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ABSTRACT -

»

Synaptic and,nOn—synaptic regions of innervated and denervated
‘ ‘ ! : ‘
mammalian skeletal ‘muscle have been investigated extensively with a-

view to understanding the mo]ecu]ar organization’of.the,sarcoTamna.
_Denervation has beén employed in order t0‘unoerstand the molecular

ba1teratlons of the sarco]enma] membrane in relatlon to the known
devé1opment of hypersens1t1v1ty of th1s membrane .to acetylcho]1ne

. (Ach) resu]tlng from denervation The morpho]og1ca] phys1o]og1ca1

"~ and biochemical alterations of mammalian ske]eta] muscle subsequent
to denervation. have been reported prev1ous1y However the s1gn1f1-
cance of these alterat1ons in the structure of the sarcolemma is not -
fu]]y understood The part1cu1ar aspects of the sarco]emma that
reqmre 1nvest1gat10n colncerrh.t‘he alterations in acety]chohnesterase'
(AchE) activity and receptors for Ach in denervated muscle. kBoth'
AchE and receptors for Ach are bound to the sarcolemma and therefore
this membrane has been 1nvest1gated by us1ng techniques that are. |
suited to_investigate the'structure of the ce11u1arfmembranes. SuCh'Al
techniqdes_incTude histochemical demonstratjon_of AChE at electron
microscope level andvfreeze—fracturing; .The technique of freeze- -
_fractUring enables a‘direct visualisation of the interior of:ceTfu]ar‘
membranes; 'Thfs,1atter teature is not'accessfble by any other,hann
technique Apart fron‘the sarcolemma of the denervated muscle, -
a]terat1ons in the cellular structure of the musc]e as wel] as the
degéneration of the nerve terminal have been stud1ed by. e]ectron

3 87
m1croscopy. The 1nnervated contra]atera] ]umbr1cals have been. used

" as controls.

jv



’ ' / . .
Acetylcholinesterase localisation at the level of electron .

microscopy has revealed a non-unifonn~iocalisation of enzyme activity
in thevsynaptiC~c]efts of‘denervated_mUSCie, This is in contrast to
a uniform iocalisation of eniyme attivity in the[synaptic cleft of‘

innervated muscle In the light of existing biochemicai eVidence,

the noh-unifonn iocalisation of AchE *s considered to be due to loss

of this enzyme in denervated musc]e and the loss is asshmed to be
due to one (165) of the three moiecuiar forms of AchE (16s, 10s, 4s)’

which is’ known to undergo the largest decrease upon denervation

The freeze- fracturing data show that the convex face (P) of the -

innervated non- synaptic sarco]emma has random distribution of 80 A
_particles with a packing density of 2000/u2 . The concave face (E)
,shows~far fewer of‘sdch particle;.‘ As a result of denervation,{the
macronoiecu]arkbrganization of the convex‘face (P) undergoes a |
- marked changei ihere is a noticeabie loss ofjsnaller particfes
'(80 Ao) and'an increase in number of ]arge'partic]es (150-180 Ao) '
.'The packing density of these large particles is 400-1000 particles/u
and their distribution varies in P faces of sarco]emma It i$ hypo-
thesized that these large particles represent ‘Ach receptors. This .
'-assumption is based~on the‘following rationa]e‘ 1) The size of the
large particles in P faces of non-synaptﬁc sarco]emma of denervated
4 ‘muscle is the sare as. those observed in the corresponding faces of
,synaptic sarco]emma 2) The phy51o]ogica1 and biochemical studies ,
~ have shown that the non~5ynaptic Ach receptors increase in number
after denervation and the Jlarge, particies (150 180 A°) are seen to-
be increased in/number on P faces of non-synaptic sarco]emma oniy

after denervation - The different distribution patterns of - these i

i

o

il
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large particles on P facés of non-synaptic sarcolemma may reflect
gradual and progressive ch?nges. The identity of ‘these large
particles onlé faces of'non;synaptic sarcolenma of ‘denervated muscle
requires confirmation by labelling Bf the receptor and freeze-etching

process.

-

~ Apart frpm the above stdﬁies on:sarcolemna, 6bservations have
Been.noted on the a]ter&tions in the cellular structure of’degeﬁeraJ
ting-qérve terminal and muscle. These inc]d&e: 1) Engulfment of
nerve terminals by Schwann cell within 2& h after denervation.
2) The necrotic changes 'in the muscle include the disruptioﬁ of .myo-
filaménts, increase in lysosomes, memSFane whorls,_ and 1ipid globules.
There’is an increase fn risosomes.and (6ugh endop]asmic reticulum
‘vwhich:may.be partly related to‘the_synthesis of extréjunctional Ach
.receptors that ;re known to increase in number - in hon-synaptic sarco-

lemma of denervated muscle.
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INTRODUCT TON;

| 4his thesis deals with an investigation of the denervated
skeletal muscle with a particu]ar e ~hasis on the sarco)emma, froﬁ a
view to correlate the stroctUre with its function.” The rationale

for using sarcolemma as a model syctem is the fol]owingc ‘l)'Our
present understanding of ite functioning is much~better than'many
other membranezsystems. The'cqrcolemma'is clearly coopartmeotalized
into synaptic and non-synaptic zones. The synaptic region is charac-
terized by the predominance of acetylcholine (Ach) receptors (Porter -

et azL, 1973; Fertuck and‘Salpeter,V]974) and acety]choTihesterase,

~(AchE) involved in transmitter binding and its hydrolysis, respéc-

tively. The binding of transmitter to AchAreceptors increeses the
permeability oi the sarto]emma.t01Na, K and Ca leading to\generatton o
of synaptic potential that in turn initiateé ectioh potential spread-
ing over the ehtire muscle membrane (Rang, 1974). 2) It is kngwn
from physiologicai aod Biochemica] studies, in innervated muscle that
the sens1t1v1ty to Ach is restr1cted,1n the synaptic reg1on (Axe]sson
and Thes]eff 1959) where Ach receptors are concentrated (Fertuck and,
Salpeter, 1974). 1In innervated muscle, the density of extraJunct1ona1
Ach receptors is very ]ow However, fo]]owing denervation, the number
of these receptors in the extra3unct1ona1 reg1on increases (Hartzell
and FambrOUQh,]972) with a para]]e] increase in Ach sens1tiv1ty in
non-synaptic regions (Axelsson and Thesieff, 1959). Therefore,
denervétion offers a convenient system of producing these_receptorsf,
and studyfng thejr macromolecu]ar.organiietion in synapticlas well as
non-synaptic reg{ons. | o |

i
'



