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ABSTRACT . T .o
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¥

The present investigation is dirgcted towardS idéntifying twd'~

‘ macromolecular componen;s of{skeletal musclg of adult rat, namely (1) 4

- \

‘periphetal membrane prote;n acetylchollnesterase (AchEivand’Til)

s 7‘, g

integral membrane proteln acetylchollne receptor (AchR) Advantage‘
is taken of the current blochemlcal and phy51olog1cal understandlng
that these prbteins undergo markedxalterations following:denervation

of the muscle, that.is while AchE decreases (Guth et al., 1964; Hall,
Pt
- 1973), AchR are synthe81zed and 1ncorporated 1nto the non- synaptlc

(extraJunctlonal) sarcolemma (Devreotes and Fambrough 1975) ThlS

. (RN ._ (. - (
1ncorporat10n of AchR causes notlceable 1ncrease in the AchR in the
. : ' i ‘ ; ‘
.extrajunctional sarcolemma accounting for the wellsknown acetylcholine

(Ach) sensitivity ‘of this région in denervated muscle (Axelsson and

Thesleff, 1959).

Ry

My studies - rekated to AchE are ba%ed on a hlstochemlcal technlqueto

- LY
b

Alocallse spec1f1cally AchE ,1n‘che region of the:neuromuecular jnnction-V
f(synapse)’using anAinhibito; (BWZSATSI) Specific’fof AchE;.'An a;tenpt'
hae been made. to understand the feiationéhip; if any;'cf‘Aan noleculee
to;the macrqnolecules‘identi%iable aslinframembfanOus particies,in,fhe'
.hydrbphobic;intérioﬁrof the membrane.
The fesultsAqé‘mnytudiea indicate'thaceitcis pbeeiblycthe 165

‘ 'molecuiaf fdrn’ok AchE thac prcduCee a‘nnifofm5reaction1pr08ucf’in the

'synaptic ciefc. Uponfdenernation. this AchE undergoes a marked decrease

,that is characterlsed by 1ts non- unlform dlstrlbutlon In the denervated“
muscle,’the scructure of Synabtic,sarcolemma shows'no obvious change in '

= N B /
. - iv B o ..
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the number of 1ntramembran0us partlcles VlSuallsed in’ freeze fractured

I .

repllcas BaSed on thESe experlments it appears that the 1ntramembra-

©
Y

‘nous’ partlcles are not related to the AchE molecules

Acetylchollne receptors have been 1nvest1gated in 1nnervated

(control) and denervated muscle by comblnatlon of freeze fracturlng and-

" NE

etchlng and autoradlographlc technlqge us1ng a- bungarotoxln (a—BGT)

N

=wh1ch is a Spec1f1c llgand for AchR. The experlmentatlon by. freeze—"

v

etchlng technlque 1nvolves the use of a ferr1t1n~a BGT (Ft 0 BGT)

conJugate to v1sua11se the receptors at the surface of the membrane

o Autoradlographlc experlments have 1nvolaed the use of ‘251 d-BGf to

) .

study the dlstrlbutlon and quantltatlon of receptors i

f o

My prev1ous studles (Tlpnls and Malhotra, 1976) employing

v

treezehfracturlng technlque 1nd1cated that the nomn- synaptlc sarcoled@

of denervated muscle is characterlsed by 15 nm (15 18 nm) 1ntramembra—

L2 N
B

' ous partlcles dlstrlbuted 31ngly or in clusters on the P face The

-

correspondlng fractured face of the 1nnervated muscle is dev01d of 15

,nm partlcles On the ‘basis of publlshed phy51olog1cal and blochemlcal

data (Hartzell and Fambrough 1972 Brockes et al., 1975) 1t was -

suggested that : the 15 nm partlcles are the components of AchR

complexes., The results of the present study have provided support

for the above suggestlon. Both llght and electron mlcrdscope auto~

e .
radlography,”by use of‘1251 a-BGT 1nd1cate.that,there is an increase:

W B

in a- ~BGT blndlng 81tes in: the non—synaptlc sarcolemma of denervated

‘muscle.~ Two spat1al dlstrlbutlons of AchR are noted -hrandomlylf

' dlstrlbuted AchR and AdbR 1n aggreg es. ;Ihis_pbservation is in

agreement with the freeze-fracturing ata given above. The-

v N

L

- LV L oy
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quantlflcation of 1‘51 ~0= BFT blndlng s1tes by eiectron mlchSCOpe auto—b R
radlographlc studies 1nd1cates that the non- synaptlc sarcolemma of )
*\ N

denervatec muscle' has approx1mately 590 a- BGT oindlng sltes/um“ ThlS “,

estimate is based on the assumptlon that tbe ratlo of blﬂdln? of a—BGT

to receptor is 1:1. The den51ty of 15 nm partlcles (AchR) noted in

Ve
9. Y in
freeze fracture studles is' 400 partlcles/um\ ' The dlscrepancy in o~BGT
) . W v

blndlng sltes and tle dens1ty of 15 nm partlcles is pOSSlbly due to two .
or more-o -BGT blndlng Sltes per receptor molecule (as suggested by
karlln et al. 1978) o “

| Further conflrmatlon of thls suggestlon has been provided by
experiﬁents.uhich have utllised Ft-o- BGT in conJ&hctlon w1th freeze- -
\ etchlng and th;n sectlons of crude safcolemmal preparations or muscle
;bomogenate prepared from denervated muscle The’results of this study
reaffirm the two types of distrlbutlons of receptors in the non-
synaptlclsercolemma of . denervated muscle dThc 51n°lybdispersed receptors

:correspond to the mobile AcnR of Axelrod et al (1976) and the clusters

vof AchR correspond to the hot spots of Ko and coworkers (1977)

¢

o

. V.iv
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"INTRODUCTION'
. 1

Blological membranes play a v1tal role 1n a wide vari

.Q._

cellular phenomena but our current unders:anding of their
~is far from complete. In recent'years, diverse technological and
experlmental manlpulatlonv have been 1nstrumental in the formulatlon of

. a general model embodied in the flu1d mosaic model (Slnger and Vlcolson

kA

'21972) Accordlng to this model the bulk of the 11p1d is -in the form of o

an 1nterrupted bllayer and the proteIns are elther bound fo the surface

of the bllayer or 1ntercalated to varylng degrees 1nto “its hydrOphoblc

1nter10r, Dependlng upon the ease . w1th which protelns can be removed
. i o
from the bllayer they_are operationally described,as peripheral

(extrinsic) or integfal (intrinsic);'~Peripheral proteins can be

- dissociated from the membrane by manipulation of ionic concentrations of

L

imedium, Integral rotein\,;on.the other hand ‘re ulre much more drastlc
2 P q

treatment such as or an1c olvents or deter ents for removal from the
g R g

0

‘membranes (Slnger and NlCOlSOn, 1972} Rev1ewed by Ma\hotra l979)

In thlS the51s I have d1rected my'studles towards the macro—

o

molecular organlzation of sarcolemma of rat skeletal muscle»

(lumbrlcals and extensor dlgltorum longus) in relatlon to two spec1f1c :
: Sl . : : . _

o

<prote1ns One perlpheral and one. 1ntegral proteln have been consldered

and these are aqetylchollnesterase (AchE) and acetylchollne receptors‘

(AchR) The ratlonale for USing mammallan sarcolemma ‘as a. model system

" for mytstudles 1svbased~upon the following‘characteristics,
. .o : B . ' ; L ‘A

Lo

1. Use of Sarcolemma as a Model SyStem d‘a

The sarcolemma bears several characteristics not readily observed .



.approx1mately 8600 12000 AchE molecules/um 13/(he synaptlc sarcolemma

. e .
in many other membrane Systéms and these are placed in the following
B L4 . L } : . . . . -
two major categories. - o
"‘ . . L . .

1

(i) CompartmentLlisation. The sarcolemma is compartmentallsed

_distinctly; morphologlcally and phy51olog1cally, “into . synaptic and non- .

synaptic zone. The synaptlc zone. is characterlsed by exten51ve

infoldings of the sarcolemma wh1ch contains- predomlnantly two proteins

_AchE and AchR (Salpeter, 1967 1969; Porter et al , 1973 Fambrough R

| -

1979).. It is belleved that acetylchollne zich) released from the nerve

J

, termlnal blnds ‘to AchR 1n1t1at1ng the c0nformat10nal changes that result: :

»

in the openlng of AchR channelsto Na+ and K+ (Changeux et al , 1976

, Heldmann and Changeux 1978) The. 1ncreased permeablllty to these

cations glves rlse to end plate potentlals which 1f of suff1c1ent
amplltude generate ‘the: actlon potentlal of the muscle mehbrane , .. acetyl-

chollnesterase hydrolyses Ach thereby termlnatlng its actlon (Aldley,

Vl97l) Based on. the b1nd1ng of H3—d1fluorophosphate (H3 DFP) there are ‘

N

(Salpeter 1969 Porter et al \1973) According to the current

NS

. understandlng, AchE ex1sts in three molecular forms AS lOS and l6S

~in mammallan muscle Whlle 45 and lOS are dlatributed throughout the

:'[‘sarcolemma 1t is. the l6S form which is end-plate spec1f1c (Hall 1973)

“h'to Ach lles in the reglon of - the synapse of 1nnervated muscle (Axelsson..'

"v71n the synaptlc reglon f The estlmates of AchR vary frOm lO OOO to _::'

o 30 OOO receptors/um2 in the synaptlc sarcolemma of 1nnervated muscle

Physlologlcal studles have revealed that the max1mum sen51tiv1ty

and Thesleff 1959 Muledl, 1960) Experiments dealing w1th quantitation off5l;

"AchR have shown that the den51ty of the receptor molecules is extremely hlgh:t;



4 -
(Fambrough and Hartzell ‘1972: Porter et al. ’1973' Fertuck and Salpeter
1976). The varlatlon 1n den51ty of receptors appears to be due to the
(A ’ '

'partlcular exper1menta1 détalls rather than varlatlon within mammallan -

muscle type In contrast to the synaptlc sarcolemma the non- synaptlc_

sarcolemma has a few receptors (approx1mate1y 5 10 receptors/umz)

(qartzell and Fambrough 197 ; Fambrough 1979{/ These estlmates of )

AchR are based on the b1nd1ng of radiolabelled preparations of.

bungarotox1n (a BGT) whlch is a spec1f1c and 1rrevers1ble ligand for

'n1cot1n1c\AchR (Lee 1979)

i tion of these protelns could be accompllshed and alteratlons in the

structure of the sarcolemma 1nvest1gated

The above-noted bﬁochemlgal‘and phy51olog1ca1 experlmental data

{r" 5 )

rare’ therefore conduclve towards carrying out- my own structural studles

on the sarcolemma

‘(ii) DenerVation. Various blochemlcal and phy51olog1cal

”-experlments 1nd1cate that denervatlon produces alteratlons in the

3

.4

‘A‘sarcdlemma of mammallan muscle manlfested in’ extrajunctlonal (also
’:referred as non Synaptlc) sen51t1v1ty te Ach‘(Axelsson and Thesleff
,”1959 Mlledl 1960 Hartzell and Fambrough 1972), and a decrease in ’.\g;:

'AchE (Guth et al 1964 McCaman 1966 Halr, 1973) The 1ncrease 1ncni:,%§L;“azn

',-extrajunctlonal sen31tiv1ty to Ach results from the 1ncorporat10n of -

By

: newly synthe51zed AchR in the non- synaptlc sarcolemma., Ow1ng to these

‘ﬁfknown effects of denervatlon .on AchE and AchR morphologlcal characterlza- R

.

>



. 7'3;f"Studies”oancetylcholinehReceptor (Ath).:

N and freeze—fracture studles

lumbrztal muscles of the rat.

-1

2

2. Studies on Acetylchollnesterase (AchE) T Ry N

ASpect of thls study pertalns to the dlStIlbuthﬂ of AchE

’ 1n innérvated and denervated muscle by a hlstochemlcal technlque -

(Karnovsky and Roots 1964) in whlch a speplflc inhibitor of AchE,
i.e., l 5- bls(4 allyldlmethyl ammonlum phenyl)pentane 3 one dlbromlde

(Bw284C51) has been employed Although my preV1ous studles (Tipnis and

1

Malhotra, 1977) presented findings on the dlstrlbutlon of AchE these
BN S

were not conducted w1th the spec1f1c 1nh1b1tor of . AchE thus leav1ng the'

spec1f1c1ty of hlst0chem1cal locallsatlon open to questlon.‘_The_

e

i

present study attempts to clarlfy thls questlon Therefore the .

1 &

¥

' obJectlves of- thls study in relatlon to AchE are the follow1ng

i

-

(a) To conflrm the Spec1f1c1ty of the hlstochemlcal locallsatlon

_ of AchE by using BW284C51 as a spec1f1c 1nh1b1tor of the enzyme This

¢

: \
has been done at the level of electron mlcroscopy . N

:(b) To seek the relatlonshlp between the molecular form of AchF

4

: and the 1dent1f1able macromolecule 1f any by correlatlve hlstochemlcal

>‘;:\ v(r" %
Rt ) . . :' \h
y*'- o B [ R

These two studles have been carrled out on 1nnervated and denervated

. . . . «

Ly

L) Freeze—fracturlng and etchlng technlquef The ratlonale for -

o the present 1nvest1gation 1s based on’ thé avallable Blochemlcal and :"

- physlologlcal data that are related ‘to the 1ncrease in extrajunctlonal

SR

C-
3

T

sens1t1v1ty to: Ach 1n denervated muscle (Mlledl 1960 Edwards 1979

Fambrough 1979) The use of freeze—fracturlng and freeze etchlng
- ‘ ' Lo .@."- Sy,

E o

SRS SR
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: techniques is related to the fact that AchR iS’an integral protein'

T4

(glyc0prote1n) of the membrane: (Changeux et -al. ¢.1976 Fambrough 1979)

B

and prOJects out51de and 1n51de the bllayer by 5. 5 nm and 1.5 nm
respectlvely (Klymkowsky and Stroud 1979y . - This receptor'protein can
be spec1f1cally labelled w1th o—BGT which upon conJugatlon to ferrltln

? enaglgs the v1suallsat10n of receptors at the surface of the membrane
/\ . B . . . ! X b :
by freeze etchlng ‘ o : ;

<
< B

In freeze- fracturlng, blologlcal membranes Spllt the membrane

bllayer 1nto two halves - These~membrane halves allow us to'view the

,1nter10r of the membrane reveallng both the 1nner protOplasmlc hal‘ N
o

“" (P or PF) and the outer extracellular half‘(“ or- EF) ’ In freeze—
EtChlng, the lGe is allowedﬁ?o subllme in vacuum southat the membrane B

surface (ES) 1s exposed (Branton et a;\q 1975) These technlques
%.

' therefore enable us to study both the macromolecular entities w1th1ni

e
[

the membrane 1nter10r as well as at the surface ‘
In denervated lumbrlcal skeletal muscle of the rat, I. have previously
demonstrated that the non—synaptlc sartolemma changes markedly after denerva—

N tion (Tlpnis & Malhotra, 1976) Thls change is related to. the emergence of )
- : . L, S N ‘
- 15 nm (15 18 nm) 1ntramembranous part1cles on- Uhe P face There are \\\,

N

_gﬁ" e LT o - : :
~ two- spatlal dlstrlhutlons of these partlcles 251ngle and in. clusters

of 5- 30 partlcles Such partlcles are conspicuous by their absence

A /

from the correspondlng face of 1nnervated muscle On the ba51s of.

el \
: N

avallable b10chem1cal and phys1olog1cal ev1dence 1t was Suggested

. /.

that the 15 nm partlcles are the components of AchR The obgectlve of
the present prOJect therefore 1s to 1nvest1gate the abOVe hypothe51s g\\
and to demonstrate that the spatlal d1str1but16n of 15 nm partlcles L.ij.v N

—
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as crude membrane preparatlons (as detalled 1n Appendlx III)

' sectlons of crude sarcolemmal preparatlons.

’ v1suallsed

¢ .

corresponds to‘the dlstrlbutlon of AchR ‘Such an 1nvest1gat10n is’

fea51ble by usage of COﬁJugates of a- -BGT w1th 12571 or ferritin (Ft)

’ - \"
(Appendlx II) S - [' _ .

‘(iiﬂf 125I—a—BGTs The ‘use of e1251+q;BGT has been directed

towards:f? _
(a) The v1suallsat10n of .the dlstrlbutlon of’ receptors by 1lght

4

and electron mlcroscope autoradlography

(b) The study of spec1f1c blndlng of a- =BGT in muscles as well

J
(e) Quantltatlon of the - BGT b1nd1ng 51tes and thelr correlatlon

<

with the den31ty of- lS nm partlcles observed on’ the P—face of non-
- ¥ o

4

SpeC1flc sarcolemma (AppendiX‘IV).

?

» f(iii) Ferrl&ﬁf\\ bungarotoxln (Ft—u BGT) FerrJtln is
‘ . "

R conjugated to a—BGT accordlng to’ the method glven by Hou;anl et al.

(1974) Ferrltln 1s an electron densé molecule ("10 nm) (Wllllams, 1977)

. [ M

and can- be ea51ly detected 1n electron mlcrographs The conJugate

e

‘.(Ft a—BGT) has been utlllsed for the follow1ng experlmental approaches

i .

-(a) -The: v1suallsat10n of a—BGT b1nd1ng 51tes (AchR) in thln
' . , .

I~

° e

't(h) The correlatlon of the dlstrlbutlon of receptor 81tes by

.freeze etchlng w1th that of 1ntramembranous partlcles ( 15 nm) observed
: by freeze fracturlng 1n non- synaptlc sarcolemma of denervated skeletal

’vfmuscle‘gélpnls and Malhotra 1976) Freeze etchlng 1s fe351b1e only ln :,

-

imembrane fractlons or homogenate as hlgh molecular welght substances»

e

':tn sztu do not subllme ea51ly and the surfaces of the membrane cannot be‘,"
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l
WA

To sum up then, the gpe01f1c objectives of thls 1nvest1gat10n are.
to characterlse morphologlca 1y AchR ahd‘AchE of the.sarcolemma in the

skeletal muscle of the rat. have attempted through experiments £o..

)
i

.elther confirm or reflne some prev1ously publlshed work (Tlpnls and

] Malhotra 1977) However, the 1mportant aspect of. my work concerns the -

1

demonstratlon of two spatlal dlstrlbutlons of 1ntramembranous partlcles
correspondlng to two categorles of AchR in the sarcolemma of denervated

skelatal muscle of rat (Rattus rattus) . Thls has been achleved by u51ng

o \

125Ie —BGT‘or<ferritin a-BGT as a spec1f10 ligand for AchR in conjunction
w1th cufrent technlques of llght and eLectron mlcroscopy, namely,

v ‘ . . W i .
autoradlography, freeze fracturlng, etching and conventlonal'transm15510n
. fc' . >

electron,mlcroscopy The other main aspect of my ‘work pertalns to

’ Spec1f1c hlstochemlcal locallsatlon of the l6S form of AchE 1n the

i

synaptlc cleft in innervated muscle whlch undergoes a marked de&rease ]

follow1ng denervatlon R o L o

- The 1nvest1gat1ve aspe”' of the thesis are'organizedlin_the’

follow1ng chapterS'.

'Chapter II Alterations in the structure of sarcolemma in a

EN
Lo

"denervated skeletal muscle.' This 1nvest1gat10n deals wlth the study of
thErdlstrlbUthH of AchE in 1nnervated and denervated skeletal muscle
., T, B . . ," e o N

An attempt 1s made to ascertalﬁ af there 1s a relatlonshlp between the

BY

"j, AchE molecules ﬁlﬁﬁ) and the 1ntramembranous partlcles observed on the
. : 2 v

_fractured faces of the synapflc sarcolemma
Chapter III »(—bungarotox1n b1nding 51tes (acetylchollne PR

-receptors) in denervated mammallan skeletal muscle.. ThlS aspect of the

prOJect was undertaken to prov1de ev1dence to’ support the suggestlon that,fn
g . . < e . - :



- E 9

the 15 nm particles observed on the fractured face of ndn—syhaptié

‘sarcolemma of denervated huscle are componente oftthe AchR. ThlS
~objective haa been achleved by correlatlng the dlStflbUt;Oﬂ of 15 om
.partlcies with the dlstrlbutlon of a-BGT bihding sites by“light microscope
Vautoradlography (1251 -a- BGT) and by freeze—etchlng using Ft—a—BGT

Chapter IV. Auforadlographlc studles of a- bungarotox1n sites
. : ' o 2
(acetylchollne receptors) in innervated ‘and denervated muscle of the rat

-This 1nvest1gat10n -deals with a qualltatlve correlatlon of spatlal

distributipn of 15 nm partlcles (on thé fractured face of the non- synaptlc
: : ‘A

sarcolemma of the denervated muscle) with JZSI-a—BGT binding sites by

o ' -

- lig:t and electron mlcroscope autoradlography A qualltatlve correlaclon

;:of the den51ty of 15 nm 1ntramembranousfpart1cles w1th that of a-BGT

V. Junct10na1 and e%trajunctlonal acetylchollne receptors

‘Thls chapter is a rev1ew which 1s11ntended to descrlbe the dlstrlbutlon -
PN : _ k . , X

’extrajunctlonal receptors Included here 1s ‘the dlscu’516n on the

‘;blochemlcal phy31olog1cal and pharmacologiéal propertles of AchR

: - m :
Chapter VI Condlusions. Thls chapter deals w1th my conclusions

"arrlved at “from the ;xperlmental data in suppbrt of the 1nvest1gat10n

.'.r‘almed at the obJectlves outllnes in- the 1ntroduct10n to thls the51s

. ¥

.Q
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1. Introduction o>
:

Itis well known that in adult skeletal nfscle
acetylcholine (Ach) receptors are localized in the
subsynaptic sarcolemma {4,5]. Denervation of muscle
results in appearance of Ach receptors over the entire
surface of the sarcolemma [6,7]. This increase of Ach
receptors is due to incorporation of newly synthesized
receptor proteins into the non-synaptic sarcolemma (2]
The biochemical and electron microscopic st'udie‘s‘on
receptor rich membranes isolated from electric organ of
fish such as Electrophorus electricus and Torpedo -
marmorata indicate that the receptor protein spans "
the entire thickness of the membrane and is exposed
at its surface [3]. Therefore, it is of interest to
investigaté the structural aspects of denervated
sarcolemma at a stage when extra-junctional Ach
sensitivity is known to be high [6]; by using freeze-
fracturing technique which enables a direct visualiza-
tion of the interior of membranes [1]. )

This paper deals with our observations on the
freeze-fractured sarcolemma from denervated
skeletal muscle. =~ =

2. Material and methods

Lumbrical muscles of the left hird leg of the

~ female rats weighing 120—150 g were denervated by =
sectioning the sciatic nerve in the upper thigh region.
The muscles of the right leg sefved as controls. The -
animals were sacrificed at 2 weeks after denervation
and’the excised muscles were fixed in 2% glutaral-
dehyde in 0.1oM Cacodylate buffer (pH7.2). The
fixation was carried at 4°C for 2 h. After a brief rinse
in cacodylate buffer, the muscles were soaked in 30%

North-Holland Publishing Company — Amsterdam’

3. Results

glycerol for 2 h. Small pieces of the muscles were

then frozen in liquid Freon 22. Pt-c replicas were made
after fracturing at ~100°C in a Balzers BA 360 M

high vaccum freeze-etch unit. The replichs were

cleaned overight in chromic acid and examined in

Philips 300 electron microscope ‘at an accelerating
voltage of 60 or 80 kV. The original pictures were . .
magnified to X 80 000 for measurement of particles: . .
The results reported in this paper are based on a study -
of at least 12 replicas prepared from 12 muscles taken
out of 3 denervated rats and many more replicas of.
narmal muscles taken out from at least 10 animals.

. The nomenclature used by Branton et al. [1] for
labelling fractured faces of biological membranes has
been adapted in this paper. Therefore the fractured
face of the-sarcolemma on the cytoplasmic side as
viewed from outside is labelled as face P ard its

complementary half is labelled E.

3.1. Non-synaptic zone of innervited sarcolenima
The fractured face P of the sarcolemma in control

muscle is characterized by numerous particles which -

are mostly 80 A in diameter (fig-1A). The particles -
are rather uniformly dispersed and their density is
approximately 2000/um?. The orthogonal arrays
sim} 'r_to‘ those described by L[8] are also of common

. occurrence. There are also numerous depressions of

300—500 A diameter which are presumably opénings

of cortical vesicles or T-tubules. Fractured face E

shows numerous protuberanc_es that are complemen.
tary to the 300—500 A depressions on face P. This

face shows far fewer 80 A particles than on face P,

141




October 1976

'

FEBS LETTERS

N

13

Volume 69, number |

142



‘v’olun\w 69. number | -

3.2. Nonssynaptic zone of denervated sarcolemma
The replicas prepared from denervated muscle *
show marked changes in the structure of the fractured

+ face P of the sarcolemma as compared to that on the
corresponding face in the control muscle. Some of

these fractured faces are conspicuous by the presence’
of aggregates (figs.1 C.D) of particles which are mostly
110 A to 180 A in size. The number of particles in
each aggregate varies from 4—50 or more particles.
These aggregates are randomly dispersed over the

P face; but the number of such aggregates varies in
replicas. It is apparent that such aggregates of particles
are not discerned. on either of the fractured faces of -

the sarcolemma in the control muscle. Also the size of

these particles is different from the particles in the .
control muscles. Moreover, the 80 A particles that
are ;ﬁedominant on the P face of the sarcolemma of
the control muscle are reduced in number. Many
fractured faces'where aggregates are not observed, the
particles are randomly distributed and have packing

density of 400—1000/um? (fig.1B) as c‘o_mp_évreii' to

2000/um? in those of control. -

The E face of the denervated sarcolemma is relatively
unchanged, there being no groups of depressions '
complementary to the aggregates on the P face. Such

“.an asymmetry may result from a-preferential attach-

ment of the particles.to the. cytoplasmic half of the
membrane as has been dé_scribed for intramembranous
particles representing bacteriorhodopsin in the purple
membranes of halobactéria. [9].

