4 “ . v . ‘! RF .8 - .
7 B A A ) . . S , . ?

P R R A -
' : ' 7.

V  “ NATIONAL LIBRARY -~

© . OTTAWA.,. - 1 OTTAWA

et

e .

E NAMEOF AU1H0R o )5“ W) N ; C .. K AN E la

- TITiE oF iests. . o i fee T . fTRE

LT cred flereatbeliadvon e

. UNIVERSITY....w.. /%[« ... Jlehent: AT U .
", 't.. ' DEGREE/FOR-WHICH THESIS.WAS PRESENTED. .......J¢ . 13 o

) Lo a - ; ) .
, . YEAR THIS. DEGREE GRANTED. ...... [ 74 .

AR

Wt

" ) .JQ.' ;QETCANADA‘t0>mitfofilm fhis.thé%i? and to lend or sell copies
" of ‘the’ film, |

. - . ¢ v oa

;- "'y The author reserves other publication rights, and
oy A - L . -
R R I . . )
"~ ... neither the thesis nor exgensive extracts from it may be
’_f,J - i\\‘\ .' . L X ’_‘ ) - . ‘ ) ‘
" . %% printed or otherwise-yeproduced without the author's -
: R e - :

%

s, . 0 yo . . .
~qr.,1ttlen ‘permiss 101. -

. T glees oo ‘ .

[ oD - . - —

k - ) ’ .:‘ ? . s | . . . -" b _.) \‘ v(',.

. A "“y;\'f'.zg B . ' o .
Gt T~ pomee onkess:

R A O e e P

e e

oooooooooooo

I DATED. .22 92/ Ph(..219

SR \ Permission’’is hereby granted to THE NATIONAL LIBRARY . i

BIBLIOTHEQUE NATIONALE '

o SN

'..;TV...QZk?é;v?eviy,kﬁ

..'C-N‘
N '

o '
< 4,((1__?-
Aot g% W/V(/' A

.-

. _‘_-"g‘u
%
e

S

&:),' ﬂ



£

Sy ‘\ R 4
THE UNIVERSITY OF ALBERTﬂ

-
7.

EFFECTS oerRErANGLrGﬁlc STIMULATION AND
HEMICHOLINIUM NO. 3 ON CHOLINERGIC MECHANISMS
|  INA SYMPATHETIC GANGLION

BY

(::::) JAGDISH C. KHATTER

A THESIS E -
3MITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
IN HARTIAL FULFILMENT OF,JHE REQUIREHENTS
. FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

'DEPARTMENT OF PHARMACOLOGY
EDMONTON, ALBERTA™
SPRING, 1974 -



THE -UNIVERSITY OF ALBERTA..
FACULTY OF GRADUATE STUDIES AND RESEARCH

A

A

\The undersiqned certify that they have read, and fécbmmend
to the Fagu1ty of G;aduste Studies and Research, for acceptance, a *‘; :
thesis entitled Effects of Pregaﬁg1ionic Stimulation aﬁd’Hemicho]inﬁumv
‘f No; 3 on Choiihérgic Mechanisms in a Sympéthetié G;hglion;iSubmitféd‘ S

| by Jagdish C. Khatter 4n partidl fulfilment of the requirements for

the degree of Doctor 6f“Ph11050phy."‘
C . ' . ,

b




_? To my wife Brij and

. o
children Kapil and Manishi -

v



N\

‘& ABSTRACT
Preaanqlionic stimulation of the cat  superior cervical qanglia
at 60/sec for 2 to. 8 min reduced the'qanq]ionic acetylcho]ine(ACh) content

by about 30%. With cont1nued st1mu1at1on, the ACh stores qradua]]y re-

covered w1th1n 15 m1n However when oanq11a were a]]owed to rest fo]]ow—

ing 4 min of st1mu1at1on at 60/sec not on]y was there a rao1d restorat1on

or hore of the total ACh stores of.a rested ganglion is in a‘form that=can

be readi]y mobiTized'for're]ease i ?he observed rebound increase in the

ACh eontent probably means that the ACh storaqe capac1ty is not norma]]y

'-saturab1e and that under most phys1o]oa1ca] cond1t1ons the ACh 1evels are

maintained within certa1n 11m1ts by a precise contro] of ACh synthes1s

Hemicho]inium no.3 (HC-3) prevented not on]y the: recovery of the ACh storesh

7

but also the subsequent 1ncrease in both ACh and cho]1ne 1eve1s 1nduced

'by 4 min of stimu]ation p]us 10 m1n of rest. These latter results are in

accord with the proposed mechanism of action of HC-3.

Investiqat1on w1th HC 3 (lmq/Kq) has ‘revealed that the n1ct1t-

‘ating membrane response to cho]1nerq1c nerve st1mu1at1on may be-an unre-

]iable index of the abi]ity of HC-3 to inhibit ACh synthes1s The t1me-

‘ course effects of different doses of HC 3, in nanq]1a stlmulated at 20/sec,

1nd1cate that 2 mq/Ka dose of HC-3 may be an opt1ma1 dose and appears cap-

able of immediately and ;%mnletely“blockinq ACh synthes1s Nhen qanqlva_

%
are pretreated with this dose of HC-3 and'st1mu]ated atgfalsec, a 50% ref
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duct{gn in the content of‘ACh'OCCUf{-withinkS mtn The data suqqest‘

4

;
that about 50% of the total ACh dtores of a oanqllon can be rapldly mo-

4
b1lized for re]ease and the rest is only slowly converted to a releasable

RN

form. . . T S - o o .
4; That HC-3 can dep]ete ACh stores w1tbout reduc:nq the cholIne ”

content of aanglia, was a]so observed dur1no the above invest1qaﬂhons. B

The data 1nd1cate that HC-3 may not on]y'block the uptake of extrace]lu-

- lar choline but may also 1mpa1r the 1ntrace11u]ar uti]lzatwon of cho]1ne

/o v . SRR

When the above cond1tions of st1mu]atwon and HC-3 werée applied

for ACh synthesis

to 1nvest1qate u]trastructural changes, variab]e results were obtained.
While in- some cases the reductlon in number of aqranular ves1cles appeared
- to correspond to the deo]etion in ACh content, in- other cases no such “
Qre]at1onsh1p was evident. Also there was no increase 1n\number of agran-
u]ar vesicles correspond1nq to the rebound 1increase in ACh content Under
most conditions s1on1f1cant reduction in the dens1ty of agranular ve51c]es
occurred main]y in the areas away from the synapt1c req1on.-oThese results )}
do .not necessari]y neqate the vesic]e hypothes1s and can be exp]alned qgﬁ,'“°
‘one ‘assumes that aqranu]ar vesicles stores varlable amounts of .ACh. The . -ﬂ\\g
data also suqaest that the ves1cles from the non-synaotic zone may be’ mde]-
“jzed to rep]ace those depletedsﬁh the synapt1c region during stimulatidn.
The number of large dark-core vesicles, of unknoun content |

.also apoeared to decline under the conditions which reduced the number
,”of aqranu1ar ves1c1es These observations indicate that the'less numer-

ous dark -core ves1c1es may also. dep]ete the1r content dur1nq preqang]ionic )
st1mu1at1on However,ctheir content and the ohvsio]oo1ca1‘signlficance'of

>

this observation $5 not known.

vi
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HISTORICAL DEVELOPMENT

T

A. Evidence of Chemical Transmission

S s -, .

It is now almost a century since Du Bois—Reymond.(1877)

, sugqested that the motor. nerves secreted a substance which activated the

- muscle. Lewandowsky (1898) and Langley (190l) noted 1ndependentlv the

similarity between the effeccs of inJectionnof extracts of adrenﬁl qlands

.}and stimulation of synpathetic nerves. A few year later, in 1904, T.R.

'Elliot while a@student of Phy51oloqy at Cambridqe, England, extended

these observations and Dostulated that sympathetic nerve impulses release

minute amounts of an epinephrtne -like ubstance(niinmediate contact w1th
‘ b

"effector cells. = " | * ' - o i

p N

]

Y

Several years later Dixon (1907) noticed the cgrreSpondence
“between the effect)of muscarine and_the,responsei}o vaqal'stimulation.and
in 1909 Dixon and Hamii'advanced the hypothesis that the'vaqus nerve'lib-
:erated a muscarine like substance that acted as a chemical transmitter
of»its.impulses. They sugqested that excitation of nerve induces the
local liberation 6f a hormone which causes spec1fic activ1ty by combina-
- tion with some cdisiituent of the end oraan, ‘muscle or qland. Dixon 3
" etheory met with universal skepticism which discouraqed him from follouing
_ this promisinq field of investiqation..p v
In 1914 Dale made a thorouuh study of the pharmacological pro-
"perties of acetylcholine (ACh)lbnd some other choline estersL He observed
 that these druqs produced effects that were anal;oous to- those\observed
after electrical stimulation of certain peripheral nerves. He was so |
impressed with .the remarkable fidelity with which these druos rearoduced

\‘

. the responses to stimulation of oarasympathetic nerves that he introduced

1



-

“the term parasympathomimetic to characteriie their effects.

Loewi (1921) established the first real proof for chemical
mediation of nerve impulses. In his ingenious exper1ment he st1mu1ated ; 7
‘the vaqus nerve of a Denéused.(donor) frog heart and allowed tne perfusion
_fluid'to perfuse a“second'(recipient) froq heart-used as a test_object.‘ |
.The contraction of the second heart was 1nh1b1ted by this f1u1d with
th1s e;berlment he demonstrated“%hat a ‘substance was 11berated uoon %;1m— ‘@}
ulation of the vaqus trunk of the donor heart; this substance in turn in-
h1bited the recipient heart produc1nq an effect analoqous to that of vaan
stimulat1on. He called this substance vagUstoff"' Loewi and coworkers
subsequently reported that vaqustoff had manysiropertIes in common w1th
ACh (Loewi, 1932, 1933). | o

Hany other investiaators established qu1te conc]us1ve1y that a
chemica] mediator is 1nstrumental in the act1v1ty of a]1 per1pheva1 efferent
nerves.' ‘The concept of chem1cal transm1ss1on of nerve 1mpuTses has been h'
un1versa11y accepted at most synaptic Junct1ons

The ev1dence for chemical transm1ss1on of nerve 1mpu1ses in sym-

~

- pathetic ganq]1a 1s dlscussed in the fo1:ow1nq sect1on of the thes1s

B: _ChemicalvTransmission in Sympathetic Ganglia

The ‘evidence of chemical transm15$1on in au}onom1c ganglia has |
been obtained chiefly from experiments on perfused oanq11a KibJakow |
(1933) described a method for perfus1nq the super1or cerv1ca] qanq11on .
(SC6) of the cat with Locke's solut1on. ‘The oerfusat collected dur\ng
' electrical stimuIation of the preoanglion1c nerve fi es was re1nJected
1nto the arter1a1 supoly of the SCG. A contract1on of the n1ct1tat1ng |
membrane was observed simllar to that caused by nerve st1mulat1on How-

o ) - . .
’ : . : s . ’ . -
. » D o



ever, when the perfusate was collected in the.absence of nerve.stimulation~:
no such contraction of the membrane was seen. | )
Feldberg and Gaddum (1934) repeated Kibjakow's exper1ment and
found that the active substance could only be recovered in the perfusate
if an anticholinesterase was present in thetotké7§“§olution. They iden- _;};E;
“tified the active suhstanféyin the%perfusate on the basis of its behavior ,f\¥£iﬁ'
or activity when subjécted to five different pharmacoiogicai and biolo- ‘
- gical tests. These observations supported the theory thattthe mechanism
by which each nerve impulse norma11y passes thehsynapse consists tnithem
.'-11berat1on of small quant1t1es of ACh. Fe]dbeyq and Vartianen.(1935) o€;
served that ACh appears in perfus1on fluid after preqano]1on1c but not
ant1drom1c stimulation. They a]so reported that physost1qm1ne potent1ates
the effect of submax1ma1 electrical stimulation as we]] as the ganglionic
stimulant actiOn of injected ACh. These findings further supported the
chem1ca1 transmission theory in. SCG. | o
N1cot1ne_(Fe]dberq and Vart1anen, ]935)'andvcurare (Brown and
Feidberg, 1936a) uere_;hown to block transmission in the’perfused SCQ |
~ without 1mpatrjng the release of ACh-iike substance. Both of these block-
‘inq aqents also prevented the effects of.injected'ACh on the qangiion.
The results of these experiments added support to the contention that
transmitter re]eased on nerve st1mu1at1on in SCG is a cho]1ne ester
.The presence.of_enzyme for synthes1z1ng ACh in SCG of cat was
| suggested by‘Brown and Fe]dberq in 1936b. They observed that the total
amount of ACh ]1berated 1n st1m33ated ganglia perfused with chol1ne Locke's
solution was several t1mes of that‘obtainable;from the contralateral un:

' st1mu]ated qanq]ion by extraction.

Bann1ster and Scrase (1950) used a re]ative]y crude enzyme pre-

-
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Fparation derived from cat SCG and demonstrated that ACh can be synthesized

in vitro. The enzyme preparations obtainedffroz)SCG, whose preganglionic
!

nerve had been“cut 10 days previously, were devdid of synthesizing activ-

1tyf' The'abdve experiments indicated that the enzymes involved in ACh

o synthesis are Tocated in Ege preganq11on1c nerve fibres.

More- recentﬂy Fr1esen et al. (1965) demonstrated that labelled
cho]1ne (14C- cho11ne) when added to the perfusion f1u1d can He incor-

&
porated 1ntd qanq11on1c ACh and that 1abe11ed ACh can be 11berated upon

_ preqanq]ton1c st1mu1at1on The ACh. thus produced was identified as '“C-

ACh by papen,electroohores1s and haper chromatography. :

| The sequence of events, wh1ch is now qenera11y accepted as
tak1nq place during the passaqe of an impulse across the synapse in sym-
pathetic ganalia.is the followina: With the arrival of nerve Jmpu]se atv"
the terminals of the pheqand]ionic aion, the chemiCal.transmitter ACh is
released from storaqe sites jn the nefye termina]s; it diffuses acfossvthe

narrow synapt1c c]eft (approximately 200 A) and then generates a nerve im-

: pulse 1n the postsyna t1c neuron (McLennan, ]963) Studies concerning the

metabo1ism of ACh in SCG. 3fe more fu11y d1scussed in the next sectlon

ACh Turnover in/SCG .
\ ,
|

a ‘As menti ned ear11er the in ULvo synthesis of ACh in sympath-
etic dana]1a of cat, was first suqqested by Brown and Fe]dberg (1336)
They opserved that when the cat SCG were perfused‘w1th cho11ne~freevLocke's'
so]utiLn and st mu]ated predand11on1ca11y (up tdi127sec) the quantity

of ACh\11berat?d in the perfusate was much h1qher1than the quant1ty or1-

-ginally present in the unstimulated qanq11a. They also noted that the

" rate of ACh liberated was high at the beginning of st1mu]at1on and fell



c“f progressively to reach'a muchilower Tevel after 20 to 60 min of stim—
ulation. This lowepgievel of ACh release was then maintained with little
further dec]ine' Although one-can assume that the fall in ACh output,

hal

after pro]onqed stimu]at1on was probab]y due to the 1ack of choline ir

W, ‘ -
the perfus1on fluid, the stimulation’ did not chanqe the extractab]e che e

‘i- or ACh content of the ganglia. No expfénat1on for thetsource of choline, . °
~was provided. | o :. | ' : Cifi.'_l~.
‘ Kahlson and MacIntosh.(}939) confirmed‘the findinasvof Erowh and
Feldberg. They suggested that the'stimulation (10/sec)»did deplete the
- ACh depots, but that the deficit‘went unobserved by Brown’and Feldberg
(because ACh was rapid]y‘synthesieed in the short intervallbetween the
removal of ganqlion and itskdisinteqration in the extracting medium.
Kah]Son and MacIntosh perfused the qang]ia with Locke's soiution containingl
qlucose mannose and pyruvate and suqoested that these substances promote
ACh synthes1s However, Mo choline was. present in their perfus1on f1u1d

®
and no reference was made to the source of chollne for this rapid synthe51$

b_ of ACh. It-1s quite conce1vab1e that 1nadequate synthes1s of ACh, dur1ng :
| Dro1onqed st1mu1at1on observed by these 1nvest1qators m1qht hasz been
due to the unava11ab111ty of endoqenous cho]1ne and/or lack of chollne
in the perfus1on f1u1d
| In 1939 Rosenb]ueth et al. recorded the responses to submax—
1ma1 doses of ACh (1n SCG of cat) before and after prolonoed preqanq11on1c .
st1mu1at1on at 60/sec and noted that the thresho]d response of the SCG -
to ACh f1rst decreases and 1ater 1ncreases during pro]onqed preoangl1on1c
st1mu1at1on- In th1s connect1on thev a]so observed that the ACh content
“of SCG f1rst decreases and then 1ncreases durlng this per1od of st1mula-
tion. Hoyever, these 1atter_fihd§ngs were based on single experimenta]

et
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st1mu1at1on at- d1fferent frequencies, name]y, 5, ]0, 20, 31 and 100/sec. r?~v

The cat aanglia were perfused w1th LocRe's solution mith or-without eserine

and the output of ACh and choline were measured in the nerfusate.;finihis '
;‘stud1es Perry observed that after 40 min of stimulation the total output |
of ACh is little influenced by vary1nq the frequency between 5 and 100/sec
But the. volﬂey output falls more rap1d1y as the frequency of st1mu1at1on
1s 1ncreased (1n the qano]ia perfused with eserinized Locke's). "Perry
suaqested that the amount of ACh 11berated from qanq]1on by a s1nq]e pre- |
qanq]ionlc vo]ley is a constant fract1on of the ava1]ab1e stock He»
further hypothes1zed that only part of the ACh of a ganalion is read11y
available -for release by nerve 1mDulses and that while the ACh. re]eased

by stimulat1on is qu1ck1y reolen1shed by synthes1s, the newly formed ACh
only becomes‘aya11ab1e at a re]at1ve1y slow rate, which is equal to\ther
steady rate of ACh output'(ahout 4 na/min). after prolonged stimuiatdonr
However, in the invest1gat1ons carried out by Perry, c;:;}ﬁ%animportant
precursor of ACh was a]ways absent from the perfusion d. . This ]ack
of cho11ne may h"?e\lnfluenced the rate oF synthes1s and thus the output
of ACh in the perfusate. Furthermore no 1nvest1oat1ons wl?e carr1ed out
to'study the'influence of,these d1fferent frequenc1es of stimulation on
"the‘qang]ionic:mevels ofdACh and choline. .Sourcerof cho]ine for ACh

_ _ ‘ , s
g-output in perfused (with eserine Locke's) ganglia was also left unex-
' p]alned in Perry s 1nvestioat1ons. _ '

_ ¢
Follow1nq up the observations (Schueler, 1955) that cho]1ne is

RO



Lo aaS

'an ant1dote for HC-3 poisoning (cho]ine ch10r1de 100 mq/Kq intraperi-
tonea11y completely antaqon1zes 0.2 mg/Ka-of HC-3 1 p whereas 0.05 mg/Kq
HC 3 was 100% fatal in a group of 50 m1ce) MacIntosh et al. (1956) tested
'~the42ffect of HC-3 (2 X 10-5'M) on ACh output in plasma perfused SCG of '
ca They perfused qanq11a with plasma conta1n1nq 'HC- 3 and st1mu1ated |
preqano]1on1ca11y at 20/sec. In the1r 1nvest1qat1ons it was found that
after pro]onqed stimulation the rate of ACh release dec11ned rap1d1y and
at the same. time uanq]1on1c transm1551on uradua11y declined. - when the
ganalion was st1mu1ated dur1nq perfusion with eser1n1zed Locke'slsolut1on,

1nstead of with plasma, 1t synthes1zed ACh much more s]ow]y, and synthes1s
[} }\

T . wWas st1]1 further reduced if HC-3 was present 1n the perfu$1on fluidy

MacIntosh et al. (1956) suqqested that HC-3 is grpotent 1nh1b1tor of ACh
synthes1s, in 5CG, and may . compete w1t§kchol1ne for a spec1f1c carr1er
system thus prevent1nq 1ts transport (work C%hcerninq the source of | ﬁgx
chol1ne for ACh synthesis and the mechanism of act1on of HC 3 is d1s- |
'cussed in the next two sections of this thes1s ) | "h

That oanq]ion1c ACh was stored 1n d1fferent poo]s was suggested
by B1rks and MacIntosh in ]961 The mean value of ‘ACh content per qanglionh .
of 50 0ang11a was found by these workers to be 266 ng. In their experi—ut
. ments when HC-3 (2 x 10‘5 M) was added to Locke's so]ution the perfused 12;
ganalion lost 81% of the ACh dunlnq one hour stimulation (20/sec) B1rks :
- and MaclIntosh found that only 85% of the qanq11on1c ACh cou]d be depleted
by further st1mu1at10n and about 15% of tota] "ACh cou1d never be released
by stimulatlon' They des1qnated re]easab]e ACh (85%) as depot ACh and
the rest (15%) as. extrasynaptlc ACh which was not ava11ab1e for re]ease
by nerve 1mpu]ses. Since,; during pro]onqed st1mu1at10n the initial |

output of ACh was always high (about 31 * 2 nq/min) and fe1] off to a 1ow'.



value (4.3 * 0.7 nq/min) inathe last 15 min of one hour stimulation; Birks
and MacIntosh suggested that deoot ACh was made up of a sma11er "readily-
.re1easab1e4 fraction and a larger fraction which sexves as a reservoir
from.whjgh’the sma11er pool is replenished. ‘They'further.estimated that *
:23% (50.ng) of depot ACh (220 nq) of a ganalion was readily available’
fraction and the rest (170 na) was only slowly avaiiah1e for release.

| ' The data obtained in plasma perfused qanq11a (Birks and Mac-
Intosh' 196]) 1nd1cates that more ACh can be released dur1ng the f1rst

_S min of stimulation at 60/sec than at 16/sec--thereafter, however' the
| ,rate of ACh re]ease dec11nes such that dur1nq Tater. per1ods of st1mu]at1on
the ACh ]1berated per minute is the same at both frequenc1es of stimula-
t1qn. Birks and Maclntosh (1961) suqgested that the two fract1ons of depot
ACh were connected.1n~ser}es. The rate at. which ACh can be d1scharged

55 11m1ted by the rate of mob1112at1on of ACh. from the 1aroer Into the
smaller, more readi]y re]easab]e fract1on | ‘ ’
The requlation of ACh synthes1s was a]so\1nvesthated by B1rks :
and MacIntosh (196]) They suggested- that ganalia st1mu]ated repet1t1ve1y
at frequencies up to 20/sec maintain their depot ACh at c]ose to its |
resting 1eve1 oroyjded,thatvthey are supp11ed with the_norma] blood or :
p]asma.r Due‘to'the constancy,of this valuevoflACh,iMatIntoshv(1963) con-
c]uded‘that the amount of depot ACh is determined not merely by the ba]ance
between the’conditions'favouring synthesis'and conditions favouringurelease;
: but primarily by the numher of sites availab1e~for‘storage of ACh. |
Accdrdinq to this hyoothesis, any excess ACh synthesfzed’wou]d}then be |
hnnediate]y destroyed by 1ntrace]1u1ar cho]inesterase |
Potter et al. 1n 1968 suqaested that ACh synthes1s may. be reg—.

ulated by mass action laws,,that is, by the concentrat1on of choline,



d
acety]coenzyme A, ACh and coenzyme A in ‘the req1on of choline acety1trans—'
" ferase. Accord1nq to this proposal the main driving force for the syn—
‘thesis of ACh would be the fall in concentrat1on of Achﬁ§hmthe v1c1n1ty
of choline acety]transferase. Ka1ta and Go]dberq (1969), however, have
SUqgested that the requlation of ACh synthesis may be doe‘to the feedback )<:
inhibition ofvthe activity of choTine_acety]transferasevpy accuhu1ated
ACh. n this reqgard they have shown that 10 mM to 100 mM concentrat1ons
ovaCh reduce the activity éf C ‘ne acety]transferase by about 50% v

Howevér, these were only in vitro studies and whether or not this also

occurs in vivo is still debatable.

D.. Source’ of Cho1ine

The fact that the endoqenous cho]1ne may beiava11ab1e for ACh

7 synthes1s was first observed by Brown and Feldberq (1936) In the1r ex- .
periments when cat SCG was perfused with choline- free Locke s solut1on

and st1mu1ated, the quantity ovaCh released during 60 min of st1mu1at10n
'eXceedeo the inivial oanQTionic ACh content.- That qanglia may store |
choline was further supporteo by the work'of Birks and MacIntosh (1361).
~They found that qanq1ia perfused with choline-free Locke's solution con-
tinue to discharge cho]ine at the rate of 10 - 50 ng/min even in the .ab-

sence of any st1mu1at1on ; ' ' : ‘ ' -

In order to determine the source and 1eve1s of endoqenous chol-

r

ine, Friesen o% al. (1967) carried out chronic preganalionic denervation
experiments ' A/tera14kdays of denervation of cat SCG, they found-that
' on]y 30% of 'he total qangl1on1c content ‘of choline was 1ocalized in the

preganglj nerve term1na]s These observations 1end add1t1ona1 support
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: to the concept that a compar1t1ve1y small amount of endogenous chollne
may be available for ACh synthesis in SCG. Since ACh synthes12ed by _
Loche-perfused'ganql1a exceeds their orfgﬁnal ::ojfs (Brown and Feldberg,

- 1936), choline must be avai]ab]e from other so es to aceount forbthe |

synthesis of ACh in ganglia pérfused with (eserinized) choline-free

Locke's solution. » . ‘

Cho]ine associated.with phospho]ipids may be auai]ab]e f;r ACh
hwas‘suspected by Friesen et al. in 1967. They found that about 21 ug of

Cho]ine is associated with phospholipids in SCG. A-However most of.this

esterified choline is 1oca]ized 1n postsynaptic structures rather than -

g

: presyn pti‘gterminals The amount of choline released as a resu]t of

.turnﬁé',-bﬁbphosohol1p1ds and phosphory]chlorine was est1mated more re-
- s 4"7{7' \- g .