According to the present concept, the biological membranes are
composed of lipids, proteins (lipoproteins or giycoproteins) and -
carbobydrates * The lipids are amph1path1c and are mostly
arranged in a bllayer with their polar groups in contagt w1th aqueous
phase, while the non—po]ar hydrocarbon chains are sequestered away
from the aqueous environment. Thé proteins associated with membranes' \
' are.c]assified as'peribheral and.integra]. Bhe peripheral proteins SN
are bound to the membrane:by weak electrostatic interaction'and‘oan

| ,
be removed by mild treatments like change in the ionic strength of

medium. The integral proteins are closely bound to, and intercalated
in the bilayer. and they reouire drastic treatments with reagents.
such as detergents protein denaturants or organ1c so]vents to dis-
sociate them from the membrane (Singer and N1co]son, 1972).
Current]y. severa] biochemical and b1ophy51ca] approaches that.
~have been used in studies of membranes are c1rcu]ar dlchroism,
nuc]ear.magnetlc resonance, electron spin resonance, freeze-fracture—
etching technique, autoradiographic 1abe]1ing, ffuorescent antibody
'technique etc. For these approaches, several mode]s of synthetic
]1p1ds and ‘natural membranes have been used exten51ve1y
" In' th1s 1nvest1gat10n, the techn1que used for studylof membrane
is‘freeze~fracture. The apparatus for etch1ng and rep]1cation in a -
vacuum was first made by Hall (1950). In the later _years many other
researchers like Steere (1957), Moor and Muh]ethaler (1963), Bu]]ivant
and Ames (1966) modified the techn1que and the freeze- -fracturing appa--
ratus utilised for obta1n1ng the replicas of b1o]og1ca1 material. ///
Th1s technique fac1]1tates the fracturing process in the hydrophobit | H/%b

| zone which is least resistant to freezing, and thus splits open the



membrane into an inner and an outer half. Therefore, by usage of

o
freeze-fracturing technique, the internal structure of. the membrane
'can be visualised which is not diseernible by any other technique

@
currently in use.

It has been mentioned above that in the present study the synap—
tic and non-synaptic reg1ons of the sarco]emma are empha51zed Apart

| from f;eeze fractur1ng, other techniques have also been used., These
1nc1ude th1n sectioning, h1stochemlstry for detectlon of‘carhohy- |

,drates, AchE and RNA. Denervat1on has been emp]oyed for the precise

purpose of inducing a]terat1ons in the sarco]enna S0 that an attempt

can be made to corre]ate the structure w1th its functlj/pl organiza-j

- - PR 1 Ve
on. B ’ N
|
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MATERIAL AND METHODS

Material: | | |

The.rats used in these experlments are females belonging to the
Sprague Dawley strain and we1gh between 100 150 grams. The animals
are anaesthetized by intraperitoneal injection of 1 ml. of 5 mg/ml ot :
- sodium pentdbarbita] (approximately 30 mg/kg) |

In many of the early denervat1on experiments gastrocnemius
diaphragm musc]es, sartorius and extensor d1?1torum 1ongus of the rat
have been used (Miledi and Slater, 1969; Hartzell and Fambrough, 19723 .
Porter et al., 1973). For the~presént.investjgation, 1umbr1cals of
the hind leg are chosen because of their small size and, therefore,
‘they can be prefixed in s££; re]ative]y'rapidly.

+ Denervation procedure° -

The gluteus maximus and gluteus m1nimus in the pe]vic region are
exposed by excising a 2 cm square piece of skin. The fae1a coverfng
vthe muscles is removed and the two mqsc1és'aFé sebarated by b]untu
dissection. The underlying sciatic nerve fs lifted andvapproximatelj
l'em of its'portionjis snipped off; After sutur1ng the skin, the
-anlmals are returned to their respect1ve cages. In a]] the eXperi-
ments, the left leg of the animal is denervated and the contra]ateral
right leg serves as a contro].\ - |

Electron microscopy:

a) Thin sect1on1ng

The animals have been sacr1f1ced at 1ntervals ranglng from 6 h

12 h, 24 h, 4 days, 8 days, 15 days and 2 months after denervation.

|
I



. . . -/l
After anaesthetizing, 0.5-1 cc of cold (0-5°C) 2% g]utara]dehyde

(buffered with 01 M phosphate pH 7.2) is inJected«into the paw to :

fix lumbrlcals in situ, and 5- 10 minutes 1ater the \kin on the ‘

,,ventral side of the paw is excised. Plantar aponeur sis with 1ts‘

K i

F«J adher1ng connective tlssue is gently removed The lu briCals are

”

* .., removed for further fixatlon in 2%. buffered g]utara]d,hyde for 2 h.

