoiamimie-

oc-cre-tie)mm (F’ig. 2).

Timese studio-s denic omist rate t limit o-imomi -

droit-imi 4- amid (i-sulfate, amid a cimoondrcit-

inase-uimdigestib!c- , N-sulfated mucoopoly-

sacchanide which is probably heparan sulfate,

are- re-leased from the- perfused adremimil gland

iim snmall amoumits nuder basal conditions.

Acetvlchmoline st imulatiomi produced time cx-

Pect ed lmmrge imicre-ase in catecholanmine
secrc-tio)mm, together with a 12-20-fold in-

c-nc-ase mm the ne-lease of sulfated mucopooly-

saccharides.

\\_c__ have- i)rc-vi(ousl� nc-pc)rted timat niucoo-

polysaccimarides are present imm purified
dire mmifflim granule-s front bovine aelie-nmal

nimcclullmi at a e-c)ne-e-uitration of 1 .5 � by

weight o�of the lipid-free proteimm residue- (6).

The-se were identified as 61 % cimondroitin

4-sulfate-, 35 � cime)midnoitin 6-sulfate-, timid
4 (_� (of a glucosamimie-coumtainimmg sulfated

nmucopeolysacchanide. The amounts of cimon-
d!noitium sulfate radioactivity in limo- pc-nfusate

wiuch we-re present as chondroitimm 4- amid

6-stmlfate- were essemmtiallv the same as the

no -lat ive animount s of t lie-se t we 0 nmueOpc)lV-
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F,cm. 2. (‘atecloolam-ine release from perfused cat

adrenal gland ito the presence (hatched ioai-s) (0(0(1 ab-

sc-co-ce of ado/ed acetyicholine (55 M.#{176}�)

Time intervals corresponod to those in, Fig. 1.

sacc-imanide-s feoumid in isoolat.c’d chreomaffimm

gnammu!es, whilc time hepanan sulfate- radio-

activity wtms ro-latively gre-ate-n than the

sniall e-oumtnibutiomm (4 #{182}�)of glucosamiime-

containing mucopolysacciianides t 0 time- t ct mu

mat c-na! pro-sc-nt iii bovinme chromaffin gramm-

ules. Altimcftmgim this may imavc be-c-n due- PartlY

too species c!iffencnces, time distribution of

radieactivit-y is o-c)mmsiste-nt with the available

data cmi sulfmito tunnc)ven in time- mmmcopoly-

saccimanides cof other type-s of mic-nvous tissue

sue-li as brainm, where he-pmunaim sulfate- immis a

rapid tunmme)ve’n nate, while- time- cimeondroitin

sulfates turn o)ye-n at a sleuvc-n rate which is

aj)proximateiy time- same for both isomers (9).

The- role of mucopolysaccimarides amid

glye-eo�)nOote-iiiS iii c,hromaffimm granule-s is

presently ummcie-ar, although we have pnevi-

ously ccommcluded that- the- amounts present

the-re- tine imot in themsc-lves sufficient- to

acco)unmt fcr time simple icouiie binding of time

large- eiuanmt it ic-s eof stcned cate-c-imoiamimmes.

Otime-n constituents of time chnomaffin

gnmummulos, sucim mis chnomognanimi A, dopamimie

j3-imydroxyltuse , and ade-imirme’ nucleotides

and time-in me-ta-bolites, arc- also) se-creted to-

ge-timen witim e-ate-cholaminies fodleowing stimu-

latiomi cof adrenal medullary cc1ls. \Vhiie

t ho- similar ne-le-ase of nmucepeoly�accimmmnidcs

mi-imiy nic-rely re-fe-ct tb-in pro-so-ne-c in o-imro-

nmaffimm gnammuh-s, it is pe)ssible- thmmt timc-y

inte-nact with otime-n c-c-il orgaime-llc-s, sue-li mis

l\sosenmcs, iii the- pnc�ce-ss c)f e-xcwytoosis.

Sc-lmnc-idc-r (1 1) immus re-pool-to-el timat eanbae-imcA

stimmmlmmtc-s the- re-Ic-misc’ of sevo-nal lvsoseomal

c-nzvnmes fnonm t ut’ iso olat e-d pc-rfusc-d bovinmc-

adno-nal glammd, amid it imas bc-c-mi simowmm timmit

in l)ituitmir� timid oothmcr e-e-lls ummuse-d sc-crc-tc)rv

grmmmmule-s are- dispoosc-d cof by direct fusicmm

w-itim previcously c-xist immg lysosome-s by a

l)r��o-e-ss uvhicim is S1)0dific foor so-e-ne-tiomi gnan-
tile-s. Be-causc- e)f time- distirmctive- fe-atune-s ef

t his granmule- c!isposal mecimaimnm, de-Duvo-

( 12) has c-oimmo-d time- to-mm “cninme)pimagy”

to) distinguish time- process frommi mmuto)pimmigy.

Cnimmeophmagy appears too be- a ge-ne-rd fumic--

t-ieoum cf lvsosomo-s iii 1)itmiitarY cells (13), anic!

although no-ic-vanit fimmdings mi other syste-nis

are- iiot hiS complete-, time-re- is suggestive-

c-vide-mmcc- timat time’ pnoicc-ss also coo-c-tins mm

ne-unose-cre-tonv mmc-uneons (14, 15), ce cells of

time- I)amid-nc-atic- islo-ts ( 1 (i) , tumid adro-nial

medulla (17). Altimeougim time- pc)ssiblc- nc-la-

t ie)nship bc-two-c-mm t hue- so-cnc-t ieomm cof muco-

po)lysmmce-imtmnide-s amid lysoseonmal onmzymcs
bc-ens further invo-stigatioomm, it tippo-ars mmmi-

hike-lv t limit time relc-ase-d niue-copolvsacc-imanido-s

arc- timo-msc-lves of lyscoseomal e)niginm, since

time- rc-poontc-d immcno-ase- iii o-mmzymc- sc-cne-tiomm

upomi c-arbached stinmulmmtioomi wmms conly 50-

300 �, as coml)ano-d to) time 12-20-fold mm-

crease’ in ne-lease- (of sulfated muc-oopeolvsmuc-

clandes.
It was also iobserved that u�-imc-n prior

tnetitmc-mmt- with insulin (to deplete catec-imol-

amine stores and allow re-synthesis of

chromaffin granules in time pre-sence ef labeled

sulfate) wmms omit-ted, acetylcholiimo- pro-

duco-d a much smaile-n than usual inmerc-ase- iim

time- secne-tiomm of sulfato--iabe-le-d mue-opo)lysac-
chmanides. Time-se ne-suits immdicate- that labc-led
muce)polvsacchanides pro-se-mit imi miewly �yni

t he-sized grammule-s are prefe-rc-ntiahiy nc--

lease-d iii re-spouse- to stimulatiomi of time

adne-mmal medulla, iii agreement with ootimo-n

evide-nic-e- demonstrating the pre-fenemitial

re-Ic-ase- of newly synthesized bioge-nic

amine-s.
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