4. Discussion

The abiove studies indicate that denervation

- “induces the forin%atibh of aggregates of large particles.
- The size of many of these particles in the aggregates

is consistent with that reported for -Ach receptors by

7 Rash and Ellisman [8] in mammalian neuromuscular
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junct{'dn. Itis likely that these particles rep[;n the .
sites for known extrajunctional Ach sensitivity in
denervated muscle. Work is in progress to test this
hypothesis. The observed variation in the size of the
aggregates of particles may be related to a gradual

and progressive change in th? membrane. The signifi-
cance of the apparent decrease in number of 80 A

particles on face P is uncertain.
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Tig 1. (A) l’rcczc;fragturcd innervated sarcolemmia (control) showirig ihe‘conyex face (P) of the membrane. The intra:-membranous -’

80 A particles are uniformly dispersed over the entire face. Arrow head indicates direction of shadowing in all figures. X 60.000.
(B—D) Freeze-fractured sarcolemma from denervated muscle showing various alterations on face P, (B) Shows a marked decrease

in number of 80 A particles as con—1parcd to those discerned on this face in the control (A). The appearance of aggregates of.

particles which are 110—1 80 A is seen-in (C) (arrows). Larger aggregates of such particles are seen in (D) (arrows). The face

A few 80 A particles are also seen on this face, (B-D). X-60 000. -

"labelled Ein (B) is the concave face: which shows 300-600 A protuberances representing openings of‘T-tubﬁlc_a‘s or cortical vesiclcs’.
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Alterations in the ’struétﬁré of sarcoIer’rirria ina’-
denervated skeletal muscle:

BY S. K. I\IALhoi'RA AlNI_)"U. Trexis - _
Biological Sciences _Elect}on Microscopy Laboratory, N
University of Alberta, Edmonton, Alberta, Canada T6G 2E9

(Commanicated by J. R. Baker, F.R.S. - Received 15 June 1977 - Revised
j " 13 February 1978) :

[Plates 1-4]
The structure of lumbricals of the rat has been investigated with respect .
to cholinesterase. (ChE) and the known hypersensitivity of sarcolemma .

“to acetylcholine (Ach) upon denervation of the muscle. ChE associated
with the junctional sarfolemma undergoes a .marked decréase’ in its
cactivity in denervated muscles as detected by a histochemical reaction
‘at eléetron microscopical level. This activity is inhibited by BW 284.C51, -
~a specific inhibitor. of acetylcholinesterase (AchE). It appears therefore

- that the histochemical reaction used in this study detects specifi¢ ChE,i.c.

. -AchE. The relevance. of the. decrease in. ChE “upon denervation to the
known molecular forms of ChE is discussed. The structure of the sarco- -
lemma in the region of the neuromuscular junction shows no -apparent
“change ‘in the number of intramembranous particles upon denervation -

sthat could be visualized in replicas of the  freeze-fractured material -

*examined by transmission electron microscopy, thereby indicating that. -

- the intramembranous. particles’ are_not directly related to the ChE -

molecules. - - . T R TN e

- The extra-junctional sarcolemma, of the denervated muscle shows 15-

18 nm (ca. 15 nm) intramembranous particles on the plasmic half of the =

~ fractured faces (P face) discernible in electron ‘micrographs of replicas. o

- These particles are often clustered; and the number of particles in these o
clusters varies from 4 to 50. In contrast, the -corresponding fractured -
face of the contralateral controls shows mostly ca. 8 nm particles dispersed ~

. throughout the fractured face of the extra junctional sarcolemma, there’

- being few ca. 15 nm particles. On the basis of the known miuscle physi-

- ology and biochemistry, it is most likely that ca. 15 nm particles rep--/ .
‘resent an: incorporation of ‘newly - synthesized Ach receptors in the: .~
extra-junctional ‘sarcolemma after denervation of the muscle.  These

- particles appear to be preferentially attached to the P face of the sarco-

- lemma, there being no depressions on the exoplasmic fractured half

- (E face) in metallic replicas. B S L
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Vertebrate sk.eleml‘ muscle provides a valusble model system for investigating
the functional organization of cellular membranes. In the differentiated muscle,
acetylcholine (Ach) receptors are localized in the subsynaptic sarcolemma. When -
_ the muscle 'is. denervated the extra-junctional ‘sarcolemma becomes highly
’sensi_tvive to Ach (Hartzell & Fambrough 1972); and this hypersensitivity of the

* ‘muscle results from incorporation of newly synthesized Ach receptors into the

extra-junctional 'sarco]evmma (Brockes, Berg & ‘Hall 1975)- Biochemical and -
electron ‘microscopical studies' on receptor-rich ‘membranes isolated from the

electric organ of fish have indicated that the Ach receptqr spans the t_hickheé’s‘of' '
the sarcolemma and-is exposed at the surface of the membrane, (Changeux et al,

1975). Such features of the;-sa‘r(:olem<mra.ilehd themselves to investigation by the -
ffeezeffrécturing»t.e'chn_'ique, which enables direct visualization of the interior of

“cellular membranes (Malhotra & -Téw'ari 1973 ; Bullivant 1974 ;' Malhotra 1977).

h Fur_ther_moré,j acetylchqlinester_asek (AchE) in vertebrate muscle is_generally =

~

, known to serve in the termination of nerve impulse tfgnsﬂlission by hydrolysis of -
acetylcholine (Ach) released from the - presynaptic nerve’ ending: (reviewed by -
“Silman 1976)." Recent biochemical investigations on rat ~diaphragm- muscle

indicate that there are three molecular forms of AchE with sedimentation constants - -

- of 4, 10-and"16S. The last mentioned. m'ovlecu]_at form is specifically :assdciated .

with “the - neuromuscular junction: (Hall 1973)It should” be" mentioned that

i similar three molecular forms of AchE ‘with somewhat higher sedimentation . N

o constant values (8,14, and 188) 'ha;ve.beenbbd'éscribed"f'rom e]é’ctric'_orga;n of electric .

~fish (Silman 1976). AchE -has s complex. molecular structure in which. there js
‘a multisubunit head bearing the active sites of the :en'z_ymela_t‘tached'to anelongated = -

. tail. Based upon enzymiatic digestion with protease and collagenase, the tail -is

" thought to' be collagenous and appears to anchor the enzyme to the basement = © -

‘' ‘membrane. AchE from various sources possesses an. élongated structure, which -

e appears to be similar in overall features (Silfn'gn' 1976). . e S

' .The present study was undertaken with a view to investigate whether the ChE -

" molecules are related - with ‘the intraiﬁemb_rdnous particles in the: sarcolemma. -
- Denervation of a skeletal muscle has been employed as anvexpeximental‘m'anipu'-' .
~lation, ‘since more than 509 of the ChE activity is ‘lost within 3 days after

denervation (Guth, Abers & Brown 1964), and the. largest proportional decrease

- occurs in’ the 16S form of AchE (Hall 1973). The distribution of ChE in o

innervated and denervated:'safcolvemmav of the skeletal muscle of thg rat was
studied by using a histochemical - reaction - suitable for electron’ microscopy-

-y .

(Karnovsky ‘& Roots 1964). - It appears from the distribution of the reaction

product’ that the histochemical “test used in this investigation preferentially
' localizes the ChE in the region of the neuromuscular junction. Furthermére, the' ..
. results of such hiStochemic_aLstudies considered in conjunetion with the freeze— o

‘ fracture data on. innervated and denervated' muscle suggest that the intra-
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) membranous pamcles seen on the fractured faces of the, sarcolemma. at the neuro-
‘ muscular junction’are not directly related to the' ChE. '

"A brief account of the structure of the extra- sjunctional sarcolemmai in mnervated
and denervated muscle is reporffed elsewhere (Tlpms & Malhotra 1976)

2 MATERIALS AND. METHODS

Lumbncals of,the hmd leg of female rats (100—150 g) of Sprague Da.wley stram _

- were used in the present mvest1gatlon _These particular muscles were selected

because they are small and can be easily dissected and fixed in sifu. In all the
iy experiments on ‘denervation, the left leg was denervated and the: contralateral’

- right ‘leg was: used for control expenments The rats were anaesthetized by

intraperitoneal m]ectron of 1 ml of sodium’ pentobarblta,l at a concentratwn of -

. 5mg/ml apprommately 30 mg/kg). The rats were denervated by excision’ of
* approximately 1 em.of the sciatic nerve in the th:gh region, and killed two weeks
- after the. nerve was sectloned : ! :

| o (a) Preparatwn of lumbncals for electron mwroscopy

After anaesthetizing the animals 0.5-1:0 ml of 2. % glutaraldehyde buffered - o
 with0.1 M phospha.te at pH 7.2 was injected into the hind paw to fix the lumbrlcals L

- insitu and 10 min later the skin on the ventral side of the paw was excised so that_ o

- the plantar.. aponeurosis with its adhermg connectrve tissue could be temoved to

L Aexpose the lumbricals.. The la.tter ‘were removed and further fixed in- the glutar-

. aldehyde solution for- 2 h. For thin sectlonmg, some of the lumbncals were further :
SRS ;prdcessed by routine fixation in osmium tetroxide, dehydratlon in ethanol and = el
-embedding in Araldite (Tipnis 1977). For freeze-fracture:studies glutaraldehyde-'-,’ L
fixed lumbricals were soaked in 20 %, glycerol and’ frozen in liquid Freon 22:In -
s “order to enhance the chances of obtaining fractures through the neuromuscular
i junctions, some of the glutaraldehyde fixed lumbrlcals were sta.med for- ChE as -
. described below 806 that the endplate regions could be ldentlﬁed as browmsh zones
© under ‘a dlssectmg microscope;. such - reglons were cut. a.nd glycerolated before" )
’freezrng in Freon 22. They were fractured at —100°C in a Balzars 360 M freeze— -
" etch unit and Pt-C replicas: made (Tewari' & Malhotra. 1974; Trpnls & Malhotra” -~ .
: _1976) The replicas were cleaned in 40 Y% chromlc acld washed in drstllled water o :

- “and’ exammed by tra.nsmrssron electron mlcroscopy

(b) sttochemwal stammg techmque for clwlmeatera.se (ChE)

- After anaesthetrzmg ‘the rats, ice-cold 0. 5% glutaraldehyde, buﬁ'ered with :
0.1 M cacodylate at pH 7. 2, was m]ected into. the: hind paw, and the lumbnca.ls: )
“removed as described above. They were further fixed in 0.5 %" gluteraldehyde_

solutlon for a total period of 1 h After rmsmg in cacodylate buﬁ'er the muscles

_were teased into- bundles contammg 3—7 muscle ﬁbres to facﬂltate penetra,tlon

18
1
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‘Such tissues wete incubated in a medium vc'(.)ntai'ning the fbllowing chemicals:
0.19% acetylthiocholine iodide, 0.2 M sodium citrate, 0.002 M copper sulphate,
- 0.0003 » potassium ferricyanide, 0.1 cacodylate buffer (pH 6.0) (see Karnovsky
& Roots 1964 ; Rash & Ellisman 1974). Eserine at 106 5 concentration ‘was added

to the above incubation medium in some of the experiments to inhibit the total L

'CHE reaction (Karnoizsky 1964); and 1,5 bis (4 allyldimethylammonium phenyl).
pentane-3-one dibromide (BW 284 C 51)at 10-4 y concentration was used as an in-
hibitor for specific ChE, i.e. AchE. The incubation in BW 284 C51 was per-
formed according to the procedure given by Somogyi, Chubb\&_Smith (1975): The
 tissue wasg also incubated in medium from which substrate had been omitted, in
‘order-to- determine the non-specific binding,. if aty. The muscle tissues were
incubated for '30-45 min, washed in buffer, postfixed in 2 % osmium_tetroxide
buffered with -‘cacodylate (pH 7.2),-and processed for thin sectioning. The thin

_sections were examined either unstained or stained with uranyl acetate. It should = =

" be Dpointed out that thé.above ’histochemica}-technique for ChE has been widely -
~ used at the electron microscope level (Barajas, Silverman & Mueller. 1974 ; Rash & .
' Ellisman 1974; McMahan, Sanes & Marshall 1978). .

L (¢) Number of expersments carriéd'o?df » _
-~ Ineach of the control and denervated groupings of rats, the. results on thin |
sections'and histochemistfy are based upon study of muscles from at Jeast 4 rats, -
with the exception of experiments on_the use of BW 284 C 51 inhibitor which are
~based on 3 trials. For freeze—fracture study, 72 replica's were prepared from ‘control
. m_u'sclésf'()f 24 rats,’ and ”40'-rep"lica_s out of .14 der‘le'_r\?ated‘,‘_rat's;. Out,of‘_ fhese; o
.50 repligas of control muscle and 20 replicas of denervated muscle were examined.
SR . 8. REsurrs S o
. The structure of the lumbrical muscles of the rat is very similar to that of white -
- -._7'(fast;twitch) skeletal muscle given by Bloom & Fawcett ( 1975). The White muscle
R ﬁbres,are'disting"ﬁ_isha'ble _'f'r(_)m"'ﬁthe ‘r‘é’d vﬁbres':(slow-'t\yitc ).‘Whigh.hav‘e_ abundant
few. mitochondris, arranged in pairs or small rows, scanty ribosomes, and are
. largerin diameter than the red fibres. In the lumbrical muscle of the rat- most of the -
fibres are of white type, there being an occasional »x;éd onie. The;pir_e'séht’ results are -
based-on ‘the study of a_‘large'number_ of fibres per ‘muscle, and it Is therefore == -
assumed that they belong to the white type. ‘ R B
- When a’skeletal muscle -is denervated, it undergoes gradual changes in its
 structure and by about two weeks the entire sarcolemma becomes sensitive to -
Ach (Hartzell & Fambrough 1972). Therefore lumbrical muscles from fats which -
- had been ,den’eﬁr‘atedifdr‘ two ‘weeks were used for the present Investigation for »
analysis of 'the:éarcolémma by freeze-frécturing and for histochemical detection
of ChE: The degenerative changes in the structure of muscle fibres discernible in -
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electron micrographs of thin sections are comparable to those already published.
by various workers (for example Pellegrino & Franzml 1963; Miledi & Slater 1968;
see also Tipnis 1977) and therefore such an account is not included in thls paper

(a) Clwlmesterase localzzatmn

In electron mlcrogrsphs of innervated (control) lumbrical muscle sub]ected to,
the hlstochemlcal reaction, a uniformly dispersed dense deposit is evident through-
out the sy naptic‘eleft in the region of the neuromuécular junction (figure 1). (This -
. distribution of the reaction product is mvarlabl) found 1h the region of the
~ neuromuscular junction encountered in all of the thin sectiofis examined.) N
reaction product is detectable in association with the sarcolemma in the . non-
junctional region. Apart from the neuromuscular ]unctlon electron dense deposits
are also discerned in assocxetlon with the plasma membrane of myelinated axons
. and occasmnally in the sarcop]asm This variable occurrence of thereaction product :
in the sarcoplasm is evident.irrespective of whether: the histochemical reaction is
carried out on teased ‘muscle fibres or on 25-50 um sections. Such a variation: may
result from lack of . penetration through the muscle by reagents in the incubation .
medlum In view. of this apparent difficulty in consistently demonstratmg the
ChE ‘activity in the sarcop]esm results of our studies on the use of inhibitors for
ChE canriot be interpreted in a meanmgful way in respect to the nature of ChE in
the sarcoplasm. No further remarks are consequently feasible on the distribution
- of ChE in Ioca,tlons-*other than at the neuronfuscular junction-and sarcolemma
In lumbrlcals of the rat: denervated for 2 weeks and then subjected to the
o hlstochemlcal reaction for ChE, the- electron dense deposnts are only found in the
synaptlc cleft But in- contrast o the- rather uniform dlstrlbutlon in this location
" in the innervated muscle, the denervated muscle shows a non- umform dlstrlbutlon'

of electron dense deposits, This distribution varies in dlfferent neuromuscular _—

" junctions examined (ﬁgures 2 and 3) and neuromusculur junctions- totally dev01d"__
of electron dense deposlts are also seen in denervated rats (figure 4). Tt is ‘empha- -

slzed that neuromuscular junctions totally devoid of any électron dense deposits SR

. are seen in denervated rats (figure 4). This varxatlon in locahzatlon of ChE
_'}actlwty does not seem to be. dué to dlscrepancy in technical variation since all the o

neuromuscular junctions visualized in innervated muscle showed a. umform dis-
tribution. of electron ‘dense deposxts throughout the synaptic cleft. It is hkely :
o therefore that the variation in the reaction product in denervated muscle réflects -

~ an underlying varying. decrease in the\ChE act1v1ty elong the synaptlc cleft in
- different muscle fibres. | :

“ When the hlstochemlcal reaction. is carrled out in the. preSence of eserine, or -
BW 284 C 51 ‘no reaction product, is dlscerned in the synaptic cleft of denervated

or mnerva.ted rats. (ﬁgures 5 and 6) Also, when  the hlstochemlca.l reaction ‘is
_ - carried out in the absence of the substrate no electron dense deposit is discerned in
association with"any structure in muscle. thereby eliminating the posslblhty of L

g _non spemﬁc bmdmg of constltuents in the lncuba,tlon medmm :
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» In view of the ‘abo,ve findings, it is tentatively concluded that the electron
‘dense deposifs in the synaptic cleft of innervated muscle represent localization of |
specific ChE, i.e. AchE, and.that this activity undergoes a marked decrease pon
. denewatioh of the muscle. = N , o - o
- o (B) Freezefracture studies
Tlle‘fractured faces of the sarcolemma- are Iabélled as face P or face E cor-
- _responding to whether the fractured membrane is adjacent to the sarcoplasm or
the extracellular space respectively. This nomenclature is in accordance with the )
_ criteria proposed by Branton et al. (1975). The complementary fractured. halves of
~ - most biological membranes appear asymmetrical in respect of the.distribiition of
_number of particles, there being more particles on P face (see Malhotra & Tewari

. B

1973; Bullivant 1974; Stoeckenius 1976; Malhotrs 1977). -

(i) Sarcolemma i the région of the, neuromuscular Junction _
- ,Iﬂ”shou]_ci be emphasized that large areas of the fractured sarcolemma in th; '

< neuromuscular zone have not been easy to detect in the replicas. This is perhaps
due to the inability of the fracture plane to follow_thfou‘ghm the deeply invaginated
Qargolem‘mdg in this région.‘ However, the identification of the fractured faces. has
been facilitated by the presence of presynaptic endings iri cross sections. In the
innervated muscle the P face of the postsynaptic membrane is characterized by
thespresence of 15-18 nm particles which are concentrated in the upper region of
. the junctional folds. Their packing density is appfox:’ﬁiawlylSOO/pmz, ‘which ‘is-
' .comparable to that vdescribed’- for this face in extensor digitorum, longus, gastro-
. enemius and‘diaphragm muscles of the rat, (Ras}if@;Elli'smah"lgﬂh

). Pa.rticles 8$nm
in size are found only in the deeper regions of the junctional folds. This face canalso

- ‘be distinguished from ihé'comp‘ar&blé.face of the extra-junctional ‘sarcoleqima by
' ,J'the_'_absence of :d'epréssi:QnS,vcbr'reépbndirig’-,t_,o the T-system or caveolae seen in the -
. the extra-junctional sarcolemma. The E face of the postsynaptic sar’cvql'emm/d has
a ' pitted. appearance a.nd;v\ferytflfe_w p,hrticlgs_"(ﬁg}ire, 7). “Also, ‘protuberances. .

- (30-50 n’m)-:'whiéh‘aré* present on:the poﬁespopding fractured 'f@ce of the extra-
- Junctional sarcolemma.ate absent. There are no depressions on'the E face that °

L

, c _ . DESCRIPTION OF PLATES 1 AND 2 - ..
o " FIGURE 1. Lumbrical muscle of innervated: (control) fat subjected to.histochemical reaction
' ' - for cholinesterase (ChE) showing electron dense react_ip_rl'prodqctfin thesynapticcleft (sc.). .

_ F IGURES 2-4. Lumbridal niuﬁcle of ‘the _‘de,nerva.tedj rat'é’ubjectédi to histochemical reaction . -

- .. for cholinesteraso, showing either’a patchy ‘appearance of the ‘electron dense réaction

B ... . product (arrow heads in figures 2 and 3), or no positive reaction at all,”in the neuro-. -

P + . muscular junctions encountered in the denervated muscle (figure 4).. AR o
FIG_p’Rés 5 AND 6.. Lumbrical muécla'fmip i_nnéri(été& rat subjected to  this histochemical
reaction for cholinesterase in' the presence of eserine (figure 5) or BW 284 C51 (figure 6)
~ to’inhibit the enzymatic reaction. No electron dense reaction product is discernible in -
~-aggociation with any of the-cellular structures encountered-in thin sections of the muscle, "’

R
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correspond to the particles on the complementary face. This asymmetry' in the
structure of the sarcolemma may arise from a preferential attachment of the
particles to the P face (Stoeckenius 1976). o
There are no discernible alterations witl respect to thé number of*intramem-
branous particles on the P or E face of the sarcolemma in the neuromuscular
i junctional zone when the muscle is denervated for 2 weeks (figure 8).

(i) Sarcolemma in non-junctional zome ,

The two éomplementafy fractured faces of the extra-junctional sarcolemma
appear asymmetrical in respect of the distribution of intramembranous particles
there being far fewer particles on E face than are found on the P face (figure 9).
These particles are mostly 8 nm in size and rather uniformly dispersed. There are
approximately 2000 particles/um? on the P face. The P face also shows a large

- number of depressions 30-50 lnm"in size, which most likely corresf)ond"to the
distribution of T-tubules or cortical vesicles. The E face shows protuberances
which correspond in size and distribution to the 30-50 nm depressions on the

- complementary P face. R . ' o

- The miost conspicuous features of the P face of the extra-junctional sarcolemma
of the denervated muscle is the presence of intramembranous particles 15-18 nm

* (ca. 15 nm) in size. These particles are found either dispersed at random through-

- out the fractured face or more often occur in aggregates. There are varying »
numbers of particles in each aggregate, from 4 to 50 (figure 10). It is emphasized
that there is a large variation in size and number of aggregates that are found on
the P face in the replicas.. However, the 15-18 nm particles and their occurrence
in aggregates. is characteristic of, the extra-junctional sarcolemma of the de
nervated muscle because these features are not apparent on the corresponding

 fractured face “of the innervated muscle. Further, the 8nm particles that are |

;

DESCRIPTION OF PLATES 3 AND 4

F16UREs 7 aND 8. Fractured faces of the sarcolemma in the region of neuromuscular junction. -
‘ of control {figure 7) and denervated (figure 8) muscle showing essentially similar number
.of intramembranous particles on P face of the subsynaptic sarcolemma in both types of .
muscle. Also, E face has fewer particles than on its complementary P face. Pn, P face -
of nerve terminal. Arrow, lower right; shows direct,ilon of shadowing.

- 2 ’

F16URE 9. Typical structute of the convéx: fractured (P) face of the sarcolemma in the extra- -
junctional region of the innervated lumbrical muscle. This face is characterized by the " .
_ presence of & large number of 8 nm particles and large depressions scattered throughout.

‘Arrow, lower right, shows direction of shadowing.