After rinsing in the same buffer as is ised _in’ the fix t1ve the
musc]es are post fixed for another 2 h in 2% buffered 0 mium tetrox-
ide. " The musc]es are rtnsed in buffer for ‘20 minutes and then are
dehydrated in a graded series of ethanol. Infi]tratidn atd embedding
'vls done in an Araldite m1xture conSISting of equa] volumes of Araldite |
502, Dodecenyl su:cinic anhydr1de and DMP 30, which 1s an accelerator
for‘polymerisation of the resin. The tissues are embedded and poly-
merised at’ 60°C. The 'sections are mounted on a formvar'éoated grid
and stained with 6% uranyl acetate in ethanol and fead citrate
(Venable, and'Coggesha11 1965). |

| For studying the changes at the motor end plate, the synaptic
Junctions are first 1dent1f1ed 1n one micron thick sections, and thin |

sections are prepared from the.re]evant areas of the blocks.

b) Histochemical techniques h »

(i) Ruthenium red sta1nfn§

This staining technique has been used‘to demonstrate extracellu-
; 1ar materials 1ike mucopolysaccharide (Luft, 1971). Ihe tissues are
fixed in 2% g]utarafizrude followed by fixation in_2% osmium tetrox-i
ide at room temperaturr 3oth fixatives are buffered with 0 1 M
\cacodylate buffer (pH 7. c, and contained 0.25% ruthenium red Pro-

cesstnd_of-the tissues is done as described in section a) except that

I



the sections are examined without additional staining with uranyl

acetate and lead citrate.

(1) Ribonuclease (RNAse) digestion ' , '

After fixation for 1 h in cold {0-5 C) 23 g]utara]dehyde buffer-
ed with 0.1 M phosphate at pH 7.4, the muscles are sectioned (50 u)
on Smith and Farquhar S tissue sectioner and 1ncubated for 2 h at
37°C in a solution of ribonuclease (2.1 mg/m]) buﬁfered with .OL' M .
sodium phosphate at pH 7 0 (Gauthier and Schaeffer, j974). The post-
f1xation is done in 2% osmium tetrox1de Processing of the muscle

is done in the same way as described in section a). The sections were
l .
stained only with uranyl acetate.

Note: The observations of the above two histochemical techniques

have been included with the results of thin sectioning studies.

(ii1) Acety1cho]inesterase (AchE) staining techniqué

The h1stochem1ca1 technique has been used on control and 15 days
denervated musc]es accord1ng to the method reported by Rash and
Ellisman (1974). The rats are,anaesthet1zed, denervated and sacri-

- ficed as descrLbed.before. E}hitia] ffxation is done in ice cold 0.5%

. 9lutaraldehyde (buffered with 0.1 M cacodylate at pH 7. 2) for 1 h.

During removal of ]umbrica]s, 2-3 rap1d changes of cold fixative are

g;ven to ené%re the retent1on of enzyme act1v1ty in the tissues

After rinsing in the above buffer, the muscles are chopped (25- 50 u

- thick) on Smith and Farquhar s tissue sect1oner and then stained for
AchE activity. The incubation medlum contains the following constit-/
uehtez : (1) 0:1% Acety]th1ocho]1ne {odide

. ‘ (2) 0.02 M Sodium citrate ”

(3) 0.002 M Copper sulfate



ék) 0.0003 M Potassium ferricyanide ¢
. ' . !
(5) 0.1 M 'Cacodylate buffer (pH 6.0)

For inhibiting the enzyme substrate Peaction, the medium contains all

“ the above constituents and the inhibitor eserine at 10'6 M concentra-.

tion (Karnovsky, 1964). The sections are incubated for 30-45 minutes

in medium with or without inhibitor and then post-fixed in 2% buffer-

\ .
ed osmium tetroxide. The tissues are processed for thin sectioning
‘as described before in section aj, The sections are studied unstained.

c) Freeze-fracturing technique : v 2

‘The animals are sacrificed at two weeks after denervation. The
excised muscles are fixed in 2% glutaraldehyde in 0.1 M phosphate |
buffer at pH 7. 2. After f1xation, the musc]es are glycerated. For
increas1ng the chances of gbtt1ng fractured faces thrOugh neuromus cu-
i”-]ar junctions, some muscles after fixation were stained for AchE as
described in section b). When the end plate regions hecome4s1ight]y,
brownish, the muscles are thoroughly'washed with buffer. Small pietes
from juhctional regions are cut and glycerated. “Small hieces of
muscle are then frozeh_in‘liquid Freon 22. Pt-c replicas are made
afte; fraqturihg at 4100°C in Balzars BA 360 M hﬁgh vacuum freeze:etch
unit. The repjicas are c]eaned evernight fn.40% chromic ac%d and
examined in a Ph1]11ps EM 300 electron microscope The erigfnal neg-
‘atives have been magnified to 80,000 for measurement of intramembran- -

ous particle size.

Number of experiments carried out:

11., In each of the control and denervated group the fesu]ts of
\

thin sect1ons and histochemistry arevbased upon the exam1nat10n of

8-12 muscles from four rats.

i



2. ;n the freeze- fracture study, 60 rep]1cas have been prepare
'from control muscles of 20 rats, Th]rty-two replicas out of 10
deneryated rats have been preparéd. Out of these, 40 rep]iqés of
control muscle and 12 replicas of denervated muscle have been

" chosen for studyi '



RESULTS
1. CONTROL MUSCLE

‘The fo110mfng deseription is based upon‘the study of 1nmbr1ca] ‘
muscles of the rat, the strueture of  which 1is essentially veryfsimilar“‘ X
to that of wh1te (fast-twitch) ske]eta] muscle descr1bed by Bloom and
Fawcett (1975). The white musc]e fibers are d1stfngu1shed by the
. presence of feW‘mitochondria arranged in pairs or small rows, scanty
ribosomes , and are 1arger in diameter as compared to. those of red
fibers (slow- tw1tch) which have abundant m1tochondr1a and ribosomes.

In lumbrical muscle of the rat most of the f1bers appear to be of
wh1te type, a]though occasionally red f1bers are encountered as we]]
In the following results only saHen+ features of control muscles are

~described which are relevant to denervation eXperiments.