' centﬁ}ﬁéy Collier and Lana (1969). The1r results indicate that dur1nq
resting or stimulation'on]y A na/min choline was re]easedofrom'phosphoé

1ipid turnover. Lhis»sﬁaiT amount of choline released from phospholipids

may not be of significant value to a larqe amount of ACh synthesized in ~

SCG. However it maz/be’ut1TTzed for a sma]] steady output of ACh as
observed by Per/y/11953) after prolonqed st1mu1ation of qanqlia/gg;fuséd
with (esgpanized) cho]ine free Locke 3 so]ut1on '

Bligh in 1952 measured the choline. levels of plasma and found
that cat p]asma contains about 5'x 10“wM choline. It is noteworthy
that the p]asma choline concentration remains constant even after food

or exercise ‘Birks and MacIntosh (196]) observed that add1t1on of extra

,‘choline to the perfusinu plasma does not apprec1ab]y 1ncrease the output -

of ACh during prolonged. ft1mu1ation They: sugoested that the: ]evel of
Acholine in p]asma mdﬁ7be enough for the optimal. syntv;%is of ACh.

- That extracellu]ar cho]ine ﬁs 1mportant in maintaining ACh

g
/

l



stores in SCG was conf1rmed by B1rks and MacIntosh (1961) They perfused dfb-gf.
ganglia with Locke's solution conta1n1nq choline (3.5 x 10°5 M) and: del /ﬁ;

- monstrated that after 10 min of stimulation (at 20/sec) the steady 1ev£ls :}y/;1
of ACh obta1ned were s1gn1f1cant1y higher-than in the exper1ments w1th}§/d’
choline-free Locke's solution. Even more striking was the effect of | '
added cho]1ne .on ége extr:ttab]e ACh content of stimalated: oanq11a In- | . {f
stead of being reduced by 40 60%, as in the exper1ments with cho]1ne free %ﬁ

. "Locke s perfus1on, the ACh content rose by 107%, They squested.that in .

,. ; the presence of choline, the qanqliayare able to synthesize ACh at a rate fj
similar to qanq11a perfused with plasma. Birks and MacIntosh (1961) have
f'estlmated that synthesis of ACh within the ganalion (nerfused with choline-
)

- containing. f1u1d) is 1ncreased seven-fold dur1nq maximal preqanq110n1c

st1mu1at1on Consequent]y the demand for chollne must also be increased

i to ensure an adequate rate of synthes1s of ACh S1nce preqanq11on1c ter- .
: minals store only 11m1ted quant1t1es of non- eﬁter1f1ed .choline (Fr1esén
.et aZ 1967) and_11tt1e is apparent]y ava11ab]e from ohospho]ip1d sources,
most of the cho11ne for ACh synthes1s dur1na 1nten3e stimulation must
g come from an extrace]]u]ar source
| More d1rect ev1dence for the utilization of extrace]lular cho]inej
1n ma1nta1n1nq ACh stores in SCG was provided by Friesen et al. (]965)
They demonstrated that rad1oact1ve cho]ine (**C-choline) added to the
perfus1on fluid can be 1ncorporated in ACh stores of(§anq11a More re:
cently Co]l1er and Lang (1969) have shown that the 1abe11ed choline pre- ,
sent in the perfusion fluid can. a]so be incorporated at’ a measurab%e'rate
into phosphorylcholine‘and ghospho]ipids.'_lt is thus clear that the
L1eye] ofvextraeellular choline is an-importantvlimﬁtinql50urce,for ACh

turnover,duringtsustained'aotjyityjin 5CG, even though some ACh synthesis
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-can be carried out-in its absence (Brown and Feldberg, 1936). - A

‘tion. Perry (1953) observed tha

_ volume of the perfused qanq11on (B1rks and MacIntosh 1963). S1nce HC- 3

E. " Mode of Actiﬁh'of5hC—31_‘

Some of the eXtracNT\u1ar choline trapped bv gang ionic nerve

E;rmgna\s may have come from th hydrolyzed ACh 11berated during stimula-

dur1nq preqang]ionic stimulation of non-

eser1n1zed cho11ne free Locke-perfused gan 11a, the choline outpu f1rst

rose and then fe11."the rise as e po1nted out m1qht be due to the appear-

t

. ance of hydro]yzed ACh and the fa 1 to uptake df extrace11u1ar choline for

\

ACh synthes1s He sugqested that in the absenceipf eserine, choline der— A

[

v ﬁved from ]1berated ACh may be recaptured by the preganglionigc nerve endw

ings and used for ACh synt Sis; More recent]y these, observat1ons were .

confirmed by Co]]ier and Ma Intosh (1969) Their exper1menta1 resu]ts

-1nd1cate that about half of thg choline. obta1ned from released ACh can be

,_recaptured by the pregang]1on1c nerve term1na]s o _ ".,' “ d

—

Ganq]f0n1c nerve end1ngs 1ndeed must be remarkab]y eff1c1ent in ¢

-

. trappinq extrace11u1ar cho]1ne The performance is 1mpress1ve when one L

"recalls that cho]ine does not readily penetrate 1nto neurons (Koketsu

et al., 1959) and that the nerve endinqs accouht-for less than 1% of ‘the

is thought to. inhibit ACh synthes1s by competan w1th cbo]1ne for trans *s

_port to the acetvﬁat1on s1tes, 1t becomes a usefu] too] to ﬁhve9t1gate

the metabo]ism of ACh in SCG - The detai]ed work concern1ng the mechan1sm A

of HC 3 is presented in the next sect1on of t thesis

% . R . .. ) A -

It is now a1most two decades since Long/é d Schue]er (1954)

synthesized a qroup of bis- quaternary ammon1um co(ppunds ca11ed\h§m1-

!

B . -

n
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‘chdTiniums. Chemically\they are bipheynyl choline derivatives cyclized
by hemiacetal‘formation. The comprehensive studies by Schueler (1955)
indicate that one of these compounds, hemicholinium no. 3 (HC-3), is very

toxic to mice and has,much 1ongn,agticholinesterase'activity than its

analogues TIts most'strikind pharmaCOiogicai action is deiayed respiratory

13

para]ysns and’ can be prevented by the prior administration of cho]ine iOn-‘

. the basis of these and other findings, < Hueier suoqested that HC- 3 acts :
by interferinq with some chol¥nergic me~hanisms. e
MacIntosh et aZ (1956) added (2 x 10'5 M) HC- 3 in piasma per-
fusing cat SCG and found that dur’ng prolonged’ stimulation the rate of
-'-acetylchoiine output rapidly declined ‘and also gangiia 1ost most of their

prefonmed ACh stores This effect of HC 3 could be antagonized by raising

the choline content -of the perfus1nq plasma. When the qanqiion was'stimui-i

ated during perfu510n with eserinized Locke s so]ution instead of plasma,
1t synthe51zed ACh much more s]owiy and synthesis was stil}/further re- .
-duced if HC-3. was present. iin their 51m11ar study on mouse brain (minced
' and”incubated in eserinized"Lq§§e‘s ); HC%B'(]O‘“ M)_diminished the}syn- _
theSis of ACh by 75%. Choline, when added, increased synthesis ofdACh |
and partiy (2 x 10°5 M) or whoi]y (10'3 M) reversed the 1nh1bitory effect

of HC-37 However, when HC-3 was added °. n tract of acetone dried rat"

- brain powder in a medium supporting ACh  ynthesis, 1ittie or no inhibition

of 'ACh synthesis was observed MacIntosh et az (1956) suqqested that
'either HC 3 acts on 1ntact nervous tissue by p01son1no the enzyme choiine
- acety]transferase (which ecomes 1ess susceptib]e to HC-3 after being ex-
tracted from‘the tissue) or HC 3 compete w1th choline for transport 10
the intraneuronai sites of acetyiation

That HC-3 prevents ACh synthesis by interfering with choline '

o
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‘tubule does not involve :ny acetylation of choline, MacIntosh et al. O\

transport was further supported by the work of MacIntosh et al. in'1958.‘
fhey tested the effect of HC-3 on tubular excretion of choline by the

avian kidney-and found that 2 x 10-* M HC-3, added to the infusion fluid,

- sharply diminishes the choline output. When simi1aF'teSts were made ong

excretion of pheno]]red, 0 change in output was seen. Since avian renal

suggested that HC-3 interferes with'acetylcholine synthesis'in nervous

r

tissue by competitive]y:dnhibiting_the transpoft of choline to its intra-
ce]lu]ar s1te of acety]at1on e

Gard1ner (1957) obser/ed that acety]cho11ne synthe51s by ether-

- treated}guinea;ptg brain\powder was 1arge1y unaffected by HC-3» HC-3

’ (10-* M) 1n'the bfesence of 2.5 x 10°° M cho]ine'reducedmthe”amount of

ACh by only 10 to 20%.. ’However, in preparations untreated with ether,
HC 3 (Yo-* M) reduced the ‘ACh formed in 4% hr, by 84% Th1s further

. supported the hypothesis that cho11ne acety]ase 1tse]f is not affected

by HC-3 but- that the compound acts 0 the system transportinq cho11ne
into the ce]] g N /ﬁ
In 1959 Reitze] and Long stud1ed the effect of HC-3 in- rabb1t

usinq the sciatic- -gastroconemius preparat1on In their exper1ments, when'

the animal was injected (1 3 ) with a 1ow dose of HC-3 (100 uQ/Kq) and
the musc]e preparation was st1mu1ated at a frequency of 1/sec, a typ1ca1
delayed block of neuromuscu]ar conduction was observed Th1s b1ockade

of neuromuscular conduction could be prevented by adm1n1strat1on of 10
to~20 mg/Kq choline and reversed by rest Reitzel and Lonq 1nferred that

HC-3 was capable of act1nq presynapt1ca1]y at the neuromuscu]ar Junct1on

~as it does. at the sympathetic qang]1on

Th1es and Brooks later in 1961 1nvest1qated the effect- of 1arge
S

ray

™
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y doses Of HC-3 and found tnat HC-3 produces”curare—like'postSynaptic action

" a& the guinea- -pig neuromuscu]ar junction. They determined muscle. sensi-
tivity to app]ied ACh both in the presenee anqtth%Tabsence of HC-3, by

_ observ1nq twitch thresho]d In their exper1ments, h1es ahd Brooks found

that w1th1n an hour after add1t1oniof 1.22x-10°* M HC 3 t0~tﬁe bathlng

medium, thresho1d concentrations of ACh requ1red to produce twitches in-

15

cr%ased about 100 t1mes When 4 x 10‘5 M eser1ne was added HC 3 increased -

2 N

e

the concentration of.ACh required to stimylate musc1e f1bres nly 5 - 20

times‘instead of 100 times. ChoIIne ho ver, was 1neffect1ve in reversing‘

. #
v

the action of‘thf' large dose~of HC-3 at«the neuromuscu]ar Junct1on Thies -

and Brooks (1961) also found that HCL3 depresse@ the amp11tude of spon-
ftaneous minijature end p]ate potent1a1s, similar to curare, w1thout 1nde-b
fpendent1y chanqlnq their frequency and\squested that HC-3 may act post-
synaptically at neuromuscular junctionawith0ut affecting presynaptic re-
'1ease; o s _ | ”
| | Birks and MacIntosh (1961) found‘tnat'Hc¥3.(i mg/Kg) caused
‘about>7Q% dep]etion_of gano]ionic ACh when stimu]ated'Rreganqiionically
at 20/secffor'20.min A correspond1ng transm15510n fa1]ure was a]so ob-
served after'the first few m1nutes of stimufatlon H1th post gang]1on1c
st1mu]at1on .on the other hand, a nearly maximal retract1on of the nic- »
titating membrane cou]d st111 be ma1nta1ned‘even after an h-ar of st1mul—
atfon A]so the response to pregangl1on1c stlmulatlon when 1t had failed,
: cou]d be part1 lly restored either by rest or by»lowerinq the frequenCy
.of st1mu1at1on-oi}py.1nJect1ng,chol1nee The degree of restoration with
‘choline depended on the cho]ine'HC-3 rstio. Hhen the molar ratio was
5:1or 50:1, the 1nh1bitory effect was sti]] present ‘when it was 1000 l

the norma]‘ACh synthesis was restored and the ganq]ia gained ACh while

e
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they were being stimulated. Birks and MacIntosh (1961) concluded that |
.HC—3 cts ln ganglion qresynaptically by lnhibiting ACh synthesis. |
| /:E? Peripheral and‘postjsynaptic effects'of'HC-3,‘thus, were unequi-
vocally demonstrated but the eVidence for a presynaptic effect at the
,neuromuscular Junctionlwere still 1nd1rect |

THe studies of Elmquist, Quastel and Thesleff (1963) prov1ded
the first direct vfdepce that HC- 3&£ould reduce the transm1tter output
from motor nerve endingst The1r study JSE made in the 1solated rat phrenlc
hd1aphraqm preparation/a d it was found that in the presence of 2 X lO" M
HC-3, 2 concentrat1on of the drug uh1ch~had l1ttle curare-l1ke effect,
prolonged st!mulation of the nerve produced a prooress1ve decrease in
transmitter quantum size correspond1nq to the procress1ve 1ncrease in

blockade of neuromuscular transm1ss1on

The early fallures to obta1n neuromuscular block upo stwmul-

ation of a nerve-muscle preparation probably reflected the ’EF} Tow .

rate of stimulation that had been used, and many of the per lexing find-
-1nqs reported by various 1nvest1qators coulswbe reconc1led in the light
of HC 3's proven abil1ty not only to 1nterfere w1th synthesis of trans-
mitter, but to block 1mmed1ately, in higher doses the normal_react1on
of ACh with end plate receptors However, ‘the observations of”flmqu1st
, et al. (1963) indicate that the restinq of ‘the nerve-muscle preparation ;
after its run doun by pr1or st1mulat10n, in the presence of HC- 3 was |
l onl: followed by a partial recovery of the quantum s1ze Several hours
seem to be requ1red or the recovery to be appﬁEc1able 1n the ratfdia-
phragmpgeparation. ' uliarly; choline was largely wlthout effect in
'_antaooni ingithe ability of,HC-3vto decrease 4uantum size in oitro. ‘
:Not'only‘that,bthe additionfof choline'tO‘the bathlnd mediumiwhile the

\J
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preparation was beinquested led to only a‘slightly faster recovery of
the unit size as compared to rest alone« |
'_ Tr1ethy1cho11ne known to 1nterfere with ACh synthes1s in
nervous tissue (Burgen et aZ.,,1956) behaves essentially Tike HC-3 at
the frog neuromuscular Junction. Bowman et al. (1961)‘have shown that
tr1ethy1cho11ne has curare-like as well as preJunct1ona1 ‘action. Matt-»
: hews (1966) studied the‘effect ‘of HC-3 and triethylcholine on ACh output
in plasma- perfused qanq11a of the’ cat and found that desptte their a]most
identical inhibiting effect on ACh synthesis, the rate of recovery,'when _
perfused w1th p]asma containinq excess choline, d1ffers with these two
ubstances Recovery from 1nh1b1t10n by tr1ethy1cho]1ne was more rapid
than the correSponding reversa] of HC-3 1nh1b1t1on. More recent]y Se]]-
tnger et al. (1969) have studied the 1ntrace11u1ar distribution‘of 1v -
HC-3.in canine caudate nuc]eus'and found'that 1"(:-HC’-;Zfl'waS'asso_ciated
in’the fraction contajning mitochondria—fil1ed;nerve endinos. fﬁhe nerve
endingsAcontafning fewer mftochondria showed much’1ower>affinjt§ for-HC}3.~‘
-They squested that HC-3 does notbremain on‘the.cell surface_but penetrates.‘
into the nerve end1nqs | ’ | | )
| t This entrance of HC 3 1nto presynaptlc structures and the\pre-
’vioUs‘findings 1nd1cating.s1ow recovery of~HC-3 inhibition by excess
cho]1ne suagests that act1on of the .drug is not. mere]y to compete with |
‘cho11ne at the outer membrane surface but may have one or more sites of bﬂ
B act1on within the nerve termina]s One of these actions may be the in-
C”“"h*lb1t1on of ACh synthesis by competinq with choline at some membrane site
~within the nerve teng1na]s "It is-also possib]e that ACh is synthes1zed

in the nerve end1ng cytop]asm and then transported into synaptic vesicles

from which it may be ‘released; HC-3.could inh1b1t this transfer of ACh.

N



Thus it would| be:of interest to investigate what effect[ﬂg-B has on the
endogenous levels of choline (and ACh) of SCG under different conditions

of stimulation.

F. Synaptic Vesicles and ACh Storage in Cholinergic Nerve Endings |

. Fatt and Katz, in_1952, observed spontaneous.discharges_of
amplitude of the order 1/100 of the normal end'pTate potential, in the -
‘-functional reqion of the isolated resting froq nerve- muscTe preparat1on
F'Except for their spontaneous random occurrence and their smaTT size, thet.
'd1scharges are 1nd1st1nquishab1e from the end pTate potent1aTs produced
.by nerve i puTses These discharges, so-called m1n1ature end pTate ﬁ
potentiaTs,‘were found to be great]y reduced in size_by,a small -dose of

curare (5 x:10’7 M) and increased by a smaTl dose of.proStigmin”. Fatt

and Katz suqqested that miniature epp's arise from Toca11zed impacts of»
sma]] individual units of ACh upon the post synapt1c membrane
Del Castillo and Katz (1954) recorded epp s in 1so]ated frog
‘nerve- musc]e preparation usinq 1ntrace11u1ar record1nc techn1que They
observed that by lowerina the Ca concentrat1on and 1ncreas1nq the Mg++
»dconcentrau30n, the amDT1tude of the epp can be reduced to that of spon—
taneous miniature potentia] They further anaTyzed stat1st1ca]1y ‘the -
fTuctuat1ons in* ampTitudes of recorded epp's ‘and suggested that the ‘epp
is built up of small all-or-none 4ganta which are identical. in size and.
‘ shape with the spontaneous]y occurring minfature potent1als The number_;
of units making up the epp (number of quanta?ﬂdecreases when the magneSIum
concentration 1n the bathina solution is ra1sed Ra151ng the caTc1um
concentration causes an increase in number of quanta

- Further evidence for the quantaT concept was prov1ded by the

<. !
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work of Del'Castillo and Katz in 1956. By applying small doses of Ach

to the end plate, by ionophoresis, they observed that the size of depol-
arization is graded according-to the dose of ACh, and its time course'
varies with the distance and speed of application 'Since the potentials
ﬁ&oked by one or a few molecules of -ACh are far below the resolvinq pouer '
of the recordinq method they concluded that discrete potentials changes |
like ‘the miniature epp's, with their regular size and time cpurse. can
~only arise'from a synchronous action.oftpackets of ACh’containing a large
- number of- molecules at a time. ' ;39 | |

Boyd and Martin (1956) and Liley (1956) obtained 51milar re-

sults in mmmmalian (cat) nerveemuscle preparation and suggested that quan- )
tum phenomenon observed by Det Castillo'and'Katz‘may be universal ‘Liley
(1956) and Katz ‘and Miledi (1965) further studied the curarized mammalian
 end plate during stimulation of the motor. nerve terminals and found that

‘the size of the ACh packet is not altered by the membrane change associated

with thevnerve impulse. 1 Instead it alters the frequency or: the probab- :
1lity of occurrence o? the quantal event Thus they concluded that the
.sfze bf the ACh quantum remains constant in spite of widely varvino conditions
- of cell membrane from which it is released .

' About the same. time the ensuing search for a morphological cor-‘
,relation of the transmitter quanta concluded that the neuromuscular Junc-
tion and presumably other chemically transmitting synapses were charac-
terized by small spherical bodies, the so-called}synaptic vesicles (De
Robertis and Bennett' l955)'adjacent to the synaptic‘cAeft on the pre;
synaptic side. De Robertis and Bennett- studied earthuorm nerve-uscle
.preparation ‘and frog sympathetic ganglia ‘and found that in both cases |

pre- and post- synaptic membranes (about 70 to 100 A thick) were separated
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- by a gap of about IOD to 150‘3 . Sma11~synaptic vesicles, about 200
 to 500°A in diameter, were present in only the presynaptic side. In
’subsequent.years similar observations were maderby'other inVestigators
in different prepa~atigns e.g., in frog neuromuscu]ar Junct1on (Pa]ay,‘
1956; Robertson 1956 B1rks et aZ 1960),7cat ganglia (Taxi, 1957
Grillo and Palay, 1962) rabb1t qana]1a (Causey and ‘Hoffman, 1956) and.
frog ganglia (Taxi, 1961).  The temptation to equate quantal release withvm
the vestcle packaging was’presumably_almost irresistable (DevRobe:tis
’and Bennett TQSS--De] Castillo and‘Katz, 1955 ]956) The so-called
vesicle hypothesxs of synapt1c transm1ss1on thus implies that quanta of
transmitter are stored and released in association w1th the presynaptic
'vesicles' Random and scattered re]ease at rest produces miniature po-‘
tentlals and s1mu1taneous release of 1arge numbers of quanta, due to the
_nerve impu]se produces the post synaptic potentia]

In an attempt to test the morpho]og1ca] aspect of the ves1c]e ;‘
hypothesis, Liley in 1956 and Tater Birks ¢ aZ. (1960) studied the ul-
'trastructure'chanqesvOn‘denervation'of the’frod'neuromuscular junction ’
Birks et al. (1960) by recording intn&%e]]u]arly, found that epp's as
well as ve51c1es d1sappear after 5 to 10 days of nerve degenerat1on
This provided further support to the assoc1ation of ves1c1es w1th the
spontaneous re]ease of ACh quanta . | |

A]terat1ons in ves1c]e number accompany1nq varﬁous exper1menta]
1-procedures of phy51olog1ca1 1nterest have also been 1nvest10ated Rape]a

@ .
and Cov1an (1954) reported that on stimulation of sp]anchn1c nerve in dog,

N
secretion of catecholamines occurs maxlmally at frequenc1es from 40 to
lOO/sec._ They also noticed a cons1derab1e reductlon 1n output when stlm- o

‘ulated at high frequency. De Robertis and Ferreira (1956) studied ultra-



: of froa neuromuscu]ar chanqes were unsuccessfu] (B1rks, HuxTey and Katz,?,l

4

structural changes in rabb1ts under simi]ar conditions of stimulation.
They found that on stimu]ation of splanchnic nerve at 100/sec for 10 m1n,
- the mean number of synapt1c vesicles- 1ncreased from 82.6/u? to 132 ves-
icles per u? of nerve endjng area. S1m1]ar1y, when stimulated at 400/sec
for_]Q min, the number of vesicles decreased to 29.2/v%. De Robertis

and Ferreira suagested that destruction and formation of vesicles in the.
nerve end1nos is a continuous process. When stimulated at 100/sec both
destruct1on and formation of ves1c1es are accelerated but due to the in-

crease in catecho]am1ne output (Rape]a and Cov1an, 1954), the 1ncrease

" in vesicle formation dominates. However, when st1mu1ated at -400/sec, the

formation process cannot keep pace w1th the destruct1on due to the fat1gue
occurr1ng at this frequency and thns corresponds to low output of catechol-
amine shown by Rape]a and Cov1an (1954) .

However attemptsto produce s1m11ar chanqes in ves1c1e number

l

1960) B1rks et aZ noticed an uneVen d1str1but10n of ves1c1es, 1n the

v nerve endinqs w1th a tendency of accumulation near the synaptic cleft.