F16URE 10. P face of the sarcoleinma of the lumbricgl muscle from a denervatéd rat, showing .
aggrégates of ca. 15 nm particles (arrow-heads) that are not obvious on the comparablée
face of the control (figure 9). Also note that there are fewer 8 nm particles than in
figure 9. Arrow, lower right, shows direction of shadowing. ‘ N

3 : ; o o Vol. 203. B.
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abundant on the P face of the extra-junctional sarcolemma of the éontrbl_musc]e
are far fewer in the denervated muscle. ' S
The E face of ‘the extra-junctional sarcolemma of the denervated muscle

appears similar to that of the comparable face of the control muscle. No groups of “
depressions complementary to the aggregates on the P face have been found on the

E face. This asymmetry in the structure of the complémentary fractured faces
could well result from a preferential attachment of the particles to the P face as
has been described for the particles representing bacteriorhodopsin in the purple
membranes of halobacteria (StoBeknius 1976) also referred to above (p. 64)

- 4. Discussrion

The histochemical reaction used in the present inirestigat’ion appears to localize -

preferentially specific ChE (AchE) in'the\ cleft of the neuromuscular junction,
because a specific inhibitor for AchE (BW 284 C 51). abolishes the histochemical
reaction in this region. It is rélevant that Rash & Ellisman (1974)-and McMahan
et al. (1978) have reported that ChE activity is associated with the basal lamina
in the region of the neuromuscular junction in vertebrate skeletal muscle. Their
conclusions are based upon the application of Karnovsky’s histochemical tech-
nique employed for the present study. It is speculated that the histochemical
reaction used for the. present investigation localizes the 168 form of AchE. This
assumption is based upon the known distribution of the three molecular forms of
- AchE (see Introduction); 48 and 10S forms of AchE have been reported to be
 distributed throughout the muscle (Hall 1973) and histochemical reaction product
corresponding. to such a distribution is absent from extra-junctional sarcolemma
~ of innervated muscle. Quantitative studies on denervated sternomastoid muscle
of the rat have shown that ChE activity decreases between 50 and 70 9, within
3 days after denervation, and very. little change occurs thereafter (Guth. et al.
' 1964). The decrease observed in the histochemical reaction product in the synaptic -
clefts in denervated muscle is consistent with the findings of Hall (1973) that the
. largest proportional décr’@ase occurs in 168 form of AchE in denervated muscle.
_The kinetic behaviour of each of the three species of AchE showed that both 168

and 105 AchE exhibit substrate inhibition at Ach 'coricen/trationp ‘above ca.

1.‘2'5va. The 48 form, however," showed no»inhibition ~of }ac’qivit"y With Ach:
: concentpati\c)ns up to 10 mu, which distinguishes the 48 form of AchE from 168

and. 108 forms. The active hydrolysis of B-methylacetylcholine by the 48 form

and its inhibition by the specific inhibitorsBW 284 C 51 clearly demonstrate it to

be an acetylcholinesterase (Hall 1973). e it is conceivable that a partibular
molecular species of AchE, ie. 16% is fi ct’io_ al at the neuromuscular junction, -
the precise role served by the other forms of AchE remains to be investigated.
A suggestion has been made that they may beintermediates in biosynthesis and
assembly, diﬁerépt'Mctional forms at séparateioci, or aggregates and degradation

products produced as artefacts of biochemical rocessing (Silman 1976).

4
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A comparison of the structure of the freeze: fractured faces of the post synaptic
membrane of the neuromuscular junction in innervated and denervated rats leads
to the obvious conclusion that the mtramembranous partlcles are not directly
related to the AchE molecules. This conclusmn is based on the observation that-
the number of intramembranous particles on the P face of the synaptic sarcolemma. -

~ does not apparently change in the'muscle denervated for 15 days, while the AchE
shows a marked decrease in the denervated: musclgg It is recalled that the non-
« junctional sarcolemma undergoes marked alterations in tlie structure of the -
fractured faces in denérvated muscle. This change is reflected in the increase and
distribution of ca. 15 nm particles, which, it is hypothesized, are the Ach receptor
molecules (Tipnis & Malhotra 1976). It is likely that the aggregates of 15 nm
particles observed on the P face of the extra-junctional sarcolemma correspond
in distribution to the dlscrete patches of high Ach receptor density reported in
the denervated skeletal muscle of mice by using fluorescent conjugated o- bungaro-
toxin and 125]-o- bungarotoxm (Ko, Anderson & Cohen 1977). Also: the size of the
“particles in the aggregates found on the P face of the denervated muscle is con-
sistent with that reported for Ach receptors in neuromuscular junctions from
a variety of mammalian musclés (Rash & Ellisman 1974). It is likely that these
particles represent the sites for known extra-junctional Ach sensitivity in the »
denervated muscle. Work is in progress to test this hypothesis. The observed
variation 4n the size of the’ aggrega.tes of ca. 15 nm partlcles may be related to
a gradual and progressive change in the membrane. The significance of the
‘apparent decrease in the number of 8 nm partlcles on the P face is not known. '

Thls work has been supported by grents (A5021) from the Natlonal Research -
“Council of Canada, and a General Reséarch Grant from the Unlvemlty of Ajberta v
The. technical assistance of Harold Batz is greatly appreelated S

)

REFERENCES |

: Bara_]ae, L, leverman, AT & Mueller J. 1974 ‘Ultra.structuml loce.hzatxon of acetyl
. cholinesterase in the renal nerves..J. Ultrastr, Rés. 49, 297-311. .

" Bloom, W. & Fawcett, D, W. 1975 In A textbook of hwtology, pp 288~330 Phﬂadelphxa
" -~ W. B. Saunders Comp&ny S

Branton, D., Bullivant, 8., Gilula, N. B., Karnovaky,. M. J., Moor, H., Muhlethaler, K.,

Northcote D. H., Packer L., Satir, B., Satir, P., Speth, V., Stachlin, L. A., Steere, R. L. -
: & Weinstein, R. S 1975 Freeze -etching nomenclature. Science, N.Y.' 190 -54-56. R
Brockes, J. P., Berg, D. K. & Hall, Z. W. 1975 The biochemical properties and regulation
.of acetylcholme recep gors in normal and denervated muscle. C’old Spring’ Harb. Symp '
: quant. Biol. 40, 253-2 "

Bullivant, 8. 1974 Freeze-etching techniques apphed to blologlca.l membranes Phil. Trana :
L RSocLondB268 5-14. :

, Ch&ngeux J. P., Bénedetti, L., Bourgeois., J. P Brisson, A., Cartaud J., Devaus, P,
Grunttagen, H., Moreau, M., Popor, J. I., Sobel A& Weber, M. 1975 Some structural
properties of the cholinergic receptor protein in its membrance environment relevant to -
its functlon ag a pharmacological receptor. Cold Sprmg Harb. Symp quant Bwl 40
211-230, . . N _ .



8. K. Malhdtre-' and U. Tip’nis

- Abers, W. & Brown, W. C. 1964 Quantitative cha.ngesmchohnestera.ee actxvnty
of de ervated muscle fibers and sole plates. Ezpl. Neurol. 10, 236-250.
1973 Multiple forms ‘of acetylcholinesterase and their distribution i in end pla.te
and non-end plate regions of rat diaphragm muscle. J. Neurobiol. 4, 343-362.
‘ Hartzell H.\C. & Fambrough D.M. 1972 Acetylcholine receptors: distribution and extra-
density in rat diaphragm after denervatlon correlated with. a.cetylcholme
. J. gen.. Physiol. 60, 248-261.
Karnovsky, M\ J. 1964 The localisation of ‘cholinesterase actlwty in rat cardiac muscle by
electron icroscopy, J. Cell Biol, 23, 217-232. ,
Karnovsky M. V. & Roots, L. 1964 A direct colourmg thxocholme method f04
J. Histochen. Cytochem. 12, 219-221. ' \
Ko, P. K., Andeison, M. J; & Cohen, M. W. 1977 Denervated skeletal mus le ﬁbers d veIOp
dlscrete patdhes of hjgh acetylcholine receptor density. Science, N.Y.\196, 540-542,
McMaha.n U. J., Banes, J. R. & Marshall, L. M 1978 Cholinesterase is assfciated wi
" basal lamma t the neuromuscular 1unct10n Nature, Lond 271, 1725174 o
Malhotra, 5. K. 1498 Molecular stricture of blOIOglca] membmnes functlonal éxracﬁeriz-
. ation. Sub-cell. chhem 5, 221-259.
‘Malhotra, 8. K: & ewari, J. P. 1973 Molecular’ alteratlons in the plaema membrane of
- sporangiospores \of Phycomyces relatéd to germination, Proc. R. Soc. Lond.B 184, 207-216.
Mlledl R. & Slater, C. R. 1968 Electrophysiology and electron microscopy -of rat neuro-
, muscular junctiohs after nerve degeneration Proe. R..8oc. Lond. B 169, 289-306. -
Pellegnno 'C. & Franzjni, C: 1963 An.electron inicroscope study of dénervation atrophy in.
red and white skeletal muscle fibres. J. Cell Biol. 17,.327-349. -
" Rash, J.E. & Ellismah, M. H. 1974 Studies ‘of excitable. membr&nes I M&cromolecular

‘specializations of th neuromuSCular Junctlon and the non- Junctlonal sarcolemma J Cell y

Biol. 63, 567-586.
* Silman, I. 1976 Moleculdristructure of acetylcholmesterase Trenda bwchem Sei. 1, 225-226.

* Somogyi; P., Chubb, I. W. & Smith, A. D. 1975 A possible structural basis for the extra-
_ lchohnesterase Proc. R. Soc. Lond. B 191, 271-283, .
- Stoeckenius, W. 1976 .Th purple membrane of salt- lovmg bacteria. Scient. Am. 234, 38-46.
"Tewan, J. P. & Malhotra, §. K. 1974 leferences in'the orga.mzatlon.gf&x::mbr&nes related
~© to cellular differentiatiop or alterations in membrane function Cytob¥as 9, 55-81. - "
Tipnis, U. R. 1977 Alteratibns in the structure of denervated mammalian skeletal muscle
- ‘with particular referencd to the sarcolemima. M.Se. Thesis, University of Alberta. -
~ Tipnis, U: & Malhotra, S. K. 976 Denervation of sk letal muscle: changes in the st,ructure
L ofnonsynaptlcsa.mole g, FEBSLeu 69 141- 143 b )K e

uthe .

y o




W

CHAPTER TII

’ a—Bungarotoxin<Bihding”Sitesf(AcetyQCholine,Receptofs)

v’ihibenerﬁatédekeietal MuSCIe:6f<th¢.Rat 
(U. R, Tipnis and S. K. Malhotra)
i.» 'J;fsuprémol;‘Strﬁctﬁre;,in ﬁress"f’



. © ABSTRACT

The non- synaptlc sarcolemma of denerva.ed akclet41 muscle of’rat'

Lo

B

, shows an abundance of mlSnm in*ramembraROus partlcles on the P~tace.
These partlcles aré either 31ng1y dlStrlbuted or are in clusters and

tbey are mlssine from the comparable freeze- fractures of

kthe innervatea sarcolemma.< Autoradlographlc ‘studies by u51ng 1251—«-

: BGT on lum thick sections and freeze~etch studies b) u51ng ferrltin—a—‘

BGT ronJugates on’ membrane fractlcns, show that the dlatrlbu 1onsot thc

lab°1 corresponds to the dlstrlbutlon of the lSnm parLLtles in the non-

‘synaptlc sarcolomma. On thp baSIS of these recultk and LYlStlhg

L
o

Vphysxologlcal and blochenlcal data, it is subgested that tuc LSnm 1:.»

T Lo ' ' . o

,intrh;fmbradcus pa ticlea are components of th° a= BCT ,*noln sites, -

S I e., acetylchollne (Ach) receptors in the non- synaptlc sarcoremna or'

i

:denervatcd muscle and that the t"o types of d; utlou represent two

v
v

hSpat’al menlfestatlons of Ach rtceptor molecules. The 17.Jf1CchC of

these flndwngs in relatlon to oynapse Formatlor dn ccn°"vat°d 2 c e is’

- . -’."v - Ry A S -l
, dlscussed - o ‘

PON

TR =1

31

Key»WordS" Denervated sarcolemma‘ non synaptlc acetvlchollne receptors’ :

1251—&—bu1garotox1n' ferr1tin-0~bungarotox3n eyectron mltroscopy,;. o

freeze fracture etchlng, autoradiog*aphy.
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* INTRODUCTION

Denervation of the edult mammaliah skeletal muscTe is belng exten—”

sively applled to understandlng the nerve—musclo rntcr action (7;2,3,4;W

5,6). Ph)alologlcal and biocherical chaw~echcurring in‘the sa:colemmaw

mof denervated ‘muscle 1oclude a fa11 in: thc restleg membxdne potcatral
.and an 1ncrease in membrane’re51stance (7 8) a1d a dec*Ease 1n ﬁcetyI; p
chollnestereoe actlvity (AchE), malnly the 16s form of AchE (6 .9). |
‘Amongst the tHree known molecular forms of AcHE namely 43 104 tnd 16s |
‘in mawmallan mUScle the 1nduct10n of the" 16s form is: under neural con—‘
tr01 (10);t Denervatlon e150 reeults 1n ‘an increased ’en51tiv1ty to

Va"e*ylchollﬂe (nch) iﬂ noq-synaptlc sarcolemma w1th & concomitant~ -
'A 1ncrease 1n the 1umu=r of Ach rﬂceptors (11) Earller we repOLted _ﬂ;‘

;“¢hannes 1n thc sarcolemna of denervated rat m"°cle.examined b} rrec7e—

o fracturlng techﬂrque (4) and descrlbed the appearancc of :ntrarc”branous :c'

‘i'tpartlcles (NlSnm) o the cytoplnsmlc fracture of the meﬂbrane (P facn)

»»in the non—synaptlc sarcolemma.. These 1n*rameubranous partrcles were

’ i Lo
¥ /

‘cither 51ngly dlstrlbutEd or ;n ﬁlusters It was suggested that ?pf;

'these mlSnm particles whlch appear 1n tne non- synavtic reglon following

o denervation are’ the Agh receptors fhe present paper descrlbes the worm '

primarily dlrected towards testing the above suggestion by USL of marker,

'—bungerotOYJn (u-BCT) “hich binéq to thb A h- recehtors 1n a epetlflc :"v



and irrevecsible manner (Ja) a- bungarotoxin,'khen conjuvated to ferri—
wtin; can'be v15ua112ed by electron microstopy or when conjugated to N
125Iodme can ‘be demonstrated by autoradlography at llglt or elecfron
mieroacope level The re5u1ts of sach an invest;gation.are idpluded in__f
‘this paper.. |

“

It should be p01nted .out that in mammallan muscle the size of 1ntra-“
v menbranous particles taought to torreSpono tot the Ach receptor complex is
11 -15nm (6 37) In Xenopus embrvon1c muscle and cultured. myotuoes of

: chick' such partlcles are 10- l9nm (38 39) These sizes dlffer from the

\
[N

~7nm glven for ‘the Ach receptor CUmple* in the electroplaques (40)

-

;T}cuau thc aiénl‘ican;e;of'th se dif ences rematns ‘to be Jnv stiga e‘ o

' the 1ntramembranous partlcles in !%e segments of cultured myotubes of
tCHle contalnlng 1dent1L1ab1e reglons of hlgh acetylchollne ben51t1v1ty

;m/auure lO l9nm (39) T];--ﬂ : e i- ': .d _ff‘?"7 _as_

. MATERIAL AND MbiHODS

_'t@hérbatiOnflhtpedu%e AT N
Tte lumbrlcals and extensor dlgltoer longus ( LL) fz at of the

"fSprague Dawlev straln and weighlng lOO ]20 grs were u%ed in rhis stucyf,“

"'”The anlmals were anaestnetlsed and denervated bv transertlon of the

. 1
\

L,sciatlc nerve in the upper thlgh reglon ard sacrlflced by cerv1cal

W



décépitaﬂion 2 wéekslafder dénerﬁation. The,fétidnale‘for‘usihg'suchv
a period of denervatlon was béSEd.upon cur pfév1ous morph01001ca1>and
histﬁchemlcél studles which showed marked ﬁﬁanges in the non-synaptlc
-sa%colemma after 2 weeks of’ denervation (4 6) Also, the 1ncorpora—

S

tion of Ach receptors 1n the non- synaptic sa celemna 1s optimum 2

weeks ﬂfter denervatlon (11) The muscles of normal innefvated rats'

were used as controls.



followlng conJu

.'(a)”

;specif1o act1v1ty and nro*eln concenrratlow of

NORE

E .reparat*on of Ierrlth—u-bungarotoxin (Ft (-BGT)(“ pePGlx II)

Prepabat; Jvrﬁne Iractiln (see Appendix\I)
_b_' * The fi omogenized and crude membrane fractions vere:

' ~ 3 S
isclated frd , as well as depervateﬁ anlmals acCording'fo“the
Procedure of ;n‘et_al. (13). ) L _%Y

‘ | - S . A\\ “. .

A?} B
Pre eparats dn of urgarotoxmn (a-BGT) Corgugates
.» - \\.
.—BGT °upp1

b&‘}ﬁami Serpeﬁtarium;’Flérida,‘was usec far the
Todinatios of a-BCT -

d—BGvaas i@dlnated with 1 mCl 1‘57 using the nethod of:

Greenwoo Jnter (14) The 1odr1arloniwas,carr1ed‘

out by Rz

riopbarmacy Centre Unrv=r51t» of AlBorta._ Tha -

1od3n ed

7prote1n were 2. 192 x 10S Cl/M and 8. 4 ug/mr re5pect1ve1y

I

“;1,Ferr1tin (63 crystalllsed and cadmlum free) obtalned from

o Polysc1ences was conjugated to o= BGT by u31ng glutaraldehyde,fej i

} gjaccordlng to the method of Hourani et ql ‘(]5

-”;.for detalls of preparat10n3

see AppenalY TI

E “ o . 2 R ~.~\ s
. : . B . . A RO .




. -Incubation of. Muscles Hith 1257_a-pGT -

- 36

L
S,
.-

“The EDL mUscles from'denervated and innervated rats were tied at

both ends to a wooden stlck and Jmnedlately transferred to Aan. oa;genated

_ Kreb's rlnger contai?ing 1251—&—BGT (2 % 10"7 M) The muséles'were

incubated for 2 Lours. \ For dettrmlnlng the specific brhdlng of o~ BuT
/

‘another set of pDL rom each of the 1nnerva:ed and denerVated rats was

”malntalncd at 37 C in a water bath Aftegg;ncubation, the muscles were

wrr th@KOugH1y washed by repeated chanbes of buffer du 1no*1 hour und fwxed

A . ) R H ©

ipcubated 1n1t1a11y in, Kreb's rlnger COﬁtalnlng d- tubocurarlne (lﬁ 4 H)

' for 1 hour follo ed b) lnCUbdtlon in 1257, - BGT for 2 hours. Durlng

~

B N <

inCUbation the oxygen,was contlnaously bubbled through the medlem

A}

in 2/ glutaraldehvde Lufrered w’th 0.1 M phosphate uuffer (pH 7. 2)

\; R v

'The tlsSUg%was then blven several changcs of burrer and gently drled on
‘ ¢

"’was dOneﬁin'a ga tma couoter (Balth}tomwc) :

f*lter paper and welghed Thc radloactlvn_counting of these ClSSUcS

. \ i“ 4
‘tissue was then pOst-
i
o

hfixed 1n OsO and routlnely processed for prepargtlon of lym thltk

vAraldlte Sectlons for autoradlography (sce below)

.. Incubation of Membranes -in 122I-a-BGT (see Appendix II1T)

< , . ”‘\}‘

T

L

.. .:,' '@‘,’; ;
::'/'

e
. e X

The membraneo were assayed for their Ach recepLor actlvit; by

“using the fllter aﬁsay proceture suggested by Klett P* aZw (16

e ': . -

‘see page 15& Appendly III ."l nl - - A

L S .. ' e

-



»filtcred tnrou"h DES81. ccllulose anlon exchanoe fllter disc (Whatman);
bycounter.

\ PTrﬁarativa‘FTocedurGS"fbf,MiCPOSCOPy' s

e 25/ sodlum thio:ulphate The se"tlbns were

: (b)v Incubatlon of muscle membranes w1th Ft-a-BGT

o -9 - | "

" af Kreb s- rlnger contalne&?SO pg of’ memb*anc proteln 12SI ~-a- BGT (2 x'

;10‘9 H) 17 (H/V)'Tween 80 Control samples vere incubdted with «-BCT. ';% : -

(107" M) for 1 hour prior to inCUbaLiOﬂ i, l?SI o= BGT | The-mixture vas -

incubated at.room temperature (20 22° C) for a vary:ng period and then
F' 4

-

&
The aried filter discs were counted for tnp rad10act1v1ty *nja gaiﬁa '

- .
«

,

i

&

' T : : .'(y
(a) nght mlcroscope autoradlography .

"»bi le thick ALQI i scctions were cut ow bloc&s of 1nncrva;ed

e and denervarod m!Scleq whlch had prev1ouslv been 1ncnhafed in

“JZST—Q-BGT as descrlbed above The sectlons were coated with

1 1 dlluted Ilfoxd L emuls&on on gelatlnvzed slldes. Aft“l

i

. exposure for one week, the slides were developed an@ fixed injh

P

: a*nL.d wit}}‘ 27

| S ; > . o
ﬁpﬁenylenedlamjne and examined under a phaseytén Jést‘ﬁiér9§C§£?-

A . : - 1,

The muscIe homogenate (1000 g) ard the crude membrane frac~-a

P
'

tions vere 1nnubated thh Ft—O—BCT (0 6 pblml) fo* 1 hour;

' For deterndnatdon of speciflc blndl“g, tbn fracelons weze - e

N f;rst 1ncubated 1n 0t~-bCT (10"“ N) or d- tubocurarsne (10‘" H)

[ .
. . .
L N i
S . A



followed by iﬁcuba;iog in the conjugafe. The suspension of
crude membranes was washed by filtration through millipare as
describad by K%rlin et al. (17). © |
Suspension of the homogenate was centrifuged at 1000 g for 10
minutes. The supernatant was discarde2 and the pellet was
. washed several times with buffer.: The‘samples.were then f{ixed
apd'proceééed for electron ﬁiéroscopy as descriﬁed above,
Thin ééétions were examined, unstained or staiﬁed with uranyl
acetate and lead citrate, in Phillips EM 300 electren n'croj
scope.,

T

(o) \Freeze-frac;ure and freeze-etch preparations
A portion“of the»homog%patehincubated in Ft-a-BGT was used

for frecze—etchin%.‘ The pelleted samples were fixed in 2% | B
4glutaraléehyde pbuffered with 0.1 M‘phOSph;te (pd 7.2}, The
matertal was finsed’with buffer and finally with distilled R
watéf.‘ Freeze-fracturing andlegching were done jn Balzers

BA 360! and the cfching period was up to‘2 adnufes. The

replicas were/washed in 40% chrpmic ac;é and rinsed in
bseveraiaéhahges‘of water and,gxahiﬁed i; PQillipS‘EM 300

. J iy
)

. electron microscope. . - o %

o
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; * RESULTS - \
\ L

) . e *
Freeze-fracture studies of innervated and denervated sarcolemma —
| : \
A con prehensive account of the alterationms in the structure of sarco-

le ma visualized in the freeze- fractured replicas of denervated muscle is.
q

\

given elsewhere (4,5,6); therefore, only Lhose features which are perLi—

N\

nent to the present investigation are mentloned below. /{

In innervated non—synaptic sarcolemma, the PF shows randomly dispersed

/
1ntramembranous particles /hlch are approx1mately 8 nr in diameter

(%2000/um‘) (Fig. 1A). In contrast, the corresponding face of the dener-
: ¢ : , :
vated sarcolemma shows an abindance of 15 nm (15-18 nm) particles.

a

Tnese particles are qune1aed 51n°1y or in aggrpgatcs. These aoaregatés :
may be small with as few as &4-10 partlcles or large with approximately
25-1909 particles {Fig. 1B). The ave*age den51ty of the particles on the

PF (convex fracture) is 400 particles/1m? and is predominantly'made up
by the 15mm particles. A preclce correlation betwecn the intirambmbra-

IR

nous partwcles and the Ach receptors remains to bhe deETWlUEd It is of

interest, however, that there are'mllSO a—BGT.binding sites/ym? in the

’

denervated extrajunctional sarcolemma. This estimate is based upon *he
assumption that each receptor binds one IZSI-Q B61 molecule (Tlpnls and

Malhotra, unpubllshed data), yet’ there may be more thawn one bindiug site

per receptor molecule (43). On the basis of.eXisting‘physiological'and
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3

1 : ) / B
bilochemical evidence (17,18), it has been hypothesized that these parti-

cles are edmponents of the a-BGT binding sites (Ach. receptors, 4,5)‘and
the’two typee of distributions of particles noted in these freeze-frac-
tured'replicas’represcn~ two dis;ince topographic. distributions of
receptors id the non¥synaptic sarcolema of denervatea ﬁuscle.

The /following results refer to the expe:iments.designed to test the
above hypothe51s by 1ocallzat10n of Ach receptors through the use of

1251 0~BGT and Ft-o-BGT conJugates.

P .

Incorporation of 1251-u-BGT into muscle

Incubation of inncrvated and denervated muscles in media-containiaé
125I—c-BGT show a marked ‘increase in the blndlng of toxin by denervated
muscle over the innervated muscle (Table 1) Pre—incubetion of the
museles Withid—tuDOCUrarinelleads to a marked suppression in the biﬁding
of the toxin'(TaBle 1). Slnce d- tubocurarlne 10 known to be a spee1f1c
" 1ligand for Ach receptors (19) and blnds to the ‘same 51re as the a- BGT
the data on the Spec1 ic 1ncorporatlon of 1251 a- BGT 1n01cate the
labelling of the Ach reeeptors As seen 1anable 1 the spec1flc]4ncor-
poration of . 12 5I—a—BCT in denervated muscle is approx;mately 4 Lold moré’
than that in the 1nnervateévmuSC4e. In boLh innervated'éﬂd denervated

~nmuscle, dftubocurarine irhibits poxin labelling by about SOZ; which 1

In agreement with previous findings (41,42).

a1



Light microscope autanzdiogrnpﬁy

Table 2 shows the number of silver grains seen in th
A . . - . . e ' .
sarcolemra of lum thick sections{ Sllver °ra1n counts g;

-subtracrlon of the backglound grains. In each\experlncnt
ground grains ha&ﬁ been c0unteﬁ in areas located approx;m
from the tissue. - The background counts 1n\recrlons of 32
labelled mu5clc are comparable to *he bac}ground grains e
secrlons prepared from muscles 1ncubated in cold a—BGT an

for autoradiography.