. Electron microscopy: | ' - ‘ S

“.a) Study of thin sections -

(i) Structura] organ1zat10n of myofiber _ . SR o ,\

An 1nd1v1dua] myoflber is covered by a basement Jam1na which 1s
'approxlmate1y 400 A° th1ck (Fig. 1). It stains intensely with ruth-
enium red (F1g 2) and is, therefore, conc]uded that it contains muco-
po]ysacchar1des.» Collagen f1bers often come into close association ‘
‘with the basement lamina. The sarco]emna is 80 A° thick and 1t’1n§ag-
inates in the extraJunct1ona1 regions to form p1nocytotic vesicles or ;
the e]ements of the T-system (Figs. 1 and 2). The nuc]ei of the I T
.musc1e ce]ls are elongated and are: a]ways near the periphery (Fig. 3) |

The perinuc]ear cytoplasm is rich in ribosomes and cisternae of endo- -

-~



“plasmic reticulum as compargd to the rest of the noﬁ—junctional‘sarco—f
Jemma which has sparsevribosomes and rough endoplasmic pfticulqm /
(Fig. 1). o . ‘ - - /

The‘bulk of the safcop]asm consists of contractile elements f

organized iﬁto regular sarcomeres. The Z-1ine is 400-500 A° thftk ,j .
aﬁd bisects IFband while M-line pésSes tkanéversely throughAfhevmiq31e
of the A-band. \The width of I-bénd is known to vary depending on ;
contracti]e ﬁtéte of ‘the muscle. In the 1nterf1br111ar sarcop]asm

there are elements of the sarcop]asmic reticulum, mitochondria and |
/ v

T-system (Fig’ 3). Sarcop]asmic reticulum is seen ag a-networklpf

tubules in the lnterfibrillar sarcoplasm The'mitochoﬁdria arqﬁfound
—

e1ther.Jn pairs opposite I- band (Fig. 3) or in small rows- 1n“tﬁe peri-

bpheral and interfibrillar sarcoplasm (Fig- 4). But in the v1c1n1ty of

the blecd vessel (Fig. 4) and neuromuscu]ar Junction, large cong]om-

erata2s of m1tochondria aré seen between the sarcolemma and éhe outer-

most nwoflbrils In longitudinal sections each sarcomere 45 seen to

have a pair of triads located at the Junction of A- and Irband (Fig 5)

when the plane of the section is para]]el to the Tong ax(s of the

trlad it shows a central T-tubule about 200 A° wide and sacs of ter-

" minal cisternae on either side of it. The membranes of the T-tubyle _

and the terminal cisterhée ran paraiﬁel for a considerable dis;gnge'

(3000 A° approximately). Running trahsversely across thg.§pace

between these’ two membranes are eiectron‘denéé lfnés which are 150 A°

apart (Fig. 6). | i

(ii) Neuromuscular junction

Presynaptic complex: The central portion‘of the muscle shows a

large number of myqlinated nerves between the muscle fibers. Each of



these nerve fibers cons{sts of severa] myclinated axons eaclosed in a
vconnective tissue sheath the epineurium. The cytop]asm of Schwann
cel]s in wh1ch the myelinated axon lies is rich in ribosomes. The \
axoplasm revea]s the usua] organe]les Vike T1tochondr1a, smooth |
ves1c1es and thin neurof11aments (Fig. 7). As the nerve fiber ap-{/

| proaches the musc]e it is without a myelin sheath and thefgnmyeitnated
- nerve flber branches 1nto terminal arbor12at1on Each/of these ter-
m1na] branches is pear-shaped and shows character1st1c synaptlc
vesicles 509-800 Aqlin-dtameter apart’ from mitochondria and other
organelles. The synaptic gjeft is approximately 500-800 A® wide
(Fig. 8). o . : . , e

Post,synapt1c complex: The motor end plate’ 1§ apqrox1matelj 10w

wide. The motor nerve termlna] abuts in the indented portion of sar-
colemma which is highly foided. The folds are 5000-6000 A® deep into
the sarcoplasm. The juxtaneural portion of the sarco]emma~appears
th1cker (160-200 A ) as compared to 80 A% in the non-synaptic regions
of the sarco]emma (F1gs. 8 and 9). The basement lamlna is cont1nuous
Iano follows tﬁe'invaginations of sarcolemma (Figs. 8, 9, 10). On the
cytoplasmic-side the sarcolemma is associated with- fine fibrous
material (Fig. 10). - The so]ep1asm conta1ns numerous f1ne mlcrofila--
ments which seem to approach and contact the sarcolenna in some
reglonsf Besides these microfilaments, the soleplasm is rich 1n ribo-

somes , prof11es of endoplasmic retlculumaand mltocﬁondrya (Fig. 8).
. B i

b) Acetylcholinesterase (AchE) localisation
(i) validity of histochem1ca1\r3actfoh\

‘The 1ocalisat1on of”’ AchE was stud1ed by using a histochem1ca] technique'

]

- _ ) : |
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g1ven by Rash and E1Tisman (1974) whlch essent1a]1y, 1ncorporates the
detalls of the procedure 1ntroduced by Karnovsky and Roots (1964).
Ihe/SUbstrate used in the present hlstochem1ca] study is Acety]th10-=
chollne iodide which is hydrolysed ‘only by Cho]inesterase (ChE)
(specific and non-specific). Therefore,ilt is cons1dered to be a more
spec1f1c substrate for localisation of AchE than thiolacetic acid
(Zack and Blumberg, 1961; Barrnett, ]962) which is hydrolysed by
esterases in general.