However no s1gn1ficant chanqe 1n vesicle numoer'we Ydet%pted on st1mu1a—'

tlon by these workers

21
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accountedvfor by.vesicles or by vesicle hypothesis of transmitter reﬂeese.
Hhittaker et al. (1964) suggested that this was an osmoticaiiy 1abi1é
fraction of ACh which may be 1ocated in synaotosomal cytoplasmic sep "and
canlbe preserved with cho]inesterase inhibitors. _ xﬁv

The druag hemicholinium no. 3 (HC 3) has been shown tukreduce

the amount of ACh synthesized within nerve terminals (MacIntﬁﬂ”

and Sastary, 1956; Gardiner 1957) presumab]y by competi'

o
N

*search for mor-

ﬁuith choline

at some stage leading to its acetylation to i’ormd\f;%g

pholooica‘l changes, Csi1lik: and Joi (1967) studied t '"'@ffect of HC- 3

S

on u]trastructure of parietai cortex and caudate nUClég;*of rat brain

'They‘found that when rats were injected with HC-3 (10 mg/Kg) I1.P. and

4

 killed after 23 - 35 min of injection, a significant decrease in ves{ples‘
~occurred 1n the parietai cortex, butvno_change in vesicle nUmber‘wasvobb

_served in the caudate nucleus. However, the control vesicle number, as

determined by Csillik and Jod (1967),'were siqnificantiy'hiqher in the - .

parietal cortex than in the'caudate,nueleus. Furthermore, the decrease

of vesicle number, in the presence of HC-3, Qas_on1y~toither1eve1 of vesicle.

population in caudate nucleus. These variations may be due to structural

changes dUrinq'the interval: the tissue was isoleted and subjected to fix-

ation or due to difference in amount of HC-3 reaching the tissue.
Hubbard‘and_Kwanbunbomoen in 1968 investigated the effect of
ACh, release with KC1-on the vesicie‘popuiation of‘neuromuscu]ar’junction

in the rat diaphraqm" When nerve—muscie oreparations were soaked in' Pt

/
/

20 mM KC] for two hours a significant depletion in vesicle population

' close to the synaptic meribrane occurred. Under the same conditions
- Parsons et al. (1965) found thai the number of available quanta is sig-

'nifioantiy-increased._ Similarly, depo]ariiing currents app]ied:to the



nerve terminals were found to reduce the available stores of ACh (Hubbard

_and Willis, 1968) yet they increased the number of vesicles close to pre-

5
u

| synapt1c membrane (Landon and Kwanbunbumpen, ]968)'-
- Althouah several other conflicting ev1dences are available,

both in favour and aqainst the hypothesis, data re]at1ng to the quant1ta-

ct1ve aspects of ACh content and re]ease with morpho]og1ca] changes at

junctiona] ‘sites are rare. Form1dab1e technical d1ff1cu1t1es 11e in the

way of any attempt to find s1qn1f1cant alterations in vesicle popu]at1ons

after procedures which affect ACh stores. For example, in most cases the

tissue has to be iso]ated after treatment, before fixat1on. This interval

| between 1so]at1on and fixation may cause a1terat1on 1n transmltter levels
~hwh1ch may cause correspond1nq repair or reformation of depleted ves1c1es
and thus chanqi§§he vesicle popu]at1on | 3\
Some "of the prob]ems can be .overcome by the use of super1or
cerv1ca1 sympathet1c ganq11a (SCG) as a preparat1on for- the 1nvest1qat1on
of vesicle phenomenon. SCG‘can be fixed while still be1ng\st1mu1ated and
, a‘paired contro] qandlion is also avai]ab]e to study the con-espondinq
‘chandes in the transmitter Tevels. " Thus present-investidatio s_wére

o
undertaken, u51nq cat. SCG, to study the correlat1on,_1f any, be ween the

ves1c1e popu]at1on and duant1tat1ve chanqes in ACh content under ifferent

I

exper1menta1 conditions.
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RATIONALE FOR /PRESENT RESEARCH -

A. Acetylcho]1ne Content and/the Stor;ge Capacity of Superior Cervical

Sympathetic Ganglia of Cats

The bresent-stody arose from the chance observation that thg
gano1ia resting for aboot an hour fo110winq severai'minutes of:stimuia
tion at 60/sec, appeared to.contain more ACh than is normally-stored %ﬁ
_Ithe unstimulated ganglia of cat The survey of the 11terature revealed
that a s1m11ar pre11m1nary observation had been made by Rosenb]ueth
et al. in 1939. These workers found that\the ACh content of a super1or
cerv1ca1 sympathetlc qang]ion of the cat f1rst decreases and then 1n—\
creases durinq pro]onqed per1od of stjmu]atlon at 60/sec However, '
‘these latter find1nas were bas -on single exper1menta1 observations and
no further attempts were made by these workers' to r1qorously substantlate
this trans1ent chanqe in ACh content of qanq11a during stimulation at ,'
60/sec. A]so these observat1ons appeared to be in conf11ct with the
proposa] made by MacIntosh in 1963. :

JMacIntosh (1963) observed that the qanq]1on1c content of ACh
~remajns re]ative]y constant dur1nq rest or preqana]10n1c st1mu]at1un at
20/seq . Ev1dent1y these qanq11a possess the ability to rapidly increase
,the ‘rate of synthesis thereby ‘quickly rep]ac1nq the ACh  released durlng

excitation. In th1s regard MacIntosh (1963) proposed that the aanglia

store no more than a fixed quota of ACh because during rest or activity =

" the ACh bindinqhsites are nearly saturated"any’ACh synthesized in/excess

- of that which can be stored wou]d be hydrolyzed by acety]cho]1nesterases

within the nerve tennina]s However th1s Droposal does not. exp]aln
" the’ chanues in ACh contentsnbserved when these qanq11a are st1mu1ated Jj)
| e o |



at frequencies greater than 20/sec (ﬁosehblueth et al., 1939). These

l pre11m1nary obserVations indicate that the storage -capacity for ACh-is

.n:ganglionic stores of ACh and choline after initial stimulation at 60/sec,

‘was studied in the present thesis, The influence of rest per1odsjon

nonna]]y not saturable or add1t1ona1 sites can be produced

With the object1ves in mind to validate the observat1ons of’
Rosenb1ueth et al. and to clarify the above conf]ictinq ev1dences, the
time- course effects ‘of preganglionic st1mu1at1on at 60/sec on the content

of ACh and choline of the super1or cerv1ca1 sympathet1c gangl1a of cat A

- was'also ihvestigated. : o \ o L ' -~
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30% of the ACh content of qanq]ia can be dep]eted within 2 min of stim-

'B. The T1me Course Effects of Hemicho]1n1um no. 3 on the Acety]chol1ne :

and Choline Stores and the Estimat1on of the Size of Read11y Re]eas-

ab]e Pool of Acety]cho]1ne in Sympathet1c Gano11a of the Cat

Our investigations on 60/sec stimulation revealed that about.

ulation. | This obsérvat1on can be 1nterpreted to mean that one- th1rd or

'_'more of the tota] ‘ACh stores of a rested oang]1on can be mob1]ized for

‘ re]ease w1th1n 2 min; for one. must assume that some of the ACh 11berated

dur1ng this st1mu1ationxper10d was rep]aced by re: 1thesis. How much OfB

the readily mobilizable pool of ACh is immediately available for release

7is'a debatab]e'issue and may be difficu]t to determfh\byith any degree

“of accuracy. However Birks and MacIntosh (1961) have proposed that

about 50 ng (23%) of ACh in a rest1ng qanqlton may be ready for 1mmed1ate

release. Th1s compares w1th about 90 - 120 ng (30 - 40%) of ACh per

gang]ion wh1ch can be est1mated to be in the inmedmate]y releasable form ' ;r

based on our results during 60/sec stimu]ation, These Tatter resﬁfts
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area. Spec1fica11y, we dec1ded ‘to 1nvest1gate the time-course of the

~ $uggestion that these vesicles we 1nvolved in the storaqe and release '

ical aspects of the ve51c1e hypothe51s Thus, some authors have/yéported
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were of sufficient interest to warrant further research in this area.

The drug HC-3 has been shown to reduce the amount of ACh syn-

thesized w;thin the nerve terminals (MacIntosh et al., 1956; Gardiner,
1957)vpresumably/b}\competing with cho]ine for transmport to'acety]atton
site. Howeuer, very little attention has beén paid to ihe time-course
effects of HC-3 on ACh or choline content ot nerve tissues. Hﬂith the_

A

previous results in mind tt was felt that useful information  regarding

~ the size of the readily releasable pool of ACh, ‘and choline metabo]1sm

1n sympathetic qanq11a may be obta1ned by further 1nvest1gat1on in th1s
effects of d1fferent doses of HC- Fon ACh and cho]1ne content in gang11a

st1mu1ated at d1fferent frequencies of\stimulation

4

C. U]trastructure of Presynaptic Nerve Endings in Re]at1on to the
_ EIEN

Ganq]ion1c Stores of Acetx]cho]ine

[

The discovery of the quantal nature of ACh release: (Fatt and S
Katz, 1952 Del Cast1110 and Katz 1954) and the subsequent finding that

the nerve endings contain numerous granular ves1c1es, 1ead ‘to the :

.
LN

- of ACh (De Robert1s and Bennett 1955-'Robertson;.1956).b Somewhat later..

thttaker ahd co-workers (Nh1ttaker et al., 1964) were able toﬁpemonstrate'

that agranular vesic]es 1so]ated from bra1n t1ssue contain apprec1ab1e N

Y

o y
quant1t1es of ACh. Attempts have a]so been made to test the morphoﬂog-

K decreased number of vesic]es)dur1nq 1ncreased transmitter re}éase (De

Robert1s.and Vaz Ferreira,-1957; Hubbard and Kwanbunbumpen, 1§68), others
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have reported an increased number (De Robertis and Vaz Ferreira-‘1957)'
and still others have not observed any changes (Birks, Huxley and Katz,
1960; Burnstock and Merrilees, 1964) Oneumost 1mportant aspect would
"be to search for the morphological chanqes in terminals, particularly
~ the vesicle population during experimental conditions which cause quan-
~ titative changes in the transmitter stores. , |
Our prev1ous results indicated’ that qanqlia release more than ]
"30% of the ACh stores, within a few minutesf if stimulateEBat 60/sec. ’
The data further squested that this Tost ACh content can be recovered
. very. qu1ckly 1f the ganolia are allowed to rest after the initial stlmul-
ation at 60/sec The data on the ef?ects of stimulation, in the presence of
;};HC -3 (2 ma/Ko), revealed that abput 50% of the ACh stores of oanolia can be '
: released w1thin a few minutes. These results prompted us to investigate
1f similar conditions of stimulation, HC-3 and the rest periods following-
‘finitial stimulation would cause. alterations 1n the number of agranular
b\“sicles corresponding the changes in ACh content of ganglia
Thus ‘the majogﬁbbJective of this aspect of the research was

to establish what relationship, if any, exists between the ACh content
_of the superior'cervical qanglion of the cat and the number of vesicles
' in the preganqlipnic nerve terminals.v In this reqard the ultrastructurali .
changes in the presynaptic nervelendinqs uere detenmined in relation to
| (a) ACh content of ganglia durfnq preganglionic stimulation at
fdifferent frequencies.. ﬁ

(b) ACh content of ganglia during preganglionic stimulation at
| 60/sec followed by’ different rest. periods '
(c) Preqanqlionic stimulation at different frequencies in the

presence of HC 3.

e
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¥ MATERIALS AND METHODS

N
4

A, Drugs and Other Solutjons

.Some of the drug solutions in the preseht investigation were
unstable in aqueous so]ution; hence it was frequently necessary to pre-

~pare -fresh solutions of these agents.

1. a-chloralese ,

a-chloralose solution 80 mg/ml was prepared just before use .
by dissoTving the dfug in propylene g]ycoi, breheated to 80°C in a |

water bath.

~2.- Acetylcholine stock solution

The sfock solution of-acetyi;ho]ine,(Z pd/ml) was prepared by.
dissolving acetylcholine fodide i 0.9% saline containing 0.2% acetic
acid~énd.was‘stofed'in a'freezer.\ It is notéwortﬁy-that use bf acetyl-
choline fodide is’made_becaﬁée.if'fs ]é;s delequescent -and more stabie‘
‘than aéetylcholine chloride. Fresh stock solution wa§ pfepared about
eyery‘month? Dilutions froh”thekstock soTufiénlweré'made jﬁst prior to

a

each bioassay. o o Zf_ |
. - . . ng
3. Hemicholinium no: 3 solution ’ :

_' Different concentrations of hemjcho]inium bromide Wgré pre-
pared in 0.9% saline solution and stored inthe freezef};'?resh stock
“solutions were prepared about every two weeks. -~ 77

4. Locke's solution

/

. The-tocke's-solution'useg»for bioassay had the‘following

- 28
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composition 1n a/1: NaCl, 7.5 g; KC1, 0.42 g; CaCl,.2H,0, 0.32 g °
" NaHCO3;, 2.1 a; and dextrose, 1.00 g. The solution was aerated for™

30 min with oxygen. | | o L - .

5. Millonig's buffer

Millonig's buffer was prepared by titrating 40 ml of 2.26%
monobasic'sodium‘phosphate (NaHzPOt;H20) soiution to pH 7.3 withvSN
NaOH. Five ml of 10.8% glucose was then_added and the total volume was tﬂg

adjusted to 50 ml using distilled water.

6. Fixative so]utiQ&

The fixative (2% giutara]dehyde) was freshiy prepared by mixing-
0. 2 parts of 50% q]utara]dehyde solution with two parts of the above pre- o
pared Millonig's buffer ~ The desired osmo]arity (equivalent to 0 9% . 3€»1
saline) was then obtained by di]utina this so]ution w1th 2.8 parts of
disti]]ed water. Before the fixative soiution‘has utiiized 1t was . h ;

filtered through sintered q]ass

B. Surgical Procedures

[

| Cats were anes thetized with u-ch]oralose 80 ‘mg/Kg administered
1ntraper1tonea11y The trachea and one femoral vein were cannu]ated

In experiments where it was necessary to record blood: pressure, one
femora] artery was also cannu]ated Superior cerVicai ganglia along

, w1th the sympathetic trunks and carotid arteries were exposed Hhen--
~ever necessary the ]ingua] and externa] carotid arteries were also ex-
.posed for ligation. Most of the arteria]‘and venous branches of the

carotid artery and jugu]ar vein were ligated. A loose ligature was
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placed around each postganq11on1c trunk to facilitate rap1d removal of
o
ganglIa. . The preqancllonic trunks of both ganglia were 11qated and cut.

C. Stimulation Parameters

-

$ Harm minera] 0il was p]aced,Ln the neck cavity and surrounded

the preqangl1on1c nerve trunk of the SCG The nerve trunk"on one side

was stlmulated w1th a b1polar p]at1num eTectrode and the contra]atera] “
'gangllon served as a resting contro] In exper1ments-w1th HC—3 the drug
was adn1n1sterqd I.V. 5 min prior to the beq1nn1ng of st1mu1at1on |

Pulses of 2 msec duration ‘at dxfferent frequenc1es were de11vered by a

Grass Model SDS st1mu1ator. ~The animals were grounded during st1mu1at1on.

jA suoramaxlmal vo1toae (usua]ly 8 v) was emp]oyed in afl of the above
exper1ments. St1mu?at1on response was Judqed by the degree of ‘mydriasis
and/or the isometric contract11e response of the n1ct1tat1nq membrane.
Dur1ng pro‘onged per1od of st1mu1at1on the electrode ‘was . moved forwardr
every 5 to 10 minutes. Approx1mate]y a m1nute before the end of the ex-

' perimert thexloose §i gacure around the postqanqlionic trunk was’ tled inﬂ'
.p1ace. The ganglia weve removed w1th1n 15 sec by approach1r4 them from
;the postgang1iunl« end and the last th1no cut wa's the preqang]xonic

’ stump Th1s procedure ensured that the qanq11a were beinq st1mu1ated

g~unt11 the last poss1b1e moment. :

A

D. Extraction Procedure-., e

Several procedures have been used for ﬁhe extract1on of ACh
'and cho]ine from the t1ssue. Houever the values of ACh 0bta1ned by

- our procedure (hot ethanol extract1on) are 51m11ar to those reported

1

)

7

30



1 | 3]

by other investigators who have eﬁtracted hith4loi trichloroacetic acid ’
(Birks and Maclntosh, 196i; Matthews, 1966). Also ethanol can be removed
by simple evaporatfon whereas the removal of tr1ch10rdacetic acid is a
more time consuming proceddre . In addltion traces of TCA may adverse]y

: affect the b1oassay preparat1on

. Excised ganglia were 1mmediate]y iﬁmersed in ak95% ethano]
solution at 80°C-containing 0.2% acetic aCid, and maintained at this
temperature -for 10 min. The ganglia were then minced and heated fdr an
add{tione] 5 min at 80°C tovensurn the cdmpﬂete extraction of ACh and

- choline. The final volume of the extract was 4 ml per ganglidn;

E. Bioassay Procedure

An a]iquot of the ganglionic extract was eVaporated at 40°C,
‘w1th the a1d of a stream of n1trogen gas to reove all the ethano]
The resu]tant res1due was then d1sso]ved 1n 0. 8% ‘NaCl1 and b1oassayed
' for ACh with the use of guinea-pig 11eum preparat1on (Maclntosh and
Perry, 1950) Another a]iquot was evaporated for the estimation of cho-
line and was then acety]ated by the method of Bnne11n and MacIntosh
(1956) using acety1chloride .and then b1oassayed for ACh act1v1ty
| A number of tests were performed to . verify that the b1oloq1ca]
activity measured was due to ACh (Chang and Gaddum, 193}; MacIntdsh and
Perhy, 1950). Thehassay va]ues'dbtained with the 1leum preparatidn were
nothsidnificantlj differeht'fnom‘thbse_detefmined'by'the ;dSOdepressdr-
respdnse‘in’cats. Athopine b]ocked the bid1odica1 activity in both preéu
parations and the 1ncubat1on of the so]utions 1n who]e blood at room’
;temperature for two m1n~destroyed the ACh 1ike act1v1ty Sim11ar1y wheh

,l'samples were heated gn alkal1ne so]ut1on of pH 11 for 1 min at 100°

R
" o
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ﬁgg; -
{

: their-ACh-11ke act1vity'was Tost. In contrast no appreciab]e Toss of

'act1v1ty was obtained by heating samp]es for 1 min at '100°C in a solu-

A

_tlon of pH 4

F. Measurements of Choline in Plasma

To determ1ne the concentrat1on of cho]1ne in cat p]asma, about
13 ml of blood was withdrawn from the femoral vein into a syr1nqe con-
taining 3. un1ts of hepar1n The contents of the syringe were immediately
put 1nto centrifuge tubes which in turn were placed 1n an 1ce bath. The
ce11u1ar e]ements were removed by centrifugat1on at 4° C % ml of p]asma
thus obtained was mixed with 3% ml of hot (80°C) 95% ethanol containing
'0.2% acetic acid. This mixture uaS‘heated for 10 m1n'at‘80°C and the
precipitqged proteins removed by centrifugation Aliquots of this |
ethanol so]ut1on were- then evaporated and acety]ated by methods a]ready

descr1bed in b1oassay procedures for the est1mat10n of qang]1on1c cho]1ne

" 6. Procedures Involving Ulfgastructure Studies

N

- 1. Fixation of.gangjﬁa

"To ensure a rapid and unifOrm fiXation'of all parts of the:
t1ssue qang]1a Were perfused throuqh the carotid artery w1th the a1d
fhof an 1nfusion pump //Fixation by perfusion 1s cons1dered superlor to
'f]oodinq the tizsue externa]ly, for the Tatter method w111 take a much
glonger time to d1ffuse 1nto the t1ssue (Maunsbach et al., 1962). About
ha m1nute before the end of the experiment the ]1ngua] and_the'external

:_carotid artgries were 1 gated The main carotid artery was then rapid]y'

cannu]ated and the qan_‘1a were perfused for about 10 min with a 2% sol- *

f_;“f : ' S -
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ution of glutaraldehyde prepared invhtilonig;s buffer (Millonig, 1961).

To minimize the dilution, the'tissue‘was’perfused uith eicessiue fixative
for the first few seconds and perfusion was then ma1nta1nedgat the rate '
. of 1.6 ml/min. At the end of the perfus1on period ganglia were excised.

and placed in.the g1utara1dehyde so]ut1on The main body of the ganglia
were cut 10ng1tud1na11y into three pieces and were usually stored in the
fixative solution at 5°C for several days.. S1nce most of the presynapt1c

nerve endings are localized in the central area, the middle section was

generally selected for;suhsequent electron mfcroscopic studies.

2. Post-fixation with osmium tetroxide

» '_Before'embedding, the tissue was post-fjxed with osmium tetroxide.
vOsmium tetroxide, being a strong oxidizing agent, is readily reduced by
the unSaturated 1ipid»components of tissue and forms osmium btacks along
with'osmium oxide‘as a by-product.. BecaUSe-of its‘e]ectron scattering
properties the atoms of co?ordination conpounds‘of osmium remaining in-
the tissue contribute to the formation of contrast in e]ectronmicrographs.
In order to minﬁmize thevpossib1e reaction'between glutaral-
dehyde and osmium'tetrOXide‘during post-fikation; mostﬁot’the excess
‘f1xat1ve was washed off. The tissue'was rinsed‘with 1 ml of Mi]]onig's
buffer for about 15 m1n th1s procedure was repeated three times. After
‘r1ns1ng, the tissue was removed and plunged into a test tube’ contatning
4 1% (w/v) osmium tetroxide The'tissue was kept‘in contact with‘osmium\

tetroxide for about an hour or unti] 1t turned dark brown

3. Embedding

After post-fixation of the'tissuevwith osmium tetroxide,-thef
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tissue was washed once again with Millonig's buffer to remove eny excess
of fixative. The tissue was then subjected to dehydration with graded
concentrattons of ethanol (from SO%Ito‘absolute). The aim of dehydra-
tion is to remove all the free water from the fixed and washed tissue
and to replace.it‘with a suitable Organicvsolvent such as ethanol.
AEcording to Millonig (1966),'ethano] oauses less contraction ofICe11u—»
lar mater1als than most other known solvents

After dehydrat1on with the f1na1 coneentration of ethanol
(absolute ethanol), the,t1ssue was kept in contact w1th one ml of prg—
pylene'OX1de.for about 15 min. Beceuse most'resins are not'readi]y' |
miScible»withhethanol' propylene ox1de is used as a trans1t10na] solvent
before embeddtng in the epoxy resin. It should be noted however “that
propylene oxide is very reactive even at low temperaturesband should not
be used‘for longer than 15 min. If allowed tofpenetrate for a longer
period it may comb1ne w1th the react1ve groups in the cells and may
affect. certa1n hlstochem1ca1 and staln1ng reactions. _

The t1ssue was then embedded in epon 812 us1no standard mo]ds -
~ Epon 8]2 resin, because of Tow viscosity, penetrates 1nto the tissue _-’ |
'spec1men faster than other restns and can be eas1]y hardened un1form1y :
at. lou temperatures with the addition of acid anhydrides and an amine
accelerator In the present 1nvest1gat1on DDSA (dodeceny] succinic.
anhydr1de) and NHA (nadic methy] anhydr1de) were the ac1d anhydr1des
used. DMP-30 [2 4 6- tr1(d1methy1am1nomethy1) phenol] was used as an
accelerator. S o B 7

The following embedd1nq formulat1on oriqina]ly reported by

Luft (1961), was used in our 1nvestlgat1ons |

|



Mixture A ' Mixture B
Epon. 812 - 66 ml " Epon 812 - 100 ml .,
pOSA - 100m . NMA - 84m

Final embedding hixtureﬁ
| Mixture A - 5 mi
Mixture B -5 ﬁ1
| VDMPf3o_-‘o,1lm1'(1%)
| Since thé mo]ecuiar weight. and viscosity of all the ingred-
ients djffer,'it is imperative'to hi¥ all the ingredients.very thor-
‘oughly. The accelerator should bé_measUred'Caréfu11y;‘otherwiSe the
block becomes dark in co1ar and too brittle for Satisfaéiory Seétioning.
| | The tissue samples were kept 1n embedd1nq med1um at room |
‘temperature for 4 to 6 hr followed by 72 hr. at. 60 C.
4. Sectioning

i
nA'

~ After embedding, the samp]es were sect1oned into 60 to 100 mu
_th1ck sl1ces u51nq a MT-2 U1tram1crotome The thickness of a section
_was est1mated by observing the 1nterference co1or in light ref]ected
from the section while it is floating on “the surface of dist11]ed water

in the trough. After sectioning,'the samp1e sections were collected

on copper grids with the help of camel hair. .
5.. Staining

/

'Generally, the tissue is stained more than once in order to -
”achweve adequate differentia] e]ectron opac1ty Ih the present invest1;
qat10n the t1ssue was stained with lead citrate and post -stained w1th »

' urany].acetate,,
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The tissue sect1ons were treated with saturated solution of
lead c1trate for about 15 min. The excess of the solution was then
washed and_the sect1ons dried with fiiter paper. This was followed by
staining withyurany] acetate. After staining with urany] acetate for
‘about 15 min the sections were once aqain‘washed'and dried‘on\filter :
'paper S1nce bound or free fixative in the. tlssue may react w1th the

Stain every effort shou]d be made to wash out the unbound fixative before

,sta1ning.

.6;; Preparation of electron mitrographs 4

A mode]'JEM-7AU(Jaban'E]ectron Optics Laboratory.Cof Ltd.) ‘

electron microscope was used for preparing e]ectron micrographs. Five
to seven p1ctures per sample were taken at a maq ific ti%n of 25 000.
s ., 2

)

‘The main criteria used for the identification of the nerve end1ngs was« :

the spec1a]12ed contact between pre- and post- synapt1c membranes,'v1sua1- :

iZed as;a dark region separat1nq the two membranes A p1cture was‘llken g

can

eliminate b1as, nelther the person taking the e]ectron m1croscopy p1c-
tures nor the: person assess1nq the u]trastructura] chanqes was aware of
the experimental conditions to which the ganglia under 1nvest1gat1on had

been subjected.

7. Evaluation of electron micrographs

The oopulation of vesicles, either'agranu]ar or dark-core,

_fn preganglionic nerve terminals is expressed as the number of vesicles



per 2. To obtain these figures, the total number of the respective

vesic]es‘in the nerve endings was counted and the tota] area of the

nerve endings as 2ep1cted on the electron m1croqraphs was determ1ned in

'u , usina a olanimeter. Ng™ correctlons were made for the. areas occupied

by mitochondria or other vesicular bodies'(e.q., area occUpied by dark--
core vestcies While evaluating ehanqes in number .of agranuTar vesfcles)
“while determinind the number. of vesicles ber 2.

'In.order'to estimate whether the distributidn of vesicies
c1ustered near the presynapt1c membrane was affected by the exper1menta1
procedures, a line was drawn on the eleggron micrographs Dara]]e] to

. th1s membrane‘at a. d1stance of 2000 A from it. A perpendxcu]ar 11ne was

drawn at each end of the svnaptic junction; 2 regions, non-synapt1c area

- ' v o ¢ ) . ' J B
and a zone of 2000 A near the pre-synaptic membrane were thus defined.

 The concentration of the vesic]es-in both of these regions was evaluated.