\\'\

e non-synaptic
ven are after
the back—'
ately Spm aWdy

31~ a-BGT
ncountered in

d processad

41
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T
The distribution of silver grains in lun thick sectlons frow ioner-

vated and dcnervated muscle is dlsplayed in Figure 2 . The silver grains

,in .the non-synaptic sarcolerma of denervated. muscle appear either dis-

persed singly (Flb. 2?) or clustered (Fig. 2B) The nuxz ber of silver

gralns per micrometer square- is approxlmately 5-10 fold h1ﬁher in the
~clusters than outside such reglons. ‘Such areas of hlgher density do not
"represent the synaptle regloﬂs where the den51ty of 511ver grains is far

‘more 1n 1nnervated ‘as well as denérvated muscle (Fig. 2A) o
. L4 .

In contrast 'the non-synaptle reglons of the 1nnerxated muscle haue
.very few gralns and thCLl number 1s close to the background denslty
(Fig. 2D) _Also, sections of denervated must.c treated w1tn d tuLocura-
. rine prlor‘te 1ncubatlon in 1251 ~a-BGT are generally lacking in silver

orains (Fig 2E). 7t is concluued frem the above data that the sllver

i

!

_grains. in the . non- synaptlciuarcoleema of denervated muscles are: far more

|-

4numer0us and represent much more binding of 1251 -a= BGT to spec1f1c sltes on

denervated muscle as compared to. the correspondlng reglons of the

._1nnervated musclﬁy

~ ol R S . s, : H . . . . N

Ineorporation of 1255-4-547 Lnto.crude memorane_fractzons'

. Theipresence'of_sarcolemma in the ctude membrane fractlon wds

ascerteiued by'assaflhé for |Ach’ teceptor aet1v1ty [Thouga tHe Ach

receptors'haVe been reporte to reslde 1n the Colgl apparatus uurlng

i .

Y

. 5



‘Synthesis'(20>, ic is assumed that in inbact c'lls the rgeep*ors_are
exposed at the surface: igpy in *he-plasma-membr .e.} In the membrane -
fractlons from both 1nnervated and éenervatea.mns le, the blnding of
the toxin is. 11near durlng the flret ten minutes; after which satura-
. tion oceurs (Fig,'3A)., The speclfrc actlvlty in den rvated membranes

1s 2. 99/10 2 pnol/pg as, compared to-9. 2 X 10 ? pmol/pg in 1nnervated
pxeparation. T1gur° BB shows fhat the blndlng of 1251- -BGT to
denervatedfmembranes is spec1f1c, as it is greatly ’nhlblted by pre- 
incubation with cold a-BGT

mTransmiéaian:eZectrbn miéibscop@VOf‘membrdnea %neubatéﬁ mfth‘Ft—a—BuT

s

]Crnde membrane Fr:rrfnns show membrane vesicles runglng from 0.2-

2pm in dlameter. Hany of these ve31cles from preparat ns 1ncubated in .

2

‘Ft~c-BGT conjugate and flltered thlough mllllpore get trappnd lu the

. fllter along w1th non Spec1f1cally bOLnd ferrltln asc%epor:ed.by Karlinx"b

Fs

et al. (Z?); In tHe presenL study, however, V851Cl€S tvr ped in the‘f:,

'filter'were not con31dered ana only ve51cles 1y1ng achL the frlter

Zwere eAamlned‘j Denervated cruoe membranes 1ncubated 1n ferzltln con- -

jugate show ferrlcin assoc1ated Wlth the membrane of the vesicle.‘

- Ferrltln partlcles may be 51tuated sllghtlv removed frcm the surface of_ ;

Y

* ‘the mcmbrane (NS 7nm) The partlcles are seen as 51nglc noleculeaf~

43

fbound to thc membrane or'in. snall c1u°ters (Flg 4A) Seyeral vesicles- 



e o . b4

i

without the associated ferrltln molecules are also encountered 1n electron

micrographs. Estlmatlcn cf the vesicles from four experlments indicates

s

[

'that 60/ of. the ve51c1es ore 1abelled (Table 3A) whereas in d-tubocura-'

K t

'rine treated controls the number { vesicles shqylng assoc1ated ferritin
'<is reduced to 117 of the total ves;cles (Table 3B) Small dense particles
'are °omet~mes encountercd 1ns*de the vesicles both in the ererlwental

as well as the d- tubocu*arlne treated materlal These are generallj
-smaller than the ferr1t1n molecﬁles and thelr nature is not knoﬁn."lt.

| pnears that these partlclcs do not result from}preparatlve‘flxatlon pro;‘
.cedure, as membrane ve51cles whlch have not’ been rncubatedl o mcdluﬁiﬁw -
.contalnlng Ft- a-BGT con1ugate do not: ‘show’ thv .ﬁarticles;. lthislthere—i

f’fore assumed for the present Lhat they represent degraded ferrltln
. A : : .

.*molecules, and the memoranes are leaky to these partlcles. .

’Freeze etchtna of Pt a-BGT Zabe7zed and ”"Zabé?iéélhaﬁogenéie_Cftdéd%rﬁaiéasn7~
'muscle - : : : o S e e N . S
Initlally; experlments were‘conducted on Ft a—BGT labelled crude mem—:ﬁj(
dhbrane preparatlon but desplte several (40 50) attenpts satisfactoryv‘"”
:fractures of such membranes were not obtalned Tnereforei‘uuscle homo—ll'i
.;b genate was’lnvestigated as a source‘of Ach receptor conta1n1n° meubranesti.‘
‘The‘results reported in thlS sectlon are based on stud1es on Ft—_~BG1
:'jlabelled homogenate.ite:. |

Repllcas of freeze -etched nenbranes in muscle:homegenate iqubacea"j;. ‘
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with Ft-a BGT show. vesicles with a fractured face. fPF) and an etched face
(ES). ~ The etched face often displa)s densely packed buﬁps (’lg. SA) come
‘parable to the size of ferrlt'n molecules discernible in metallic replicas g
(21) Some of these bumps are larger than indrvidual ferrltln moleculest
and ‘may. represent clusters ef ferritln It 1is empha51zed that onl) some ?'
ol the ye51c1es shom bumpy etched faCL, whereas others have relatlvely
smooth etched face. Also, comparable-membrane faces in replacas'of the,
homogenatelulthout‘1ncubat10n in the Ft ~a= BCT show relatlvely sneothv“
:etched face (Flgs 5B, SC) It is thereforebcorcluded that the oumps on.
:the etched face of the membranes dlsplayed in- F1gure SA reprcsent ferr1t1n1.~“
part1c1LS presumaoly houncito tne ;cn receptors.; A conparlson of the‘y
f'rnumber of lahelled and etched ve51cles with the number of labelled veslc’es .
hin thin sectlons wonld be valuable but the etched ve31cles do not occurheu”'
1as cften as.the labelled vesicles in thin sections ThlS dls—‘tv' -
crepancy is: pr95umably duento.dlfflcultles in gettlng large areas of
';:etched ve51cles 1n 1epllcas;c;i-‘;l’»d.ei‘yiht ‘f5h :;- =.h,a'vthefp?1'f“

It should be remarked that membrane ve51cles W1th scanty 1ntr_membra-»i'

"”,'nouS"particles on. the fractured face (PF) are seen 1n the repllcas. It 1s

">conce1vable that such fractured faces represent reglons of thc nembrane,ﬁ‘

Vthat are deflc1ent 1n partlcles Alternatlvely, they may represent lnslde—r

fﬂ1out vesicles and the two ’ractured faces show an asynmetric dlstribution_Th

of 1ntramemb1anous partlcles, there belng a- few on one half (22)

RO
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DISCUS5ION o [

The results from autoradlography of 12-’I—orBG'I‘ and labelllng with .
| 'Pt—a-BGT lead to the conclu51on that the Ach rcceptors are aﬁther

dlstributed SLngly or clustered in the non-synaptic sarcolemma of

3

' ;denervateq musele;.
. The experiments’on lzsléaeBGf binding wereeprimnrilyJundertakenfto

ascertain the speeifieitylpf incbrporatedfradiqactivity in bdth:tmscle N
L S 2 _
and crude membrane fractidns (Figs. 3A;;3B-v?ab1es.1, 2). The fllter .

llassay of . \lett et aZ (JJ), employed 1n the present studv, is: based cn o

'v”the' use of anion ehchanoe cellulose fllter for fl]terlng the Ach

'g'reecp r preparatlan. 'The fll:er'blnds,anicnic;molecule‘ hlle ens"rlnﬁ o
o o T T T T ‘
*'the?el1m1natlon of cationie substaueesflike”unbound9ufBCTL] In beth’-'

- muscle, 'as well as:the crude membrane fraction from denervated anumals

T

"7there715>a-marked~increase'1n.1ncorporated radioactivity; Lhis tlndlng,

- uhlch 1s 1nh1b1ted both by d—tubocularlne and cold 0~B“T is con51d°red

'*v?spee1fre;: The qunlltatlve data based on llght mlcroscopelautoradro;zﬁﬁdf; >
lﬂeranhf"denonstratesvthe 1nCrensedv1abel11ne'ip”extrajUnctional reg;¢n§l

.'7?zand supports the quantltatlve date repoxted 1n\1ab1e 1 ,Tﬁésé7fiﬁd;ﬁgs;u“f“

therefore are in aereenent wlth several physlologlcal studles dhieh..

have demonstrated the e\traJunctlonal se151r1v1ty to acetylcholine in

denerv_ted muscle (18 11 23) Ihls‘eXtrajun;tional sensit;vity re;ultsei A



from the incorporation of ncul} synthesized reteptors (04 25 25 )

The findlngs on localisatlon of Ach receptors ty using 1‘51 GPBGT

and Ft-a BGT at the 1evel of llght and electron mlcrosccp} respectlvely,i

indlcate Lhat there are two distlnct populatlons o Achvreeeptors" v1i2/

81ngly d persed and in clusters. The labellln of recept r's WIth Ft- -
| & 8 P |

&

‘ BGT is never~asdense as~that obferved ‘in Ach receptcr rlch pr parat'on

<

\r-
f\\\

-from Zbrpedo elettronlaque (J/) *hlo dtf‘erence nowtver 1s llhély as

L
\

there is an eh*remely hlgh concentratton of Acn receptors fn Tcrpedb

electroplaque (40 OOO 50 OOO/me) (27‘ as comparcd to the re‘atlvely low

rP

ccnccntratlon (1 695 receptors/pmz) in- the Aon- synaptlc regl n of dener-'

N

“*vated sarcolemma (?1) The membrane ve51cles from svnant1c sarco.emma

e -

‘whlch would b° expected to show dense ]abe111ng of Ft—a-BGT, may not have

!

'been e“countered and p0531b1e explanat*ons for the d1ft1cu1ty in flndlng

' VSuch ve31c1es are.= (1) mcmbrane ve51c1es representlng the synaptlc"

n“”as well as: ve51cles._3j'

r

”i~sartolemmayare~f6'i nd are lost durlng 1solatlo“ and (2) the membtane v

v,pppreparatlon 15 f ltered through mllllpore whlch traps unbound terrlrln

ool

The ferrltln moleCUles ma appear to be leght]y renoved from the \

| Iwith the retent studles on Ach recepto*‘rlch membranes from Torpedb in

'whlch 1t has been reported Lhat the receptor mo;etulesitraverse thn mem—.'

”hfhbrane and pro;ect approxlmately 5. 5nm outside the nemorane bllayer (98)

. e
‘ A

AR

:surfacc of the nenbrane 1n thln sectlons (Flg QA) and thls is. CLnSlctCht\



\
._The presence4of_Ach.receptors in the non—Synaptic sartdlenma.is a
vproperty of adultzdenervatedfmuscie " as. well as that of. dcveloplug
muscle cell,(29;30)._ The non- uniform‘ty of Ach receptor dlstrlbutlon

_reported 1n the present study has also been. demonftrated in- uninner—

vated developlng mUJCIQS from rhlck and Xewopus Zaevos (31 32 33) The

.presence of Ach receptor crustcrs in denervated muscle subgests that in
‘relatlon to sarcolemma and Ach receptors the muscle cell reverts to

its embryonlc state. Ach receptor clusters were thought to be the 51te

'
!

'«-of synapse formatlon (31) It Js'pertinent to mention ih'this reoard

. 'that the formatlon of synapse be31de the. orlglnal end- plates is known

‘to octur elther by muscle 1nJury or by removal of a port“on of the mus-y

cre with thc or1glnal nerve (34 o5) Howeve T, rece ry Anderson and .

‘”fCohen (1977) have fo;;owed the dlstributlon of Ach receptors (labeLled -

»with a—BGT) during synapse formatlon on m)ocytes cultured frou Xenqpvs
:"_Za60z9.4 Therr studles 1nd1catc that the clusters of Ach receptots are
.‘anL the site of synapse formation.f »fi'

The signlficance of the c1u°te d Ach reueptors 1s not yet cltar.

- Axelrod et aZ (36) found that the rcceptors 1n the CIusters are. nor e

»"'ifree to diffuse 1nto the surroundlng areas.v-It 1s not as yet clear”x

<~

tfpwhether cluster formatron occurs by movement and aggregatlon of 1nd1v1—1'ft

-e, L.
: 4’?,

tdual partrcle: or; if therc are dlStlnCt sites on. the rembrane wherav

‘:bulk”incorporationjof ACh'receptorinolecules takes’plaCe.f Studies a:e" ey

s

48"
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in progress to further eluc1date the role of th° c;uatered Arh receptors

SE in mammallan skeletal muscle, S R o X '“‘\\\;
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Fig. 1lA.

‘Fig. 1B.

EDL muscle Showingvﬂn’aggregate with'é number of*lﬁnu"b

. "»- o o
particles Arrow in lower lert corner 1nd1cutes dlrewtlon

r

, Shows X} freeLe fractured preparatloﬁ of a normal lu*brical

‘-muscle showlng the ccnvex fractured face (PF) of non-

Junctlohal sarcolemma. ‘The intramembranous particles_‘

K& Snm) are dlstrlbutcd unlformly over the entlre fractured

]

) face.

,Shows a fractured face (PF) of the sarcolemma from a lum~'

_briral muscle of rat denervated for 2 wee _ A‘large

number of: partlcles are apparent in the denervatcd muscle - '
v{:'_ . P .

4
.whlch are not. dlscerned in the‘normal (1nnerv“ted) muscle.

Theoe paltlcles are blg er (%15nm) thau those seen con thls

sce tue normal mUSLLe and it iS likcl“lthet'they -

vreprESent extra Junctlonal acetylchollne recrntorq in

i

denervated muscle. Thejinset is a PF of the denervated

-

Ty g e
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Fig. 2.

N

A comparison of the specific incorporation of the labelled
toxin in denervated vs innervated muscle.
1ym thick sections of denervafed tuscle showing synaptic
region with high density of grains (A) and noﬁ-synaptic
reglons with unifo;mly dispersed graihs (C) and clusters
of grains (B). Seétigns of innervated muscle (D) or “d-
tubocurarine tréated’denervated muscle (E) do not show
grains. ‘.; U : )

. : _ i
The calibration lin: in C,gpplieé to all-the iilus;rations

in this figure. S
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Fig. 3A.

‘counter. The specific activity of 1257 ~-BCT was

.t.\‘\.\, .
Ub

Time-course binding of 1251-a-BGT to crude sé}cole::alv

)

preparations from innervated and dercrvated muscles.

'

The membrane$ from innervated and denervated wuscles
vere incubated in 125I-a-BCT. -The incubation mediun
contained, oxygenated Kreb's ringer, 50 ﬁg/ml ﬁemb:ane‘
protein and 125I--O;-BGT (2 x iO'g M. The pembranes
were filtered tﬁrougH.DESIvcellulose according to the
method of Klett et a}; (16). The filter paper wgs
dried and the radioactivity counﬁed iﬁ a gamma

4

2.192 % 105 Ci/M.



CPM x 103

o
Dénervated >
_.___ 8 B
. ~ Innervated  (h
, o o
| 1 ] ! ] L 1 B 1 | )
T 20 3. 40 . g 60

Time (in min)
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Fig. 3B.

@

| Specific binding of 12SI—a—BGT to denérvated crude

sarcolemmal preparation. .
3

The membrane preparation (50 ug/ml of protein) was
incubated in oxygenated Kreb's ringer containing 125I—o-~BGT

(2 X 1072 M) for l'hour'at room temperature The. membranes

were filtered through DE81 cellulose according to the method

of Klett et al. (16). The filter was dried and the
\
\

radioactiv1ty counted in a gamma counter For non-specific

blndlng,\the aliquots vere incubated in medium containing 2

a= BGT 0. b mg/ml) for 1 hour and then in labelled a-BGT for

\

-1 hour. The specific activity of 1251 -0—BGT was 2. 192(§

»105 Ci/M.



CPM x 103

Lo

,- f_|125-a,5‘GT,’oLgf/m|‘)"v,]_,_v

0008 . 0009 - 0012 Qo
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Fig'. 4,

Thin sections from a crude membrane fraetion of denervated -

fskeletal muscle incubated in Kreb 's ringer contarning
0.6 ug/ml of Ft -0~BGT conjugate showing ferritin bindlng

- Several membrane vesicles are seen labelled .Arrows ' l"

indlcate clusters of ferritin'particles Such reglons have

e

- not been considered in the estimation of Ft-a- BGT bindlng

sites.” B is a control from‘d—tubocurarine incubated:

material showing paucity of ferritin binding..

&5
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Fig. 5A. . E fFreeze-etch rcpllca of homogenate from denervated muscle

-incubated in’ Kreb s~ rlnger contalnlng O 6 ug/ml of Ft—
" BGT conJugate showlng bump) appearance of the etched
- face (ES),vpresumably due to«b;nding to'the_conjugate;'

Figs, 5B. . Controls w*thout 1ncubat10n in congugate show1ng
&5C.

) relatlvely smooth etched face (ES) Arrow 1n lower

*1ght corner 1nd1cates dlrection of shadow1ng
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Table 1

f 1251-4-BGT .counts per-min/mg of muﬁple
ExpefiméntA’A 125I-deBGI ' d-tubocurarine - "Specific
- & 1251 -0-BGT . Labelling
Innervated 604 292 : 312
2394 118 1208

f:_The EW‘ muscles from innervated and urlervafed rats were incubated

;‘1n oxygenated Kreb s ringer with 2 x 10‘7 M of 1251 ~g- BGT for 2.

Thours

-'dimuscles was incubated witn - tubocurarine (10““ M) for l hour and ;ﬁ

ISubsequently 1ncubated w1th 1251 -a- BGT for 2 hours

. o
o

v For determlnlng the specif1c1ty of blndlng, another set of o

’

62



&

‘a o -> R

{preincubatlon of'gggcles in d- tubocurarlqc followed by 1ncubatlon in

&
. 63
“Table 2
Experiment » T - Number of silver'gralhs/umz
12571 o-p6T  © 4- -tubocurarine
& 1251~ >pBGT
l . j
’;iinnervated‘ Coe | - ' . " 0.6 o 0.5’”
anervgted R (i_l_ N -5 N | 1.4

R Y

'Di trlbutlon of autoradiographlc gralns in non- synaptlo rg§§on pver 1o

thlck secrlons of 1nnervated and deﬂervated muscles labelled w1th IZJI—l_

-4

fGABGTf: COﬂLlol in both 1nnervated and denervated muscles repreqents the

S

Y ' 8 ' - :
1251 u-BGT The'muscles were'lncub;ted‘undgr.the,same~condmtlon as -

mentlo_ed in*Table l.lllvl
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Tabtle 2A :
o o . ' : o '
Counts of Meﬁbrane.Vesicles (Denervated) labelled with Ft—é—BGI &
Erperiment - aTotal Vesicles Labelled " Unlabelled
Counted , Vesicles . Vesicles
1 | 1 o 25 6 o
2 S V1 82 64
3 s 70 ‘ 45
4 99 52 47
390 229 S, 162

Crude membrane fractlous (50 Lg prote:n) ware 1ncubuted in- kreb'

rlnger coutalnlng Ft a—BGT conqu"ate (O 6 ug/ml) The.membrahes

were flltered tnzough lellpore and 3uasequcnt to washlnb, wure,  o

A

.'procéssed for electron plcroscopy and embedded in Afdldlte.- The o

,eé.lylng abovevthe fllter were rand&nlyvcounted 15 thin sec-‘!
‘ ti;ns; It is appafent that-ﬁearLy 60/.of the: VLSlClCS Qere labelled.
»*fThe number of ferr:tlnvmoleéules on the labelled v951cles Qav vafy\

ﬁfrom 2 or more, Tle pres;ncc og fcrr‘tin moiecﬁles in the back~ | ;352

grcuno is rare as thc mllllpo*e fllteru wore soaked in 2 albut;n‘to

- minimlze non sPec1fic bindlng (]/).



' Counts of. membra“e %e51cles (denervated)

‘followed

iy

"bated in
‘}jugatg;,

6£;thése

wqge labell d.n

by 1ncubatlon in Ft—a—BFT | ;

/ s : 'u .

L

d tubocurarlnc (10 v ﬂ) pr101 to Jncubatlon in Ft &-BGT con-l{

7 -

The countln or more than 600 "e51clos 1nd1cate that on’y 11/

\ - -
a0 . 3

e

Table 3 except in’ th;se ewperlwents the memorane fractlons were incu—,*,

) "652
Table 38 :
T . >_ O v 3 [
" N 17
Counts of Nembrane Vesicles (Penervated/ Ancubated Wlth Tl ;
d- tubocurarlne Followed by Incybation in Ft a-BGT.
Experimentho. Totai Vésiclés o ,uLabelled' Unlabeliedﬂc(  §4
./ Counted -~ .Vesicles . . Vesicles ' -
_ ) -f@;" . o e 2
g ' ¥ (S
1 1 95 15 8 o
2 153 o a8 s ;
3 G [, )
4 r 116 23 93 ,
616 .67 549 .
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CHAPTER IV
Autoradiograpbic Studies of a—Buﬁgarotoxinv
+Binding Sites (AcetylEhOline Reoépto;s) in
;ionervatéd and Denervated Skeletal Musciev
of the Rat
(U. R. Tipnis and S. K. Malhotra)
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ABSTRACT SN
.

A quantltatlve distribution of a- bungarotox1n (a~BGT) blndlng

sites (Acetylchollne receptor - AchR) has been 1nvest1gated and

correlated ‘with thegg}strlbutlon of 1ntramembranous partlcles

(v15nm) observed on fractured face (P face) of- the non-synaptic

‘sarcolemma »f denervated muscle. By both light and electron’

¢

microscope autoradiography, randomly distributed and clusters of
«-BGT sites are visualised in denervated muscle. Such distributions -

of the toxin.binding sites corresponds’ with that of the lSnm

-~

‘particles om the P%face of denervated muscle. Quantitative studles

suggest that upon denervatlon the toxln blndlng sites increase

63 fold 1n non- synaptlc sarcolemma. However the density of these

o= BCT sites is 4—5 times more than the den51ty of . lSnm partlcles.

. These results _suggest that each AchR molecule has more than one toxln

blndlng site or that each lSnm particle is compOSed of several AchR

-

the non-synaptic sarcolemma, nbtable 1ncrease in the number of silver

' /
‘gnalns 1sobserved in the perlpheral sardoplasm and is speculated to

-

be part of the 1ntracellular pool of receptors These results are

»dlscussed in the llghR of known blochemlcal and phys1olog1cal data

on AchR 1n denervated muscle. .




»

» INTRODUCTION -. . |

We have previously reported;that the presence of v15nm (15~18mm)
intramembranous particles on the Péface is a characteristicvfeature

of the non= synaptlc sarcolemma of denervated muscle (Tlpnls and
Xy 3 )

Malhotra, 1976 ‘Malhotra and TlpnlS 1978).* These.particles,are

distributed 51ngly .or occur in clusters. Their densrty is approxlmately
3

- 400 partlcles/um . The correSpondlng fracture face of 1nnervated
muscle is devoid of these lSnm 1ntramembranous~particles. Furthermore,

the appearance of thesexpartlcles folf%w1ng denervatlon c01nc1des -
).. . . . et . " ) ‘ - ) v
w1th the develOpment of extrajunctlonal acetylchollne (Ach) SN

[

sen51t1v1ty (Hhrtzell and Fambrough,l972) On thls ba51s, we have

’ ’ C. A

suggested that these wlSnm 1ntramembranous partlcles are related to ..
the acetylchollne receptors (AchR) (Tlpnls arid Malhotra, 1976) More

Grecent ‘studies (Tlpnls and Malhotra l979a b, c) u51ng fﬁrrltln— v"f',' s
a= bungarotox1n (a—BGT binds spec1f1cally and 1rrevee§1bly to. the

. ’ \\f
Ach receptor) 1n conJunctlon w1th freeze—etchlng have prov1ded

ev1dence to support our earller suggestlon that the dlStrlbutlon of

. .
a-BGT blndlng sites (AchR) corresponds to the dlstrlbutlon of lSnm

partlcles; The present study was undertaken to quantitate the
7 : . . . b , . b

a~-BGT binding sites in the,non—synaptic region of denervated extensor

v digitorum longus (EDL) and correlate the den31ty of the ax BGT—51tes - M;rgét;

S

-

w1th the reported den51ty of %ISnm (15- 18nm) 1ntramembranous partlc,:e

X

Furthermore an attempt is made to ‘study- the 1ntracellular dlstrlbutei

» of 1251—& BGT in 1nnervated (control) and denervated muscle cell.