The enzymatic reaction starts with hydro]ysis of thiocholine
ester by ChE. Liberated thiochd]inevreduces ferrfeyanide to ferro-
cyanide;thich then reacts with copper to gfve electron opaque
insoluble precipitate of copper ferrocyanide. The redox potential of

the coup]e cu/cuszs-0.27 volts relative to the hydrogen electrode, ‘4

‘and  :t of [Fe (CN)6]4'/[Fe (CN)6]3'is -0.44 volt. Therefore, the -

possibility of reduction of copper sa]t is far less than that of
ferr1cyan1de Sod1um_c1trate present in the incubation medium com- Sy
p]exes w1th copper and thus prevents the formation of prec1p1tate of A
copper ferricyanide, which can otherwise resu]t from reaction of cop-

per salt with potaSs1ym ferricyanide (Karnovsky, ]964).

(ii$ Localisation of AchE

The reaction phoduct seen as an electron dense deposit is uni-
formly distributed‘fn thé’synaptiC‘c]eft The motor'nerve terminal
does not show any electron dense deposit associated with the synaptic
ve51cles or other organelles in the axoplasm (Fig. 11)

Apart from synaptic clefts, the enzyme act1v1ty is seen to be

wassociated with the axonal membrane of myellnated nerve fiber 1n non-

unlfohm fashion (F1g: 12). In the muscle fibers, in only one instance,



a dense deposit has been noted in the muscle sarcoplasm (Fig. 13).

13

/

The lack of enzyme activity in the muscle sarcop]asm should not be

takeﬁ as’an indication of the absence of ChE. The negative histo-
cﬁemreal results in this study may be re]ated to a slower rate of
hydrolysis of substrate by ChE in sarcoplasm under the experimental
conditions used in this study-

.In tbe presence of eserine, no electron de;se deposits have been . -
detected in association with synaptic clefts, axonal membrane or
muscle sarcoplasm (Fig. 14);'thereby.indicatingithat the electron

dense deposits are the end prouuct'of the enzymatic reaction.

c) Freeze-fracture studies

'
¢

(i) Identification of the fractured faces

"It is well known that ir freeze-fracturing technique the fracture.
plane passes through the hydrophobic zone which provides the patb of

least resistance. If.the frozen material is etched, the water sub-

- Times and fhe true surface of the membrane is exposed (Cha]croft and

Buﬁ]ivant,-]??b; Brauton, 1971). " Therefore, freeze—etcbing provides

a valuable technique for making direct observations of fhe interior uf
biological membranes, and it also eqab]es visualisation of the true
surface of the membrane As shown in Figuxe 15, the inner face
adjacent to the cytop]asm of. the cell, and as v1ewed from outs1de 1s

a convex fracture and is often referred to as face P. The outer half

- of the membrane c]ose to “the cell exter1or when viewed from 1nside

the cell, is a concave fracture and is referred to as face E (Branton

et ai., 1975). The rep]icas'prepared frOm these fractured.faces of a

plasma membrane show smooth areas and partlcu]ate areas. These intra-

membranous part1c1es (referred to as part1c1es) are genera]]y 85 A° in
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diameter. A]so, tn the majority of the membranes studied, these
_particles seem to be attached preferent1a1]y to the face P and, there—;
fore' this face has far more part1c}es than those on face E (Fig 16).
This kind of asynmetg1ca1 organization is a common feature of bio-'
,;?gica1 membranes (Branton, 1971; Tewari and Malhotra, 1974; Bretscher.
and Raff, 1975; Malhotra et al., 1975; Stoeckenius, 1976). The nature
of these smooth areas and of the part1c1es has been stud1ed extensive*
ly. The smooth areas and the part1c1es represent lipid and protein

components of the membrane, respect1ve]y. These conc1u51ons have .

been derived from some of the following observations:

"~ _ 1. When fatty acid bilayers are frozen and fractured the replicas show

. only extensive smooth areas. This suggests that the smooth areas of
replicas made from biological membranes represent the Tipid component
(Deamer and Branton, 1967). Also, mye11n which conta1ns 80% ]1pid
and 20% protein wnen freeze- fractured, shows essentlally smooth areas
| with a few particles -(Branton, 1967; Malhotra et al., 1975).

, 2. Digestion of red cell membranes (Branton, 1971) by a proteolytic
enzyme, pronase, for 10 h results in the total loss, of these particles
on the membranes, suggesting'that these partic]es on the;fractured |

{ .
faces sre prote1naceous in nature.

3. Achoveplasma Zatdwtt membranes from tells incubated in med1um con-
ta1n1ng inhibitors for protein synthesis, puromyc1n, or deficient in
amtno ac1ds, when freeze-fractured, show a decrease in number of part-
1c1es on the fractured faces, thereby suggest1ng that the part1c1es .
. represent the protein component of the membrane (Tourte]]ote and
©zupnik, 1973). | R

The number and‘distribution»of@these‘proteinacebus particles
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varies depending on the functional state of the membrane For

§examp1e, re]atlvely inert membrane such as myelin sheath appears as a

smooth sheet with very few particles (Ma]hotra et aZ 1975), whereas

membranes of chloroplast-and mitochondria, which are relatively meta-

bolically active, show an abundance of these particles (Branton and

-Park, 1967; Tewari et az., 1973). Also, the macromolecular organiza-

1
tion of a membrane may be different in different regions»of the same

cell. This is best demonstrated in organized ep1the]1a] cells of theg

kidney (Camilli et ai., 1974 Tewari and Malhotra, 1974). \

(ii) Fractured faces of the sarcolemma |

In the foi]owing description, the structore'of the.sarcolemma in
the synaptic complex is descr1bed and compared with that of the non-
synapt1c comp]ex

Non-synapt1c cang]ex'

B;fggg' The replicas of the rat ]umbr1cals show extens1ve areas
of the fractured P-face of sarco]emma Th1s face is chgracterized.by
the following featureS' . t, o

1) There are randomly d1spersed depress1ons wh1ch are 300-500 A°

in dlameter (F]g 17). These are presumab]y fractures through the

'openlngs of the T-system or caveolae (Rash and E]]lsman, ]974)

2) A large number of randomly dlspersed intramembranous particles

are present. These range in size from 40-180 A° , although the 80 A° .