The stat1st1ca1 s1dn1f1cance of the effects of the exper1menta1 proced-
ures on ves1c1e concentrat1on was tested by Dunnett S test of analys1s

7 «of var1an&e (Dunnett 1955)

37



RESULTS
#(
A. Acetylcholine and Choline Content of Control Resting Ganglia

©

»

‘The ACh and choline eontent (mean + S.E. ) of 111 control res-
ting gano]ia were 280 + 7. 2 ng and 243 + 9.2 ng per qang]1on respect1ve1y
The values of ACh obta1ned with the hot ethanol extractlon procedure are
sim11ar to those reported by other 1nvest1gators who have extracted with
10% trich]oroacet1c ac1d (Birks and MacIntosh 1961 Matthews, 1966).
Gang]10n1c choline levels varwed cons1derab1y from cat to cat ranging
from 94 to 593 ng per gang]ion; this may explain why the mean value 243 ng
is somewhat higher than the 173 ng per ganq11on (averaqe of 19 qanq]1a)
reported ear11er by Fr1esen et al. (1967); However , thevch011ne-content
of ganglia from the same cat is re1ative]y COnstant in Six experiments 3

owhere the restinq ganq]ia from the: same cat were compared the 1nd1v1dua].
choline va]ues for the corresponding Teft and r1ght ganql€§%d1d not differ

by more than 15% and the mean values varied less than 2%,

B. Effects: of Pregang11on1c St1mu1at1on on Acety]cho11ne and Cho]1ne

Content of Gang]ia

The t1me -course effects of cont1nuous pregang]1on1c st1mu]a-
'tion?at 60/sec are 111ustrated in F1g 1. The super1or cerv1ca1 qang]1a o
in all experiments’ were ma1nta1ned in sttu by their own 1ntact blood '
supp]y. The ACh stores were reduced by 30 - 40% wWithin the f1rst 8 m1n
and then they gradually returned to control va]ues after a total of 15 -

30 min of cont1nuous~st1mu1at1on ~Ganglia st1mu]ated for 45 min con-

tained the same amount of ACh as the contra]atera] unst1mu]ated gangl1a
e
- 38
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Fig. 1. The Effects of Continuous Preganglionic StimuTatiOn'at 60/sec "

.on.the ACh and. Choline Content of Cat Superior Cervical Gdﬁq]ia |

BN " - ’ E ) N
.
A ‘ . ’
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0 | I5 30 45

(TIME IN MINUTES

The effects of stimulation at 60/sec'f0r 2 - ASImin are de-
p1cted. The data are. expressed as. a, percentage of the va]ues obtalned
in the contra]atera] rest1nq ganglia, and each point repregents the mean
+ S.E. of four to seven exper1ments Aster1sks 1nd1cate p < 0 05 1n |
’_compar1son w1th the resting controls Solid line (0——0) represents,.

" ACh wherea’s broken line (0--0) representscho]1necontent ;&"
. : )

v
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Choline levels, in contrast, did not change significantly during the
first few minutes of stimulation but thereafter began to inctrease to a
maximum of about 130% after 30 min of stimulation. Subsequent]y the
cho]]ne content dec11ned and approached control 1evels at 45 myh
| In view of the results obtaﬁéed with a frequency of 667%§c,v
experiments were conducted to determine whether a_similar decrease in

‘,( )
the ACh content cou]d be induced. by stimulation at 1ower frequency .The

data presented in Tab]e 1 demonstrate that ganglia st1mu1ated t 20/sec
for 2 or 8 min maintained their ACh stores. | i} |
Exper1ments”were a]so conflucted to determine whether st1mu}at1on
at 60/sec could cause a reduct1on in the ACh content .of qanq]1a whlch have
been prey1ous]y stjmulated at lower frequency. The data are presented
in Table II.' A]though stimulation of preuiousiy rested ganglia at 60/sec
decreased the ACh content, this frequency of stimulation was unable to
producevsuCh ajchanqe in ganqglia stimu]ated for 30 miﬁ-at.ZO/sec juét".
prior'to increasinq'the»frequency-to 60/$ec. Probab]y«the‘best expiana-..
tion for these results i: that -he size of.readily re]easab]e poo1 of ACh
pwas reduced dur1ng the period of st1mu1at1on at 20/sec
& B1rks and MacIntosh (1961) have proposed that a norma] resting
_qana]1a contains about 50 nq of ACh in the form wh1ch is 1mmed1ate1y
available for 11berat1on Th1s est1mate may be too 1ow, s1nce pregang-
11on1c st1mu1ation at 60/sec for 2 m1n decreases the ACh content by 90 ng;
th1s amounts to about 30% of the ‘total stores of ACh in the qang]1on
However, in order to make an accurate estimate of the size of this pool
“on the basis of a reductiOhbin-the Ath’content onefwou1d'have'to-khow
" not on]y the amount of preformed 'ACh which was. mob111zed intoa releas-

bable form but a]so the quant1ty of the recent]y synthes1zed ACh re-

ffS\‘\' R 4



TABLE 1

‘Table I illustrates the inability éf preqand]ionic stimula—
t1on at 20/sec for 2 and 8 min to lower the qang]1on1c ACh content.’

For. the purpose of compar1son the effé&ts“af st1mulat1on at 60/sec for
: o

the same duration are also presented he*Values represent mean + S.E.

- of 4 to 7 exper1ments and are expressed as’ ng[ganq11on

&

s,

P

. - glion) , :
Stimulation . % Change in
Parameters Stimalated ACh Content
2 min 20/sec” L 3a 3 319513 416
2 min 60/sec’ - 310 x 28 221 +18 . -28.8%
8 min 20/sec = . 253 % 22 269 + 35 o 46.3
'8 min 60/sec © 31332 184 +15 . -81.2%

. o Is Al - K . s

[

l v 'Wi-‘
* p<0.05 as cémpared:tO’the resting contralateral control ganglion.

&

. .

4]
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_TABLE IT -

. Compérisoniﬁf the ability oflan 8 min beriod 6f‘gahglfpn1cv' J
stimulation at 60/sec.to decrease the ganglionic ACh content 6{ pre--
Vious]y.restinq qanq]ia, with the effects séén in dand]ia which have
beén stimu]ated'at;ZO/sec fo; 30 min just prior toiswitchinq ?he fre-
quency to 60/sec. xThe’inf]uence of stimu]atibn for 30 min at 20/sec is

also presented. The values represent the meén + S.E. of 4 - 6 experi- -

ments and are expressed as'ng/qang]ion.

ACh'Cbntent (ng per ganglion)

Stimulation _ % Change in
Parameters ' Control»Restinq Stimulated ACh Content
'8 min 60/sec 313 +32 . . 18415 - -41.2%
30 min 20/secC. o o

& 8. min 60/sec 271 + 33 301+ 34 : »+11.1f
30 min.20/sec 309+ 17 s 35926 +16.2%

* p < 0.05 as-campafed to the restihq contra]ateralrcontrol,qanq]ion; - <;;

Lo



tained by the ganglion during 2 min period of stimulation.

C. Rate of Recovery of the ACh Content During a Resting Period‘After

Preganq]ionc Stimulation -

) .

With continuous stimulation at 60/sec the. ganglia even ually

" was decided to determ1ne how qu1ck1y qang]Ia would restore the ACh when

allowed to rest fo]]ow1nq 4 min of st1mu1at10n at 60/sec. The results

4
are.illustrated in Fig. 2. In these experIments the ganglia were stim-

ulated at GO/sec for 4 min and then were allowed to rest for 2 to 20

min. The results show that under these conditions the ACh store¢ re-

fcovered within 2 min; but thereafter the ACh content continued to rise-

~and reached 130% of contro] after 10 min of rest. During the initial

[ —

2 min- of rest these qanq11a syntheSIZed at least 45 ng/m1n this rate
is. cons1derab1y higher than the 29,n6/m1n observed by B1rks and’ Hac- '

Intosh (1961) in p]asma perfused gang11avst1mu]ated_at 20/sec These -

" data indicate that gangiia can.yery quickly resynthesize any ACh lost
\during stimu]ation and clearly demdnstrate that this tissue can&store =

more than a fixed. quota of ACh even in the’ absence of an ant1chol1nes-

terase drug. The cho]1ne content also rose dur1nq the rest per10d and
atta1ned 128% of the control values after 10 min of rest. Subsequent]y

ch011ne 1evels decllned toward control levels. In ‘this experiment as

q..twe11 as. in the one dep1cted in Fig. 1, the choltne leve]s 1ncreased only

after the ACh content had returned to’ control va]ues. ThlS rise in cho-

11ne content_was_transaent 1n-both_cases suggesting that,the excess was
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Fig;.z. Rate of Recovery of ACh Content from 4 min of timulation at

60/sec During a Subsequent Rest Period

PERCENT OF CONTROL
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e
T o

The effects of pregapo])onlc st1mu1at1on at 60/sec for 4 min

fo]]oued by 2 - 20 m1n of rest on the ACh and cho]1ne content of cat
super1or cerv1ca1 oana11a. The data are expressed as a percentage of .

the values obta1ned 1n the unst1mu1ated contralateral qano]ﬂa Each

),,wf'

po1nt represents the mean +S. E of 4 to 7 experlmehts Aster1sks in-

'dlcate p < 0. 05 in compar1son w1th the controls.‘ So]1d 11ne (0——0)

represents Auh and broken ]1ne (0--0) represents the chol1ne content

<
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_either removed from the géng]ionbby some process or conJerted to other
choline der1vat1ves‘w1thin this tissue. ¢ |

Nhen HC- 3 1 mg/Kg,,was administered 1ntravenous]y 5 min prior -
~to the onset of st1mu1at10n, the drug prevented the 1ncrease in both ACh
and cho]1ne previously observed (Fig. 3) during the rest per1od The
_vresults obtained ‘with HC-3kare“consistent with the proposa1 that the
drug inhibits ACh synthesfs by”Eﬁock?ngthe transport bf choTine to the
s1tes of acety]at1on (MacIntosh et al., 1958)

i Exper\ments were also des1gned to ascertain whether frequenc1es
lower than 60/sec-fo11owed by a rest period could cause alterations in
ACh levels of ganglia. Under the cond1t1ons chosen stimulation for
| 4 min at 5/sec or 20/sec plus 10 min of rest fa11ed to 1nduce stat1s—
t1ca11y s1qn1f1cant increases in either ACh (Table III) or cho11ne
However; the'data‘do indicate a progress1on 1n:ACh content as the stim-
ulation frequency is increased ffom 5 to 20/sec and suggests that, part-
icp]arly‘in the latter situafion, ideal conditionsvfoh demonstrating
mejcr changes may not have been chosen. o

3

D. Effects of Hen1chol1n1um no. 3 on Acety]choline and Choline Leve]s
. : > }

1n Gangl1a Stimulated at Different Frequenc1es

-AAsearch of the 1iterature revealed that the time couree_effects;"
of HC-3 and the infiuence of different frequencies of_Stimulation,'had'
- not been thohough]y examined in»ierms'of tissue.leve]s of ACh and,chOline.vQ;u;
In particular we}were'interested inlinVestigating a ccrfejation, if any, : |
: betweenvACh'and choline content'end the ability of this drug to cause

transmission failure in stimulated sympathetic’geng11a;v It was also



Fiq. 3. Effects of Hemicholinium No.3 (1 mg/kg) on the ACh and Cho11ne

. Content of Cat Superior Cervical Sympathetic Ganglia St1mu1ated at

60/Sec for 4. Min Followed by Rest
N .

150

oz
. |go_ y/ ACH
= / A ooune
.:czggo_._ % . ;*
° o
= 601 R

9. @ 30— %
0 %

NOHC-3»>- HC-3

The bar craphs 111ustrate the ab111ty of HC- 3 to prevent the

4

recovery in ACh and choline content dur1no 10 min.of rest after st1mu1-_

ation at 60/sec for 4 min. The data are expressed as a percentaqe of

 the va]ues obta1ned in the unst1mu1ated contra]ateral qano]1a -and re-

“oresents the Wﬁ?” % S.E. of four to seven exper1ments Aster1sks in-

»

dwcate p.< Oéﬁs*ln compar1son w1th the unstimu]ated controls, daqqers
'1nd1cate p < 0. 05 in cog§$r1son with va]ues obta1ned in st1mu1ated

nana11a not exoosed to HC-3.
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TABLE III

'\'7

.

-~ -

The effects of preganglionic stihu]ation at different fre-

quencies for 4 min fo]]owed_by_TO min of rest on the qanqlionic ACh

~ content. The values givenvrepfesent @he»mean + S.E. of 5 .to 6 exoer-

. Ada

v , + “wAcetylcholine Content
Stimulation ' , _ o ' o o
Frequency - Control © Stimulation + Rest % Change
5/sec 291 +32° . 316 £ 56 i +8.6
. J20/sec .., - 268215 © 313+3  +16.8
AT -f-f.‘ I in : ' : - .
60/sec, ¥ o3gpiga0 0 40983 #3127
K ‘\::, 4 ".;‘;‘»,((."‘ waé‘» : . v - S C
T.jl.c,f ? ho‘,,i
* p < 0.05 as combared to EE9,dn$£imb1ated contralateral ganglion.
. o :"3;.:.'
._ I P @";g‘%b
g e . ,
~ S ' wjv

iments and are expressed as ng/ganglion.

-
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hobed_that this research will provide further insight into the mechan-. -
ism of action of HC-3 in cholinerqgic transmdssion. ' ‘

The effects of HC—3h(1 ma/Ka) on the content of ACh and cho-
line of ganolia stimulated at different frequencies‘for 30 min are ill-
ustrated in Fiq. 4‘ Although the maximum deo]etion (50% of ACh was
observed in aanalia st1mu1ated at 10 and 20 pu]ses per sec, the magni-
tude of the reduction was ]arae]y independent of the rate of stwmula-
't1on from 2 to 20 pulses per sec after the 30 min period of stimulatiom
These results are in sharp contrast to those seen on mon1tor1nq the n1c-\
t1tat1no membrane response (F1q 5) 'Here the rate of onset and degree
of transm1ss10n fa11ure aopeared to be d1rect1y re]ated to the frequency
-‘of stimulation. Thus at st1mu1us rates of 1 to 5/sec ]1tt1e evidence’
of Impalred oano]1on1c transm1551on was observed, and the contract11e
response decl1ned more rapidly in qanglia st1mu]ated at 20/sec than
those st1mu1ated at ]0/sec; None of the decreases in cho]1ne content.
(Fia. 4) were stat1st1ca11y san1f1cant

In order to explore the re]at1onsh1p between ACh content and
the deqree of transmission further. the time- course effects of HC- 3
(1 mg/Kq) in oanql1a st1mu1ated at 20/sec for 5 to 30 min were 1nves-'
t1aated The results are sumnnr1zed in F1q 6. It 1s Dart1cu1ar]y
noteworthy that HC= §7d1d not cause any decrease in ACh ]eve]s dur1nq
the first 5 min of st1mu1at1on Thereafter, however, the ACh content;
raoidlv declined to 50% of control values atiﬁp min and remained at

this level for the. rema1nder of - the st1mu1at10n period. A compar1son

- vof these results w1th the correspondinq n1ct1tat1nq membrane response

‘ '(bottom trac1ho in F1q 5) 1nd1cates some corre]at1on between the onset

of transm1551on fa11ure at 20/sec and the t1me course of the effects of
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“ Fig. 4. Effects of HC;3 (1 mg/Ka) on the ACh and Choline Levels of

.

Ganqlia Stimu]ated‘for 30 Min at Different Frequencies

).j 2
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Fiq. 4 ilTustrates'the-effects of preganglionic stimulation

for 30 min at different freauencies on the ganalionic content of ACh

,Cfﬁﬂ choline. Cats‘were@pretréated with 1 mq/Kg HC-3, 5 min prior to

the'onset'of stimulation. The data are exoressed as a percentage of

3

"fhe va]ués obtained in the contra]ateral %estizq ganglia, and each

. : 3 “ S L. '
. point_given reprgents the mean : S.E. of 4 to 6 experiments. P < 0.05
E :, = IR | i . . . ) “

.; as compared tﬁ.tﬁégﬁgkués oﬁﬁﬁinéd in restﬂi%%uns?imu]ated aanglia.
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Fidh 5. Effects of Preqang]ionic Stimulation at Different Frequencies

and HC-3 (1 ma/Kg) on the Isometric Contractile Response of the Nic-

titatina Membrane

| /sec

2/ sec

S |

-

10 /secC

20/sec

i S
5 min

‘The representative experiments illustrating the effects of ﬁé&' '
N . . : RS (‘ri

preoaﬁg]ionic stimulation ét_différeﬁt freauencies on thg'isbmetric
cohtraéti]é response of the nictifatino membrané aregdepiﬁted. Cats
weré ofétreatéd,withll ma/Ka HC—3, 5‘m1n’prior'to_the.6ﬁset of stim-
ulation. | | | -

, .
{
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Fig. 6. Time-Course Effects of HC-3. (1 mg/Kg) in Ganglia Stimulated

‘ ét‘ZO/Sec on ACh and Choline Content -
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Time-course effects of preqano]1on1c st1mu1at1on at 20/sec

"Aon ganalionic content of ACh.and choline are dep1cted Cats were pre—

treated with HC- -3 5 min pr1or to the onset of st1mu1at1on " The data'

are expressed as a gzrcentaqe of the va]ues obtained in the Yest1nq

unstimulated ganglia and each point represents mean * S.E. of 4 to 6

experiments.

* 5 < 0.05 as compared to the values obtained in resting

‘unStimU]ated ganalia.
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'HC-3 on ganglionic ACh-stones.' Howeyer, after ten min of stimulation
there was a ferther qradoa] decline in the contractile'response and
after 30 min of st1mb]at1on, transmission was almost compiete]y blocked
despite the fact that these oang11a .still retained about 50% of the1r
original stores of ACh These data suggest that the membrane response
“may be a poor index of 1nh1bitory effect’of HC-3 on ACh'synthesis.
Under these.experimental condjtionS-HC-3xdid not significantly alter
cho11ne levels at any time period. f |

» To 1nvestioate‘further the time course effect of HC-3 at 2/sec
was-studied and compared with that at 20/sec’(Fiq. 7). As expected at
2/sec the rate ovaCh dep1etion was much s]o&er than 20/sec and signif-
icant chanqes in ACh content were on]y observed after 20 m1n of stimula-
‘.tion However despite the marked reduct1on (42%) ‘of ACQ,stores after
20 min of st1mu1at10n no fa11ure of transmission was evident. These
data further sypport the observation that the physio]ogica] response of
the tissue to cholinergic nerre stimQ]ation'may-be an unreliable index
gof the ability of HC-3 to 1nh1b1t ACh synthes1s

"ihe t1me -course effects of HC-3 - on ACh content of qano]1a '

stimu1ated at 20/sec re%eyﬁ)that there is a de]ay of about 5 min in the

onset of action of this druqg, and ‘that the maximum dep]et1on (50%) is
'attained after 10 m1n of stimulation (Fig 7). Pro]onqinq e stimu]-
ation period beyond 10 m1n does not cause any s1gn1ficant further de-

:crease 1n ACh stores The. delayed onset of the drug effect may be due

vto several factors: (1) it may take a few minutes before maxima] in- if

.hibitory effect of HC- 3 can be produced on the choline transport system,
and (2) there may be a limited store of choline in. nerve termina]s»

. . Q " .
(Friesen et al., 1967) which can be utilized for ACh synthesis. It is

52



Fig. 7. Time-Course Effects of HC-3 (1 mg/Kg)5in Ganglia Stimulated

at 2 and 20/Sec on Acetylcholine.
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Fig. 7 fllustréfes the influence ovaC?3‘oﬁ ACh
'in ganglia stimulated at 2 and ZO/Sec. :Tﬁe va]ués fepresent‘ihe mean *
S.E. of 4 to é-expérihents. The data are expreSsed‘as peféentane of
"fhe values obtained in the.contra]qtéfal-résting dandlia.. P < 0;05'

as compared to the values obtained in resting unstimulated ganglia..

"
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even more difficult to exp1a1n why the deqree of ACh dep]et1on did not
exceed 50% in any of the exper1ments involving the use of HC- 3 Some
'nossib]e exp]anat1ons may include: (1) the ava11ab1e cho]1ne may be |
more eff1c1ent1y converted to ACh as the concentration of ACh fa]]s in
the vic1n1ty of'cho11ne acety]transferase, (2) HC-3 may;g;lse the b]ood

Johnstone

by 11m1t1nq 1ts oWn action on cho11ne transport in ganglia, and .(3) HC-3
may, at a 1ater time, 1nh1b1t ACh release by a mechan1sm unrelated to 1ts :

. effects on ACh synthes1s. In view of these resu]ts it was dec1ded to

v

<

investigate the timefcourse e’ 3 of'a h1qher dose (2 mq/Kq) of HC-3
on the ACh-and choline levels o1 Janalia. Simu]taneons-studies were -

carried out on the‘effects'of'this hich .dose (2‘mq/Kq)vof HC-3 on tne

b]aéma choline levels. v | e v

‘The time-course effects ot a? ma/Kg dose of HC-3 on ganglionic.
ACh and cho{dne content arenoresented in Tab]éilv.- For comparative pur- -

‘poses the data obtained at the 1 mg/Kg dose of HC-3 are alsé included.
At a dose of 2 mg/Kq HC-3 the ACnvcontent'was reduced by about 50%
durina the first 5 min of stimu]atidn‘(Fiq. 8), thereatter the rate of.
decline in the ACh stores was much‘slower such that‘aﬁtei tvtota] of'

: 30 min the content was reduced b 75%. "It is noteworthy inat at'a'dose
of 2 ma/Ka HC-3 the most rap1d decline (50%) in'ACh stores 0ccurred
‘w1th1n the first 5 m1n of st1mu1at1on Th1s f1nd1nq stronaly suqqests
that the readily mobilizable poo] of ACh reoresents SO% of -the total .
;Etores and that the rema1nder is s]ow]y converted to a re]easab]e form

However the va]ues obtained for the cho11ne content under these cond1-

tions do not seem to be consistent with the hypothes1s assocxated with



TABLE IV T

Effect of HC=3 on the ACh and Choline content.of ganglia

4

stimulated at a frequency of 20/sec.

Content as a % of the Resting Contralateral Ganglion

L ‘ L Choline

Duration of o — ' a T
Stimulation “ 1 mg/Ka 2 mg/Ka 1 mng" 2 ma/Kg
in Minutes _ HC-3 - -HC-3 HC-3 ~ HC-3
1. T - ) B - 105 + 4
25 @ - 6123 - 104 + 9
/// 5 105 £ 6 50 6% 101 £ 13 106 + 9
10 58 + 9% 43 + 2% 92 :10 + 91+17

20 - 0 +5% - 9915 -
30 46 : 5* 23 :+3% . 100+ 7 _ T2 4
‘ Qa}ues giveh\are means + S.E% of 5:to 8 experiments.

—x p < O 05 aszéompared withcvalués obtained in thé corresponding un-

st1mu1ated contra1atera1ﬁnanqlia
HC-3 was adm1n1stered 5 min prior to the onset of preqanq]1on1c stim-
. u]at1on.



~ Fiq. 8. Time-Course Effects of H¢:3»(2 mg/Kg) in Gap;&da Stimulated -

at 20/Sec_on ACh and Choline Content -
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o
T1me -course effects of preoan011on1c st1mu1at1oﬁ at 20/sec
~on ACh and cho]xne content are- 111ustrated in Fig. 8 Cats Were pre-

"treated with 2 mq/Kq HC- 3 5 m1n prior to- the. onset of st1ﬁi]at1on The-

‘3data are expressed as a percentaqe of the values obta1ned 1n énn;}._-'

/ latera] unstimu]ated qamq11a Each po1nt represents mean *'S. E -0
6 experiments * p < 0.05 as compared ‘to values qpta1ned in unst1mu1-

ated contro] aana1ia, (0——0) represents ACh, (0-—0) represents cho]1ne

a.u .
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the mechan1sm of action of HC- 3
. The dep]et1on of ACh (53 ng) which occurred w1th 2 mq/Kg HC-3
dur1nq the initial 1 m1n per1od of stimulation (Table IV), is somewhat
t, oreater than ‘the quanttty ‘which cou]d have been released at 20/sec in
absence of HC-3 [based on the vo]]ey output (35 uuq) of ACh from plasma
perfused qanq]1a asfdeterm1ned by Birks and MacIntosh 1961]. A compar-
_ison of the1r resu]ts with present stud1es on- blood perfused qanal1a
suaqests the‘fo?]ow1nq hypotheses Since the 1n1t1a1 minute and vol]ey
outputs of qanq11a exposed to HC 3 are qreater than that observed in
p]asma perfused qanq11a, the' data 1nd1cate that (]) At this dose 1eve1
//’Tﬁ;3 1nmed1ate1y b]ocks ACh synthes1s comp]ete]y, and as d1scussed ;W
ear11er may a]so (inhibit the ut1112at1on of chol1ne w1th1n presynapt1c
f~'nerve term1nals (2) HC- 3 may 1ncrease the 1n1t1al vol]ey output of
;wJAACh or a]ternat1ve]y,.the 1n1t1a1 volley output of blood perfused qanql1a
may be somewhat qreater than that which can be achieved in p]asma per—

fused aanglia. ’k;\

To verify that the 2 mq/Kq dose of HC-3 does in fact b]ock

completely theiACh synthesmsuthrouqhout the total 30 min per1od of stim- ‘

ulation, we investigated the t1me -course effectsof a st1]] h1qher dose
/ (4 ma/Ka) of HC-3. HWhile it'was felt certa1n ‘that synthes1s of ACh was
effectively inhibited durinq‘the first 10 min, we were less sure'about |

‘the blockade after 10 min of st1mu1at?on in presence of 2 mq/Kg HC- 3

" In other words does the rate’ 2 Qon decrease beyond 10 min

because the rema1n1nq ACh is fzed for release or are sig-
_n1f1cant quantities of ACh now beinq synthes1zed7 In add1t1on if HC-3
does enhance transmitter release 1n1t1a11y, a h1qher dose could be ex-

p

Dected to cause a further 1ncrease in the apparent VQlley output during
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the flrst min of st1mu]atlon.’