- . o



: and Fambrough 1972) Thls perlod also COrrespOnds to the emergence

.P?epdéatioﬁ Of,Ilzs—a—BGT.
;Radlopharmacy Center, Uaner81ty of Alberta ' The speclflc act1v1ty

- ‘and 3 6 mg/ml respectlvely

'denervated as well as control group. were 1nd1v1dually tied at: both

o | 72
.. MATERIAL AND METHODS .

-
The female rats of Sprague Dawley straln were used for the “
‘ present study | The animals were anaesthetlzed by 1ntraper1toneal
’1n3ect10n of l ml of 5 mg/ml of Sodlum pentobarbltal (epprox1matelv :

" 30 mg/kg) followed by transectlon of the sc1at1c nerve ‘in 'the upper.

thlgh reglon The denervated anlmals were sacrlflced 2 weeks after.

'transectlon as th1s perlod of denervatlon corresponds to the L

' ‘develOpment of optlmum extraJunctlonal sen51t1v1ty to Ach (Hartzell

4

g of lSnm 1ntramembranous partlcles 1n the non synaptlc sarcolemma ﬂ: o

3

‘(Tlpnls and Malhotra, 1976) “ul’ S : o : ?_T\L l.,v: ; ";,‘n»'d, L

Pure o- BGT obtalned from Miami Serpentarlum was 1od1nated by

: and the’ proteln concentratlon of 1od1nated o- BGT were 207 2 Cl/mM 7

~ Incubation of Emczsed Muscles in 125I a-BGT

The. anlmals were sacrlflced 15 days after transectlon of the :

N

nerve and the extensor dlgltorum longus (EDL) muscle from the

ends to a wooden stlck and transferred to Kreb s R1nger A mlxture ol

:jof 95% 02 and 5% C02 .was contlnuOusly bubbled through the" Rlnger

¢

SOluthn ma1nta1ned at 37 C and the muscles were 1ncubateq .as follows

One set each from control and- denervated group was 1ncubated 1n Kreb s’

»Rlnger containing,lzsl—a—BGT (2- ug/ml) for ‘a period of- 2 h
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_Another set of muscle was first 1ncubated for l h in Kreb' s Rlnger o

contalnlng d- tubdhurarlne (lO T M)’ followed by 1ncubat10n 1n Rlnger'
contalnlng labelled tox1n (2 pg/ml) for 2 h. The.muscles after
extensive’ washlng were flxed in 2/ glutaraldehyde and after removal

from the wooden stlcks the rad10act1v1ty was' c0unted in a gamma

: counter (Balrd Atomlc) The muscles after post fixation in 2% OsOu
in O l M phosphate buffer (pH 7 O) were dehydrated in graded serles*-"

of ethanol and embedded in Araldlte.

[V
.

T y . , RS
e
Ltght Mtcroscope Autoraatograph4

~

‘1 pm thlck sectlons cut from the tlssue blocks embedded 1n .

‘Araldlte were transferred onto clean glass SlldES.: The slldes were
coated w1th Ilford Lu emulsldlﬁ (dlluted 1: l) at 50 C and stored

‘at. 0 C The Slldes after exposure for 3- 7 days Were developed in =
Fa) o A
Mlcrodol X (at full strength) for 3 mlnutes and after flxlng,

'25/ sodlum thlosulphate were stalned wlth 2/ Phenylenedlamlne and

' ”:examlned by phase contrast mlcroscOpy

_.Electroh'Microscope]Auforadiography v
Pale gold sectlons prepared from the synaptlc and non—synapt1c L

’reglons of the muscle were transferred to copper grlds. _The.sections

were: stalned Wlth 2/ uranyl acetate ‘and lead c1trate. The measurements

of sectlon thlckness ‘were done w1th a PhlllpS EM 300 electron mlcroscope

o

'accordlng to the method glven by Welbull 1n Phlllps manual The

'?magnlflcation was set at Step 11 and the beam current was adJusted

i N y
to: 80 at the exposure meter. " The grid was 1ntroduced into the

microscope and the _section of the tissue. was._ p051t10ned under- the e T

electron beam and the reading R of exposure meter was recorded

¥



:Vfollow1ng formula:

74

The percentage of scattered electrons was CalCulated from the

-

80 - R

P =100 x ,80

_The thlckness of sectlon was extrapolated from percentage of the value

of scattered electrons in the graph prov1ded by the author in Phlllps '

-

manual The grlds were transferred on a formvar fllm whlch

‘f R - d . . - o

-_was plcked up on glass sllde.{ The grlds were coated w1th carbon and

. y

:bfthen w1th Ilford L4 emu151on. After exposure for 4 5 weeks the slldes R

" were developed as'descrlbed for llght mlcroscope autoradlography

and neuromuscular Junctlons were photographed and prlnted at a :

The autoradlographs were examlned in a Phlllps EM300 electron ~‘)

,p’

;mlcroscope i The grlds from dlfferent blocks were chosen at random h

¢

-

lwmagnlflcatlon of 30 OOOX The reglons of non—synaptlc sarcolemma

' were photographed and enlarged to 6600X : The v1sual countlng of gralns ;

~

was, done on the v1ewing screeﬁ ofﬁthe electron m1croscope and the :T7

'locatlon of the 51lver graln w1th respect to varlous organelles": Lo

v( ) Locallsatlon of Radloactlve Source (see Appendlx IV)

was recorded. [ b Coe
- S

-

' 'Thls was analysed accordlng to the method of Fertuck and Salpeter'-;

S '(1976) wh1ch is brlefly given below l) A plastlc lamlna w1th .

serles of c1rcles is prepared 2) Lamlna is placed over the graln

‘ and the center of the smallest circle cdrcumscrlblng the graln
. 'c . .
- :wasﬁpunctured w1th a needle. 3) The dlstance from tﬁ%}mldp01nt

-0

of ‘the graln perpendlcular to the llne drawn along the top of .

. synaptlc Sarcolemma was measured In order to determlne the graln

fjden51ty (grains/unit area) area was first measured by superlmp031ng

“
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a lattice with uniformly spaced points on the circle

e B e - o .
circumscribing the silver grain. The lattice points were .
':punetured with a needle and the distance from each of these

- lattice points to the line was measured. Dividing the grain count

. ln each column by thefcofresponding,set.oflﬁoints gives the grains/

pm2, In*this’tabulatibﬁ;.the'grainszwithih 30,mm-(dhvthe‘micro-‘v

Y

‘”_graphs)‘on axonal as'well as ‘on muscle side were eOunted" A total

,,dlstrlbutlon is lOOnm) Theigtaln denslty is'qormalized by d

©

of 373 gralﬂs and’ ?320 p01nts were con51dered in the quantltatlon.,

f: Lo P Uy ¥

' The dlstance is expressed 1n unlts of Half dlstance (HD is- deflned

'by Salpeter et aZ (1969) a; the dlstance from the hot llne -

;source w1th1n whlch half the developed gralns fall In the i

oo .

epresent 1nvest1gat10n HD value determlned from 1ntegrated graln \vf[‘

;Settlng the gra;n couht eohtaihihg3the'90urce (HD;O)fég unityp}f'i’

~and plotted against' distance in units of HD. '

173(b5f

'i‘. .v
’ »

Quantltatlon of a—bungarotox1n Sltes (see Appendlx IV)

,.“ -

';“Si?¢§7hm-l:'lzacsgdatl ;0‘01155t) ' ’Aé.
. »‘ v ‘, G= graln denSIty e A
L . D g T :
T R 1nverse ‘of decays needed forqone developed
grain. ,"f' S e
‘ The sensltiv1tv-valuejwas determlnedxgtomvsectlons accordlngk
to the prdcedure glven by W1lllamson (1977) _fﬂspeeifie_aetlvlty m\
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.

of 1257 4- BGT 51tes at the time of exposure period. (eXpressed

in Cl/mM) C= dlslntegratlons/mlnute 2 22xlO12 A= Avdgadro's‘
number'.= 6. 023x1020 molecules/nmi In the present study all ;é/

[ %

gralns w1thln 3HD .on- elther side of membrane were. counted In
S o quantltatlon of a-BGT 51tes 300~ 500 gralns were counted A Musc1e~
’backgrOund was measured at random from different reglons of the

flbers and blndlng sltes due to background were calculated

e R LA SRR

RESULTS ‘ L
\

. ‘ al
We have prev1ously shown that the blndlng of Ilzsa BGT to .

3

nght Mzcrostope Autoradtographj

Aﬂnmscle is spec1f1c and is 1nh1b1ted (50/) by d- tubocurarlne (Tlpnls

and Malhotra, l979c) Autoradlographs prepared from the tox1n‘ _

= 1ncubated ‘as: well as control materlal show that 1n 1nnervated muscle_”’

'hlgh den31tv of 51lver gralns 1s locallsed in the synaptlc reglon f Gl

L 4;

7(F1g 5) whereas the non synaptlc sarcolemma, shows only a ,}:

‘few gralns (F1g l) In denervated muscle, the non synaptlc'-*.~4'=~
7fsarcolemma shows 1ncreased dens1ty of gralns, dlspersed;atﬁrandomc‘~

s

~‘(F1g 2) or present 1n aggregates (Flg 3) . lhe non-~ synaptlc B
‘sarcolemma of denervated musele 1ncubated 1n d tubocurarlne 1s'

essentlally dev01d of gralns (Flg 4), thereby 1nd1cat1ng the SpECIflCity
| of labelling The apparent den51ty of s1lver gralns 1n clusters 1n
. PR R I

1dent1f1able non- synaptlc sarcolemma of denervated muscle (F)g 3)

¢ . K

1s much less than that in the reglon of the synapse (Flg 5)

,/}ecrron Azcroscope Autoradbographu

(a) Identlflcatlon of Radloactlve Source
N - e
AlthOugh the myoneural\EuhCEaGRSfexhlblt much hlgher number of

G

- ot



.t"i'.» o

.<:b,>.

L silver grains’ (Fig. 6) than elsewhere in the muscle it is

v77.

t :.-
essentlal to determlne the degree of radlatlon ‘spread from the
. 7‘

. -

synaptlc sarcolemma.

The normallzed graln dlstrlbutlon relatlve to post—Junctlonal

';membranes is glven in Flg 7. The hlghest dens1ty is located

_near»the source and falls on elther 51de of source w1th 1ncrea51ng

HD dlstance.° The hlstogram approx1mates the theoretlcal graln

.
]

"curve of a llne source (Salpeter et aZ., 1969) as well as L ”:_,

experlmental curve for neuromuscular Junctlon (Fertuck and
N _ ] .
Salpeter 1976) In our experlment 65/ of the total gralns are. : e

located w1th1n the dlstance of 3HD Salpeter et aZ (1977) 3 .

have reported that 90/ of the 51lver gralns due to 1257 source

L4

fall w1th1n a HD value of 3, 5 (280nm) Therefore in. the present

[y

study, the gralns w1th1n 3HD (300nm) are cons1dered to be due\

to the labelllng of the receptor at the synaptlc sarcolemma

s

g

EStlmétlon Of'Q‘BGTiBihaingdSltéSlin;lnneruated and;ﬁénersatedftéf?\“
. R e e PR
Muscle._:f
A neuromuscular Junctlon 1abelled w1th 1251—a BGT 1s shown 1n : f '?_f g
?i F1g 6.;_The o-BCT blhdlng Sites estlnated relatlve to bldeﬁfz‘i }f??;;s»xff
_ L R T SR Sl : g - .
';.vsarcolemmal nembrane (synaptlc and non—synaptlc) are glven 1n r;id:f%,’ﬂ e

muscle Upon denerVatlon there is approxlmately 50 fold

Table It The den31ty of these sltes ‘is. much hlghef 1n synaptlc
reglon than th%t 1n the non-synaptlc reglon of 1nnervated
v ‘. % : o ‘
55

&ancrease 1n b1nd1ng 51tes in’ the non—synaptac sarcolemma of

/

A Lo

denervated muscle. In most of these areas, the gralns are

dlstrlbuted at- random (Flg 8 and 9) although occa51dﬁally
Lo

>
)



patches w1th hlgh den31tv of silver gralns are encountered

(Flg 10). Based on examination of several grlds it appears
. A ‘
that these reglons of hlgh ‘density of silver gralns correspond

4

" to the hot spots of AchR (Flschbach and Cohen, l973 Ko et aZ
1977). Their dlstrlbutlon also corresponds with that of the

clusters of lsnm'1ntramembranous‘particles seen in freeze—
: ' . . 94.
fractured non—synaptlc sarcolemma of denervated muscle (Flg

.

ll and 12).

A dlstrlbutlon of silver gralns lying dlrectly oveh: the
'muscle organelles is given in Table II. < TIt. may be noted that
the number of 51lver gralns lylng over non-, synaptlc sarcolemma

-of denervatedumuscle is: much hlgher than: that in“the 1nnervated

"ijuscle. Althoughvthe,number of silver grains‘ingearcoplasmic

: retlculum, mltochondrla and nucleus does not d1ffer markedly in |

o . . . N i

'D’lnnervated and denervated muscle, 1t is of 1nterest that the‘
‘~51ncrease 1n 51lver gralns is’ observed in perlnuclear and

‘;‘subsarcolemmal sarcoplasm of denervated muscle.» It is’ poss1ble.

i

that SuCh an 1ncrease represents the 1ntracellular pool of AchR

lFreeze—fractured Faces of Non Synaptzc Sarcolemma of Innervated and
'lDenervated ﬂuscle ’.‘ﬁQ ;j‘ :

The results of this study have been descrlbed prev1ously

':ﬁ(TlpnlS and Malhotra, 1976 Malhotra and Tlpnls 1978) and there*ore f7h‘

?‘only the sallent features relevant to the present 1nvest1gat10n ar@ :"

mentloned here _*'f f‘;, - " ';”

The non Synaptlc sarcolemma of the skeletal muscle 1s markedly ).uiz"*"'”

o N ",'
altered after denervatlon. The:mdst“COnSpiCUQUS'change is :in

T
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the appearance of ~15nm (15 lSnm) 1ntramembranous particles on’ the"‘ -

protoplasmlc fractured face (P -face) o§ the non- synaptlc sarcolemma,:

¥ vi}, B

These partlcles are dlstrlbuted singly (Fig. ll) e random manner or §,
< ‘

in clusters of lO 50 1ntramembranous partlcles per cluster (Flg 12)
The den51ty of these randomly dlspersed partlcles is 400/um Ther"~
correSpondlng face (P face) of non-= synaptlc sarcolemma of 1nnervated

' ©

‘muscle has 8nm 1ntramembranous partlcles randomly dlspersed at a

SR
BhPL: -2

‘ ’ den31ty of 2000/um but the 15nm. partlcles are lacklng from thls -

face. of the 1nnervated muscle,

DISCUSSION . ' e

P .'“‘": R o . ' ) S : ‘?Lﬂv x - : ) A O “e
The maJor contrlbutlon of the present Study 15 correlatldn of

i

'r~11ght and electron mlcrosc0pe autoradlographlc data w1th the one s
v ) ,-ireported from freeze fracture studles (TlpnlS and Malhotra, l979c)

The freeze fracture studles 1nd1cate two types of dlstrlbutlons of
. — Wi & C; . . . : . .
- %15nm intramembranous partlcles on- the P-face’ of non synaptlc

,’sarcolemma of denervated muscle ‘ y;hlaipspatlal dlStrfb{li

Vot Sy ey

ﬁ'vof 51lver gralns from 1ZSI—a—BGT 1abelllng of denervate

-noted at the level of llght and alectron-mlcroscope. The ev1dence;ﬁ

'that the lSnm partlcles are component of‘AchR has been recently . RS

prov1ded by freeze—etch studles of ferrltln—a BGT labelled sarcolemma

"

_ W{hof denervated muécle (Tlpnls and Malhotra, 1979c) Two types of .
"‘l-)‘. A — N:H'l .

~fspat1al dlgtrlbutlons of the ferrltln-a—BCT blnding 51tes are

*lescernlble correspondlng to the two dlstributions of lSnm

& R . N B ] i -,

&

'1ntramembran0us partlcles, and to the two types of dlstrlbutlons of

"Twn51lver grarns (1251-a BGT) lts known that the sen51t1Vlty to Ach

‘ﬁiln extraJunctlonal sarcolemma of non—rnnervated muscle is- not uniform '

N b o



or more’toxin molecules.

—

o . .
but exhlblts patches of hlgh sen51t1V1tV (hot SpOtS) (Flshbach and

o

s }' , o Lo pb . p . 80

Cohen, 1973). The clus_ers of a- BGT blndlng Sites corresponq ‘to the
" J ~ .

hot Spots of hlgh Ach sen51t1v1t\ There~does not - appear to be a 1:1

relatlonshlps between the estimated number of a -BGT blndlng 51te: and

-

" the number of 1ntramembranous partltles (i.e. 400/ me). The reasons

may be that each 1ntramenbranous partlcle is a comp031te of more

than one AchR complek or that'eaeh receptor molecyle mav bind two

&
(

I* is of interest that there is an 1ncrease in the number

A .

of 511ver gralns 1n ‘the subsarcolemmal and pernnuclear sarcooiasn which

PN . . v

has numerous Golgl vesicles. We have prev1ously reported that in
J

,denervated muscle there 1s a con51derable increase ‘in endoplasmlc

s

retlculum and rlbosomes 1n subsarcolemmal reg10n (Tlpnls and Malhotra,

1977) |  Therefore, the observed 1ncrease 1n number of 51lver gralns

.

in pernmclear and subsarcolemmal sarcoplasm leads us to suggest that

it represents a part of-intracellular‘pool of receptors. Studies' ;

A s N - v

related to AchR in cultured muscles of chick indicate that incorporation

“of AehR into. plasma membrane occurs 2-3 h after thelr entry into the s

intracellular pool (Fambrough’and ‘Devreotes, 1978) The5inhibitors'

b

of protein synthesis (e g Purom}c1n) block the appearance of new

s

"receptors on the surface of the membrane only after a lag perlod of.

3 h. The newlv svnthe51zed AchR 51tes are now reported “to- be 1n

: g
Golg1 apparatuswhere they ‘are inaccessible td:the ligand actlon.

\

- N R

However, if the membrane 15 nade permeable to the ligand molecule} _

the receptor sites‘(thatbconstitute 287 of surface receptors) could

. C—

be labelled (Fambrough and Devreotes, 1978). It is possible that

the observed increase in the silver grains in peripheral and

i



small percentage of total 1ntracelquaz_receptors. Furthermore, though

\ o . .
in the present studv detergents were not used to make ‘membranes

.permeable to. tox1n, 1t is concelvable that thev became permeable
'r

N '

“ by the traumg'[ausea durlng 1gcubat10n resultlng in. the labelllng

of 1ntracellular receptors w1th 1251—0 -BGTx ,'.h ‘1. .

-

4 : ‘ ] : R . s .
X . . . . : R . . .
. L - . . . . . . . n
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Figs:

’ “r i .. ) ..‘ . \\/'.

1-5. Autorédiographic localizétionxof'a—BCT b1nd1ng sites

(AchR) in lum'thiek‘seCtiohé, The 1nnervated muscle
\shOWingﬂpaueity of 51lver gralns in non- synaptlc
¢ .

» sarcolemma (Flg l) Denervated muscle shows randomlvr
P . .

dlstrlbuted (Flg 2) and tlusters (F1g 3) of. 511ver'

'
\ = N

gralns in non synaptlc reglon Control sections of .

‘l

muscIe pretreated w1th d- tubocurarlne do not show .
: i :
81lver gralns (Flg 4) The‘neuromuscular JUHCthﬂ

C muscle shows much hlgher concentratlon of gralns

e (Flg 5) than that seen 1n the nOn svnaptlc reglon.-
(denervated muscle) w1th clustered 51lver gralns

']

(Flg 3) 'btii_



&

e



Flg 6

Eleotron mlcroscope autoradlograph of 1nnervated muscle

o lnCubated 1n 12SI a BGT~

s

show1ng the locallsatlon of ‘f”g'f? ;ij

[t ‘s







C;Fig,lZs“ i

flnke\toradlographs oﬁ neuro'uscular Junctlon of muscle
ulncubated w1th 1251—a bungano %in. The orlgln (O)
»frepresents the llne drawn along he post~3unctlonal

x . ) /. :
,membrane. The dlstance from th source (O) is, measured

N

. it
| . .

é" . :'» e

bfgln unlts of HD (lOOnm) ‘The* rE1n den51ty at che sgprce

.‘..' . ¢ oA
e

H'fwas set at unlty and ot iie values are adJusted

"quponrlouarely. T,e normallzed graln dens1ty is plotted

fdagainStfdiStahc'iln unlts of HD The smooth curve -

'-[ccorresponds to the expected graln dlstrlbutlon for the'

llne source (Salpeter et aZ., 1977) f.ﬁjffi?rf'
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a2 02 4 e s
Distance in HD]IU;ﬁ’i'rS:,_’:_*'“ .

“Ve(Axonal) | Te” - Ve(Post-Junctional) -
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.'f fFig§;;1l§12§  Freeze—fractured replicas from noq}synaptlc sarcolemma

w/( o B 3 3 _:_3‘ ..

tlffof 1nnervated.musele (Flg ll) Flg 12 shows ‘a f;f;(;ﬂ;p

-'comparable fractured face of the denervated muscle

-f/ TS

'?f'§§ffjf; :1f;15nm partlcles dlstrlbuted 51ngly (small arrows) ‘

v  6rv1n clusters (c1rcles,'and 1nset) are appareﬁf“”x ?4:;?5
zsgﬁh pa;tlcleé aré lacklng }Fom tHe correSpoﬂd1Ag
5 ‘féce of the 1nnervated muscle;(Flg ll) Arrow ‘in ff} f;'
_ / the lower right corner indlcates dlrectlon of

A'/"/‘ v » ‘ L

.'“/' shadow1ng







 ’-bungarotox1n blndlng 51tes/um relatlve to" sarcolem&gl
tu membrane of 1nnervated and denervated muscle> q
- s __f, s ‘_"' ” &'_. e I B -~

'vuu;-Expéfiméntffi, ;ffRegidﬁ;df' uS¢le[f; Lf§~fof7Binding;éités]uﬁg

‘”- U;fiﬁﬁérVatéd::f&f 5;Synaﬁtic-ééfédlemmagﬂij5 f> ST 714;009’

K

tffl Non synaptlc sarcolemma f'{ﬂ';’j ;  ;25 5,“ o
| éf‘ MUSCle baCkground .',";:-:5 €, iy o e

‘fﬁiDeﬁéryatédfjef?g:;Nén7$YnéﬁtiéfSafpaieﬁ@éHj‘;.EE’:f.-3;i590f‘£'

;“;;’;;ﬁJ { ;. The:eleét;on.mlcioééépévautéraéiograbﬁ; ffomiéyﬁapﬁlcvénd

?g&;lifgjf;;;gfi;on synaptié‘réglonéhof ?uscle were used 1qkthe above  ..
‘ »‘jjfiquaﬁtltaglon.v The gfaln denglty/um and 1ts conQerélsn Ld
ftf;~ij }’§f1251—a BGT S1tes/um was done acgérdlné to. tﬁe méthédbéf‘  :;;{-
IJ Ferégpk~§?d S;IPEter (1976) >TheAnon—Synaptic sarcolem&ézi':>; jr  ?ﬁl;
i e ‘ o S

v;jafter d nervatlon shows more- than 60 fold 1ncrcase 1n

’

- A”a BGT 51te5a_ Approx1mately 400 gralqs were counté“for_v,ff°

"' each of the above estlmates-ﬁf_-.f ‘;f::nﬁ:;:f’T.’“'
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¢ . Table 1I '
My . lAY‘ K -
Codnts of silver gra:ns in muscle labelled with !-°1-a-EGT
o ~ \‘ X ’ Experiment
Innervated ~ Denervated
Total Ne. of Grains 611 ' 1305
hop—synaptlc : : 54 DU 674 .
Sarcolemma - e . : . y
Sarcoplgsm}c e 185 . . 036 .
rgtlcu.Lum ; ‘ : .
" Myofibrils 0 ° [ 151¢ - 148
Subsarcolemmal / 15 L 111
-Sarcoplasm ; oo .
Perinuclear o o : )
Sarcoplasm
Nucleus ' ! .18 ; 25
Lysosomes= L -, 10 . ' ' ’ . 25 ~ .
Mitochondria . SR T 60,
- . % . .
The'grids_were processed for electron microscope
S o : -

j"éutoradiography as given in Material.and Methods. The N

silver grains lving directly over muscle organelles were-

) R Rk . _ ,
counted on the viewing screen of the electron microscope.