- particles are by far the most predomlnant There are approx1mate]y

2000 part1c1es/p on this fractured face (Fig. 17) This packing

dens1ty of 1ntramembranous part1c1es is comparable to that reported

" for the corresponding fractured face of the sarcolemma 1n frog (Ishi-

kawa et al., 1975).
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o |

3) Some of these intramembranous particles form orthogonal arrays

consisting of 8—10 particles. These particles are 50-60 A° in dia-

w

meter (Figl 18).
4) Large particles of 150-180 A® diameter aré extremely few and
occur in sma]i groups (Fig. 19). | / '
E-face: This face, which is complementary to the P-face, has.
the.following.di%tfnguishihg features: . .
| 1) There;are protuberances fhat presumably dorrespond to the 300-
500 A® depressions on face P. : | ,
2) Intramembranous paftic]es are far fewer on this face. They
ére'most]y 80 A° in diameter.and have packing density of 200 part-
icles/u? (Fig. 20).
Idea]]y.;peqkinq, the E-face should have depressiéné to match
the particles on the cémb]emehgary P—face,»bUt such debressibns singly
br in groupé were not seen in the replicas. The absénce of these
\depreSSions has been noted by many reseé%chers (Flower, 1973; Malhotra

and Tewafi, 1973) and may be due to one or more of the fo]]bwing

1
i

reasons:
(i) P]éstic deformation of the membrane durihg fracturing.
(i1) Contamination of the depr§sions (Flower, 1973)f
(iii) Filling of depfessibns during shadowing-(F]ower,.]973).‘

(iy) Preferential attachment of the particles to P-face

s

(Stockenius, 1976).

Synaptic complex
It should be emphasized at the outset that large areas of the

fractured sarcolemma in the synaptic complex have not been detected
P . _
. in freeze-fracture replicas. The stydy of approximately 40 replicas



made out of 20 experlments done on coutroT muscle resulted in on]y
two replicas showing fractures through the synaptic complex. This is
perhaps due to the small size of the synaptic region as well as to the

inability of the fr;cture plane to follow through the deeply invagin-’

ated sarcoTemna in the synaptlc complexl. Therefore the foTTowing / //;ﬂ

observat1ons are based on a small number of fractures through the
‘post-synaptic sarcoTemma The synapt1c cainex can be easily 1dent1-
fied 1n cross- fractures wh1ch are comparab]e to the appearances of
synadses in thin sections (Figs. 21 and 22). Such fractures haveI

- beenlused to facilitate identification of the fractured faces of the
pqst—synapt1c sarchemna The fractured faces are d1stfngu1shed from
‘the correspcnding faces of the non-synaptic region hy the following
§gfeatures: _ 4: | | -

!P face:

1) There are, rows of part1c1es wh1ch are 150- 180 A° in d1ah:ter.
| These particles are often seen in the _upper region of the fons and
have a packing dens1t/ of .1800/u? (F1g 23) wh1ch is comgarab]e to
that described for this face in extensor d1gxtorum tongus gas tro- ‘
enemius and dlaphragm musc]es of the rat (Rash and E1lisman, 1974).

2) There are no depress1ons on this face corréspond1ng to those
of T—system or caveoTae on the P—face of non-synapt1c sarcolemma.
| 3) The éma])er,particles of ‘80'Afo diameter are found on]van the
deeper region of the folds (Fig. 23). | |

1) It has a pitted appearance.

2) It has}very few particles (Fig. 23).

- 3) Protuberances (300-500 A°) which'are{present'on'the corres-

N

Loy
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a )

‘ponding fractured face of non-synaptic sarcolemma are not observed

on this face in the synaptic region. SR |

4) ‘There areino depressions (Fig. 23) corresponding to the

. { .
particles on the P-face and reasons for their absence have already

v

been elaborated on page 16. .

18 -



19

f

I1. DENERVATED MUSCLE .

o
Gross changes 3

. The denervated toe loses its nervous response immediately after
the sciatic nerve is.sect1oned The excised exper1menta] musc]eS"
show a slight increase in we1ght up to 4 days followed by a continuous
decrease in their weights By 15 days the exclsed musc]es weigh
approx1mate]y 75% of the control weight (Fig. 24). By this time the
d1ameter of each individual muscle fiber is smaller (15 w) than that
of the contro] muscle fiber (30 u). The musc]es also appear more pale
'vas compared to the controls. \ | |

" Electron microscopy:

a) Study of thin sections = - -

(i) Changes in the presynaptic complex

.A»study of 30 synaptic junctionS'of'denervated'muscle reVeais
that there 1s a conS1derable varlatlon in the degenerat1ve process at
" the nerve term1na1 Mostly, the changes start to be seen 6 h after ."
the denervation. The axop]asm sometimes shows sma]] membrane whorls
not apparent in the controls (Fig 25). The synaptic vesicles that
| are randomly d1spersed in.the control nerve terminal tend to c]ump 1n
: degenerating nerve terminals (F1g 1 26). o | . / i
* Twelve hours after denervat1on the Schwann cells appear to
surround the nerve term]na]s (F1g 27a) and cause fragmentation of
" the latter (F1g 27b). In some reg1ons the Schwann cell processes

appear to follow the profile of the' nerve term1na1 and come to 1nter-

vene between muscle cell and the nerve term1na1 (Figs 27a and 29)

‘o SR ' ,
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Within the‘axop]asm of some nefve termminals, the clumping of synaptic

.vesicles becomes more evident (Figs. 27a, b), while there are also

indications that their number decreases in others (Figs. 28 and 29).