' The time-course effect of 4 mq/Kg HC-3 on ACh content of stim-
u]ated (20/sec) ganglia are presented in Table V For comparative pur-
poses the data reported on 1 mq/Kq and 2 md/Ka doses of th1s druq ‘
‘(Table IV) are also 1nc1uded Hem1chol1n1um no. 3 at the 1eve1 of 4 mg/
Kg dose fa11ed to prqduce a oreater dep]et1on of ACh stores than obta1ned
with 2 mq/Kq dose of HC-3 S1ncezat a-d mq/Vg dose of HC-3 the dep]et1on
| of ACh is even less than at 2 mg/Ka the data ‘nd1cates that the 1n1t35]
vol]ey output of ACh is probably not affected by HC- 3 The data a]so
-suggest that 2 ma/Kg of HC-3 may be an optlmum dose and is. capab]e of .

lnmed1ate]z block1nq ACh synthesis comg]ete]x prov1ded that drug is.
) q1ven prior to the onsét of stimulation. |
To determ1ne if HC—3 in: absence of st1mu1at1on wou]d cause
alterat1ons in uanq]1on1c ACh or cho}vne content we dec1ded to study
the effects of 2 and 4 mg/Ka doses of HC 3 on "ACh and chol1ne content
of resting (unst1mu1ated) qangl1a_ Thé effect of .35 min exposure of
rest1nq ganq11a to HC-3 are 1llustrated in Tab]e VI - The data c1ear1y
| 1ndicate that HC-3 even up to the dase of 4 mo/Kq‘does not s1qn1f1cant1y
affect either the ACh or cho]1ne stores of ganolla under these\condjtjons.
-The effects of preqanol1on1c st1mulat1on (20/sec) 1n presence

of HC-3, on chol1ne content of qano]1a are’ sunmar1zed in Table VII. 'On]y
.1n one case d1d HC-3 s1qn1f1cantly louer ‘the chol1ne levels, this occurred
with 2 ma/Kq H@—3 after 30 mfﬁ of st1mulation., ‘The data c1ear]y 1nd1cate
"that HC 3 is capable of giplet1ng the ACh content of qanq11a w1thout re-
-duc1nq-the chol1ne ]evels; The data further suqoest that HC-3 'may not

on]y block the uptake. of chol1ne from the extracellu]ar f]u1d but may

also prevent the ut11ization of cho]tnerw1thin the nerve terminals Al- "
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TABLE V

Effect of HC- 3 and preqanq11on1c st1mu1at1on at a frequency
of 20/sec on the ACh content. . ACh content expressed as a % of the

value obtained in the restina cqntra]atera] ganglion.

Y (
Minutes of 1 mq/Ke -~ 2.mg/Kg : 4 mg/Ka
- Stimulation - , HC-3 B HC-3 . HC-3
1 - 81.+ 3* 85 + 4*
. 2.5 - 67 + 3* : R
25*75'; - 105 + 6 .50 + 6 | Sger 2%
10 . S8 ox 43 2 51 + 3%
20 i 50’?'5* | T - -
| 3ov o, 8615 ‘ 23 v 3% .‘ 40 Q.;*
3 .
5

" Va]ues given are means + S.E. of 5 to 10 exoer1ments

HC-3 was adm1n1stered intravenously 5 min prior to the onset ofvst1m-
: u]at1on

*p< 0 05 as compared with va]ues obta1ned in the correspondinq un-

' vst1mu1ated contra]atera] ganalia.

[ R rd
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TABLE VI

o The ACh and choline content of restihg ganglia exoosed to
HC-3 for 35 min. Content expressed as a % of the values obtained in

"T\’:' B o . ’ .. ! . X f]
““contralateral ganalia not exposed-to Ht-3.

108

P A
 Dose of HC-3 ACh Choline

2ma/kg - 97 %2 95 + 6 ‘
4 mg/Kg .| 103 + 4 + i

Values given in the table are means : S.E. of 6.to 10 experiments.

R
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TABLE VII

Effect of HC-3 and preganglionic stimulation at a frequency
of 20/sec on the choline content. Cho]ine‘conteht as a % of the value

qbtained in the resting contralateral aarglion.

Minutes 'of . 1 ma/Kg 2 mg/Kg . 4 mg/Kg

Stimulation - HC-3 . HC-3 HC-3
U | S s 92 + 6
25 - " 104+ 9 -

5 S 101 £ 13 | 106+ 9 88 +
 ‘1'0  o 02 » 107 Cae1r "8‘7}}\>
20 99+ 1_5'. | - | I

30 - | 100 i 7 | X o 87:8

Valdes given are means + S.E. of 5 tq‘]b experiments.

iHC-3 was administered intravenously Sxmin'priorfto the‘qnsét of stim-

ulation.

* p < 0.05 asicompéred with‘the‘va]ues 6btaihéd¥in,fDé ;orréspondinq .

| unstimulated'contra16t9r51_qanq11a:i.¢;'ff; §r'

1’

T
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ternative]y cho]ine stored in these nerve termina]s,(Friesen et ul.,
1967) is largely unavailable for ACh synthesis.

| _In order to investigate if HC-3 inhibits its own action by
ra151nq the bIood levels of choline and thus ma1nta1ns a continuous
supply of choI1ne for ACh synthesis, we stud1ed the effects of d1fferent
doses of HC-3 on p]asma choline IeveIs at different time periods. S1nce
MacIntosh (1963) has reported that maJor pelV1c and abdom1na1 surgery or
cortisone adm1n15trat1on reduces pIasma choI1ne IeveIs, we also deter- C
mined the plasma choI1ne concentrat1on in absence of HC 3. CHowever, it )
is evident from the results (Table VIII) that the surgical procedures in-
volved in exp051nq these ganalia do not const1tute a sufficient stress
to Sanif1cant1y Tower the concentrat1on of chonne ¢ It can be seen
that uh11e 2 ma/Kq HC 3 did not alter the pIasma IeveI of choline, a
dose of 4 mq/Kq caused a s1qn1f1cant increase of ‘about 50%. However,
' based on the resuIts of other workers (Birks and MacIntosh 1961) even.
_thls 1ncrease of 50% is too smaII to s1qn1f1cant1y antaqon1ze the act1on
of HC-3. Thus the results demonstrate that HC-3 can seriously 1mpare
ACh svnthesis‘in.cholinerqic nervous system w1thoFé:;bprec1any a]tenf
} ing the concentration of choline in plasma. | |

E.. Effects of Preganglionic_Stimulation and HC-3 on the Ultrastructure

of Ganoliavand the Relationship of .these Effects to the “cetylcho-

line Content

The maJor objective of research of thfs sect1on was to es—

A‘abllsh what relat1onsh1ps, if any, exist between the ACh content of

. he superior cerv1ca] ganglion of the cat and the “number of agranuIar
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TABLE VIII

Effect of HC-3 on the ConCentration of choline in cat plasma.

4 Plasma choline levels as a % of‘pre4surqery Tevels.

Time in Mihutes No = ° . 2 mg/Kq ' 4 mg/Kg

i+
-

After Surgery HC-3 | | HC-3 ~ HC-3
of 90 + 5 90 + 5 1{2f: 14
5 - 93.117 ,\:' .151 + 23
10 | I . o is3x277
s B 88:8 99 + 7 -
30 | s 100 + 3

158 = 19*

Va]ues given are means * S. E of 5 to 9 exper1ments

-The plasma choline concentrat1on prior to surqery was 6 5 nMo]es/m]

(N = 23).
* p < 0.05 as compared w1th the va]ues obta1ned prior to surqery ¢
- A
" HC-3-was administered 1mmed1ate1y~after this b]ood.samp]e was drawn

at the completion of the surgical procedure involved in exposing.

_ the superior cervical ganglia. L
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vesicles. In this regard qanq]ionit content'of ACh was a]tered by
different experiMenta] procedures and the corresponding ultrastructural
changes in the nerve, terminals with respect to both agranular and dark—
bcore vegic%es were inve;tigated. fhe conditions.applied tn alter the
ACh content of qanq1ia were‘the same as described in theefirst two parts

of the result section, e.q., stimulation at different frequencies or

treatment with HC-3.

«. 1. Electron micrographs of preganglionic nerve terminals of rest-

ing (unstimulated) control ganglia

v

E1ectronm1croqraphs of cqntr01 unstimuiated nerve endinas are
!presented 1n Fig. 9 and .Fig. 10. ~‘fhese nictures revea] presynaptic

B nerve terminals w1th the1r norma] content of synaptic ves1c1es and

'{ijg. 10 also illustrates the typical structure of mitochondria wh1ch
.are?frequdht1y found in- these nerve end1ngs (L.G. E1fvin, 1963). Thei
dark.reqion eeparating the pre— and post—synaptic membranes, as'shown

by the arrow, 15 recogn1zed as the synapt1c cleft.

The population of synaptic vesicles, either aqranu]ar or dark--

core, in preqang]ionic nerve terminals is expressed as the number of -

vesic]es pir u. Td obtain these fiqures, the total number of‘respec—
N ot Ay

t1ve vesiclgs*in the nerve ending were counted and the tota] area of .
)) )

the nerve endﬁnq as depicted on the e]ectronm1croqraphs was determined

“in n .-’Theghymb'r of vesicles per u? was then ca]culated.

Theﬁlrghuency distribution of the number of‘aqranular vesicles

per ul 1n diff jxnerve endings is 111ustrated in Fig. 11. A11'nerve'

'endinqs from rest§§g5 ontro] qanq]1a ‘and all other data from exper1ments

in which the numbep%, “aqranu]ar vesicles did not differ from the con- -

" 64



W o S
Figa. 9. The electronmicrograph represents a preganglionic nerve ending

of a restina control aanalion.

25

[ |
o=

NE renﬁesents presynanf1¢.uﬁs£imu1ated control nerve endina.
Arrowv ihdicates‘the synéptié reaion. o

M indicates the presynaptic mi;ochondria.;

AV 1nd1cates'the éqranﬁ]ar vesfc1es.

DV indita£es the dark-core vesicles.

N
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Fig. 10. The electronmicrorranh renrzsents

nf a restinn control canalion.

nrenannlionic nerve endian

* NE rerresents presynaptic unstimulated control nzrve endina.

Arrow indicates the.synaotic'redion}'r
" indicates the presynantic mitochondria.
AV indicates the aaranular vesicles.

oV indicates the dark-core vesicles.

"
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'".The var1at10n 1n number of agranular ve51c]es in d1fferent‘
.nerve end1nqs is dep1cted A total of 248 nerve end1ngs taken‘fraw »
z-:rest1ng unstlmulated ganq11a'$hd from all other aanglia in which the

- number of agranular vesicles did not differ statistically from controls

were inc1uded in this sUrvey At least 5 nerve endinos were taken from

» each ganql1a and a total of 40 qanqlla were used in. this analys1s
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trol were 1nc1uded 1n th]s survey. - While the'greatest percentage of

nerve end1nqs conta1n ]00 to 150 aqranu]ar vesicles per ul, about 5% had
less than 50 and about 15% had more than 200 per u%. These data empha-
size the variability in the poou]at1on of aaranular ves1c1es 1n differ-

~ ent nerve end1nqs and the need for sampling Targe numbers of these to

estab11sh a statistically s1qn1f1cant chande

. 2. Effects of‘preganglionic‘stimu]ation at 60/sec on the rumber

of agranular vesicles in relation to the ACh content of ganglia

a. Stimu]ation'at 60/sec'and depletion of agranular vesicles.

Ne have demonstrated that- preqanq11on1c stimulation for 4 m1n

at 60/sec causes a 30% reduction in ACh content (Fig. 1). . Nhen the same

: cond1t1ons were applied to 1nvest1qate the u]trastructure of the nerve

end1nqs, marked depletion of synaptic agranular ves1c1es were observed
-and many of the remaining ves1c1es had lost the1r character1st1c conforli"'
mation. These ultrastructural changes are i]lustrated in‘Fiq 12 and
Fid. 13. In addition, these st1mu1at1on parameters frequently caused
the swe]11nq and d1srupt1on of m1tochondr1a in presynaptic nerve end1ngs
(compareiflq. 10 and 13).__However,fthere was no evidence of a]teratibns
in mitecnendria'in'postsynapticlstrucgures |
| The number of agranu]ar ves1c1es per u? found under d1fferent

'cond1t1ons of st1mu]at1on at 60/sec in tota] and d1fferent reg1ons of

;nerve end1nqs, are presented in Table IX. when qanq11a were-stlmulated
" at 60/sec for" 4 m1n to induce a 30% dep]et1on in ACh, a correspond1ng

_reduct1on of about 47% in number of aqranular ves1c1es (F1q..14) was

also observed dur1nq this per1od of stimulation. The resu]ts obtained = |
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Fig. 12. The e]ectronm1croorann shows the u]trasuructural channe in

adranular ves1c1es in Dneganu]1on1c nerve terminal, when st1mu]ate_
for 4min at 60 sec.‘

iE i~dicates 2 preranalionic nerve end1nn stimulated at 4 min.at 60/sec.

Arrow indicates the 'synaptic reaion.

LAY 1nd1f tes the garanular vesicles.. -

-

o
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a

rFin. 13. The effects. of 4 min of eregapnlionic st1mu1at1on at 60/sec

h

on the ultrastructure of presynaot1c mitochondria are depicted.

NE 1nd1cates a orenann]1on1c nerve endina sc1ru1a+ed fcr 4 min at 60/sec

Arrow indicates the svnaptic rea1on - ® B S : g -

" 1nd1cates the presywaptie m1uochondr1a

) ) . -~



TABLE IX

Effects of preganglionic stimu]atﬁon,q} 60/seé on the aqrah--'

ular. vesicles of total, synaptic and non-synaptic regions of nerve

. endings. .
‘Number of Agranular Vesicles per u?

Experimental Condition Total B Synaptic Non—syhapticb
e Restjng Controls - 141 + 6.5 - 190 + 11.5 134‘: 7.4
_b. Stimulation for 4 min- - 75 : 4.6% 153+ 11.5 . 62 +5.1*

c. Stimulation for 4 min R ' - S

+ 2°min rest R 94 + 6.2* 205 :,]7.6 ' 75 + 6.2%

d. Stimulation for 4 min ‘ . A
+ 20 min 'rest. 125 * 12.3 212 + 18.1 112 =+ 1:.6

P

1‘lrh’thin the zone of72000‘ﬂ from the synaptic cleft..

e The va]Ues are mean * S.E. of 40 nerve end1nqs taken from 5 to 7 ganglia.

* p < 0.05 as compared to. the values obta1ned in restlnq contro] 0cn011a.

. ®

D.< 0.05 as compared to the values obtalned from qan0]1a st1mu1at—c “or.

4 mimr at 60/sec.
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are. cons1stent w1th the . concept that agranular vesicles are the storage

sites of ACh

#J_ !ii‘~ Lt .
' S1nce aqranu]ar vesicles are qeneral]y found more concentrated .

(Table IX) near the presynaptic membrane, we decuded to 1nvest1gate
whether the d1str1but1on of the ves1c1es near the synapt1c membrane or
, the vesicles farther away from the synapt1c membrane were affected by

'the above stimulation parameters Resu]ts illustrated in F1g 15 re-

; present—the qanq11on1c content of ACh and the d1str1but1on of aqranu]ar
vves1c1es in the synapt1c zone of 2000 A (as defined in methodo]oqy sec-
t1on) and in the non- synapt1c area under different cond1t1ons of st1mu1—
‘at1on§at 60/sec. It can be seen that s1qn1f1cant dep]et1on in aqranular :
ves1c1es occurred mainly in the non- synapt1c area., S1nce there appears

" to be less dep]et1on (19%) in the synaptic area, th1s‘may 1nd1cate‘that

ithe ves1c1es from the non synapt1c zone rep]ace those dep]eted from the

synaptic req1on during stimulation. . ' o

b. Recovery in number of aorénu]ar vesic]es in re]ation to

the recovery of gano11on1c ACh content dur1an§he rest period after
e HEA é\
1n1t1a1 preganq11on1c St1mu1at1on at 60/sec o

e » -'v,:

e

hé have'a]ready demonstrated (qu 2) that-Eanq]ia recover

-+ their lost ACh content w1th1n 2 min of rest per1od after 4 min of ini-

. tial preqanq11on1c st1mu1at1on at 60/sec It was, therefore, felt im-
portant to ascertaln 1f a correspond1nq recovery in aqranu]ar ves1c1es .
also occurs dur1nq ‘this restwnq period. v

When. a]]owed to rest after 4 min of. 1n1t1a] st1mu]at1on at
\ 60/sec, a]thouqh recovery in ACh content occurred w1th1n 2 min of rest

no - stat1>t ca11y\s75nhf1cant recovery in number of aqranular ves1c1es was

by ,( . . . o v



observed (Fig. 14). However, when allowed to rest for 20 min to induce,
a 30% rebound increase (Fia. 2) in ACh content, a]thouoh a sionificant
recovery\in number of vesioies.occurred (Fiqs 14) their. densfty did not
”rise above-the control values. This latter s1tuat1on reoresents a case-
where chanqes in ACh content are not ref]ected in corresoond1nq chanqes
in the number of aqranu]ar ves1c]es . v‘_ : : e g
The effects of- the resteper1ods on the d1str1but1on of. aqran-.
u]ar ves1c1es, 1n the syn%§t1c ano\n\n»synapt1c area are 111ustrated in
Fig. 15. It can be seen that after 2 min of rest a]though there was
_vsome'apparent recovery in the number of ves1c1es in the svnapt1c area,
‘the increase in the number ofives1c1es was not stat1st1ca]]y different

fromvthe,number of'vesities observed after 4 min of- stimulation at 60/
s » - : :

sec. " After 20 min of rest, sianificant recovery in the number'of_Ves—'
icles occurred in the»nonzsynaptjc area, but their densjty.did"not 4

~ exceed control values. S ST

3. Effects of hemicho]inium no.. 3 (2 mg/Kg) and pregeng11on1c .

;stxmu]at1on~at a frequen;y of 20/sec on the number of agranu]ar vesicles

in this -series of”experiments‘HC—3 (Zlnq/Kq) was used to in-
dUCe a]terat1ons in qanq]1on1c ACk content and the cornesoond1no u]tra--
..structura] chanoes in the nerve terminals were 1nvest1qated
o As - presented in. Fiq. 8, oapo11a lose about 50° of the1r ACh

N store w1tHQn 5 min of st1mu1at1gn in oresence of He-3. The resu]ts con-

'cern1nq the chanqes in number of aqranu]ar ves1c]es under the same cond1~

"tlons of st1mu1at1on are 111ustrated in F1q 16. Nhen qanq11a were st1-'

l‘ulated for 5 m1n in absence of HC- 3 there was no s1on1f1cant chanqe 1n

N ‘L - . - . B . B .
. ; - . . o e MoN . .
Lo . Lo B R .
- - N M . - 1 . N
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Fia. 15. Influence of preganalionic stimulation for 4 min.Qt 60/sec

" on the density of agranular vesicles in different reaions of nerve

endings. ‘ ' e
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Fié}ilﬁ. Effects of HC-3 (2 ma/Ka) and preaanalionic stimu]ation at

20/s ';'on_thegbopd]ation,of agranular vesicles in the nerve endinas,
and ;L_aannljonic ACh content. ’ | o “
o s _ ACh
< s BB .
i - . loxd tofal agranular vesicles-
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B The bar araahs 111ustnate the 1nab111tv of st1mu1at1on at

.20’sec ‘or 5 m1n to de 1ete the ves1c]gs in oanul1a e1ther untreated e

?or oretreated w1th HC 3- The va]ues are mean ‘:S E of 40 nerve end-

lnus renresentlnu 5 to 7‘nan0]1a in each case.

A;f7pf5 35 as comoared t ‘the values obtalned in unst1mu1ated rest1no I N
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- either ACh content or the:nomber,ot aoranu1aravesic1es. On pre-treat-
iment with HE-3 (2 rhq/Kq)", 'althoogh'f-’qa?ig]ia lost about 50% of ACh within
5 min of Etimu~ation (F1o 16) no correspondinq decrease in the number .
of aqranular[v'sicjes waS'found 'The distributdon_of vesicTes in‘the
synapt1c zone jand ' non- synapt1c area (Fig. 17) ‘were also unaffected‘by'
bthese cond1t1 ns. of st1mu1at1on This reﬂyesents another examplé 1n

- which. there W s no corresoondence between ACh content and the number of
auranu]a;}ves c1es in the nerve terminals. | "

STmh]ar]y no direct corre]at1on between ACh content and the’

‘numBer of ve51c1es was observed when’ aanq11a were.st1mu1ated for 30 m1n'
~in absence of HC 3 In this case preoanq11on1c stimu]at1on at 20/sec
_forYBOFmin (in the absence of HC-3)‘caused‘a small 1ncrease (16%) in the
,ACh contentvof'qanq1ia but produced a.sionfficant reduction (24%) in num-
ber of auranu]ar vesicles (Fia. 18). ‘Nhen qano11a were nretreated with u
"~ " HC- 3 and st1m 1ated for the same per1od a correspond1nq dep]et“‘n Hn ‘both

-ACh and aoranu]ar ves1c1es occurred (F1q 19a & b). A 30 min period of
st1mu1at1on at 20/sec in the oregence of HC 3{caused about 75% reduct1on
in the ACh content (Fin. 18)hand a 5/% dec]1ne in population of "agranu--
' laV\\e51c1es 'fhis latter situation is consistent’with the concept of

ves1c]es belno the storage s1tes of ACh Exnosure of rest1nq (unst1mu- :

..,'1ated) aanglia tQ HC-3 for 35{m1n did not" oroduce any s1qn1f1cant'a1ter-

ation in either ACh content of qanq11a or in the number of aqranu]ar
- N ¢ ,
ves1c1es - The data concern1nq effects of HC- 3 on the number of aqranu]ar

»

4ves1c1es are sumhar1zed 1n Tab]e X, a - o =

Effects of HC-3 on the nanq]1on1c ACh content and the d1str1b-

ution~of agranu]ar ves1c1es Qn synaptic and non-synapt1c areas are pre-

- sented in Fid;ﬁéo. It can be $een,that‘after 30 min of stimulation,

?

&,



Fia. 17.° Influence of HC-3 (é ma/Kg) and preaanalionic stimulation at

20/sec_on synaptic and non-synaptic vesicles.
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Fig. 18.‘ Effects of HC-3 (2 hg/Kq) and 30 min stimulation at 20/sec

on the density of aaranular vesicles in preaanalionic nerve endinas.
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Fia. 19a. The electronmicroaqraph represents ultrastructural chanaes
in aaranular vesicles in preaanalionic nerve terminal, pretreated with
HC-3 and stimulated at 20/sec f

P;A ,, .
L g

or 30 min.
’; s

. .Sl . b4 o
. P - e 'r‘v;,f" -,

.
PO S

ME renresents a preaanalionic nerve endian.

4

Arrow indicates the synaptic remion. . _ S -
AV represents the agranular vesicles..

[



Fin. 19b. The electronmicroaraph reoresents the effects of HC-3 and
" preqanalionic stimulation at 20/sec for 30 m1n ‘on the ultrastructare

of presynantic mitochondriz.

WE represents-a nrenannlionic nerve endina,
‘Arrow’ indicates the synzntic reafon. ’ L

M represents’ the presynantic ~it~:acpdria. 0 ..



TABLE X

Effect of- Hemicholinium (2 mq/K%) and Preaanalionic Stimula-
tion at 20Ysec on the Agranular Vesicles of Total, Synaptic and Non%

synaptic Reaions of Nerve Ending. y i

Y

B o
O e
;

Number of Aaranular Vesic]eshogr u?

Experimental Condition Total ° Synaptic ~  Non-synaptic . «
a. Restina controls - 141+ 6.5 . 190+ 11.5 _ 132 + 7.4
b. 5 mih stimulation ' 141 + 10.6 208 +17.7 132 + 10.4 -
c. HC-3 and 5 min rest 136+ 89 153 : 112 137 = 11.7
d,'S min stimulation o , - ) .

and HC-3 _ 133 % 9.2 219 + 17.0 123 + 9.2
e. 30 min stimulation 107 + 7.8 190+ 13.0 ©, . 99 : 7.6%
i//;C-3'and 35 min rest 150+ 9.8 242 +12.1 . ‘]32v:_ 9.5
a. 30 min sfimu]ation ‘ N ‘__|‘ » , R

“and HC-3 65+ 5.9% 138 :12.9 . 55 5.5¢
E . : . I :
{ . -

L Within a zone of 2000 A from the synaptic cleft. o Y

The values are mean + S.E. of 40 nerve ehdian_téken from 5 to 7 aganalia. .

"*,b < 0505_as compared to thevya1ues‘oQ§aineq in'untreétéd‘réstinq con-
trol aanalia. . | | & ‘
+p ;,0.05 aé compared to the values obtained ‘in resting qana]iavexpoéed_A‘ |
to HC-3 for. 35 min. = &

‘. X ’ a o o 4

Y
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S'represents auranular've51c1es in syhaptic zone. S
ﬂv;* a~.,g,05 as compared to the values obtained in restina” unst1mu1ated : w;/
. ) . , ~ P
3 qanq}1a . < :

o . _
+ p ®.°0. 05 .as. compared to the va]ues obtained in resting oanqlia exposed

M - '

N /to HC- 3 for 35 min. \‘Q\



. ated)gana11a

-data indicate that the al ef

~caused by the app]led expe¥t]

“ L
v

LY

v, P

) 1n absence of HC- 3, s1qn1f1cant dep]et1on in number of ves1c]es occurred

on]y in the nen-synaptic a$F64 Hheh qanq11a were pre-treated H]th HC 3

th1s st]mu]atlon period caused less deplet1on of ves1cles 1n synapt1c

zone than those” in non—synaptiq area These data adaln indicate that o
, , : .

the vesicles from the non#synaptjcﬁ;dne may physically move to replace .

those lost from the synaptic reéion durinag stimulation.