" The above data shéw that the number of grains lving &ver

A

s non-syvnaptic sarcolemma, perinuclear sarcoplasm: and subsarco-'
lemmal sgrcé¥lasm increase upon denervation of the muscle.

3 ) : . s
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* CHAPTER V
Junctional and ExtrajnnCtionai'@ﬁgﬁylchoiine Recégg%is

~ (U.'R. Tipnis.and S. K. Malhotra)
o ~Can. J._Phygiél.,PharmaCol.; ihrpréss

) « Lo : N s
y

of



'ov : : : S
_pharﬂacologlstu, and co’l and uevelopmental lo sts (Robeltbon

"-Introduetion‘,

-

Acetylchollne receptpls f%chR) are belng extens vely sLhd:ed

bQC8UbG thelr functlon*ng is of 1nterest Lo 1nteralsr1p11narv'

qc;entlsts, SLLh ac UGUT“bIDlongfu, 0¢ochemlsts immunologi§fs3'

=V

w-,A r-‘,‘

'_1579). Apart from *helr we]l—

+

.own fdnctlon aa_a receptor for

'.acet)lchollno (Ach) thelr pos ipie regulatory folek _he growrh’\

of. the presynapt;c termlnal (Freeman 1977) ano _helr *nv/lvement-

Vi

- dn the pat*nlngwca1 tate cha*acterlzed as myasthenla gIav*% (FdO"”'.

S
'

97

;_and Drachman ]943 He‘nemann eu a 1978) are’ “nder 1nvest1" tion;ff

-

vAchR ar° mose dbunaane at. tke e'ectrop aqueaeof ~1ectr1c flsn
: o o o : _ ;
'whleh prov;oe a conveulent and rlch qource for\blocﬁemncaJ and

struceurai stud:eq tcee The :‘wapse Cold Sprlnn ar\og\fyﬂpo-”

.Sium‘ 1976 Vol 40 Heianann ane Caangeux 197‘) ;'Tn'*ere;L L
:;yeofu AchR’ fLom neulomUacular Junctloﬁ; of vertebrates haveiiﬁ"'
',;aleo p1o§'ded a boec dee’ 51 data ( €e deards 1979 Faeerou?h
1979) Bealdes, Lne ALhR 1n embrvenlc musrles (Jtelnbach'nt-

cal. 1979) and tqe extra1un~*lcnal \chR that are procuced fol~.‘

low1ng donrxvat*on of aduet SAel tal mLscle (Mlled1 and Potter
,K\_

re

fo.‘ *}>\, ;? :;;




/-

e

r

S . o : S o

(in partrﬂular the*r role(s) and comparlson w1th the Jpnctlonal

o

98~

‘?rALhR) The present art1c¢e/ then prlmarily dea15 w1th the Junc—;li

N

Rvg

A a4

'-»ftype depenclng on thenr sen31trv1t) towaros nlcotlne and musca‘ R

N R R
A E A

b"f/rlne; Ihe “Ctl\atlon 0r these two receptors b) a tommon llgana,

dl.gtlonal AchR and thelr ro“parlfon Wlth the extraJunctlonal AchR in. f;j._
v"vertebratcs '_fl.ﬂ ,}Eutt“'ﬁf.ﬁ ';: n.f:ff7;_ f._if;f"ih'iﬁﬂ._,]ﬁif

: Dalc (l9lq) ClaSolllcO the AchR Jnto mlcotlnlt and muscarlnlﬂ

‘l"; . B Lo . ’
‘Ach, 1s due to th° hlndvn of tne receptors to two dlfrerent por—f

'reacts w1Lh*the n1cot1n1c receptor whereas the methyT 51de reacté

R

» .

trons of the Ach molecule The carbonyl 51de of the Ach molecule-fi

\‘.

w;th the muscarinrt receptor (ouothla r970) The 1ntr0du0t10n of",__ﬁf

varlouq other pharnacologlcal agento, agonlstb and antagonlsts

s

has fyrther conflrmed the above two main categorle of AchR

i
i

?;exahwre agov st 1ke tetramethylammonlum (TMA) dlmethylpheny

plper321n1um (DMPP) phenyltrlmethyrammonlum (PTHA) and suxame—

R
4

tho itm stlmulate nlcotlnlr receptors whercas agents llke acetyl -

tne muscarlntc receptor (see Goodman and Gllman 1°70) : NlCOLlnlc

B-mefhyldholine oxotrevorlne pllocarplne and arecollne °t1mulate‘a

=

_recentore'are blocked by curare, whereas muscarlnlc receptors are

. blocde by atroplne (see Goodman and Gilman 1970\

' . /
. The AchR are wrdely'dlstrlbuted amongst 1nvertebrates (Kehoe

-
i B
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‘1972;fxehoe,et az 19,6 Duaai 297 9 Ross and IrwggTE 1972) and_"

oy vl,'l

'~fverteb ateq (}amb*ough 19/9 Vogel ard Nlrneberg ]976 hrn3ev1cf

1974) ‘ However *he ebeetrogenlc cells agd Lheir homologous

ST _ _ ‘ .
“7”°keleta1 muscle ce s have béen more thoroughlv 1nvestlb ted 1n~iv,;“
»Hrespect of S'rhCeLLe. cha*ac*erlyatlon and blosv *hesic of AchR

'TfThb AchR from both these cells ale of nlcotlnlc tvve (see har11n L
._ev au. 1970) The st&%Qes dewoted towa1ds phy Lcax and blOCneml—: ff

.”’*fcal cﬁaracge 1zat10n haue beeﬂ faellltated by the avallablllty Of

o

u

: “nl”spec1£1c probe n—bunrarotohlv ( BGT) and re]ated neurotox1ns S

e 1976 C'dudlo and Raftery 1977)

R

jtmhese tox1ns ‘axe ObtalPed by fracLlonatlon of crude snake venom 'U:
j-'from;va:iouc Spec;ns of lanc and sea_snakes (s e Lee 1979)
. :These7toiinc gan be conJuga ed to l"31 ,3 hcreeradnsh perOXJ-. x'ﬁ‘

'dase (Jacob and Lent 1979) or ferrltln (Houranl et aL ~1974. f W g  '

o T1pn1~ and halhotra 1979a c) for correlat:ve blOCthlCal and 9: S
‘i.structurnl erudles. Immunochemlcal technlques are also be*ng

applled for struc ural studles (hlymkowskv and Stroud l979) as

:3Well as f01 crOss reactlv’ty betweCu subunlts of AuhR (Llndstrom

,-.,
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A¢Etyhéholine RécéptonfcdnpleX f"!A

e

_ AchR 1s ‘a glycoproteln ‘as the recepto* binds concanuvalln A

‘?ﬁyand other lertlnc (Meunler et aZ 1974 Brockes and Hall 1957a

'Jlnglmon and Aopal 1°76b Boulter and Patrlck 1977 Patrlck cp aZ

‘1_977 Fambloueh lq7°) Tho AchR is a transmembrane proteln and

'~';i°”expoqed or both SU Ceces ‘of tne plaama mcmbrane (Heldmann and

7T¥Changeux 1978 Fambrough ]079) The ev1aence for the tr nsmem—iff

E brane na*ure of tylﬂ proteln has come fron a variety of exerl— L

:'_-ncntaa studlek (l) X—ray dlffractlon Sfudlc: on Torpedb "ahf'urL }
f.ﬂ1ca elpctrop]aqne= TPveal that rhe receptor ev*ond§ by 3 SXpm on»-

h ;vthe out51&t and by 1 5 nm on the 1n9xd0 (Rosq ef aZ 1977) The

L‘:l’emL(nelou of Ach? be}onq the bmlayer haa beLn furtner oemonstrated

fb\ labelllng the membranes of Ibrpedo vlth rabbl* and goat antiﬂaﬁ

’ ﬁ:recepror antloodles coupled dlie tly or indlrecrly tovcoLIOIdal golc n ff'

b.,wor to ferrluln (K]ymkowsky ond Stroud 1979) (2) Immunochemlcal

studles 1n dhch Lhe receptor Tlch mluroqacs nrenared from 10rpcd0 o
/‘ N DA N . H uo C’ "

_’ ﬁzand labelled wlth ferrltln con3u5ated antibodles to AchR ha"e demon— 4
h{sfrated tne bindlné of the.congugate to tna’fe paor nfotean on nogh.‘.

- __;'isidea of the. mem.b;aneu (Tarrab Hazdal e* al .197§) (3) Huang (1979)

,_hae repoxtea tHat the nembranes prﬂnared from elact;oplaques of ‘”'ﬁ"

"‘fTorv 2de’ axe a m*xture of 1ﬂ51dh—ou\ as well as’ rlght 51de out Ve51-._.-



o

e e

'r . - L
. ¢ . : : )
cles (1 l) In the rlght—51de out ve51cles the receptor 51tes,

:when occupied with 1251— BGT ére‘res"tant:ta'cﬁymoﬁrvﬁsih.w‘The_”
fradloactive toxin reéeptor complcx pr pareu from,these membranesb
»by oolublllzatlon w1th Trlton X’lOO ﬁas rbe samevgediﬁeﬁéatibﬁ
-coﬁgtant -as’ ﬁhat prénared froﬁ nemb*anes wafhouL chymotrypaln dl-‘:
1.8¢§§ion; i,e.; }13ZS  If the TICT, Lraﬁe §e51gle; -are f1rst labellc;
‘?xitﬁfédid ‘fBGf;éna‘theh tféatediwith ';Enjmotryp31n, the fesﬁltlng
‘. Hpreparat1on; ernvtiéated w1 vh- Txxéou Y lOO p;oyid§§ a §chR comf,_x
'~f'plgx;tha;.cpulq beglabelleﬁ‘witn»1251—:,BGTL:_ﬁa;évéf; th£§ §aé;6e;,}
'*Mgéégiﬁé‘réééﬁfof~éémpié*‘;as é sealméntatlon constanL Qf &/ S, ; |

"7thereby Lndiifting Lhat chymOnyp51n hao ngEbCEu a pdrt 01 Lue

- : . e Sl : : . , S
[receptor molehule.‘ Thns parL must be ong ro bne 1n51de opt Vebl-yf

‘faclesﬂand'the'req6ptor‘moleéulé'isiacCQSSible:to'bhvmotrypsin;‘)ff“'
The morphologlcal studles devoted towards uqderstandlqg the-l,f}
B structu*c funct1on relctlonshnp 01 the recep*or proteln have beenf*

o

'fcarrlod out on chollqerglb rlch <vnapses llke electrlc organ

«“

i(Changbux ez a . l9/6"Carcauo ct.zv{‘1978 Ylymkoquy and Stroudl’j,"’i

' f 1979) avd ﬂearnmuscular 1unctlon of ‘rog (Peper et ﬂu._1974) and

:'rat (Rash and I]llamnn 197 LJ Tho negatlvely stalned prepara;10ns_5

" "of recentor-rlch membranes from ¢)r98J0 sHOWthe preqence of parLi—; .



-.c1e53849 nm in: d1ameter and arrauged in rouettes (Cartau(‘et aZ
~,1978 KlykaWahy and Stroud 1979) Each rosette has 8 central plt,

‘_-of l S nm and is composed of 3- 6 subunits (Cartaud et aZ 1978)

o~

'Corroooratlve ev1denc £ or the subunlt structure is: further priw' -

‘a,v1ded by empluyrng freeze fracturlna 1n whlch the fracturlng of chn1>

"hvmembrann Occurc dne the hvdrophoblc reglon‘ thereby reveallng the
\memhranclluterlor. khen the membrauesbare deeply etched the Su*—lio

'ffface‘of the membrane.can‘be.vmctallzed as well Sucn studles om

r; nembranes of electrlc organ of Torpedo have demonstratec the pte-- o %

senc° oF a hlgh oens:ty of intramembraaous partlcles on the 1nneri' L
.?hdll \P 1ace) 01 the. plasma membrane.: lhese partlcles are 8 9 nm;*luuic,'

"fﬂiu diameter and occur in rocettes similar to the ones obser»ed Jn[ﬂiia}-'”

‘:,inegatlvel* stalneu Dreparatlons Deep etcnlng of . the membrane 1“0
ey . .

_enab]es v1cuar1zatlon of a SJmllar subunlt structure of'the recep—f

oy

SRR & rw e

:-f;:;tor oq tnc °urface cf the membrane ab that seen on the fnactured

‘13”face and in negat1ve1j stalned preparatlons (Cartaud et aZ 1978)

The frfeze cleaveu reol]caa of mammallan neuromuscular Junc— S

‘1”fitions reveal 2 3 rows of ]l 15 nm Dartlcles ‘on the P—face near jl{bi el

A

"_fthe Ju;taneura] portrons of‘the postsynaptlc sarcolenma. The de_‘
—sity of these particlee is 1700 2000/tm (Rth and Ellisman 1974

")mlhotra'and TlpnlS 19’8) The attempts ro correlate t e intra—lrcc“~.

e "‘.”..



L

wle -

' f1c proteln has been a o:ftlcult and challenglng problem The sug—i'

;gestlon that the partlcles observed on postsynaptlc sarcolemma are

v\

‘;the AcHR proteln has recelxed support from the followlng 1nd1rect
'gftobServatlono. \l) Tne electron mlcrographs cf the motor endplate |

'fshow a thlckenlng of the postsynaptlc membrane near the Juxtaneur l:?

._%‘ . : a7

o teruse are tne meJor postsynaptle membrane protelns Blrks eu aZl ;;5

_'(1960) Have uggeoteu tuat membrane thlckenlngq mav be ane to pro—f~n

O

'5fte1n moteculeQ ] (2) The quantltatlon of AchR labellea w1tb 1251—-

',/

'Tcép'o- tn° Ju1ct10na1 folus near the svnaptlc cieft‘fFertuck and
tg.,a]peter 1976) (3) 1he denblty,af 1ntramembranous partlcles.on tne;if
face of the postJunctlonai sarcolemma remalns unaltered afterjj}-f:,.,
aﬁiuenervatlon for a per;od of 15 days (Malnptra and Tlpnls 19/8) Th1sﬂﬂ3
b;S COﬂelgl;nt'WJrh the obanxatlons that BGT b1nd1ng 31tes do not
':suffer a chanoe rnwnumber after'aenervatlbn (for 10 days) of theigefi

'jqoleug muscle of rat (Frank et a7 _4976)

' fnmembranous partlc]ea v1e ed in freeze cleaved repriﬁas W1th a spec1—,fﬁ”'

‘:,:f portron of the IoJc.: [Slnce Lhe AchR proteln and acetylchollnt~-fijfﬂfﬁ-’

'fBGT 1 d cates that tbe receptor 1s more hlghLy concentrated dr the;fﬁ~l'ﬂ

AchR proteln represents about 30/ of the membrane proteln 1n the o

receptor rLch fragments of Zbrpedo electrlc orean (see Heldmann and
/o .



L and 49 ooo

o

*ﬂt.Changeuy 19/8) These receptor—rlch membrane Fragments when sub—-;

S

“:Jected to SDS gel electrophore51s, v1eld four components of mole—'.a_

‘4..

'-{cular welgh*s 40 oeo 43 ooo 5o ooo and 60 ooo in 7. ‘mamorata’

‘;>;and Changeux 19/8) In FZBCuPOphOTUS, 1ecep ' 'h_f‘”:”

‘fﬁt fconcluﬁed that BGT binds to the 40 000 1 W. subunlt and that :

l L

'ﬂ? kawa and 0 Brlen (1979) have reported that the snnllest subunlt of

i Ibrpodo (58 000 M.W. ) aad eel (3q ooo MW ) both blnd to %- M

:‘rcroqe react between the two spec1es and 1s therefore, consrdered
S . v
: : B ,, e

JhLLto contarn the Aeh blndlng site By u;lng ?H }BTA, Froehner et B

.“ s -

(1977) have purifleJ the AthR proteln rrom the denervated rat ;ff.”

"leg mu°;]e . amw ll&‘,AChR hae two ledlng s:tes for 3H MBTA

- {fﬁthree polypeptides of molecu‘ar welghts 4‘ 000 47 OOO and 53 OOO
o . /

.'uhcreas the 40rved0 Ach??had only one sﬂch Site | The mclecular ;}ﬁ

'?Kweighto of“polypeptrdeq from rat muscle that bind MBLA are 45 OOO

L

The blndlng cf MLlA by these polypeptldes i° blocked

,\.fn

N

: x';'j' ;;‘ ',-"‘ g__'“_' f}_ _-.:._{‘Q ',‘-5\-;',,y

Ahh-ffor the AthR of T cathbrnzca Wltzemann and Raftery (19173 have.?'-

‘f'(ma]e:mldo) ben7y’t'r1[3H] me'hvlammnlum 1odlde [(3H)MBTA] ond can

vﬂ .

' *T"i’and 39 ooo 48 ooo 58 ooo and 64 ooo in’ T caZLfbrnzea (Heldmann (R
'1:5 {(Mer]1e et c 1978) B] us1ng photo afflﬂltj labellrng anologues ehhﬁfdh

fa;fthls Subunlt may 1nte1act wlth the other subunlts of AchR Suml—ivff“ﬁ-”” '



”1"meﬁ7f;;'»jj;'fifﬁj_T] S ij g v
':by”aetoXin;__lhese results would quggest that there are apparent ';,f_:f

dlfferences 1n the AchR complex in fish a d mammallan membranes ‘_pl'
"which require furthﬂr substantlatlon Al o, purified\receptors

.'\

“h trom embryonic Ckeletal mu5cle cells of fetal calf grown in

‘ejfftiSSUG culture CO1ta1n a/slnglev lass of polypeotlde of 41 OOO
(Ierlle et aZ 1978) Farchermore the questlon of the de—43

ﬁitalled structureiof Lhe AchR 1s belng debated (see Hlder 1979)

N

&Based on studles on mammalian d?nervated muscle and electrlc

‘ :*s‘vorgan of lorpeda, respectlvelj, Shorr et. aZ (1978) and Changeux

Jh:et aZ (1§79) have con ‘dcred the posslblllty that the AcnR 1ss:ff*'5h o
' jeesentlally an ollgomer of 41 000 M W subunlts However. ”pr- :

:; Vandlrn et ﬂZ (19/9) have reported that the AchR purlfled rrom_;oiin

: prorpedo electric organ does contalr four dlfferent polyueptldes-.ﬂ:

-_o;'of molecular welghts 40 OOO 50 OOO 60 OOO ana 65 OOO

Notwithstandlng the above fandlngs on polypeptlde compOsl—ty‘g

>r;b7't10n lecstrom ot aZ (1978) have 1mmun01001cally examlned the'{:7-f“

'7”npropertles cf FJ%; polypeprlde chalns rsolated from the AcnR of

\'\ifthe electric organ of T caszbrnzﬂa and compared them w1th those

v

"j‘of mammalian,AchR There are some determﬁnants in the AchR from .

<

:fhuman and rat muscle uhich spec1f1cally cross react with the f*y.
\‘r.t. : o

’:_determinant cnaracterlst cs of all four polypeptide chalns of



T

~¢:I:fof nAchR irom TOJ/ﬁdb Ant;bodles agalnst the four polypep*lde chalns'ﬁfi«fﬁf’

R »
Ve

of rpedb 1eﬂeptor cross react Torpedo WIth AcnR in- rat muscle.y”»;

'
5]

,{These f“ncnngs are of interest °ince parts oF the AchR have been fh

ffconccrved through evolutlon.» However, it should be pointed 0ut

vﬁ’tha_ t}ese pc1yp°D*1de thaxda are imnunologlcally dlctlnct ant‘,?fht

e . SRERNE

:x:differenceq have been reported Jn the pattern or polypeptlde’ff}

-L;_7"cnalna o[ receptors oL the e;ectrlt organ of 1orpedo and ee

The 1dent1fttatlon of the funttlonal 51gn‘f1cance of eath of”;fﬁ”

"fthc cuounlqs of thc AchR 1s rathtr a: dlff&CUlt task Wherfas the‘f 3._jh;5

’»f.frale 0f: the sma]lest subunlt 1n morpeda aﬂd E7cctrophorus 1s tbe ”‘~7’

h"fblnﬁlﬂg Of ACh that Of 43 000 M w 1s as yet questlonable and ;_ftv?fhfxﬁ

N

; 2u av.,(1978) haxe obta*ned bv SDS/DQLyacr}Iamlde gel electro~

S

N rom the )

S S , N
“}Qphnresﬂé two m jor. polypeptldes (M hj 40 000 anq 43 000)

- : : _-r,,:

G

5

o . hlgh]v putheo eubsynaptlc rlembrar\e fragmertg Of .T mamorata.
”.<r1he 3” 000 SU““?IC bl“d‘ to 4 (N“mdtelmidO)PhEH [3h]tr1methyl—~:au o
.f;uammonlum [(3H)H?TAI and is thereforo aSSumed to be the ALhR pro—f'"”

1ftein ; The Drop ties oi the 43 000 bubunlt are dlffereat from

: t" i

'i'?ithose of the 40 000 subunlt in the following ways., (1) It does ;f;

4bnot blnd Con A anu therefore it is not a glycoprotein. (2) 1t
o . : R o~ s :
has glvcxne al*nine ard vallne resitues no; founa in the AchR

T . o
g \)' .
> <



: 41, 000 50 000 and 65 000 Whlgh are characterlstlc of

protein. © (3) It makes high molecular aggregates‘undér conditions

wvhere the fepeptorsprotein (93) remainsyin solution. Furthermore,

< . a

"in the presence of quinacrine, both AchR rich membranes and the |

43,000 subunlt glve a fluorescence signal sensitive to histrioni-

cotexin (dTh) -The 40,000 subunit, eon the other hand, does not

.

interact W‘Lh quinacripe and is insensitive to HT\ It was sug4

gested thezefore\ that the polvpeptldes Gf M.W. 40 OOO and

43, QOO carry the AchR snte and the Jocal anaesbheth 31te, re-
. ’\'3 .
sne ct*vely The experimeptal ev1dence in cont*adlstlnctlon to

Y

a

that of Sobel et aZ (1978) has been~presented by Neubig et ab.

Al

£2979) ‘who huve reported ‘on the solublllzaulon of-a peﬂtlde'of

3

_‘M.H. 43,000 from alkaline-extracted postsynaptic membranes of

TOzpedo rich in’ AchR. The remaining msjor peptides aye of M.W.

—t

B

AcHR. The po;tsynapt;c membranes, after alkd11ne e{t*a;tlon

purified

xctained the propertles to bind 3Hﬂw toxin and a local anaesthe-

tic (eg. dlmetnlsoquln) Such membrane @ﬁﬁp?&atlons * re alsc

,functlonal in the manlfestatlon of 22fa ef:lux thereby ;ndlca—‘

‘.,\‘

tings that the peptide Qf_M,w. 43,000 is distinct’fromﬂthe' ¥

peptide(s) of the AchR which are involved in the binding of the

Py

107
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AchR and of Iocal anaesthetics, Changeux et, aZ (1979) have also

successfully. re;onstltuted AchR rich membranes from Ibzpeao from
- which M.W. 43 UOU)polypelede has been removed by alkallne ex-
traction/, thus providing Lthher support that the 1onophore and

thc Ach b1n ding site are carried by the poiypeptide*of M.W.

.‘40’.009. . . ' + L

RS
-



\, - 109 .

“Distribution of Acetylcholine Receptor - e

'SkeletdZ<NuScZe o

’ Based upon electrophysiologlcal (Mlledn 1960) and auLoradlogra—

o

pHic dato (Porter et a? 1973, rertucL gnd Salpeter 1976;, the AchR :

o

v .
A\ ’ ) s

are well recognlzed to be concentrated 1n the edrc0remma in the

region of the neuromuscular Junctlon (Flg 1) They have a much
hlgher»den51tv at.the tips of the junctional folds tHEn at the.
dep*hs of these folde (Fertuck and Salpeter 1976\ There is a wide

Jarlatlcn in the numb )ﬂbf.A reported for dlfferent mﬁscles\(seek
Edwards 1979),'eg ele troplaques oi Eéectrophepus have SO 000
1eceptors/pm2 (Bourge01s 1976) and estlmates for mammallan‘muscres
range from bu700/ﬂm2 (Albuquerqae et aZ 1974) to 46 OOO/pH‘ (Per— B
: tuck and/Qalpcter 19’6) '\Thls varlatlon may reflect clfferences in -
® rhe type of musclerandfspecles or dlfrerencesbih the method'of e
eaapplicétgon of . BCT-uSPd to estimate tne receptor number (Albuquer-”
‘due'et‘el, 1974 FertucL ana Qa1peter 1976) These estimates are.
R based upon Lhe aA unp*lor that Lhere 1s one texrn blndlng 51Le per

recoptor comp‘ex though' there are. reported to be two such blndlng

sites (Albuquerqqe et aZ 1974 Karl1n et aZ 19/8) .;Ihe number ,
. - : .



reSpcnde~{o the application’

’5;»(Axe1§sdh'and Thesléff’195

e R €

. of receptors decllnes with the dlqtahce from the nnuromuscular )unc—,

M

t101 (Fertuck and Salpeter 1976). The extragunct-onal recepLors

.appeaf to vary 1n numbei dependlng on the tvpe of muscle studied. ¢

In qlow muscle the emt*awun@tlonal sarcolcmra has, hrgh and low

T

theqleff 1968 Albquerque and McLsﬁac 1970) and’ the number of re-

, :
ceptor° is cst:muted to be 2 5 blndnng =1te°/pm The fast muscle

(11Pe ED]), in Whl;h the senaltlvltv to Ach is res rlcted around -the

£

gneuromuscular Junctlon and the';eglonsréurroundihg it has only 5 10

Y

' _extraJunct1onal blndlng 51tes/pm2 (Hartzeyl and Fambrough 197 )

THe dcn51ry o‘ extraJunetlonal receprors A embryonlc as well as

¢cuervated mUstle_rs far'l

cle. (Fambrough 1979) .