Mitochondria also undergo degeneration‘as they appear greatly swollen

‘,'in_some nerve terminals (Figs. 27o and 28). Occesiona]]y a membran;

ous vesicle is seen in the synaptic c]eft‘(Fig. 29) and it resembles
the syndptic vesicle, which may escape if the nerve terminal is dam-
aged (Fig. 29). '.‘ | ‘ ‘ .

One day after denervat1on the nerve terminals d1sappear and the
Schwann cells lie in the reg1on-prev1ous]y occupled by the nerve |

terminals.  The cytoplasm of Schwann cells at this tlme shows elec-

- tron-dense material which presumab]y represents the phagocytosed

I

contents of axon terminals: (Figs. 30a,,b). Schwann ce]ls seen in this
region disappear 4-8 days after denervation.

’(11) Changes in the myofiber |

In musc1e cells the’ process of degeneration oceurs seemingly at
randon hecause different muscle cel]s show different.]eye]s of change —
in their structure subsequent to denervation. The foilow%ng descrip-
tion, therefore, prov1des a genera]1sed account of muscle necrosis.

Post synaptic comp]ex Dur1ng.the per1od when the nerve terminal

undergoes degeneration and disappears, i.e. 24 h after denervet1on, ‘

!

the only detectable change seen in the post-synaptic region is the

N . : . .
Toss of bulb-like indentaticns of the sarcolemma. The folds are re-

tained for a long time pnd are noticeable even 15-20 days after dener-

fvation. However, they appear to decrease in their depth as early as
2 days after denervation (Fig. 31), and by 15 days‘there is a notice-

able reduction in their number (Fig. 32).. In. the soleplasm,'cyto-
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'plasﬁic organelles identifiable as lysosomesﬁin’e]eéfron micrographs
are of common occurrence as eafiy as 2 days after denervation. The |
{ysosémes are iﬁ the form of mu]tiveﬁﬁcu]ar bodies or membrane bouhdﬁ

- vesicies witﬁ amorphous contepts (Figs.; 31 and 34). In contrast to
the denervated muscle, lysosomes have not been seen in the control
muscle cell.  The microfilaments continue to maintain'cbﬁtéct within
post-junctional sarco]enwa but they seem fo be\shorter in length as
compared to those observed in controls (Fig. 33). This may,‘however,‘
be due to their disorientation subSeqUent to denervation. Besidés

the occu?rence'of dispérsed micrdfflaments, bund]eé'of microfile 'nts ,
(Fig. 34) become apparent in the ;o]eplaSm'Z days after dénervatin.

. Such aggregated microfilaments do not occur in ‘the control muscle c21l.

‘Non-synaptic complex: The changes due to denervation are first

- noticeable in the peripheral sarcoplasm, there_being_no apparent
Chahge in the appearance of the basement lamina (Fig. 35). In the
peripheral region the myofi]aments appear disrupted and scéttered
within.2 days after denervation (Figs. 36 and'37). The myofilaments
in the ‘interior of muscle cell are stable even 15 days after denerva-

‘tianand thefr disquption is only a rare event;\ But 2 months after
denervation the myofifamentéyloserthéir’regular pattern of striation
and, in longitudinal sgctﬁons, tranSverse]y as wel]las longitudinally '
oriénted»myofjlaments can be seen (Figs. 38 and 39). In the regions
whére myofi]aﬁents are disrupted, Z-band appears fragmented and dis-

oriented (Figs. 38 and 39). o

~ Two days after denervation the perfpheral‘saredp]asm'shows an

increase in the number of 1ysosome§ and smeoth surfaced endoplasmic



reticulum (Fig. 40). \Lysosomes are seen as multivesicular bodies or
ves1c1es with amorphou content. Eight to 15 days after denervation,
however ]ysosomes are &een in the interfibrillar sarcop]asm as well

(F19 42). \

Voo

\ 4
Membrane whorls consi§ting of 8-20 lamellae are seen in the peri-
pheral sarcoplasm 2-4 days after denervation (Figs 41 and 42), but
8-15 days after denervat1on they are of common occurrence in the :

interfibrillar sarcoplasm opposite I band\

-

In addition to the above changes,.vesiCu]ation of the sarcoplasm
is of common occurrence (Figs. 43 and 44). These vesiculated areas
contain finely branu]ar material. In one instance the nucieop]asm

also showed vesiculation (Fig. 45). The pertphera] a]terattons of

\

the sarcoplasm are not1ced in the early stages of derervation and may

reflect the traumatic changes due to denervation : kN

\ {

E1ght to 15 days after denervation the Reriphera] sarcop]asm

' shows an abundance of electron opaque part1c1e§, approxnmately 150 'A°
in diameter, and an increase in the profiles of\the endop]asmic-retic-
~ulum, The free electron opaque part1c1es, as we]\\as those attached

to the endoplasmic ret1cu1um are of similar s1ze éFig 47a). Digest- .

\

ion w1th RNAse results 1n'part1a1 loss of these free granu]es and

those attached to the endop]asm1c reticulum (Fig. 47bf\ thereby indica-

!

ting their ribosomal nature. In contrast to these obsetvations on, the

Idenervated muscle, there are very few r1bosomes‘or profiles of endo-
plasmic reticulum. in the peripheral sarcop]asm of the contne] muscle.
Two months and f1fteen days after denervat1on there is a notice-

able 1ncrease in membrane bound round bodies 0.5y 1n diameteh which
\

are probab]y lipid globules. These are mostly 1ocated opposite\I-band'

. . ) . N

\
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and are often found in association with mitochondria (Figs. 48 and 49).
In denervated musd]e, mitochondria 1ose their characteristic |

paired arrangement seen at the Z-band in the contro] After pro]onged

denervation (2 months), some regions of the sarcop]asm show large

aggregates of mitochondria (Fig. 50).