.‘\

: To 1nvest1qate if the alteratwons in number of aqranular ves-
1cles was/e true re3FESentat1on and not an artifact due to chnnqe in v
the area of nerve endinqs we measured the total and réq1ona1 nerve end-
ing areas under the above experimental conditlons. The results are pre-
sented in Tab]e XI. It can be séen that no Sanlflcant change in the :

areas. was found either in tota] or any of the reqlons neasured The

Btions in the number of‘aaranu]ar'vesicles, ;

-nenta] condttIon were absolute chanqes and

not an artifact due to the change in areas of the nerve.endlngs;j

F. U1trastructura] Channes in Dark—Core Vesicles in Relat1on to the A]—

-

terations 1n Gang]ionlc Content of Acetylcho]1ne
v 7 _

1 ' Dark- -core ve51c1es in the nerve termina]s of rest1nu (unst1mu]-
! v _ ‘?

L4

’
g

g A few granu]ar vesis]es 700 - 800 A in dlameter are. often -

-

-
seen 1n the preqanqlion1c nerve tennInals. These qranular ves1cles con—

st1tute about 4% of the tota] ve51c1e ponu]at10n and are referred to as

-dense or dark-core ves1c]es. Nerve endlnos of‘a resting control ganqlionv :

are presented in Fia"9 8 ]0 It can be seen that dark-core ves1c]es are

ma1n1y localized in the non- synaptlc area farther auay from the synaptlc {



TABLE XI - e
» g 49 : ’ '

Effects of preganq]ionic'StimuTation and hemicho]ihium-no. 3

on the area of nerve endings. - | ) &
. - . . o : .1
- X
£l j ‘ ! « | " '
' Total Nerve Synaptic Non-Syvnaptic
, _ . Ending Area . Regional Area Re’i;iona_] Area .-
.Experimental Condition u?d u? u?
a. Restina controls = | 1.9 :0.12  0.13:0.008 1.36 = 0.11 .
b. Stimulation for 4 min . - | _
(60/sec) 1.37 = 0.13 -« 0.14 + 0.011  1.23 - 0.12
c. Stimy]atioh'for 4 min ' » _ : ’ , )
' (60[Sec) + 2 min rest 1.43 + 0.13 ~0.12 + 0.009 1.31 = 0.12
d. Stimulation for 4 min . E . : "
(60/sec) + 20 min rest 1.39 + 0.12  0.12 + 0.008  1.27 » 0.12
e. 5 min stimulation. ; - L
-~ (20/sec) g 1.33 £0.11 0.12= 6.008 121"+ 0.10
f. 5 min sfimulation . . v'L‘ ' N {\ :
(20/sec) and HC-3 1.46 + 0.14 0.13 + 0.010 - J}33'? 0.14
9. 30 min stimulation - o T o
(20/sec) .. 1.61+0.12 - 0.12+0.007 ~ 1.49 : 0.12 "
'h, HC-3 and rest for \ S R
35 min © - 1.24+£0.1 613 £ 0,011 1:31 = 0.1

i+ 30 min stimulation
(20/sec) and HC-3 R 7

+
=5

A5 0.12: 0.009  1.657 0.15

- B - . !‘ .

* . N . . . e, ) . LXN
bThe values represent mean *+ S.E. of 40 nerve endings in each ase.
. / : + .

p <.0.05 was used as a level
) R

ignificance.for statistice. amalysis.
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o’ .

cleft. ATthoudj the content of dark-core vesicles is still debatable,

it was' of inter st’t0feva1uate.what‘Tnf]hence‘the parameters, which alter .

ganalionic ACh content, had on the density‘of these vesicles. As in
case ofiagranu]ar vesicTes, the population qf dark-core vesicles in pre-

ganglionic nerve terminaTs is’expressed as the number of vesicles prr

2

y .; The number of these dark -core ves1c1es in the synapt?c zone of

2000 A\and non- synapt1c area were coﬁhted ahdzbased on these areas the

number ;?\Vegﬁcles per p? was calculated. _
N . ;\!"

2. Frequency distribution of thé’number.o” dark-core vesicles per

. BT
2 S

in different nerve endinds:

The frequegcy d1str1but1on of these ves1c1es per u 2 in d1ffer—
ent nerve end1nas is presented in Fig. 21. As in the- case of agranu]ar
. vesté]és, all nerve end1ngs from rest1nq control qanq11a and all other

data from experiments in which the number of dark-core ves1c]es d1d not' .
.‘d1ffer from the control were 1ncluded in this survey f It can be seen

“(F1q 21) that there,was a cons1dengb1e var1at1on in their numbers in.

- different nerve_term1na15‘ Most nerve end1nos conta1n-3 to 6 dark-core'

7”ves1c1es per 3,bout 8% copta1n less than 1 and about 5% conta1n

‘.v

more: than 12 dark c0re ves1c]es per u?

The re]at1onsh1p between the dens1ty of dark-core ves1c1es and

“the number of aqranuTar is 111ustrated in Table XII. The number of dark-

- i -~ "

'core ves1cTes in dlfferent nerve endin&?Nappeared to’ be unreTated to the

o

&

number of adranular vesTcTes per u Even in nerve endinqs which con~'
ita1n more than 12 dark core ves1c1es per p s the number of aqranular
‘ ves1c1es are not stat1st1ca11y dﬁfferent from th@égﬁkbach have a lesser

number of dark- core vesicles. The data a]so 1nd1cate that the nerve

2

86

[ T
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Fig. 21. Frequency d1str1but1on of darkjcore ves1c1es per u? in diff-

erent nerve endlnus
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Number ol dork core vesucles per ,um

Ihe var1at1on in number of dark- -core ves1c1es in d1fferent
nerve endinqs is deolcted A total of 240 nerve ‘endinas taken from
‘ resf1nq unstimulated qanq]1a’”nd from all other qanq11a in wh1ch the
" number of dark core ves1c1es d1d not. d1ffer stat1st1ca1]y from contro]s,v
were included 1n th1s survey. At least 5 nerye end1nqs*Were taken from

: each qan;;;% and a tota1 of 40 aanalia were used in th1s ana]ys1s '
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N . . TABLE XII . |

. ‘ N o

Relationship between -the ﬁuﬁber,of dark-core and agranhiar

vesicles in the same nerve endings.?

‘ iy
.- : o : - . '
. ,' Number " of VésicTes per u? in nerve endings
: o . . s . C w o - g
'Number of nerve endings - - Dark-core g Agranular!
.
7 - a0 140 + 17
66 - 1-3 138+ °9
45 A SO q*f ' 7'- 9 a »‘ %;]39 + 9
6. . 0120 v 13815
12 RE >12 - ,12@%3;!9 

! The valuesgidf%neans + S.E.
2.,Nerve endihqs ihc]udédAin this survey were ?rqm’resting contﬁo}gqang}ia‘

"and data obtained from all othér éxpérfmental cdﬁditions in which the:
number of vesicles were not statistically differént from controls. A

) tbta] of 240 nerve endings;.taken.from 40 ganglia, were used in tﬁfé

,.ana1y3i§$ At least 5 nerve endings'were taken from each ganglia.

s
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~%,

l v i

the standard errors*wh1ch are very h1ohi_nd
~ 4-(,4‘

synantic to 30% 1n the syhapt1c zone ‘ Becaese“of these h1qh standard

\vary from 10” qn the non—

errors, part1cu1ar1y ln the data from the synapt1@3;pne vobserved chanqes

of 40% to 50% were not sta%1st1ta11y s1qn1f1canf On st1 'iat1on at -

60/sec a s1qn1f1cant rgduct1on (37%) in dar%nd&re ves1c1es correspond1nq
. 9 ) }. ,.|‘ W N
oo, to 30% dep1et1on of ACh content was seen’ This marked’chanqe 1n darkm

LR

core vesicles occurred malnly in the non synapticﬂzbné %he’data 1nd1c- E

ates that dark core ves1c]es mav'be mob111zed from the ﬁon synaotxc to‘

the synaptic. zone during st1mu1at1on. ‘v -u‘; 2 y . 'e ’\?\in@;
: ) Q‘\ R D
\\\\\\\\\\Dur1nq 2 min- of rest after 1n1t1a1 4 min of st1mq§at1on (60/ '
e

'sec) the: number of dark-core vesicles were still comaarable{

.

i 'observed afterbd min st1mu]at1on at 60/sec (F1q 22) hhen the;rest1nq
tvfper1od was extended to 20 min a marked recovery 1n ‘the dens1t;ﬁ§fidark-.
:tOreres1c1es was seen, a]thouqh the1r)number d1d not r1se above“the tix-gr;q“
trol values (Fig. 22). These situations are s1m11ar to\thosexobserved,_}»'-:-
e{c‘se of agranu]ar ves1c]es and suqqest that dark coreEVeiic1es are' | A';‘

RS i

,eu5ed,orisynthesized dur1nq synapt1c transm1ss1on The data r% resent-Aulo}: o



<quperand<jistribution of dérk-core vesicles in preqanglionic

nerve endinas during resting conditio

e

| «<TABLE‘XI11_"

f .

ns and after stimﬁiation at 60/sq§.

\ N
- ‘r o
{ ) ]
» - '
Number of Dark-Core Vesicles per u?
Experiménta]'tondition Total “Sngptic’ . Non—syhahtic |
a. Restina controls 5.5 + 0.54 2.65+0.77  5.90 + 0.6
b. -4 min stimulation 3.5 £ 0.50*  1.95£%0.72  3.75 + 0.59%
c. 4 'min stimulation gv S C - , .
‘ + 2 min rest .3+ 0.53* 2.20 + 0.83. " 3.50 # 0.56*
.d.: 4 min stimulation ' o R -
.+ 20 min rest 4.65 + 0.61 3.03 ¢ 0f83 4.80 + 0.63
/Y Within a zone of 2000 A from the synaptic cleft.
The values represent mean t'SlE..of 40 nerve endings taken'from 5to 7 _

gaﬁqlia‘in eagh case. <f ‘

13

o p < 0.05 as compared to the values obtained in resting control ganglia.
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. ng. 22. Influence of preganglionic stimulation gt 60/sec an the

: : . . : -«
. number of dark-core vesicles in different regions of nerve endings.

e S . i . .
40 | —
_ -
120 | )
A
DO‘ e 'ﬁ'>;> oA
s | S
.S_ 80,. 0 ~T 8\
E 66" a&,
o . (e
40|
-~ , * @ l.
’ 204 - . o
AW S INS Ach| S INS Ach| S NS . -
) EY - l e _
L 4min $ 60ec 4min$ 60/sec . 4min $ 60kec.

+ 2minrest. + 20 minrest

X

The values are mean * S.E. oft40‘nerve'ehdfnqs representing
5 to 7 ganglia in each case.

S represents the number of dark-core ves1c1es in synaptic zone.

a

NS represents the number of dark-core ves1c1es in non- synapt1c area.

* p < 0.05 as compared to the va]ues obta1ned in unst1mu1ated rest1ng

ganq]ia v !
t p < 0. 05 as compared to the values obta1ned in ganql1a stlmulated for

-

4 min at 60/sec



. &lter the nunber‘of agranular vesicles also have similar effects on

~ , _ ‘ : -

#

s

4.3

- . . ) A\ ) . ,‘ o
. \ - :

e ’ v . - . ’ - \ N
ing dark-core vesicles in relation to aaranular vesicles are presented

in-Table XIV. It can be seen that)the exoartmental.dﬁnditjonsiwhjch"

3 s

dark-core vesicles. C -
o

4. Inf]uence‘ofggreqanolionic stimulation at;20/sec,'in absence or\;

presence of HC-3 (2 mg/Ka), on the ;Zpu1ation of dark-core vesicles

v 4

The u]trastructural chanoes in dark-core veSic]es .were also

eva]uated in the nerve term1na1s st1mu1ateﬁ @t 20/sec both in: absence

or Dresence of/hc 3 (Tab]e XV) when ganaglia were st1mu1ated for 5'%1nj

at 20/sec untreated or pretreqtéd wrth HC-3, no s1onkf1cant change in
dark&core vesicles (Fig. 23) was seen in any of the areas measured It

is noteworthy that after 5 min st%pu]at1on ganq]1a pretreated w1th HC-3

'had Jlost.about 50% of the ACh content

€ Stimulation for 30'm1n, in the absence of presence of HC-3,pro-
0) N - . B

duced a significant depletion in dark-core vesicles (Fio. 24). In the

latter situation, this corresoonded to a depletion in ACh content. It

s noteworthy that statistically sianificant depletion occurred:only in

non—synaptic reqion ' A]thouqh there was also a 59% dep]etion in the syn—

_apt1c dark -core ves1c1es (Fiq 24) these chanqes were not statistica]ly

-~

s1an1f1cant The data*suuqest that similar to aqranu1ar vesicles the

'dark -core vesic]es physically move from non- synapt1c reqion to rep]ace

those lost during preqang11on1c st1mu1at1on

»

The data comparinq chanoes in dark-core and aoranu]ar vesitc‘les,

92

¥

R

4

Y

when subjected to st1mu1at1on qu HC-3,. are oresented in Tab]e XVI. jThe_tv~

5,
results demonstrate that both stthu]ation and HC-3 produce-similar effects

-on the dens1ty of aqranu1ar and dark -core vesicles in the pregangl1onic

. -, - . P

nerve term1nais o . <.
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TABLE XIV - (

Effect of oreaanq1ionic'stiq?]atioh at 60/sec on the density

ol pf aqranu]ar and dark -core ves1c]esi1n the preqano]1op1c nerve endings-

of superlor cerv1ca1 sympatheb1c qanq11a of the cat. Ny
. ; X : -
. , ,
. /
> n .
i . . 1 ' e 4 ]
e N . . / ,
| . . S
Number of Vesicles per u?
of'Nerveonding‘
- o oo ‘ T Ty
. Experimental Conditions Agranular Dark-Core )
. a. Rest1no controls 181+ 6.5 | 5.5+ 0.54 ©
. ) . . / “ Y . . . B
b. Stimulation for 4 min 75 = 4.6*~ 3.5-% 0.50*
c. Stimulation for 4 min U T JIVERN
© + 2 min rest » 94 + 6.2* ) 3.3 £ 0.53*
d:" Stimulation for 4 min ' - ‘ L
-+ 20 min rest : : 125 +12.3° . 465+ 0.61 .
' The values are mean + S E -of 40 nerve, endinas. r%present1nq 5 io 7. '\>
o < N , L

; 'ganol1a in each case. - e S V.“’l
*p < 0.05 as compared to the values obta1ned in rest1ng contro] qanq11a
S »
tp< 065 as compared to the va]ues obtamed 1n @a stTmu]ated for

4 min at 60/sec . R _ o R .‘;1 I S
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- TABLE XV
« The effect% of preqanglion1c st1mu4a¥1on at 20/sec ‘and hemi-

8
ch011n1um no. '3 (2 mq/Kq) on the number and d1str1but1on of dark- core

vesicles in preganglionic ezrve endinags of- sympathet1c ganglia.
‘ . Q\\ ; »

~

'

Number of Dark-Core Vesicles per p?

-

& : — o . ' :
Experimertal Conditions . _Total .___Synaptic! Non-synaptic
a. Resting controls - 5.5 ¢ O;Sh 2.65 + 0.77 5.90 + 0:6
b. 5 min stimulation . 6.45 +0.77 3.2 £1.00 6.75 £ 0.8

. HC-3 and 5 minrest  4.55 % 0.42  3.53:0.68 4.70 + 0.44
d. 5 min‘stimu1ation | - §v ' ‘T.v o o
-+ HC-3, : 6.76 + 0.78 . 4.18 :+ 0.96 7.00 + 0.80
~ P : o ; RO .
e. 30 min’stimu}ation 3.10 £ 0.39% © 2.18 + 086  :3.20 + 0.42%
f. HC-3 and rest for L - S ‘ B .
35 min ~ 0T, 4.500:0.49-.) 3.90 #1.00  4.58 + 0.53
g. 30_m1n stimulation E%g_ f’ L . D o T4
+ HC-3 JF 72167+ 0.40% 1.08 + 0.49 2.15 + 0.39%

' Within a zone of 2000 A from the. synapt1c cleft.

“~

B P e

The'va1ues represent mean + S.E. of 50 nerve endﬁnqs taken from 5 to

«

7 ganglia in each.case. ‘ L 1‘: S

" :

: . J ' L L : . %
* p < 0.05 5§,compared to the va]ues‘obtgjned.inAreStjng control gangliat

a "

i
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Fig. 23. Effect of HC-3 (2 mg/Kg) and stimulation at 20/sec on the _
denswty of dark core 'vesicles in different reo1ons of nerve endings.
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5.to 7:qanalia in éach case.- =~ o ‘ X £

S represents the number .of dark -core ves1c]es in synapt1c zone.
NS represents the number ofloark -core ves1c1es 1n non- synapt1c zone.

*p < 0. as as compared to the va]ues obtained 1n unst1mu1ated rest1nq

@

¢

_ aanq]1a , A
*tp <. 05 as compared to the‘valyes obta1ned in. qanq]1a stimulated for
5 mfn at 20/sec un absence of HC 3 ' : ST

Noar



Fiu) 24. Inflaence of preoanq]ignic‘stimu1ation at 20[sec and “hemichol -

>

1n1um no. 3 (2 ma/Kq) on ;he dlstr1but1on of" dark -core vesicles 1n d1ff-'

erent reaions of ner1e<end1nqs

- P A‘ ’ ’
~ W ” .?
7 I@r :
5 0L a . Y
() S
. 7_4’ s
v IZ_O- .%4
4
B @
-§Im.. AT“
..c_ L
S
i ‘> g0l {‘
e b
P N
20!
. . ’ /‘—-'. h
. AN S INS|* - S S
+ 0 PHminrest 30min$ 20/sec  30min § 20/sec.

-_'HC43 2ng/kg | o - HC-3 2mg/kg -

The values are mean + S.E. of'40 nerve endﬁngs representing 5
to ? ganglia in each case. ’ - ' ”/( :
S represents dark-core vesicles in synaptic zone.

A

‘.\

NS represents dark- -core vesicles in non- synaprc zone.

* p < 0.05 as compared, to the values obtained %ﬁ/unst1mu1ated resting -
contro] qanq]ia. . .

+p<0.05 as compared to’ tée‘values obta1ned in qanqlla resting fo*
- 35 min pretreated with HC-3. - .
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- TABLE XVI
W . !.' | . .
Effects of preqanqlionic stimulation at 20/séc and hemitho]-

’

1n1um no. .3 on the dens1ty of aqranu]ar and dark- core vesicles in.the

preqanq110n1c nerve end1nqs of sunerior cerv1ca1 sympathet1c qanq11a of (\
. W» ., ' v ) ] ) : e
. the cat. | . _ : T . //J

y .

‘\l ‘ Lo N
S * Number of Vesicles per n?.
'~5 L - } ’ of Nerve Ending Area
Experimental Conditions Aaranular _Dark-Core .
‘/"i‘ N . . . | . .
a.. Resting controls @ = 141+ 6.5 . 5.50+0.54
b 5min'stimlation _© ¥ 141 £10.6 6.5+ 8.7
C. HCA3‘ang-5 min rest = b'. 1361; 8.9 4.55+0.42
" d. 5 min stimu1ati n and HC-3 © 18 9.2 6.76:0.78
e. 30 min s\t‘lmu] tlon - 107+ 7.8* _ 3.10£0.39% °
e He3 s rWor 35 min - v- 150 % 9.8 4.50.+0.49
qa. - 30 min st1mu1at10n and HC-3 65 =+ T *

5.9% 2:16

0.40*

[4

_ The va]ues are mean *+ S. E of 40 nerve end1nqs represen ing 5
qanq]ia in each case. E o o ' | o
e p < 0.05 as compared to the va]ues obtained 1n resting control qanq11a. o
+ p < 0. 05 as compared to the val obtn1ned in rest1nq qanq11a exposed‘

to HC-3 for 35\m~i,n -

p
R



DISCUSSION

A. ACh Turnover DurianActiv{E;fin=Supefior Cervical Ganq]ion

Preaanq]1on1c st1mu]a Ien under phys1o]oq1ca] eond1t1ons =
causes .1ittle or no chanae in uanu]1on1c ACh content (Birks and Mac-
Intosh 1961). However there is a- br1sk turnover of ACh in such ganq-

_ 11a (as shown by these workers in ganalia stimulated.at 20/sec) and
' they.release ahout 8 - 10%“of their resting con%ent every minute. ObF
'vidus]y under thesé circumstancey, ihe rate of ACh discharge matches
?&tﬁe eete of ACh eynthesfs. Rosenblueth ez al. (1939) have previeusly .

tent of qahalfﬁvfirst ecreases and then 1ncreases dur1nq pro]onqed pre-

reported (based onsi;ile experihental observations) that: the ACh con- =
0angl102;c st1mu]at1on at 60/sec thle preqangl1on£c st1mu]at1op at
60/sec 1s arossly. unphys1o1oq1ca1 the regi]ts obtained by thesé workers -
'/\were of suff1c1ent 1nterest to wgrrant further research. Our f1nd1nqs
represent a much more detailed study of these phenonena and exp]a1n§§
many aspects of storaqe, synthes1s and re]ease of ACh in the super1or
cerv1E§T~uanq]1on ‘ : | A ‘ _ |
- <:>> That preganq]ionie stimulation at 60/sec canAfeduce ACh con-
fe t-of qang]ia was-confirmes.- Our data‘shqgest.that qanalia re]eese‘

- more than 30% of their ACh cbntent‘within 2 min uhen stimﬁlated at tﬁis'
, freauency, since some of the ACh liberated durina th1s perlod of st1mu]—
ation must have been replaced by resynthests; The data obtained by ‘
| QErks ang_MacI;iosh (1961) suqqe§t that moreLACh can be re]eased durlng

‘ the first 5 min of st1mu]at1on at 64Isec ‘than at 16/sec; thereafter,

however, the rate of ACh feleese declines such that“durine ]ater periods l s

t-. : . .__:v %8



‘ rate for at least 10 min after the/ces

‘period. | /

.

of'stimu1ation the ACh 1iberated per hin is the same at both\freqoencies ‘
of stimu]ation Since we have shown that during continuous stimu]atfoﬁ
at 60/sec the qano11a recover their ACh stores lost durlnn the 1n1t1a1

period of st1mu1atlon, 1t is ev1dent that the arrival of 1mpu]ses at the
nerve end1nos, besides tr1gger1nq the release of ACh, also st1mu]ates _t

its synthesis. 'Evidently the accelerated rate of ACh synthesis at 60/

-sec .is probab;% not enouqh to replace the hxoh 1n1t1a] output of ACh

i)

At lower frequency of st1mu1at1on however, the ratﬁgbf ACh synthes1s
can be 1ncreased sufficiently to rep]aceithe more modestgamount of ACh
released dur1no the‘br1ef oer1od of st1mu]at1on. The aoove diftereﬁces-;‘
may exp]a1n why we were unabge to demonstrate a reduct1on 1n the ACh .
content of qano]1a st1mu1ated for 2 min and 8 min at 20/sec.

MacIntos? (1963) suqqested that there may be a de]ay in the

" onset of maximal rate of ACh synthes1s up6n nerve st1mu1at1on. In th1s

connection he reported that st1mu1at10n at 20/sec for & m1n decreased
]

the ACh content of ganglia by about 13% However, 1f there is-a s1gn1-

f1cant de]ay in the onset of acce]erated ACh synthes1s 1nduced by nerve

~stimulation ‘the time lag must be less ‘than 2 min because we were unable

to. demonstrate a decrease in ACh content when ganglia were stlmulated

;at 20/sec for 2 min. Evidently 1n th1s case the amount of ACh 11berated )

could be comoletely rep]aced by resynthesis by the end of the stlmulus

¢
The synthes1s of ACh apnears to continue at an accelerated

-

t1on of nerve stimulation. The

{

.

3

amount.(aooroximately 90 nq) of ACh ost during the pregggg,aun”t st1m— ,

ulation at 60/sec for 4 min was restored within 2 min during the subse~

-
o



quent rest period; but the ACh 1eve]s cont1nued to r1se and reached max;
imal levels of 130% of control after 10 min of rest Dur1no the :n1t1a
2 min of rest these qanq11a synthes1zed at Tleast 45 nq/m1n this rate
s cons1derab1y hiaher than 29 na/m1n observed by B]rks and MacIntosh
(1961) in plasma perfused qano11a stimulated at 20/sec. It 1s concenv-

—-able that the actual rate of ' synthes1s in plasma perfused qanqlwa,_jzj

st1mu]ated;§t 20/seg, may have been h1qher than measured by~ ,‘ese work-

' ers. Some of the deficite may be due to an 1ncomp1ete recovery of ACh ;
because some of the synthes1zed ACh may have passed 1nto adJacent ce]]-
ular structures and failed to enter the perfus1on stream Our findings
also emphasmze the necessity fof the rapad remova] of nerve tissue and .
the 1mmed1ate 1nact1vat1on of choline acety]transferase when study1ng
t1ssue ]eve]s of 'ACh. | |

| Our results are 1n qeneral agreement with the proposals of
Potter et ai. (1968) who have suquested that ACh synthes1s is requ]ated
by mass action laws. Accord1nq to this view the synthesis of nonna]
amounts of ACh depend upon the equ111br1um position of the enzyme chol-
‘ine acety]transferase with all four substrates, that is, choline, ac--"
vety]coenzyme A, ACh-and coenzyme A. For example, st1mu1at1on at- 60/

sec reduced the ACh content and somewhat later increased the qang11on1c
choline 1eve]s; both of these events wou]d favour a’marked~increase in .