.Denervat 2 (ubﬂze S e

R -
¥

~In contrast’to the ipnervated muscle, the denervated muscle

%Aéh‘in the extrajunctioﬁal region

Ve An 1ncreasc in chemosen51t;v1ty beglns

days (Axclsvoq and Thesleff 1959) Af;er.r'

uccle the mcrca in the cheive'

tionz 1 membrdne by sever

the ‘dencrvation of fasé

'gher_than in the adult.(innervated)ymus-:*

. N . .\‘

110

'pafches of Ach qer51t1v1t\ (MllEdl and uelena 1966 Albuquerque and 'A.

o
/



'zone does not‘occurgccntrifugnlly’but first appea:s'near the end—c

’plate ‘and then near tho myotendlnous reglon._ The m1d portlon of

.

the extra]unctlonal 1eg10n is rhe last to acqulle chemcsenqgt1v1ty
. . s . A\‘ C ' . s
.Soleus whlch 1n Jnne*vafed srate hag»hlgh Ach‘sensitivicy in‘the
/ . . R ¢ .
neuromuSCular‘jUnc:ion‘and nyotendinous*ﬁunction exhlblts roglon

v

~of 1elar1ve’y hlgh and loy Ach ~en51t1v1t, in, tne exfrajnnctlonal

gsarcLLemma., Th1¢'muscle when cerervaten, exhszts a uanerm Jn—

Aﬂ*eaee in Ach sen51t1v1ty al onc the length o*‘the “1ber. A;so,

C A

‘~¥Lhc appearanee of CthOSLnSltl”Lty occurs earller 1n soleus thav

v

in FDL (Albuquerque and JcIssac 1970,.

The 1ncrease 1n extrajunctlonal Ach . sensitlvity, as showh 1n

“‘denervated rat dlaphragm,‘occurs llnearly wlth the 1ncrease 1n thef“

number of AchR An the extrajunctlonal sarcolemma (Hartzell and Fambr

1972) . Suchian appearance‘of exttajunctidnal'AchR in denervated EDL :

- : S

‘muscle is . shown 1n Flg 2, whlchais an autoradiograph of lzsl—a BGT

treated materlal It is now commonly accepted that the extraJunctlo :

' Ach uen>1t1v1ty resu’ts frem the blosyn thesis ' thelr

Loekes and Hall 1975 DPVLeoteS and I"ambroug,h l°76) -Héweve

Blunr et aZ (}975) have. eon51ncred the posslblllty tbat the




"extraJunctlonal AchR in- the 1nncrvated musclc membra§esfaré‘somehow

' masbed and Jnacceq51ble to the actlon of druns;_ Nhen vhe muscle is:

\

vdenervated lytlc actlon of phagoc;tlc cells causes unmasllng of theie‘

f.extrajunctronal receptor,.» Ih s suggestlon 1s based upon experl-'.”

'mentaT naqlpulataoq iﬁ which the appearance of extrajunctlonal Ach 5

'7Aﬁsen51t1v1ty _ovld be preVLntOd ln both LDb and soleus musclea by

:fthe arrest of cell d1v1°1on by v1ncrlst1ne (mltotlc 1nb1b1tor)

”fAl Lhe authors fur h r report that tne incleasc 1n Ach seqoltl—ljf'"

ijty occurs at a tlme when there 1s an 1ncrea°e 1n rap;d cell d1v1---

hsion.“ Thrs pOSSlblllty of receptor unmasxnng, however has been B
'7‘e11m1nated by experimental ev1dence that strongly

”"thulnta to the svntheczs 0% new xeceptors ano thelr 1ncovpcr LlOﬂ

”ylnto the sarcolemma or the dencrvated musc16" (1) Up01 denervatlon

"'there 1s an 1nc1ea e in Subsarcoremral rlbbsomes whlch occurs con— -

i

'-comlttantjy With can lncrease in Ach sen51t1v1t} (Gauthler and Dunn .

,1373 Gauthlcr aad Schaefrer 1974) (2) Ihe appearancc of extra—b

quntLioﬁar qensltwv1ty can be prevcnted by rnh_bltors of protevn,f
,A:KF E .

synthe31q (Gramp et aZ 1 2) (3) In freeze f*actuze repllcas the g

¢ .
. ~extrajunct101al sarcolemma of oenervateq muscle qhows the appearance

v of %15nm Jntramembranous partlcleq (on P face) whlch arc 51m11ar to

"



'rthose in the Junctlonai Sarco]emma‘b These.partlcles are‘elther :-h
h{}dispersed 51ngly (Frg 3) or aggregated in clusters (Flg 4; |
'g(Txpnis and Malhotra 1976 1977 Malhotra and TlpnlS 1978)
'*FSuch partlcles are- not seen on the fractured faces of the non—ixl"

'synapt;c reglon.of 1nnervatef nuscle 'whlch 1nd1cates clearly

ﬁg that5thefparticies-of lSnm appear only after dene“vatlon These;f

u’5part1clc< are thought to be related to the AchR (Tlpnls and

’T7Wa1hotra l979a b, c) and the aggregateo correspond to the "hot ‘,?5*1"H

'E{HSpots" (Vo et aZ 1977 Yee e* aZ 1978) E Ftrther ev1dence that o

vh“;»the 1ntramembranous partlcles represent AchR complexes comec"'

Fi;frem‘freeze etch studles of ferrltln—r BGT 1abellcd membranes if;h{‘jl
'V»Iron dcnevnated mUSC;LH(FJg. 5) (Tlpﬂl; an Malhotra l979a,_ ,;:;}h
'dde) : (4) rncubatlon of muscle in a medlum”contalnlng labellea”.v
J?anrno”ac1ds reSUIts dn the appearance of 1abe11ed receptors 1nto

“the memo' ne Brockcs and Hall 1975b) Turtne*more, new 1251",

--BGT brndlng 51t=s (Hartvell and Famorough 1973 De\reotee and
“i Fambrough 1976) and Ach sen31t1v1ty (Sakmann 1975) con*‘nued tc ia"
h';appear even Lhoagh the pre existlng'receptors had beenrblocked

vwlth’cold BGI?f Iheuappearancevof these new reteptorv51tes

covld;be_prevcnted-by’1nhibitors:of protei1 Synthe°1s From«.
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'/~ autoxadtography and linet:c studies it has been concluded that the
N \ . . '

AchR reside 1n the Colgr apparatuc for 2 3 hours berore they are.ﬁi

‘jlncorporated lnto the sarcolenma (Hartzell and Fambr0u"h 19/3

- bambrough and Devreoteq 1978)
;;CZustars ofﬁAchR‘;v

e

Tne extrajunchcnal receptnrs 1n em ryonlc and neonatal muSCle e T

.i~-dﬂd dentr\atet muscle are not all unlrornly dlstrlbutea bnt ma)

e

v‘;ﬁa1so occur as ClJSCEIS (S\tkowsP1 et aZ 1973 Flschbach an‘ ohcn R

{5}19/3 Ko ei aZ 1977) : The responsn to Ach lu the reglon of clus—~

w75ters is- conslderably hleher than elsewhere and therefore these T G

0

’fclvstcrs are otton rnferrtd to as not spots of Avn sensitlvlty (Yo V
'reL a/ 197/) FTEPZL fractule Stﬂd;es oF 1dent1fred hot spots 1n
'f-develtnlng muacle how amgregates of 10 19nm 11tramembra10us partl—v*

ﬂ;_cles (Y=e e aZ 1978) ‘ The nonsynaptlc sarro’emma of mu%cles BEEEE
'._denel)dteo fcr 15,days ha s also ceen obse veo to- have 51mrlar

-fhparthles (IJ 18nm) whlch arﬂ dlgLIlbUﬁ?d 1n‘a random manner (Fig
L J) or 1n Llu ens fFlg 4) (Tlpnls and Malnotra 1975 Valhotra'and -
g v \ . X

”tTlpnlo 19/8 TlpﬂLS and Malhotra l979d, b} c) Slm*lar distrlbutlon.V’

~jfof AchR has. betn obse*vod by 1abe111rg the blndlng 51Les w:th 1‘-’I



£ he uypoaranue o; crook—“trlaflons. As the ;rose shrlatlnqs' o

'~:rence of the ClUSLEIS wlrhout ﬁeuroral 1nfluerve nas Dﬂen suggested
'”ato rPflect a sequentla1 process Qurlng membrdne dlfferept tion f, 7;-

. (pllve_, e+ a7 197(./ . | : o

'n»motlon of- ALhR in rat myotubes marked Wlth fluorLscent q—BCT 1no"—_5a'v'

115,

BCT and SLuu\lﬂL thelr dlstrlbutlon 1n auroraalograpns produLed
at . llght and elertron mlcroscope 1eve1 (llpnls 1nd Malhotrq,
unpubllshﬁd data) buch a. dlstrlbu ion: haS been rurther substan—.

‘;;ated by'usihg férritin4 BGI in cowjunctlon w1tn freeze etch

"

' Qtud1°s (Tlpnls and Malho*ra 1979a ‘ , ¢):, Pr1Vts Gu a7 _’1976)
Vlhav 'noted in aut oraclog;aphs that the appea*ance of those clu5w'

J;ters on mvofuLos of developlng chlck cmbryo geems to co:nc:ce w1th

v 3,

1ncrease and arc localnzea sh;rp@y w1th1n tne myotubes, Lhe clus— R

1

-telb of A hn u;sapncar rrom the Surlace Subh a- tranQ1ent occur

Q

R A
®

x

The pho obleechlnn ﬁééhnléﬁb used:Jﬁ tb} ;Ludy of *atera]
cate#kthat the ”fa ptor that a;é‘up;fonﬁly d1Qt115utéd.ﬁré mobiie“ g"”
ii(d*ffu51oﬁ éoﬁétant %5 X 10 11 cm /%ec at 2 °C) whereés thdse»i y
: o§chring in cluktera arn‘gﬁﬁob;ié Y‘SQI;C;L\e photobleachlnb éf
:‘the cluster; ;hows tﬁaL Lﬁe rECepté;S.iﬁ‘£hé 1mmob1¢e anu ﬁob1¢e‘
| Pﬁéqe‘dé,not exohanénievéé:after iO nourvvln éﬁitﬁré.nvlhe.piﬁstéréff

tlemvelve npvc'slowly at_a ratc o{ 4 m/h”(Ah lrod et ac. 1976),5 A



R,

: The mechanlsm of the stablllty or .the formatlon of. the Ach

clustcrs JS not understood except that the receptorQ in thD cluster

gradually dlsappear under electrlcal stlmuTarlon Axelroc et aZ

y”(1978) have speculaced that receptors in the clusters are stab111~

zed DV an 1mmob le )ntra or submembrane fllam,ntous~structure
P . . [ - PR - oo N a .
'compc\cc ol molecules other ‘than the AchR thenselvesl Microtubule

"and mlcrofluament dlsrupting agents had no ’fect on Lhe mohlllt}
,h_of AchR unegher 1n a noblle staLe or. 1n clusters.* Braithwaite,
Q-anu Parrlo (19/9) have,*eported that olect 1ca1 act1v1ty of the -

o nerve and/or m"scle_‘q requ;red to suppress he appcarance of

'-_extlaJunct oua] reCeptor clusters and for tne normal progress of

116

'-:mu°clﬁ gro‘th These Flnd]ngs are bascc on_cxocrwments .on’ cmbry~ o

77oo‘c rat nuscle in wnxcn ncrve and musLIe act1v1tv vere puralvsedq

N

hiby thn aup]icatlon of tetr dotox1n (TTX) In un*reated cmhryonﬂch

S :

ﬂ_'rat mUSL¢e clusters of AchR (JUHCLLOHEl) appca1 synchronously

H

h1ef'er lS 1/2 duy gest thﬂ.« TTA app11Catlon at 16 day pescatroq ;
ﬁf dl" not alror the events of normal JUHCthﬂHl AchR appearapne but
©extr ]unctloda‘ rcceptone appeared as they oo 1n the denerveted
The'significéhCe'ofvtheureccpt0r~aggregateSJisgof current

s ' A : ~
B N e [



.11‘7""

L : , y T el
.- interest. The suggestion that the clustefs‘mayfbe‘the sites of

“syuapse;formatiouhhasrnot heeh'substantiated«(see3rrank 1979) by

experlmfnts on myocvtes cu]tured from Xenopus larvae (Anderson
'ef;alﬁ 197 ) In these exnerlments, the receptors tagged w1th

fluroescently Jabclled » BGT Showed‘thevexistenCefof"patches, o

A,undcr'synapse thatgwere»dlffereutvln'shape from those ‘existing .=«

. in the ex rajunctional'reglon. “During inn2rvatien, theé formatiom .
S of,junctioua17receptors‘takes'rraceaby aggregati0ntof mcbiie”"’
‘reccpto s under the neurltc wh1]e the adjacent patches dlsappear.,szg.ge
It ]S LODPEI”dble that the receptOY aggregatec do not servc any’*”
partlcular 1ole and are produced by a- mechaplstS) akln to tue
format1u1 o chR 1n the poStsvnaptlc memorane,cl.»;'during_“
synapse forwatlon a.neive’ coulo 1n1t1ate AcnR synth051s reeultlnﬁ'”.h*‘ .
1n the fornatlon of °ubneural clusters (rrank 19/9) Factors ',‘V

' other than nerves covlc 3lso trngge1 cluster f0ﬂnatloa whlch can
account for Lhe appeaxance of clusters.nn muscle culture devord

h

»f;,of,nervcs (soe Frauk 19 9) ﬁfso, BPVdn dnd Stelnbach (1977)

havc 1nvcst1g ed the dlstributwou of AchR 11 the developlwg
'ﬂ_skelet J muscle of rat by us1“g autoraalography or 1?91— BGT
7 _ G R

Th91r resu‘ts are con51stent hlth the data thaf the AchP are

r»:’



\ .

’ most]y dlbtrlbutcd unlformly on thermyotubes whereas they are‘

:conflned to tne 1unct10nal reglon one week alter

i

j'h'retept01s at the Junctlon takeﬁ place after the Lormatlon of

: . _ \“w. S
Lhe neuromuscular Junctlon.;:ﬁ :

'’

ﬂfplace gf oually durlnn development and the dccumulotlon of the‘5

118



F73,Con A sedlmcnt at tne value~of 98 and have a 51m11ar reactlon w1th

‘,COmﬁariSQQ’offqhhctionalfandiﬁxtraﬁuﬂCticn31,RecEptoré TR

-

Although Junctlonal and extragunctlonal receptors both b1nd f:“"i'

,~~_3 .

'~,dserun ranseu agalnst the ecl AchR (Brockes and Hall 1975a),»there

'(.

T

:i.a1e subtle c fferences 1n the1r pharmacologlcal and blochemlcal

RN .._n‘

'characteristicq The extrajunctlonat recept01s are less negatlvely

‘ v(epp) as well as Ach sen51t1v1ty are blocked by curare, although
:'ffthe conceu!ratlon of curare requlrcd to block the Ach sen31t1v1ty
A"1n chronﬂcally dene*vated dlaphragm and soleus mUbCLEb of 1at ;slh;f;

;{much nlgher than that necessary to block the epp (Lapa et aZ

{Vand denervated dlauhragm and so1eus muscles of mouse 1n whlch epp

.v1

";'and Ach cnSJtlvltleS'aregblOCkcd,by ﬂ BGT.show]a'recovery of
hrcsponse to Ach (50 75mv/nc) 1n‘che extrs3u1ctwonal reg*on of de—f

h ;ncrwated muscles w“en thﬂ musc‘es are washed for 4 7 hours "In B

¥

v

“-V,innervated muscle (Chiu ef aZ 1974) Almon and Appel (1976a)

“Trcﬁorted the‘existehce ofvtwo : BGT binding u1tcs w1th aFflnlty

119

'?chargcd (Brofkes and Hall 19753) Both the endPlate Potentlals ;ﬂ"‘

Vl974\ The blndlng of 12“L- BGT to extrajunctlonal recepénrs 1s;* '

f;‘much lcss stable tban that of Junctlonal recepLors.‘ Therlnnervatedfz~.

k [vcontrgst, only a. sllght recovery otvepp (0 5 va) was recorded Jn c,ﬁ

R



".constaats of 109 M‘l and 105 M‘* 1n rat skeletal mu°cle. As a re—;t.l R
‘ s : S ‘ : : I B T *’t.;:*”a;';,
ult of denervatlon there 1s a 28 fold 1ncrease 1n the hloh afflnity ARRE AT

'_h{Slte and a 5 old 1ncrease 1n the lOW\a Irnlty 51te.. The long termr{'

R . ) «s.
P - v

;’exposu*e of normal musale to the non- 1on1c detergcnt Trlton x~100

-'(, BN

ijor 8 10 days reoults 1n the conversion of al] blndlng to the thh

f“;lafflnlty clte (109 M"); In a parallel experlment ‘lth denervated

'hfmuqcle there was 0o change in the blndlng arfinlty of AchR SUchvvh~p&i,#:5j["
"dlfferences in - receptors from 1nnervated and denervated mus cles have E

”;lbeen suggeoted to refrect dlffe ent molecular 1ntcract1un oé the ';‘13a;u~"“'“

™y

'hhreceptor w1th thc env1ronment :rather thar a dlf*erence 1n the prl—-

g P k : ! . 8 . . :
. : oo L3 :

':7h5marv structure of the receptor proteln (Almon et aZ 1974)

Almon and Appel (LV/D) reported tnaL Y gLObULlu fractlou rroﬁ-’hh

fmyasthonlc deLentS brnus to Lhe hlgh afflnrty alte 1n denervated
;muscle but not ro that present 1n 1nnervated muscle.n Further
”fjWeLnberg and Hall (1979) have reported that the ext rajunctlonal

anreceptors con'aln ﬂetermlnants that can be detected bv eera from

. PR

v ,myasthenlc paL1ent v However«-dll o£ the determlnants of the~'

'Junctlonal reteptcrb cetected by mvasthen1c sera. are present on

.
N

fthe extrajunctlcnal receptors S0 that myaetheﬂlc sera contuln two

nclasses o.,antlbodles one dlrected{agalnst determln;nts precent

R E



sseveral animals 1mmun17ed with rat extraJu1cc1onal 1cceFtors,

in both junctional as well as e\ raJunct101al receptoro and the"

other dlrected against determinants present ouly on the extra-

junctional receptors, It is worth a note that antisera from

v

eel or Torpedo AchR could not reveal dlfrerences in the two

&

. classes of receptors. 1In thlS rebpect myaschenic sera may

provide a valuable means to distinguish the molecular species
w D A
, , . A

M)

of Achgr,

: - . \ 2
R R . ¢ . 4
The junctional,aﬂd extrajun¢tional receptors diffe* markedly

with respect to. - thelr Stablllty}ln the membxane. The stabilitj

.ot tHe toxin- recepfo* complex of rat dlaphragm muscles studle in

Zvo (Berg and Hall 1975) or 17 vthOv(Berg and Hall 1975; Dev-

reotes and Eambrnn°h 1875) 1nd1ﬁates a rapid and'contin"oue turn—'
.der Qf the extrajuqetlonal receptor w1tn a half-life of 14-]8 .

. hours., The Junctloual recepLors have a much longer halL llfe

A o

i.e. six days. ' o N J I

| Me:lie et al. (1979) have oomparcﬂ the characterlvtibo of

-]

Junctlonal and extraJunctlonal AchR in organ cultured’aduIL rat
I

diaphra ns a have found that the degladatlon of the two tynes
g ,

‘of recegpg;s is similar id many. ways, the point of difference

belngﬁg; the rate constamt (10-fold differerce) for the degrada-

tion process. Tne similarities 1ie .in that.the degradation of

L) N

l2l
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&

both, requires energy3 beth are inhibited b;‘colchicine both are N

~inhibifed by Speeiflc lysosomal p;oeease inhibitors (leupeptln +.

pepstatln) and both are stlmulated by anti-AchR antlbodles._ The

difference in the rate,ef internalization of both ;eceptors is

Speculated to be due to some structural diffe}ence.in the mem-

b?ane or the'membrane—associated proteins. |
\The_fluetuetion4apa1ysis;u§ed;forjdetermining the.eize arid

~duration of the elementary cu;rent‘indicates»thatlthe life~éime‘

of Ehe'Adh—induced chanhei is much shofier in the innervated mus:-

cle. The varlous values reported are 3.2 ﬁqec in froé (Polquhou1

et aZ. 1975), 1 msec in rat (Sakmann 1978) and 1.54 ﬁsee in human

museles {Culi~venay et aZ..l97Sj;"The.4¥5 timee h%gher‘values

were reported.for extrajunttional channels in human myotubes : ﬁﬂ

(Bevan and hullberg 1978) and in denervated muscles of frrg

(Veher and Sakm(nn 1976) éndérat (aakmann 1978) | It appears that

there may be species varlatlcn in respect of organization‘of.fem

4
i

ceptors.v For eraﬁple,.Schuetze et cl. (]970) Have repor*ed that®"
‘the- extraJuncL101ai and Junctxonal AchR in chick myotubes are -
.51m11ar in respeﬂt to the mean chanefl epen—tlme (3. 0 3.5 msec at -
'24_C). St bility detcrntned trom autoradlography of culLures

{
1abelled with 12 51—+ BGT indicatés similar rates for Junctional-'V



. . . B
‘ 1

and extrajunctional-toxin receptors. Tnese resultS‘ere in avreement
with thcse of Burden (1977a, b) who found a ha1f life of 30 nours.
for both Junetlonal and extraju 1onal:receptors in‘emb;yonic pos-
terior latissimus dorsl of chick. The fates_of degredation undergo
a change during develonmenﬁTand Junctlonal receptors acquire a

halt -life of five days after three weeks. These differences be*ween
the chlck myotubes on the one ‘hand and the rat and frog musele on

the othex could be attllbUCEd to the dlffexent tlme peridd yin the_

observations, since'synapse formaticn may be a long-dr

and changes may arise during bubsequent development (Schuetze

3.
al. 1978). The‘fonductance of the Junctlonal and extraJunctlondl
chiannel in rai fiuscle is similar [34*ps(1~ = Q“l] (c kmann 1978)

~

~In frog sartorius muscle, however, conductanee of tHe CXtleLnP-’

v

tlonal channel is 7.5 pmho as compared to 17 9 pmho *n'the june~

tional channel of innervated muscle (Dreyer et aZ 19/6) 4SUCh4

lalfferenres 1n conductance in the case nf frog muscle 1nd1cate

'that the selectivity fllter (portlon of membfane‘channcl‘whieh

cetermlnes the ion selectivity of the channel) is smalier than in

)

~the extrajunetional-channel.A'However, the_permeability.reSpdnse

. : . : Lo ‘ '
to a wide range of organic cation in innervated and denervated

frog sartorius muscle 1is similar, suggestlng tnatithe differences

v
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in conduptance{must be attributed © some other féctor*and’aré”

not due to a dleerence in the select'v1ty fllter of Junctlonal

and extrajunctlonal gg%nnels (Guy et aZ 197
Alth0ugh.extrajunctionél reteptbrs from embryonic and de~
nervared nuscle: have many common characterisflcs they dlffer

‘1n thelr rgsponse towards curare. In 1ntercostal nuscles of rat
[

, embryo and'neonatal rats curare produced lpcalized‘contractions_

and act lcn pﬂtentzals whlv* are resistant to TTYX but can be

bLOﬂked b) BGT thereby 5ucgest1ng tuat the QCCLOH of curare

is AchR.specific. In parallel experlments w1th dencrvated nus—:‘

cle curare did nor produce any depola“lzatJon. Thcse result%
suggest elther th° ex1stenc; of a thlrd category of AvhR in S
embryonlr nuqcle or the defPrence in. molecular env1*onm9nf9 1n

embryonlc aqd denervated muscle (715L1nd and Denn*s 19/8)

3 . \



Conclusions' N
'l‘.,

IL is apparent that the sarcolemma is a valuable model system

~for the 1nvest1gation of the correlatlon of the structure and

functlon of'membranes; In the synaptlc reglon 1t has two maJor

°

‘protelns AchE and AchR and thus has a relatlvely 51mple composx-

N

tlon as ccmpared to the membranous organelles of eukaryote cells.
The' sarcolewma is amenable to 1nvest1gations by a varlety of

}current teéhnlques in vzvo.~ There is an ObVlOUa comoartmentall-. A
: v y S ‘ ‘ ‘.-‘
zatlon,of function along.the sarcolémma ‘as manlfebted by the R

‘ LneuromuchLar Junctlon whlch results from 1nteractlons as yet not o

‘\N :
: \—.“

understood becween the nerve and muscle Denervatlon leads to"

i

.syntnes’s of the extraJunctlonal receptors whlch are 1ncorporated //f“"
: i,lnto the sarcolemma but how these AchR complnxﬂs dlffer fron the

Junctlonal receptors is- not clear..