" the rate of ACh synthesis S1m11ar]y such changes in the. concentrat1on-'
| of choline and ACh may a]so exp1a1n the rap1d restoratlon in the ACh.
content dur.ng 1n;t1a1 rest1nq per1od and the sustained rebo nd 1"f

crease in the ACh levels observed after 10 and- 20 m1n of rest ~The

ma1n dr1v1nq force for the restorat1on of the ACh stores cou]d be due




to a fall in the concentraf1nn of ACh in the v1c1n1ty of cho]1ne acetyl-
transferase, and the accum)]at1on of extra amounts of ACh may be ]arge]y
the results of excessive uptake of choline. -The sustained rebound in-
- creaseomay be expfained‘if one‘assumes that'theAstoraqe capacityqof
ACh undezbthese conditions, is also increased Stud1es on.minced ratb
‘brain 1nd1cate that the level of bound ACh is s1qn1f1cant1y 1ncreased
in the presence of excess of cho]1ne content in the 1ncubatton med1um
| ‘(Bha@haqer and MacIntosh 1967)

| A comb1nation of many other factors may.be responsib]e for
maintaining the levels of ACh stores. For- example, the concentration
of sodium, an ion whose intracellular concentration increases with nerve
- depolarization, may requ]ate the activity of cho11ne acety]transferase
and thus the levels of ACh In vttro stud1es indicate that sod1um ion
‘concentration can stimulate the activity of the enzyme (McCaman and Hunt,
965) ‘Birks (1963) has suoqested that increased sodium ion cbncentra-

jon, fo]lowinq nerve stimulat1on may promote the transport of meta—-

‘bolic substrates to the enzyme involved in ACh format1on However,
litt]e.is syown about the relative abundance or rate.]imiting concentra-
tions of acetylcoA or choline availab]e for ACh‘synthesisfin vivo. |
Product feedback inhibition ‘may regulate the ACh levels has also been
vsuqqestéa»(Ka1ta and Go]dberq, 1969) - To support such a hypothes1s,' :

vKaita and Goldberg have assumed that cho]1neacety15ransferase enzyme is
bound within the vesicles, where ACh is synthesized and stored However,
evidence indicates that this enzyme may be localized in the cytoplasm
rather than being bound within synaptic vesic]es (Fonnum 19621»

: Potter et al., 1968)

-
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In order to explain the COnstancy of gqanglionic content of
v ACh under most c1rcumstances Maclntosh (1963) concluded that the a-
. mount of ACh in sympathetic ganglion is determ1ned not merely by the

balance between the processes favour1nq synthe51s and the processes =

favourlng release, but pr1mar1ly by the number of si- 2~ ailable for

the b1nd1no of ACh Acco‘d1nq to th1$ proposal when the b1nd1nq s1tes _

are saturated the excéSs of ACh foFmEd is 1nned1ately destroyed by 1n-z'M )
tracellular chol1nesterase. Althouqh most of our f1nd1nqs are in aaree— <l’
ment w1th this proposal tbe hypothes1s cannot expla1n the rebound in-

crease in ACh content which was observed in absence of ant1chol1nester-

v ase drug. Our results suggest that e1ther addttional b1nd1ng s1tes~£an

'~be rapidly formed or that the existing storage capac1ty is not normally

| saturable MechanISms apparently do ex1st to ma1nta1n ACh at relat1vely
constant leuels under normal cond1t1ons .and to place a ce1l1nq on the

content of ACh which can accumulate in the nerve tissue.

% .
‘B. Read1ly Releasable Fract1on of ACh in Superior Cerv1cal Sympathet1c

Gangl1a of Cat .

Birts and MacIntosh (l961)ihave proposed that a small fraction
- of the ACh stores in a ganglion may be present in the form which can

_be 1nnnaj1ately released by nerve 1mpulses Our results are con51stent |
‘w1th this concept of a readlly releasable pool and prov1des further ln-‘
formatlon on the amount of ACh wh1ch is read1ly ava1lable for l1bera- .

tlon.

—_—

The ability Ofistimulation at.60/sec to decrease the ACh
content by,30%ﬁcan,be.interpretéd to mean that more than,one-third of -
_ | &‘\‘v
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tota1 ACh

y 1n 2. min for one must assume that some of the ACh 11berated‘dur1nq th1s
- stimu]at1on period was rep]aced by resynthes1s ~ This compares w1th'bf
much lower est1mate of 50 ng to be present in'this pooV suqqested~by
‘ Blrks ‘and MacIntosh (1961) However, in order to make an accurate es—
tlmate of the. size of h1s pool on the bas1s of a reduction in the- Adb
’content one would hav to know not on]y the amount of preformed ACh
whlch was mobrlized into a re]easab]e form, but also the quant1ty of
the recently svnthes1zed ACh retained by the qanq11on dur1nq the 2 min
period of stimulat1on. : ' ' v ;?Qﬁ;

9- When HC-3 (1 mq/Kg) was used to prevent ACh synthesxs, the
t1me course stud1es of this dose of HC- 3 in stimulated (20/sec) gang]1a

revealed that about 50% of ACh-may be in the readily releasable form

and the rest is only s]owly converted 1nto the re]easable fract1on

A]thouqh 1 mq/Kq HC 3 appeared to have blocked the- ACh synthesis, there

was a de]ay of about 5 min before any inhibition was obv1ous Nhen

the dose of HC 3 was increased to 2 mq/Kq, the druq appeared to block .

the ACh synthes1s 1mmeidate1y and a reduction of 50% in: ACh was observed

a
with1n the first 5 min. Increasina theﬁi;;@ of HC 3 to 4 mo/Kq d1d not .
.produce any greater dep]et1on in ACh co tent dur1nq the fnrst 5 min.

f\;\.' If one assumec *hat ‘ACh synthesis is v1rtua]]y prevented dur-

ing the 30 min period of stimulation (1n the presence of 2 mg/Kg HC- 3),
_1t then appéars that about 50% of the tota1 ACh stores can be rapidly -

nmb1]1zed for release whereas the rema1nder is only slowly converted/r\
Vg
to a re]easable form. The est1mate of 50% aqrees w1th our pred1ct10ns _

_-based,onvthe ability of preqano]1on1c st1mu1at1on at 60/sec to reduce,
\‘ .. .

e

T
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"'ganglionic ACh by 30% within 2 min.

P . C TN
/ o : e

C. Choline Metabolism (

1
e VN

| Anple evidence is now availab]e to indicate that the ganglion
needs\F supply’ of extracellu]ar cho11ne for the ma1ntenance of its ACh
stores and output during pro]onqed act1v1ty‘(Brown and Feldberg, 1936;
B1rks and MaclIntosh, ]961). S1m11ar]y, 1abe111ng experImentS’have |
shown that some of this choline can be 1ncorporated into ACh (Fr1esen
et al., 1965; Potter, 1968 Co]11er and Lang, 1§g9) The experiments
of Collier and MacIntosh (1969) have demonstrated that preqanq11on1c
st1mu]at1on 1ncreases the uptake of rad1oact1ve cho]1né from the perfu-'
sion f1u1d and -its incorporation ¥oto ACh.. Our results (F1g 1 and 2)
provide similar conc]u51ghs that preganq]1on1c st1mu]atlon can transi-
ently 1ncrease the ganglionic coftent of chol1ne The ev1dence ob-
ta1ned by Friesen et al. (1967) suggests that Tess' than one-third of
the total cho]1ne content of qanq11a resides in the presynapt1c nerve
terminals. Therefore while the 1ncreases (25 - 30%lsdﬁ ch011ne leve]s
~ observed in the present 1nvest1qation ‘were sma]l they may represent
larae chanqes in choline concentrat1on in the preganglionic nerve end-
| <1nqs prov1ded that this is the site of choline accumu]at1on In this
-connect1on we have demonstrated that HC-3 1§_capable of prevent1ng ‘not

only the recovery of ACh stores, but also the subsequent 1ncreases in

}both ACh and cho]1ne levels induced by 4 min stimu]at1on and 10 min of

~ rest (Fig. 3). hese latter results are in accord with the ‘hypothesis

> that HC-3 iphfbits ACh syn}hes1s by blocking the transport of extra-

“eelfular chol1ne to the sites of acetylation: (Maclntosh et al., 1958).

—,



The fast recovery of ACh and the temporary increase in cho]1ne

content after 4 m1n of st1mu1at1on at 60/sec fo]loued bv. 10 min of rest

. (F1q 2) demonstrates that the preganql1on1c nerve end1nqs may eff1c1ent—~

1y capture the extrace]]u]ar chollne and concentrate w1th1n the’ nerve
term1na]s However this accumu]at1on of extra cho]1ne was on]y tran- -
“sient and the excess is either qulck]y removed or ut111zed for- ACh syn-

thesis. Although Potter's (1968) f1nd1nqs also sugqest that the 1solﬂ

N

ated nerve endinas from brain can concentrate choline from the surroun-
"d1ng medium, our data does not provide\EVidence that the accumulation
of choline is aqa1nst the e]ectrochemlcal qrad1ent. The results,‘how¥
'_ ever suqqest that the choline transport system which subserves ACh
synthesis may be unlque and more sensitive to HC-3 inhibition than the
dqenera] cho]1ne transport system wh1ch subserves phosphol1p1d synthes1s.
Other lines of evidence tend to support the above hypothesis. For
: example doses of HC- 3 wh1ch 1mpa1r ACh synthes1s do not reduce the in-
corporat1on of cho]1ne into phospho@1p1ds\or their pre:ursers (Co]11er
and Lanq, 1969; Gomez et al., 1970). In addition a number of stud}es
(Mart1n 1968, Chanq'and Lee, 1970- Cooke and Robinson 1971)‘snow
that b]ockade of chol1ne transport in other t1ssues general]y requ1re
5 to 20 times more HC- 3 than the concentrat1on which can. effectlve]y

dep]ete ACh in sympathet1c qanolla (B1rks and MacIntosh 1961- Matt-
*. hews, 1966)
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D. Mode of Action of Hemicholinijum No. 3 to Prevent Synthesis of

Acetylcholine in Sympathetic Ganglia of the Cat

The act]on of HC 3 to inhibit the ACh synthe51s has ‘been
attr1buted to a compet1t1ve 1nh1b1t1on of cho]1ne transport acros

the cell membrane (B1rks and MacIntosh 1961 Hodgk1n and Mart1n 1965;

- Marshbanks, 1968 Collier and MacIntosh 1969; D1amond and Ml]fay,

1972). In<$his nnect1dn we have demonstrated that HC.B/ns capab]e of

<preventino not only the recovery of ACn stores, but also the subsequent
increase in both ACh and choline 1evelsvinduced'by 4 min stimulation

at 60/sec followed by ]D‘mfn of rest period. . o .

During the course of our inVestigation‘on the effects of HC-3 .

:(] mg/Kg)_on gang]jonic ACh content it was found that.while the onset
and maqnitude of transmission-fai]ure-nere related'to the frequencjc
of stimulation (Fig. 5), these eftects could not be correlated with
- the percent reduct1on in ACh’stores (F1q 7). Gano]1a st1mu1ated for
- 20 min at 2 and 5/sec lost approxImately 40% of their ACh content but
'the contract11e response  of n1ct1tat1nq membrane Wo 3 not apprec1ab1y J
'.a]tered;, In contrast, eVJdence of marked.transm1ss1on failure was
evident by'the end of 30 min'in'qanq]ia,stimu]ated at 10 or 20]sec; .
in spite}of the fact that the depTetion 502 of ACh, .was comparableto
that seen in oanq11a stimulated at 2 and 5 pu]ses per sec. The above
 results can perhaps be best exp1a1ned in terms of the quant1ty of ACh

in the read11y_re1easab1e poo].l It can be argued that at low frequency

" of stimulation there was sufficient ACh in the readi]y releasable form

106

) to mafntain transmission whereas, in ganq]ia'stimqlated at 10‘or 20/sec,.

:) the onset and progressive decline in the membranefrespOnse.was'due»to'

. 4%; .

»



unre]iab]e index of the 1nh1b1t1nq ffect of HC-3 on ACh synthes1sgjru

o

L
v

a gradual decrease in the quantity of ACh ava11ab1e for nnnedlate re-

\

1ease The data also squest that n1ct1tat1nq membrane response is: an

The time-course effects of HC- 3 (1 mg/Kg) on ACh content ot

ganqlia,-stimwlated at 20/sec, suqgests that there is a delay of aLout
5 min in the onset of action of this drug (F1g 7). 4 At a dose of 2 mg/
Kq HC 3 the most rapdd decline of 50% in ACh stores occurred within
the first 5 min (Figq. 8) and thereafter the AChﬂcontent decreased more‘
slowly. These f1ndinqs suggest that 2 mg}Kg dose of HC-3 is‘an:opttmal
dose and is“caoable of innmdiate]y-b1oeking ACh synthesis comp1ete1y pro-
vided that the drug 1s administered~prior'to thevonset of preoanglionic
stimulation. The data also suggest that about 50% of the qang]ion1c ACh -
stores can be readi]y mob1112ed for release and® the rest is on]y s]ow]v
avai]ab]e for release. ‘ _ ‘

\a A eomparison of’above\results;'in presence -of 2 mg/Kg HC;3,

with those_obtained.in"plasma perfused'ganglia”(in absence-of HC-

by Birks and MacIntosh (1961) revealed ‘that the initial minute (53 ng)-
and vol]eyvoutputs (44 uuq) Ofdganglia exposed to HC-3 are greater

than-that.observed in olasma perfused ganolia.. One can conc}ude,from

N

‘these results that HC-3 may increase the initial volley output of ACh

or alternat1Ve1y,hthe 1n3tia1 vo1leonutout of blood perfused aanglia

.' may be somewhat ureater,than that which can be. ach1eved in p]asma per-

fused ganql ia. However the data obta1ned w1th 4 mg/Kq HC-3 (Tab]e V)

‘i,contradiets the hypothesis that HC-3 can 1ncrease_the'1n1tia1 reP@ase‘

in ACh. - )
j AT \,5
; The failure of the 4 mg/Kg~dose of HC 3 to. produce the same

or greater dep]etion df ACh stores than that obtained with 2 mg/Kg dose

[
[
%
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is difficult to exp]ain It was thought that HC-3 by block%no’the up-

‘take of choline by tissue or perhaps by b]ock1nq its rena éxcret1on,

may drastically raise p1asma choline concentrations Th\ 41ncrease in

Sl

plasma concentrat1ons may in turn antaqon1ze the effects gt “HC- 3

While a, 4 mg/Kg dose does increase p]asma cho]1ne ]eve]s by 50% (Tab]e “
.VII§5 th1s increment is probably too sma11 to exenk/a,s1gn1f1c t
antaoon1st1c effect B1rks and MacIntosh (1961) have shown that about
1000 1 mo]ar ratio of cho11ne HC 3 1s requ1red to comp]ete]y antaqoﬁ?ze
’the‘effeot of‘HC-3 in sympathet1c gang11a._ MacIntosh (1963) repbrted

that majﬁr'pelvic and abdomina] surgery or cortisone administration re- v‘
'duced plasma choline levels. In th1s regard our data has demonstrated '
that surg1ca1 procedures involved in exposing: qanq11a do not const1tute

a sufficient stress to s1qn1f1cant1y lower the concentration of p]asma
.cho]ine; ‘4 | | o
| Another poss1b1]1ty is that the 1arqe doses o; HC-3 may d1r-
ectlv 1mpa1r ACh release (Hart and Long, 1965 Chiang and Leaders, 1967)
-vthereby decreas1nq the need for ACh gynthesis wh1ch in turn would tend

| to’ nu]]ifﬁxthe ACh dep]et1nq act1on of .the druq However the data ob- "
tained by Matthews (1966) does not prov1de any ev1dence that HC - 3 de-
Acreases ACh release from symoathet1c qano11a, even when 1arge concentra-
~ tions of the druq are used. | |

Resu]ts of our 1nvest1gat1on§ on cho]1nel§ontent (Tab]e VII)

suqqest that HC-3 is capable of depletinq the ACh content. of ganglia

omr

,w1thout decreas1nq the choline 1evels 1n most cases. The data “eads
to the conc1u51on that HC-3 not on]y b]ocks the uptake of choline
(geared to ACh synthes1s) from'extracellular f]ﬂ%d but may a]so 1nh1bit'

the uti1ization*of‘choline Withinrthe'nerve termjnals.,‘Studies‘by ' , i



. ‘findings indicate that acety1ated HC- 3 may. aty as a fa]se transmitter: \

~ g .
. ' v - H . .
Friesen et al. (1967) suggest the preaangTionic nerve endings giay con-
‘ i /\ " . - .;) : ,-..7/—\ ) lf: "_‘ +
tain 60 to 80 ng‘af choline; this represents_dbout 1/3 of. the total, °

-

..chol1netcontent of] qanqlion Therefore, if HC- 3 only blocked the. up—
take of cho11ne pre\yﬁapt ally, one would expect a rao1d 33% reduct1on
of cho]1ne pr1or to th:_oiEEt of ACh deplet1on /ﬁlternatfve]y, perhaps
" most of the choline /tored in the presynapt1c nerve terminals is not
,norma11y available ior ACh synthes1s

5mp1e evidence is ava11abﬂe wh1ch suggests that- HC-Q«can be’
taken up 1nto ch011nerq1c nerve terminals (Se111nqer et al 1969

Cs1111k et

s 1970; S]ater and Ston1er, 1971 Co111er, 1973) .and may // |
have an act1o at an 1ntrace11u1ar s1te .The efféct of HC-3 in de- |

| press1nq ACh turnover in perfused qanq]1a wears off on]y very s]owly

and requ1res much 1arger amounts of choline (molar rat1o of choline: HC-3

, —t1000 :1) in the perfus1on f]u1d to antadon1ze the effects: of HC 3 (B1rks =

- and MacIntosh 1961 MacIntosh 1963) If HC 3 were act1nq only on the |

outside. of presynaptlc membrane to block ch011ne transport we wou]d ?\

expect its effect to be - rapadty’revers1b]e That HC-3 can bé’acety1ated -

in vttro by ch011ne acety1transferase . has . been suqqested receht1y

( .
(Rodriguez de Lores Arna1z et ul.; 1970,,Hemsworth 1971) - These o

3

»However more recent work of Co]11er (1973) 1nd1cates that no uth

o acetylated HC-3 is released AR

pathet1c qanq11a dur1nq preeg

_st1mu1at1on It s evident that HC- can be accumuTated by thefnervous?

/

| tissue (Se]]inqer et aZ » 1969;- Rod quez de Lores Arna1z et al., 19703

Co]11er, ]973) but whether or not_'

. rema1ns to be determ1ned “4;\“ 7 EE S

has ‘any’ 1ntrace11u1ar action st1]1';_*

Our resu]tz/;uqqest that HC 3 may compete w1th cho11ne for



'suggested by MacIntosh (1963), but also within the nerve terminals.

110

transport to. the acetylation Sizi’not on?& on the surface membrane,

_ ForFEiéﬁp1e, if ACh is synthesized within the‘agranular'Vesicles, HC-3

Y

may'compete with choline at thevvesicle‘membrane site. Collier (1973) -

' haszsuggé§t5d3that ACh may be synthesized within the cytoplasm and then

‘transported to the vesicles for storage and release. He further

suggested'that HC-3\may compete with Ehe trensport ot}this Cytop1aSMic"
ACh to ‘the synapt1c ves1c1es This mey be true in the 1fqht of the evi- ‘/
.dence. wh1gh 1ng:cates a ¢, o ashic oca11zat1on_o;'cho]1ne acety]trans-_
ferase enzyme (Fonnum, 1907 Potter et al., 1968). However, no d1reet"
ev1dence is ava11ab1e which can support such a hypothesis. A]so it is~.

d1ff1cu1t to env1sag= how the cytop]asm1c ACh 1s protected from hydro-

lys1s by acety]cho]1nesterases and how ACh subsequent]y qets 1nto the

.vesicles.

That HC-3 influences arter;al bload pressure; was a signifi- .'.
cant obsegyat1on While the 2 mq/Kg dose onl ‘causes a transfent.fa]]h"
(~40%), 4 mg/Kq HC 3 oroduces not on]y an 1mmed1ate decrease (~52%f;
but a]so a lonq 1ast1ng reduction (~32%) in the b]ood pressure 'Thef
probab111ty that s mg/Kq dose of HC-3 may produce a pers1stent b]ockade
of postsynaptic ACh receptors was e11m1nated. The arter1a1 1n3ecj}pﬁ*‘“/

of submexima] dose of ACh produced the same nictitatino‘membrane;res-

~N

‘ponse before and'after tr: "reatm nt with HC- 3 Further research wi]]

be required to determine e mech_nism of this action of HC-3.

- Parducz et aZ (19717‘have used HC 3 concentrat1ons as h1qh

- as 10 mn/Kq 1n the 1ntact cats. Our resu]ts ind1cate,that 2 mg/Ka is

an optimai dose”of HCf3 and a further increase in the HC-3 dose can.



-

, , B
produce a sustained reductlon in the blood pressure and may ser1ousTy -

,impa1r the blood perfusion of the t1ssue in 1ntact animals. Therefore,
one must sertously quest1on the vaTid1ty of the results obta1ned at

. doses above 2 ma/Ka.

\\

Ef 1. F-ranular Ves1c1es in Relation to the Storage and ReTease of ACh

in the Preganolion1c Nerve Tennina]s

The d1scovery that ACh is reTeased in d1screte quanta] pack-

‘{Jages (Fatt and Katz, 1952; De] Cast1TTo and Katz, 1954) and the subse-

quent findings that nerve end1nas-oonta1n numerous aqranular vesicles
A vE S N ‘

lead to the hypothesis that agranular vesic]es_are;jnvolved’in the stor-

age- and reTeasevof ACh  (De RobertiS‘and Bennett 1955; Robertson, 1956).

!
The ves1c1e hypothes1s thus 1mp11es that ‘the agranular ves1c1es conta1n

'mu1t1mo]eculan\\ouanta" of transmItter wh1ch is released 1n a]] or none!

fashion by a process of exocytos1s (Hubbard 1970- Smith, ]97]) '

s ’ Various ind1rect evidence support the above hynothes1s and

E suqqests that: ves1o{es may recycle Toca]]y 1n a manner which allows each -

’ .ves1c1e to packaoe and reTease quanta of transm1tter repeated]y (B1ttner:

and Kennedy,'3970 Heuser and Reese 1973)‘ CeccareT]1 et al. (1972)

“ have shown that the froq nerve-musc]e preparat1on ‘maintains 1ts popuTa—

tion of agranular ves1c1es even after 4 hours of st1mu1at1on at 2/sec

: When horse radish peroxIdase was added to. the med1um and the prepara_

tion was stimu]ated for 6 - 8 hrs, a large number of ves1c1es were found'

'to conta1n the. perox1dase These 1nvest1qators concTuded that thelr

' evidence was - con51stent with the concept that ves1c1es re]ease ACh by
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' exocytos1s and that~ the vesicles are reutilized. _
A number .of other attempts have been made to téstthe vesicle
hypothesis. Thus some authors have reported decreased number of syn-:
apt1c ves1c1es durlnq 1ncreaseg tr nsm1tter release (De Robertis and
Vaz -Ferre1ra 1957; Birks, 1971) uh{ie oﬁhers have not observed any
‘chanqe (B1rks, Hux%hy and Katz, ]9603 Green 1966). Increas1nq‘the
‘external potassium concentrat1on at the neuromuscu]ar Junction causes

J
-a decrease in the number of veslcles close to the presynapt1c membrane

(Hubbard and Kwanbunbum 1968) Hore recently Perri et ai (1972)
ave shown that pregangl onic nerve stlmulat1on of rat super10r cerv1ca1f
thql1a caust a decrease in number of ve51cles which is more pronounced
as the d1stance from the synapt1c Junct1on 1ncreases. _ ) |
Hem1chol1n1um no. 3, uhlch inhibits ACh synthesis has also
been used to test'the\vesicle hyoothesist E]mqu1st and Ouastel (1965)
st1mu1ated rat phren1c nerve dlaphraqm in nresence of 4 x 10“ H HC-3.
| They found that prolonqed activat1on (40 - 60 mln) using elther nerve {
st1mu1at10n or raISed potaSSIum ion concentrat1on causes a proqres51ve “
decrease of quantum size w1thou: ev1dence.of any effect on thé number -~
‘ of quanta re]eased Hhen these 1nvest1qators al]owed their preparat1ons
to rest after 1n1t1a1 rundoun of quanta, the size. of the quantum was
_ foUnd:to recover. | Anvexamfnation of their resu]ts indicate;that'the
- dose of 'HC-3 used by these 1nvesthators a5 not completely 1nh1b1t
| ACh synthe51s and may have nartlaliyalloued the ref11]1nq of ve51c1es
_‘ In add1t1on their data suqqest that ves1c]es may be caoable of releas-
-

/i;gq ACh even though they do not conta1n the1r norua] complement of .
> C

ansm1tter

.\ . -, P
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More recently Sacchi and Perri (]§73) have investigated these .
Dhenomena in iso]ated'rat sunerior cervical danq]ia. -They used HC-3

in a codcentration of 6 x 107 M and used a choline free bathing’ solu-
~tion. Uéon preuanq]1on1c st1mu1at1on at 10/sec there was a ran1d onset
lof transmission failure which’ became quite marked after 5 - 6 min of
Stjmulation.'.They c0nc1udedfthat:the tfansmission.failufe was due to
a decrease 1n number Pf.quanta with Tittle or no chande in quantum sizef

&

Their, results can be reconc1led with those of E]mqu1st and Ouastel if

13

A.one -assumes that they obta1ned immediate and comolete block of ACh s}hﬁ o

thes1s. As a consequencevnrev1ous1y_fllledgves1c]esvwere competing with
empty Vesic1es for re]ease:hesultihg_jn.a‘reductipn in;the number of
measurable quanta re]eased,,but po'Chanqe‘invthe quantum size. |
TheieVidence ureseﬁted thus far suaquts that the aoranu]ar
ves1c1es may be 1nvo]ved in storaae and re]ease of ACh but to our know~
ledae no attemot has been made to directly relate the ACh content Hlth
the’nuﬂber of aaranu]ar vesicles. In other words the actual ACh content
was not determ1ned by these wg;kers. cIn our nresent study we have
”attempted not only to corre]ate the u]trastructura] changes with the de-
plet1on.1n.ACh content but a]so ‘determined how'read11y revers1ble the
induced structural chanqes'are and’how this relates to tfie rates of re-
,covery of the Ath cdntent. In addition previous workers have used pro-
longed st1mu1at1on to cause a]teratlons 1n the ultrastructure whereas

“we have attempted to demonstrate,a'correlatlon between the ACh content

and the number of agranular vesicles after a very short period of stim-

. ‘ J
.u]at1\d\ _ o :

Before any phy51oloowca1 s1qn1f1cance is attached to our data,
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A
the.fo110wing assumptions must be made in the ]ight of%ibove'presented -
evidence. (1) Under most physiological conditions agranular ves%c]es
in the preganglionic nerve termina]stare repeatedly utilized after'r§;
leasing their transmitter ouanta b§ exocytosis. (2) To be morpholog- Mgﬂ”‘

1ca11y or funct1ona11y active, aqranu]ag ves1c1es do not have to con- £
- tain the1r full comp]ement of transm1tter (3) Vesicles norma]]y store
ACh on]y up to 60 - 70% of their total storaqe capac1ty *

| o {“ The .first two assumpt1ons are based on the evidence presented 7
above (B1ttner and Kennedy, 1970 Ceccarelli et al., 1972; E]mqu1st | (:‘\;;d _
and Quaste],.1965). The thirdrassumpE)Ln is based on~our'data_(Friesen

~and Khatter, 1971) which denonstrates a rebound increase in ACh confent
- of ganq]ia'after 20.min of rest foj]oWing 4 min of stimu]ation:athO/
sec. | o o

]

In our previous work we have demonstrated that preganglionic

vstimulation at 20/sec for 5 minhmaintains the ACh stores of qang1ia'at
contro1’1eve1 When compared with u]trastructuﬁe tbe popula~ on of
aqranu]ar vesicles were a]so found to be at contro] 1eve1 under these
conditions. Apparent]y at this frequency of st1mu1at1on, synthes1s of

ACh and reformat1on of ves1c1es can keep pace with re1ease during a

short per1od of st1mu1at1on When the st1mu1at10n\F§equency was 1n- g _
creased to 60/sec [wh1ch causes about a 39ﬁ decrease in ACh content /;
,(F1g 1)] a~s1qn1f1cant (39%) reduction in the density of agranular
'ves1c1es a]so occurred within 4 min (F1q 14) The d1scovery that

such a short per1od of stimu]ation can cause a s1qn1f1cant dep]etion

1n both ACh and the number of agranular vesic1es is stronq ev1dence - | (?v

in f%your of ‘the concept that.vesic1es are storage sites of’ACh. A
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‘pre]iminary,naoer onlthis aspect has a]ieedy been published (Friesen
and Khatter, 1971). More recent1y’Korne1{ussen et al. (1972) have
found a simi]er reductﬁon of 43% in aqrahu]ar’vesic]es in phrenic nerve
diaphragm preparation, stimu]ated at SO'hz for 5 min. In another ex- -
‘periment. these workers increqsed the stimulation frequencyAto 100 hz
and found that the reduction in’number'of vesic1es can be produced with-
‘ in 20 sec. These results aaree w1th our data, which demonstrate the
rap1d1tv with which these ves1c1es can be dep]eted 1f nerves are stim-
ulated at high frequency | a
At 60/sec st1mu]at1on for 4 min although the s1mu1taneous re-
’ duct1on of ACh and the dens1ty of aqranular ves1c]es stronq1y support”
the ves1c1e hypothesis, the two events may not be. d1rect]y re]ated |
. Since synthesis of ACh is qreat]y accelerated on st1mu1at1on at this
frequencv (Fig. 2), the rate of reformat1on of ves1c]es_may-not be com-
patable with this: new rate of ACh synthes1s - Alternatively some of the'
vesicles may be structura]]y damaqed due to the unohys1o1oq1ca11y high:
frequency of st1mu1at1on Thus under these cond1t1ons some vesicles may
store more ACh than others which have not- dep]eted the1r ACh contgnt

| The above view is further strenqthened if one cons1ders the
s1tuat1on ‘where qanglla recover their lost ACh within 2 min of rest
'(Fig. 2). Under these cond1t1ons-a1thouqh qanqlia recdvered their ACh
'content released r'gdurmq 4 min of st1mu1at1on at 60/sec, the number of
aaranu]ar ve51c1es were sti]] s1qn1ficant1y 1ower than contro]s (F1q 14).
Simi]ar]y when the rest1nq D/ﬁ10d was extended to 20 min “to cause a

- 30% rebound 1ncrease 1n ACh~ content the. ooou]at1on of the' ves1c1es re—

covered on]y to the normal 1eve1 and there was no 1ncrease in the1p
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Jnumber correspondlnd to the rebound increase 1n ACh. These data lead
| to two main conclusions. (]) There may be an 1ncompatab1l1ty between
the.rates of ACh synthesis and the reformation or reutilization of de-
pleted vestc1es under these unphysiological stimulatfon conditions.
(2) The aaranular vesicles do-not norma]]y store ACh to their full
‘ capac1ty and under these abnormal cond1t1ons may contain ACh up to their
.saturat1on level. Alternatively, the storaage capacity of agranu]ar
yeSicles is'sidnificantly increased under'these conditions; |

The reduction in the number of auranu]ar ves1c1es in ganglia
st1mu1ated at 20/sec forfgo min can a]so be exp]a1ned on the basis.of
the above hypothesis. Under these conditfons 1t wa5~found.that, al-
thouqh 'the ACh'contentduas'maintained at control ieve];_the\population
of agranular ves1c1es was reduced by 24% Perri et al. '(1972) found a
s1m11ar reduction (32%) of aqranu]ar ves1cles in rat super1or cerv1ca1 .
qanqlla wh1ch was st1mu]ated for 3.5 hrs at 0. S/sec fo]]owed by 30 m1n
st1mulat1on at 20/sec. The reduct1on in the number of- ves1c1es dur1nq
vth1s pro]onqed perlod of st1mu]at1on may have occurred due to the damaqe
of the vesicle membrane-structure‘after repeated utilization. Alterna--
| tively, there may.be an incompatability‘betweenfthe rate ot’ACh,synthe:is
\'andvthe recycling of vesic]es;' Whatever the reason may be, the data
‘suuqest'that'the\vesicles under these‘conditions store more than their
usual cbntent ‘of ACh. - |

The data obta1ned in qanql1a exposed to HC-3 also support the
' ebove hypothes1s. Hhen the an1mals were treated w1th 2 mg/Kq HC-3 5 L"
~ min prior to the stimulat1on (20/sec) athe qanql1a released their 50% S

of ACh’ stores with1n 5 mln. However the number of auranu]ar ves1c1es

under these conditions sti]] appeared to be at- control level (Fig 16)
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-As presented .in the previous section (qu. 8) this dose'of‘HC¥3‘fs
capable of comolete]y b1ock1nq ACh synthes1s immediately. We have-also‘d
demonstrated that in absence of HC 3, st1mu1at10n at 20/sec for 5 min -
ma1nta1ns‘the ves1c1e population at contro] Tevel (Fig. 16). These obf
sérvations suqaest that durinq.S_min of stimulation in presence‘of HC-3
H(2 mq/Kg)va.1arqe-number bf the vesicles may remainvcomp1ete]y embty‘
afterbreleasinq their-transmitter-content If these emoty ves1c1es are
st111 funct1ona1 and have the same nrobab111ty of exocytos1s, the number
of quanta released at any time w111 be qreat]y reduced.v.The observat1ons
" made by Sacchi,and Perri.(]973)‘in_rat ganglia support thfs view. These
wquers_demonstrated that'oreqanqlionfc stimulation df rat:qangiia in
presence of HC-3 or thiamine_deperation causes a reduction in number a
of quanta/re1eased,without causinq any chanqe in the size of individuaT'
quantum; The hypothesis.may a]sd expiain why the nictitatingvmembrane :
response'is qreat]y reduced under these conditiows (F1q 5)_ when the
qang]1a still conta1n about 50% of the1r normatl ACh content )
A.much laroer‘dep]et1on (54%) in the numbervo. aqranu]ar ves—r
icles was observed when the stjmu1ation'period was extended io 30-mint
fn'qandlia exposed to’HC-3 (Fiq 18) Under these conditions ganglia
also re]eased about 75% of the1r transm1tter stores It is noteworthy:
_that the deo]etion in the popu]at1on of vesicles in absence of HC-3 was
only of the order of 24% The extra -decrease in the number of vesicles
may be due to the fo110w1nq factors., (1) A non—spec1f1c action of HC-3
on the ve51c1e'membrane structune, (2) the reduction in.the avai1ab1e.-
choline for the formatlon of ves1c]e membrane structure in presence of

-~ HC-3. "The latter poss1b1l1ty is supported by the fact that on]y under

these cond1t1pns was a s1qn1f1cant reduct1on (28%) in cho]1ne content of

£
TN
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‘ganalia observed (Table VII). The data obtained by Pérducz and Fehér 8
(1970) also support this hypothesis. ‘These invest1qat9rs;observed that
wnen‘cat qang]ie were perfused with‘cho]ine-free Locke's so]ution_andi
stihu]ated af 20/sec, most of the aQranu]ar veéic]es in the nerve term-
inals were depieted. ‘Butvno such'dep]etion occurred when choline (10
ma/ml) was added in the perfusion fluid. The data obtained by Collier
and Lanq.(1969) indicate that HC-3 does not inf]uence significantly the
incorporation bf chb]ine into phospholipids. Houever,.the_incorporation

of choline into phosphory]chd]ine was found to be slightly reduced.

2. Mobilization of Aaranular Vesicles ﬁurind Nerve'Stimulation >

As -stated before an increase in external potassium concentra-
tion causes a.decrease in number of vesicles close to the presynaptic

membrane (Hubbard'and KwanbunbUmpen» 1968) On the 0ther@hand'depoTar-

I
9

izing currents app11ed to- nerye term1na] were. founf/xﬁ“mncrease the
number of vesicles 1n th1s zone close to the nresynapt1c membrane

(Landau and Kwanbunbumoen 1968) S$m1]ar1y h1qh frequency st1mu1a- _

B

J

tion has been shown to 1ncrease

| T e
-11on1c term1na]s of ra% the ve$1cle 523? 0

L :",

Somewhat simﬁ]ar observat1ons wewﬁg?naée'

4

o A A
A s1qn1f1cant dep]etvdn in, aqranu]ar ﬁ&s‘

o o Ty

. w}‘

: LR v .
- lat. 20/sec (Tab]e X) or 4 min. st1mu1at1on gi 60/sec-ﬁ§1q, 15) occurred




mainly in the region away from the synaptic zone (2000 A region close
“to the presynaptic membrane). Pro]onoed st1mu1at1on (20/sec) in presen%e
of HC-3 also produced the dep]et1on of vesicles m%rnly in the non- synap-

tic region (Table X). Under'either of the abovetgond1t1ons no stat1stip-

ally sianificant change in the number of vesic1¥s was observed‘in the

: qangl1on1c) st1mulat1on.

vb | The decrease 1n numbef ofﬁ
end1nqs caused by st1mu]at1on or stimulation comb1ned thh HC- 3 demon—
“strates that ves1c1es may be 1nvolved in synapt1c trgpsm1ss1on and that
vesicle supp]y may be inadequate to comnensate for the.wes1c]es ldgt
during sustained stimulation. The factjthat vesicles in nonfsynapt1c
reqgion deplete more readily.(Table‘IX and X) suggests that: (1) mech-
‘,anisms‘may exist to maintain a hiah concentration'of vesicles near the
presynaptic membrane and ceuse effinent release of transmitter and =
that (2) during stimulation vesicles #%ow tqnard the‘epecialized area
of the‘presyndptic membrane. | E

As to the mechanism ofvtnansnitterzrelease; some specu]ative"

} . ‘ N
~ remarks can be made. The e]ectfbn microscopic observationS'prbvide

- strona ev1dence that the vesicles fuse with the presynaontic membrane

(Couteaux and Pecot Dechavass1ne 1970;»N1cke] ‘and Potter, 1970;‘Cecc;'
arelli et al. 1973) indicating a model fof transmitter-re]ease'by exo-

_ cytosis The reduced number of aqranu]ar ves1cles fol]ow1nq st1mu]a-'
tion, in our exaer1ments f1ts th1s concept However, the d1fference 1n“
membrane compos1tlon between synaptic’ vesicles and .the presynaptlc mem-

t
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brane [Nh1ttaker (1970) in excitatory synapt1c mechanisms, (Eds. P..
Andersen and J.K.S. Jansen; Un1vers1tetsforloqet Oslo), D. 67] makes

a definite fusion imorobable. On the other. hand if the fusion is only. f;’.
temporary, our resu]ts favour the reusaqe of ves1c1es In this regard |

we determined the area of nerve end1nqs before and after st1mu1atlon and -
st1mu1at1on combined with HC-3 (Table XI). Our results agree with those

of Pysh and Ni]iey (1972) who found"that the areas of ti.: nerve endings

‘arema1n constant after their stimulation or st1mu1at1on comb1ned w1th HC-3.

- However, a separate mach1nery may be available to syntheSIZe new vesicles -
to replace . those lost dur1no continuous use for transmltter release.
Suqqestions have been ‘made that mitochondria may be invo]ved;invthe for-

: mat1on of new ves1c1es (Dyatchkova et aZ 1962- Hubbard and Kwanbunbumpen,

{§H968) Our e]ectronm1croscop1c ‘observations show s1m11ar ev1dence of

";we111nqsvof mitochondria dur1ng_st1mu1at1on. The m1tochondr1a observed
.in unétimu]ated nerve‘endinqs-were qenera11yfnorma] in apoearance.‘ Many
other s1tes of synthesis of these. ves1c1es have been hypothes1zed e. g .

. endop]asm1c ret1cu1um (Pa]ay, 1958) Golai complex (van Breemen Anderson
and Reqer 1958) and neurotubu]es (De Robert1s, 1967). More recent]y ;

| the format1on of ves1c1es d1rect1y from the terminal membrane j been

h

squested (Ceccare]11 et aZ 1972) The ev1dence thus far preejf
sugqests that dur1nq the transmitter releasé\the or1gina1 ves1c1es re-
“turn to the cytop]asm and there 12 no 1mmed1ate permanent 1oss 6f"Ves-
1c1es The dep]et1on of ves1c1es we observed dur1nq 60/sec st1mddat10n-
for 4 min fo]]owed by 2 min of rest or pro]onged stimu1ation at 20/sec |
(no HC-3) may s1mp]y 1nd1cate an 1ncomoatab111ty between the rate oﬁare-
format1on or reutilization of vesicles and the rate of synthesis of ACh.

As to the sign1f1cance of general procedure, suff1c1ent

..
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attempts were made to handle appropriate contro]s and exper1menta1 pre-
parations 1dent1ca11y except for the om1ss1on of st1mu]at1on or HC- 3
treatment in the former. The procedures of samp]1ng and obtaining ‘
'quantitative-data‘are regarded suff1c1ent to exc]ude any,bias. It is
true that not all the nerve endings obta1ned from s?1mu]ated prepara--
" tions appeared to have vesicles depleted. However a ‘much 1arger number
of nerve end1nqs (a total of 40 nerve end1ngs taken from 5 tq 7 gang11a-‘
in each case) ‘were used in the present 1nvest1gat1on to determ1ne the
s1qn1f1cance of our ff§d1nqs - | |

| Controversy still ex1sts about the effects of f1xat1ve m1xture
" used. Thus B1rks (]971) has reported that the preservatlon df agranu]ar
vesicles, obta1ned in the superior cervical qang]1on, is 1mproved 1f
the usual sdpaum phosphate buffer was rep]aced by Hepes buffer conta1n1ng
a h1gh concentration (110 mM) of magneSIum ch]or1de, in the 3 5% g]ut-
~eraldehyde f1xat1ve When -a_ similar f1xat1ve conta1n1nq 2% q]utera]de-
hyde was used by Cochrane et aZ (1972) for the exc1tatorv nerve-muscle
synapse of the ]ocust no such 1mprovement in the u]trastructure was
'observed However when they ra1sed the g]utara]dehyde concentrat1on ;'t -
of magnesium f1xat1ve to 3. 5% results s1m11ar to those of Birks were
“Vobta1ned F1xat1ve conta1n1nq zero ca1c1um d1d not cause any 1mprove—
ment in the u]trastructure of the nerve endings. Atwood et al. (1972)
'used crayfish nerve-musc]e preparat1on for the1r 1nvest1qat1o:i) These
lworkers observed that the treatment of the resting preparat1o with ‘mag-
nesium fixat1ve resu]ts in a h1qh ve51c]e count as reported by B]rks(]97])
However the. qua]1tat1ve changes 1; the number of ves1c]es after st1mu1-
ation were found to be same whether or not maqnes1um was]?dded to'the

f1xat1ve. Tt—is, ,therefore,’difflcult to interpret the significance of
-)"“l . . . B L ) . . .

3
%1
R,



FITT

 to the. aqranu]ar ves1c1es wh1ch store Aeh
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add1t1on of maqnes1um ¢hloride in. the f1xat1ve m1xture Further:work

>

wou]d certainly be requ1red to clarify these controversia] observat1ons

i

. Influence ofﬁExperimentaliConditohs, Which Alter Ganglionic ACh

Stores.on.the~Density of Dark-Core Vesjc1es in the Preganglionic Nerve

Terminals &
— )
f : S

Large dark -core ves1c1es, often seen in cho]1nerg1c nerve
end1nqs, have been suqqested to store catecho]am1nes s1m11ar to those
in: the adrenerq1c ne rve end1nqs (No]fe et al., 1962; Rxchardson, ]964 |
Clement1 1966). Other workers (Gr1]10 and Palay, 1962 E]fv1n 1963)

compare them to the vesicles concerned with neurosecret1on wh1ch are

found in 1arqe quant1t1es 1n hypotha]amus p1tuotary system (Ledr1s,

]965) More recent]y-lt has .been suggested ‘that they may store some"
trophic materials (Atwood et al., 1971) If these dark core ves1c1es
are 1nvo]ved d1rect1y or 1nd1rect1y in the synapt1c transm1ss1on the

Preqanq11on1c st1mu1at1on should deplete the1r unknown content s1m1]ar»_'/kvf :

Preqanq11on1c st1mu]at1on at 60/set for 4 m1n causes about a
30% reduct1on in: the ACh content 46% decrease 1n the number of a-
granular ves1c1es (F1g 14) and a 34% reduct1on in the populat1on of |
dark -core ves1c1es (Tab]e XIV) Thk\:ecovery in the density of dark-
~core ves1c1es 1n the depleted nerve end1nos, s1m1lar to those 1n ACh
content and the populat1on'of aqranular vesicles (F1q 14), was also
observed when these ganglia: were a]lowed a 20 in rest after initial
4 min of st1mu1at1on at 60/sec (Fig. 22) A]thouqh s1gn1f1can§ chanqes,

in the popu]at1on of dark -core ves1c1es were demonstrated on]y in non-

) yA\f\> . B S .
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the synaptic reqion (a zone of 2000 A from the synaptic c]eft) also | p

seened to occur.A However, because of the high standard errors‘of up

!

- to 30% even large a]terations jnvnumber'bf dark-core vesicles in the

synaptic zone cou]d.not,be demonstrated as statistica11y‘s?qnificant.

Since most of -these dark-core vesicles in restinq control nerve endings

are qenera]]y 1oca1lzed in the non-synaptic reqlon, the data demonstrates

that dark-core vesicles flow from the non- synapt1c to the synapt1c re-

' q1on,and denﬂete their unknown content during preqana]1onﬁc stimulation,

4

The récovery 1n’thEapopu1ation durinq‘éo min of rest fo]]owfno~the {n-
itial deplet1on during 4 min stimu]at1on at 60/sec suqqests that s1m11ar
to agranular ves1c1es, dark -core ves1c1es are reformed or recyc]ed after
deo]et1on of the1r stored content _

o _ -St1mu1at1on of qanq11anat‘20/sec for 30 min,}pretreated with’
" HC-3 (Z.mq/Kq) wh1ch dep]etes about 75% of the ACh a1so caused a s1g-

n1f1cant reductlon (64%) in the number of dark- core ves1c1es ma1n1y 1n

the non- synapt1c re{1on (qu 24). There was a larqe var1at1on in their

numbers particu]ar]y n the synaptic zone, and even the chanqes-of 59%
could not’ be demonstrated as stat1st1ca11y s1qn1f1cant , Hem1cho]1n1um
no 3, in absence of st1mu]at1on d1d not produsf any statwst1ca11ﬂ§vﬂgd
n1f1cant a]terat1on in their)number in any of the req1ons determ1ned \
T$1s aqain may be due to the Jarge var1at1on 1n the1r dens;ty observed
part1cu1ar1y in the synapt1c zone 1" »

-

Pregano]ion1c st1mu]at1on at 20/sec, for 30 m1n, in absence .

o~

of HC 3 caused 3 significant reduct1on in the number of dark core B

ves1c1es thch occurred ma1nly in the -non- synaptic req1ong However, ’

‘ under such cond1t1ons, the levels of ACh stores were not s1qn1f1cant1y

\
s

synaptlc region, similar changes in the popu]at1on of these ves1c1es 1n o

123~
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,altered. Also, when ganglia‘were.allowed to rest, for 20 min, after
initial 4 min of stimulation at 60/sec, there was no'increase in the number
of dark-core'vesicleS'correspondinq to a 30%'rebound increase in ACh

content. S1m1larly when ganglia were stimulated for 5 min, at 20/sec,

, ko
- in the presence of HC-3 the qanal1a Tost about 50% of the ACh content but

no s1gn1f1cant reduction in the dens1ty of dark~core vesicles could be i
demonstrated These latter data suqqest that there is no direct correl-
at1on between ACh content of ganqlia and the number of dark-core ves-

: 1cles in the preqanql1onic nerve terminal f . - ' )

- The functional role of the laroe ‘dark- -core veslcles is still -
controversial because they_are seen both in monoaminerglc-and nonfmono- '
aminerqic neurops, Furthermore, in severalistudies no obvious chanqes
‘1n number and appearance of these ves1cles were found after: reserpine

“treatment known to reduce amine levels (Tax1 1965; Bondareff 1965

»‘ClementI et al., l966) In general our. results show that the same con- -
d1tions which deplete aqranular ves1cles also cause a reduction in the

'1vnumber of these dark-cﬂre vesicles " (Tables XIV and XVI) From these

fmdata onegsen be lead~to 1nterpret that these dark-core;vesicles may |
even store-ACh ) HoheVer’ no,other eVidence<1sﬂavallable which may

: sugqest such conclusions. | | | o
I - The above data thus demonstrate that the dark -core vezicles

' 1n preqanqlionic nerve terminals flow from ‘non- synaptic to synaptic re-

.fgion,‘deplete their unknown content;andaeven are_reutllized or recycled

during;pregang110n1c stimulation.

“Q\- -
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SUMMARY

The fol]owinq are the general conc}uSions.drawn‘from the
data~oresented in this thesis These conclusions are based on the’
assumption that the transmitter ACh is stored and re]eased in asso-
ciatlon with the'agranular vesicles
(]) Stimulation at GO/sec reduced the ACh content and somewhat later_
1ncreased the qanqlionic cho]1ne levels both of these events would
favobr a marked 1ncrease in the rate of ACh synthesis. These resu]ts
are compatable with the hypothesis (Potter et al, 1968) that.the ACh
vsynthesis in the preqanq]1on1c nerve termina]s is requ]ated by mass

N

~ action laws. :
’ (4

(2) When ganglia were allowed to rest after 4 min of stimulation at

6" 'sec a rebound increase of 130% in AChvcontent was observed. How- - .

~ ever, no parallel increase in the number of agranular vesicles was

o _ohservedﬁonder these conditions. Preliminary exoeriments*indicate(;

‘that the extra 30% ACh can be released by nerve stimulation. Thus

if ACh is stored in and reieased from‘aqranu]ar‘#esic]es, the data in-

e

dicate that ves1c1es,7under phys1o]og1ca1 cond1t1ons, do not store ACh

to their saturation cépacity

(3) When qanglia ar. pretreated with HC 3 (2 mq/Kg) and st1mu1ated at
‘j 20/sec, a.50% reduction in the content of ACh occurs within 5 min. - The
data Iead to the tonclusion thatlsoi:of tota]fACh eEnvEeerapidly mobil-
ized for release and may represent readily releasable fract1on

(4) The data obtained on cho]ine content (Table VII) suggest that HC -3
is capable of dep]eting the‘ACh content of ganglia without»decreas1ng

~

125

.‘h/v‘



126

' tﬁé choline levels in most cases£ﬁ This suggests thdt-HC-3 may not
only compete with choline for transport af.the external surface of
the membrane but may also 1nh1b1t the utl]lzatIon of choline within
the nerve term1nals. _
(5)  Stimulation of ganglia, pretreated with HC-3, for 5 min at 20/sec
v dfd hot change the number of Vesic]es.buf'decreased the ACh conient by'
‘50%, This suagests that if aqrénular’vesiclesvfeleése ACh by exocy-
| tosis, the vesicles aré repeatedly utilized foi storége-and rélease of
_ ACh, In add1t1on these results indicate that' vesicles may be capable -
of storkag 1ess than their norma] quota of ACh.‘ |
(6) The observatlons that the aqranu]ar vesicles in the non-synaptic
region tend to dep]ete more read11y (Table Ix and X) squest that:
(a) a mechanism may exist to maintain a hlgh concentratlon of ves-
1c1es in the synantlc zone to ensure efficient release of transmxtter ’k
(b) durlnq st1mu1;¥10n ve51c1es are mobilized touard the synaptic :

c]eft

o
o T
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