-

Betz and Changeux (1979) have reported that cycllc nvcleo—'

”-tldes are lmpllcaCEd in the regulatcry control of the uynthesis

, e : : ,
of extrajunctlonal reccptors. Based upon experlments on cultureu

'fchlck myoblasts, they proposed that dlbutyryl cycllc GMP represses
o]

‘ the svnthe51s of AchR and abollsles the development of Ach sensi— -

i



'Wbe ‘a result of an 1ncrease’}n C32+ whlch enters the cell durlng

:t011us muscle the extraJunctlonal receptors are subJect to seasonal
:varlatlon.~ They are absent in sumner .appearrln.autumn and. :
‘.lnCrease_in;ulnter, hho'$uch varlatlon is_réporteddto&eecuiiwith
lrespect_tOcheujunetlonallreceptoréﬁ.:Tﬁé ohseruedlyarlationdinW.

1';the extrajunctlonal receotors, therefore has been suggested to be

'1977a b Stelnbach et aZ 1979) It is likely that nonmembranous e

, . | - . / ‘. .126‘. _

tlvity, whereas dlbucyryl cycllc AMP increased the number of m—BGT

'binding sites The represslonuof AchR synthesis by cycliC'GM? may

o

the openxng of Na channels by electrical activ1ty In frog sar—

:due to. the variatlon 1n motor act1v1ty (Feltz and Mallart 1971)

The avallablc data leads one to conclude that the junctlonal

3-ana eytrajunctlonal receptorc may dlffer in. the b1olog1cal rol (s)

they serve: and it is an 1nteresting questlon as to what these

roles are dnd how they are controlled Tnere are also clusters of

"fAchR in- the developlng muscle and 1n the extraJunctlonal sarcolcmma
of denervated muscle. How these clusters are forned what role(s)

they p]ay and how they differ from the dlspersed AchR ‘are. questlons S

\- ’ AN

' that are 1mportant in understandlng nerve~musc1e 1nteractions.;_ s

j ; . . . Co / :
AchR manifest organlzatlonal alterations during development (Burden

’ . L . -



componehts,'such as mlcrofllamente and mlcrotubules (HeuSer and

.sarcolemma They may exerclse regulatory control on the mobi-

ﬂlllty of AchR complexes wlthln the sarColemmae APtlbOdles .f_

;'Salpeter l979), play a role in the archltectural organlzatlon of .

‘1nfluence the rate of degradatlon of AchR as - ev1denced by Gtudies

[

on myasthen1c neuromuscular Junctlons (Drachman et aZ 1978

;;Fambrough 1979) and on olaphragm of rats 1mmunlzed w1th purlfled

'musclc cell perturbs the AchR whlch then accumulates at one pole '?l

A (Orlda and Poo 1978) It 1s through the 1nterp1ay of

s,

IR d*verse cell act1v1t1es that the blology of Ach? assoc1ated wlth'
A . :

'i'

the plasma membrane of muscle cells may be regulated

&

C127.

.{AChR ( elnmann °t aZ 1978 : Flectrlc fleld aoplled to embryonicfﬁfT |
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FigUre 1.

 Figure 2.°

\ .

;that comparable mlcrogLaphs from 1nnervated muscl—U

u ,show ‘a mach lower den51ty of 51lver gralns in the

Electrén microscope autbradiOgranh-showing a neuro- |

. 1 - .
muscular junctlon of extensor. dlgitorum longus’

(EDL) of rat. .The muScles'Were incubated'for ZVHi,

“in- oxygenated kreb s rJnger at 37° C contalnlng

v‘1251-. BGT (ZLg/ml) After-incubation, the'muséiésv

were washed.thoroughly in.éeve ral- chanoes of rlnger‘

l-ifor l 2 hr and processed for electron nlcroscopy

.,\.

"Tbc sections were cooted Wit h Ilford L, emdlsﬁon,

Ldeve‘oned in mlCIOdOl X and flxed in qod;um th:n—"

P

;‘sulphate. The;autoradiograph Shows'conCentfation'

“’of sllver gralns ‘at the neuromus ular Junctlon.

Ta

AR . \ LT .
. i :
-,uElegtzon m1c1o}cope auLoradlograph of aonervated

/

EDL of rat’ hoWlng_t‘ preseqce of 811ver orams “on

/

'the’ nonsynaptlc sarcolemma.: The experlmental con-i

fdit10ns and procedure for autoradlography were the

I3

'same as glven 1n Fngre 1 It should be empha51zed

v

lished)

.._nonsynaptlc sarcolemmd (TlpnlS and Palhotra EUhPUbfi”“

ay
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, 1FiguresﬁA
o 3.(§74.‘

dFigurerS;fih”

L ' ’ >
Freeze fracture electron miclographs of denervated

EDL muscle showlng the presence of lSnm (15 18,m)

intramembranous partlcles on’ thc P face of non-

, synaptlc sarcolemma dlSt 1buted randomly 1n"f

Figure 3 and as clusters in Flgure 4 It is

\

emph351zed that Such partlcles are lacklng from

Thdémrrow 1nd1cates tho dlrectlon of °badow1ng

Freeze etched membrane ve51ole from denervatedlEDL _ff” A

b4

musele The membrane ve51c1es were plepared and

incubated 1n ferritln-’ BGT conJugate for 1 hr

(detalls g1ven 1n Tlpnls and }alhotra 1979c)

J

The membranes WLTE eyten51ve1y washed fixed in'”'

5 S
glutafaldehyde nnd frozen in nltronen slush They

Balzer hlgh VOCUUH free7e etch unit.- The mlcro—f

b_agraph shous a: Veelclc WulCh ]S labelled with -

ferritln at the surfacp (shown 1n double arrows)

N

Running across the mlodle of the membrane vesicle -

L appears to be ‘a collagen frbre whlch indlcates ;

.

that the Surface of the ves}%le is exposed in the

replica. Arrow in the right lower corner indi~.‘

‘cates direction of shadowing

' the comparable face of the 1nnervated sarcolemma.,-*

R TR AR

ht”f; were. fractuagﬁ etched (2 mln) and repllcated in f;: f e

e
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~ CONCLUSIONS

My_lnvestlgatlons 1nto the organlzatlon of acetylchollne

-hreceptors (AchR) and acetylchoLlnesterase (AchE) in denervated skeletal -

o muscle of the rat have led to observatlons and conclu31ons the’moSt_-

S A
-'imPQrtant of whlch are enumerated below (Fig la b) L

' jjJ(iyl HlstOChEmlcal reactlon 1n the Synaptlc cleft of lnnervated

1]_and denervated muscle 1s spec1f1cally due to AchE ,vbﬂ o ST

(il) pv1dence 1s 1n favour of- locallsatlon of one partlcular‘“f'

‘Lf;gmolecular form of AchE namely 168 (as agalnst 4S and lOS) Denerva—' :

o

'tlon causes a decrease 1n AchE (165) demonstrable by hlstochemlcal

e ! Caee et
{

n reactlon at electron mlcrosc0pe level

JE

(111) Intramembranous partlcles observed on the fractured face

“(P face) of the synaptlc sarcolemma are not'obv1ously related to AchE
“*fhmolecules.f'h”'.d';i'l. '”;tlt'*" ,tf”'f_"flfugv‘fIJJ:V{fuf_..5 o

o

N

L Acétvlchollne'Receptor (AchR)d

, (i)' 15 nm 1ntramembranous particles emerge on fractured

face (P face) of non synaptlc sarcolemma follow1ng denervatlon of .

,skeletal muscle Thls category of partlcles is 1ack1ng from the

[y

v?comparable fractures of the 1nnervated muscle Based-upon the available

-

. .
'iphy51olog1cal -and b10chem1cal data 1t is known that the extrajunctlohal

: sen51t1vity of non- Synaptic sarcolemma follow1ng denervatlon rFsults
'affrom the SynthESlS of new AchR and thelr 1ncorporat10n lnto the non—

: synaptic sarcolemma 15 nm lntramembranous partlcles were proposed

Y



‘testlmated de

o

‘-to be related to the AchR (Tipnis and Malhotra 1976)

&

)

‘distributlon of a—BGT binding s1tes in- the non synaptic sarcolemma 1n

ﬁdenervated muscle corresponds to the distribution of 1ntramembranous
7part1cles. It 1s therefore,concluded that the lS nm 1ntramembranous
. . /

S

1hf§flpart1cles are the compoments of the AchR complex. There are two

o

f;;categorles of AchR ,31ngly dispersed and in clusters and there 1s

.»\_'

‘551m11ar distributlon of 15 nm 1ntramembranous particles.,

a _)_. x

(11) By uSlng autoradlography (1251 a-BGT) and freeze etching

- of labelled membranous veSicles ev1dence has been presented that the

m?:148:ey,

(111) AchR extends beyond the llpld bilayer and ChlS has been‘

o : . : RTINS ._,_

i @with freeze etching studies on membranous vesicles 1solated from

.

‘;fdenervated muscle L

3 s
T

w’hfgraphy, a value of approx1mately 14 O@O binding 31tes/um rélative”to‘fr

fﬁ7the synaptic sarcolemma has been obtalned En contrast there are :

3.
e -
v

7]demonstrated by uslng ferritin -~ bungarotox1n conJugate ‘in- conJunctlon R

(1v) Based upon quantitative electron microscope autoradio— L

‘ 25 a—BGT binding 51tes/um 1n the nonlsynaptlc saroog%mma in’ 1nnervated

' 1n the synaptic sarcolemma of the 1nnervated muscle and non synaptlc"'

hsarcolemma in the denervated muscle are 3 5 times higher than the

.- L : <
_happear that~eat”

v 3 N

”’more binding 51tes and/or (11) is composed of receptor units.

o - e

Ky . of intramembranous partlcles.: It would therefore .

intramembranous particle contalns either (1) two or"

tﬂ.@:muscle.U The non synaptlc sarcolemma of the denervated muscle has l 590

f.f 51tes/um These estimates are\based upon the assumption that there 1%/'

i'fone b1nd1ng 31te per AchR These values for the a—BGT binding 31tes;’



Figure 1. ‘Diagramatic representation of- the comparison of the

v

N
Y

structure of sarcolemma in innervated (Fig. A) and denervated

'(Fig. B) skeletal muscle. Note the appearance of AchR in

the non synaptic sarcolemma and their increase (*) in the

subsrcolemmal sarcoplasm (sS) 1n the denervated muscle and

their virtual absence in th% corresponding;locacions in the

innervated muscle. Also note the appearance of large intra-

membranous particles on the P- face of the non synaptic sarco-

'lemma (PNS) in denervated muscle and thei;vabsence‘from the

correSpending face in_fhe‘inne}vated'muscle.
AchE, acetylchplinesterase} AchR, acetycholine receptors
identified as a-bungarotox1n b1nding sites (*) ES PS, ENS

N

and PNS are the explasmic and plasmic fractured faces of the

synaptic and non synaptic sarcolemma.' MP, membrane protein;

N, Nucleus; NT, nerve terminal. Not to scale. .

o
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APPENDIX T

Preparation of Crude Sarcolemmal Membrane:

[ 1

lnsthe presentfinvestigation ’the sarcolemmal membranes weref
prepared as crude membrane fragments by the procedure of Boegman et al.
(§l970) as well as by the evacuation procedure accordlng to. Berlnger and
,Koenlg (1975) In several. experlments the crude membrane fractlon proved
su1table for local1sat10n of Ach receptor in th1n sectlons ‘but not for
freeze~fractur1ng studles.A Therefore, evacuated membranes were prebared

o R
by the method of Ber1nger and Koenlg (1975) . The results on v1suallsat10n

of ‘Ach receptor are based on both methods ‘described below,"” :

(1) Preparatlon of Crude Me?brane Fragments (Boegman et al . 1970)

The anlmals were sacrifficed by cerv1cal fracture and muscles of

a2
the lower leg qulckly transferred to sucrose medlum (O 25 M sucrose '
’0 2 mM NazEDTA O 1 M Trls buffer (pH 7. 6)) at O°'¢{‘ The musc1es were .
| cut 1nto minute segments w1th m1Crosc1ssors and connectlve tissue/ blood.
- vessels and large nerve flbers were removed
The muscle pleces were homo enlzed in sucrose medlum in a vortex -
homogenlzer for 15 minutes.at as ttlng of 60‘and’then for a minute at N
ba settlng of 40.after dllutlon with sucrose medlum.l The homogenate wasv
Avfiltered through cheese cloth and centrlfuged at 900 X g for 7 min. .
The pellet was suSpended ln equal volume of cold water and to thlS a

volume of 0.8 M LiBr 1n 0.02 M Trls buffer (pH 8.5) equal to the‘volume.

of the water ‘was added The suspen310n was slowly stirred for lO~12 hr

-at 0° c and then centrlfuged at 1,000 x g for 5 min. The pellet from »

n
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this centrlfugation wa“\ﬁlscarded and the supernatant centr1fuged ab\\\\&,
V“.

105, OOO x g for 30 min. The pellet was suspended in, O 6 M kCl in 0.01 M~

Tris buffer (pH 8. O) and centrlfuged at 105 ,000. x g for 30 min. ,‘The

pellet was again Suspended and rehomogenlzed in the KCl-Tris medlum

2

- The next centrifugatlon was carr1ed out at 7 OOO X g for 15 min and the

supernatant was recentrlfuged at 105, OOO x g for 30 min. The pellet was
washed twice with cold double distllled water by centrlfugatlon\at '
105, 000 x g for 30 mln, and the pellet obtained prov1ded the sodrce of

!

Mmembrane used in thlS 1nvest1gation The protein concentratlon was

measured by Lowry s method (1951) and theapreparation was diV1ded into .

. a number of allquots and stored at —20° Ci.

(éx Preparatlon of Muscle Membrane by Pvacuatlon Proeedure (Berlnger
. and Koenlg,_1975) | A
: The muscles after exclsion were rlnsed in 10.15. M NaCl.and cut
:;longltudlnally into flne‘segmentsiwlth a palr df sclssers ' The segments
of muscle were transferred to l 2 mM CaC12 and O 3 mM Tris HCl bufferxfi.'
- ( 4° C; pq 7 8—8 0).for lO 15 mln, and 1ncubated further Ao the same'
('but fresh buffer for 5 hr at 4° C | The muscles were then. rlnsed forv‘”
"l,lO 15 ‘min in 0 3 mM Trls HCl buffer (pH 7. 8-8 O) containlng 30 mM KCl
.5: or NaCl and 1ncubated in thlS buffer for 5= 12 hr at 4° C,T The muscle
‘”:f1bers were then rlnsed in double dlstllled water for 5= lO min andbwere
'svcut into segments approx1mately 4—5 mm in length bThe evacuated muscle.i

"f1bers were plpetted 1nto fresh dlstllled water for further evacuatlon
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APP”"DIX IT -

jadadys)

D?eparatzon of. rerrztvn ~a- ?Jngapotoxln ( t~a-3%01

-,/
A

‘o bungarotox1n (a-BGT) Supplled by Miami Serpentarium, Florldai
was used for the above conJugate Ferrltln (6 b crystalllsed, cadmium.
free) obtained from Polysciences was conJugated to a—BCT by u51ng

h glutaraldehyde accordlng to- the method of Houran1 et al, (1974) The’

1ncubation mlxture conta1ned 675 ul dlStllled water, 100 ul 0. 05 M

. y .
: NaHzPOq, pH 7. 2 125 ul ferrltln (92 mg/ml), 40 ul a—BGT (O 5 mg) ‘This

: Lmlxture was Stlrred and to it 50 ul of l/ glutaraldehyde was ‘added,

.f.S ul each time over a perlod of lO 15 mln The above mlxture was

‘ ﬂlncubated for 2 hr at room temperature and O 5 M NaCl was added " The

Lo : s . . L e

| pmlxture was applled to Sephadex G 200 column The columm was
‘;equlllbrated with 05 M NaH2P0u (pH 7 2) and O 5 M NaCl Before
N appllcatlon of 1ncubated mlxture albumln was passed through the column
ffto saturate;the‘nonspec1flc;sites 1n the column facilltatlng t |
Vllveff1c1ent separatlon of bound and unbound a= BGT The buffer was run
'lthrough the column after 1 hr andﬂthen 1ncubated mlxture of ferrltln—;
: a- BGT was. applled The column was.eluted w1th buffer and O l ‘ml allquOtS‘:“
:;of fractlons were collected Protein concentratlon of these allquots d
;was determlned by Lowry s method The flrst peak was collected
»T(F1g l) and dlalysed overnlght aéalnst parl s balanced salt solutlon |
"twhlch contalned 0 025/ sodlum azide The/dlalysate was separated 1n

dlfferent vials and stored at -20 C untll used



FIGURE 1,',Separation*df.thq—BGchogjugate oh Sgphgdek G-200.
L . Sephadex G-200 was‘equilibrated{in,O.OS1MgNaH2P04]andr

0.5 M NaCl.. The incubated miktut/e'.ofg_'férritin_,x._d;-BGT._ S

-~ and gluta;aldeHYdelwas pa$sed through the column and ;h
 eluted with the above buffer.'  The fifst»peak is of
_43Ft-d—BQT cpnjugace_an¢ the second peak isAprobébly”the

';,_unconjuga:ed:aéBGT.
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APPENDIX IIT

 Incubation of Membranes inilZSIfQ‘BGT 

.

The membranes were assayed for thelr Ach receptor act1v1ty by
u51ng the fllter-assay procedure suggested by Klett et al (1973);
- of Kreb s ringer contalned SO ug of membrane proteln 125I-a—BGT

(7 be lO'9 M) 7 (w/v) Tween 80 Control samples were - incubated w1th

S

"va BGT (lO b M) for 1 hour prlor to 1ncubat10n w1th 1251—& BGT In.

N

vexperlments on t1me course blndlng, 1nnervated and denervated membrane e

' qureparatlons were incubated w1th 1251—0 BGT for varylng perlods of tlme; o

-fTo determlne specnflc blndlng for membrane preparatlons of denervated o

. muscle sezeral allduots containlng equal amounts of membrane proteln
_"but varylng amounts of 125141—BGT were 1ncubated In thls egggrnﬁgnt

‘vthe spec1f1c biﬁﬂlng was studled by first 1nCubat1ng the samples w1th .j'"

-

';lcold a-BGT for l hr and then w1th labelled tox1n The samples after

@}lvlncubatlon were 1mmed1ately f}ltered through DEAE cellulose (8l) After:‘fﬂ.

.»/*‘

”'"ﬁdflltratlon each samg?z was r1nsed wlth SO\ml of buffer after wh1ch the

_fllter dlSCS were dr1ed and counted An a gamma counter.
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APPENDIX IV
s quantztattue AraZyszs of 4utorauzograpns R

L . P

'I. The locallzation of radioactlve source was done by the method
; ol ’ :

o -
o

-j of Fertuck and Salpeter (1976) The sections from the endplate region"
Were randomly chosen they were photographed and prin@ed at a magnification o
"of 30 OOOX For determination of the distribution of radioactivity, all

. grains within 30 m (on micrographs) .on muscl@sas well as ‘on axonal sidewwere'7

RN con51dered The smallest c1rcle c1rcumscr1bing the grain was marked over

LG

the grain and 1ts center ‘was. punched The perpendicular dlstance from f”i“ffi

”5-the grain center to the postjunctional membrahe was measured A histogram,;

‘\

' 3i.;of grain distribution versus distance was plotted for both axonal as well

lxibas muscle side. A transparency made from graph pagfr (with f}]fa-;:;f

N

,;'distance between 1ntersect10ns 2 mm) ‘was placed over the c1rcle and all

mitgrld 1ntersect1ons within the circle were punched | The perpendicular
tl”?dlstance irom each grld 1ntersection to the postJunctional‘membrane was f?
'1hmeasuredv The histogram of lattice p01nts was plotted Div1d1ng the o
:?total number of gralnslin each column by the lattlce'p01nts in the same -
b"column gives thelgraln denSLty/unit area ddh:f3' |

’ For determlnatlon of the HD. (half—distance) value for this'j
‘binvestigation, the gralns that were considered above were added for eachl":~
'tunit dlstance from.the source and the integrated curvewof grain_f.j
idistributlon was plotted against the distance (Fig 1) : The number of
1ograins rises Iinearly only up to certain distance aftét which' 4t levels =-
p»ff Half-distance in autoradiography is’ defined as the distance con—

L

'ﬂtaining 50/ of the total grains., From the integrated dlstribution curve‘d”

L
o
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in this study the HD value of 100 nm was determined.
The grain density was normalized by setting the value at the source

to 1 and after adjusting other values proportionately was plotted against
0' distance in HD units¥ The histogram drawn }rom these values 1nd1cates :

(1) as to whether or not the curve: resembles the theoretical curve glven ;

f0r line source by Salpeter et al (1969), and (ii) the degree of "

radiation spread from the source. - i -

‘IT. Estimation .of a-bungarotoxin sites/im2. The a-bungarotoxin
(a-BGT) blnding ‘$ites/um? were. determined from the follow1ng formula
L given by Fertuck and Salpeter (1976) .

2 | Gx/d L A

s/--'m, R ,:‘ ‘ r - L ':\:
o . P ¥
ere'G-=-grains/um of membrane area d = inverse of sensit1v1ty (i e.

r
‘ /

4

number of decays required to produce one grain; A = exposure time in~

5

days, So = specific activity of the 125I—a-BGT at the beginnlng of

]

exposure period (Curies/mllllmole), c = dis1ntegrations/m1q or, 2 .22 x lO12
A= Avogadro s number in same unit as for So- (e g , 6. 023 X 1020 mqlecules/
mlllimole)

©

The grain density (gralns/umz) and the sensitivity required for

" the bstimation of bindimg sites were determined as follows

-ta) Determination of membrane area and grain density. Memhrane '

area was determined acdording tq the procedute given by Fertuck and -
- f

. Salpeter’ (1976) _ The 1ength was measured by counting the number of times

the 1ineSrfrom a. two-dhmensional grid placgd over the autoradlogram -
) \,, . P \ ,/ , ) . . L
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intersected the‘membrane and calculated from the following formula:

= d xlaf2 x /2

L = length of the membrane
d = spacing of the grid in miciometers'et the
magnification ofielectron micrograph
a = number‘of interseetions
Area -is then determined by multiplying the length by the thickness of
the section ( 100 nm) All grains within 4 HD values were counted and

_the grain density/um relative to sarcolemmal membranes were calculated.

A

(b) Determination of sensitivity. Sensitivity is the inverse of
the number of nuclear decays to give on the average one developed grain,

In this investigation, the sensitivity was calculated according to the
Ty

_procedure given by Williams (1977), and is given below ¢

The speCific actiVity of 1251 a—BGT 230 uci/ml 23016 nillicuries/ml

1 millicurie = 2 22 x 10% x 1000 disintegrations/minute

Therefore .23016 millicurie will have .23016 x 2.22 _xllO6 X 10001‘

bfd151nteérations/minute (DPM) .

Volume of ultrathin section = LSmmx .5 mm % lOO‘nm =.1.25 x 1079 ml

'-DPM/ultrathin section‘-\ 23016 x 2 22 X 106 x 1000 x 1.25° x 1079, | -

! v

In 35 days there will be 35 X 24 x 60 minutes i_ . '

DPM/ultrathin section in 35 days |
= 35 x 24 X 60 x .23016 x 2.22 x ioG x.lOOC;x 1.25 x 1079,

Area of ultrathin sections = .5 x .5 x mm? or 2.5 x 106 im?.

DPM/ultrathin section in' 35 days/um

_ 35 x 24 x 60 x .23016 x 2.22 x 106 x 1000 x 1. 25 x 1072
2.5 x 106

!

028" atsintegrat fons n 35 days/m?.

L]
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!

!

The density of grains 2.4/um2

) N ' . .0128 “

decays required to produce one grain = 54 .005365.
1

1
= 005365 - 186.39,

—“decays required to produce one grain
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~ FIGURE 1.

e

. ‘ N BN .
Integrated grain distribution of silver grains in neuro-

muscular junction labelled with 1257-g-BGT. The pale

‘gold sections (100 nm) are coated with I1ford Ly emulsion

and developed in microdol X. The grains are counted from
the source (the line drawn at the top of synaptic
sarcolemma) and are added consecutively with increasing
distance from the source. The graph shows the total number
of grains from the source. The distance that includes

half of the total grains is the halffdistance sﬂb)‘and is
100 nm in the present study. ‘ ' : S
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