b) Acetylcholinesterase localisation
The distribution of enzyme activity, whqn visualised in electron
m{crographs, is not uniform, since electron dense deposits found in

synaptic clefts are in patches 0F1g 51) It is emphaSized that fre-
\ ‘

quent]y post -junctional complexes are seen devoid of any electron

dense deposits (Fig. 52). This variation in localisation of enzyme
activity does not seem to be due to discrepancy in technical variation
since in control muscles the enzyme activity is always uniformly dis-

trlbuted Therefore th1s variat1on 1n the denervated muscle is

_re1ated to the genera] decrease in the AchE act1v1ty ‘along the synap-

tic clefts. :‘ o ,
| In muscles 1ncubated in a medium conta1n1ng 1nh1b1tor, the enzyme

activity is not detected anywhere in the synaptic c]efts (Fig. 53).

t
i

c) Freeze- fracture studies '

’ There is no detectable. change ‘in the extent of the fractured’

faces of the membranes avallable for study. A1l the rep]icas of

denervated muscle have been made at the end of two weeks, because this

| period of denervation is known to correspond to the peak of extra-

junctional sensitivity to acetylcholine in ske]eta] muscle (Hartzell

and'Fambrough 19?2) In the following description,!therefore, alter-
\

ations in the non-synaptic sarco]emma resu]ting from denervation, a::

elaborated. Only scanty data is S0 far available on post-synaptic



24
 membrane of denervated muscle, as only one out of 12-replicas showad *
! \ . .

fractures thrdugh this zone.

(i) Fractured faces of denervated sarcolemma

Non-synaptic complex

P-face: Th]S face of the denervated sarcolemma reveals marked
a]terat1ons as compared to that in the correspond1ng face of the sar—

co]emha in controls (Fig. 54). The alterations are of the following

1

kind:

1) The orthogonal arrays are not visualised.

2) There is an apparent decrease in the number of smaller (ap-
‘proximately 80tA°) particleshbut an increase in the number of larger
part1c1es (150- 180 A° ) on‘this‘fractured face. . o

3) The d1str1but1on of part1c]es is highly varlable on this face,
and in general 3 categor1es of dlstrrbut1on patterns are arbltrarily

distinguishable:

Type 1 - This distribution is Characterized by the pregence of a

\ ‘ : "
few 80 A° particles and many more 150-180,A0 particles: The packing

density of the particles varies from 400-1000/u?, and js.made,up of
preddminant]y large partic]es (Fig. 55). ’

~

Type Il - This distribution is character1zed by the presence of
‘many aggregates of part1c1es wh;ch are most]y 150-180 A® in d1ameter
In each aggregate there may be 4-20 particles (Fig. 56).

Type III - Here there are only one or two aggregates of part1c1es
These particles are large (150-180 A%) ahd cons1st of 30-50 or more
particles. The rest of the membrane has randomly dispersed particles

3

(Fig. 57).
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. : ' ) ,
i .
It is emphasized that distribution patterns of the large parti-

cles. (150-180 Ao) described above have not been detected on the cor-,

N

responaing fractured face of the control sarcolemma (Fig. .54).

25

E-face: This face of the denerva%ed sarcolemma in the non-synap-

tic zone shows no obvious a]terafions\in structure from that described

~for the corresponding face of'the controls (see Fig. 20). There are

no depressions’comp]ementafy to the distribution of particles on the

P-face of Types II and III. The reasons for the absence of depres-
sjons corresponding to the particles on the complementary face have
' ' /

been mentioned previously {page 16).

Synaptic complex

}

The fractured faces. of 15 days denervated synaptic sarcolemma do
’ 14

\not show any alterations (Fig. 58) from the corresponding faces of

‘synaptic sarcolemma of the control muscle.

t

The ‘above data of thin sections, histochemistry, and fweeze-
fracture: of control and denervated muscle have been summarised in |
comparative form in Table I. The results have been schematically

represented in Figures 59 and 60.



DISCUSSION

The results of the present study on denervsted mﬁscle demon-
strate the importance of fhe role playéd by the nerve in relation to
the maintenance of th& structural organization ofithé_musc]e fiber.
It also shows that as a consequgnce éf nerve tranﬁectiou there 15’
disintegration of the nerve terminal, which is the initial reaction
and is detectable by e]ectron microscopy subsequent to denervation.
The skeletal muscle, upén denervation, undeﬁgoes’marked a]terationé
' involving‘initiai transient gain in weight, atrophy of
the mu;cie, a decrease in acetylcholinesterase (AchE) activity, and
alterations in the non-sydaptic sarcolemma, These results are dis-
cussed in the light of biochemical and physio]qgica] data available
on the denequted skeletal muscle.

Fé]]oﬁing dénervétibn, the muscles increase in weight by.70$
and thereafter decrease and weigh only 75% of the control weight by -
15 days. This phenomenon of transient gain in weight of denérvated
muscle has previously been reported in diaphragm muscles of the rat .
(Gutman et al., 1966 Miledi and Slater, 1969). The initial gain in
weight has béen shown to be due to the increased uptake of aminoaacidé
by the denervated muscle and their.i;corporation fnto saftop]a;mic and
contkactile proteins (Buse et al., 1965; Gufman et al., 1966; Hafris'
and Manchester, 1966). The loss in weight‘subsequent to the»ini£1ali
: gain in denervated muscle has been demonstrated to be due to reduc;d
-incorporation of amino acids into the muscle proteins (Stewért,v1955;

Helander, 1957). During atrophy of the muscle, not all of the muscle

- 7 : i
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profeinsgare affected similarly by denervation, since the contractile
proteins exhibit decreased synthesis, wherdas acetylcholine (Ach)
receptors and proteolytic enzymes like aryl sulfatase, phosphatase,
and Eathepéins show enhanced synthesis (Gutman et al., 1966; Syrovy
et al., 1966; Pollack and Bird, 1968; érockes et al., 1975). As the

a

bulk of the skeletal musc]e is made up by‘the contractile proteins,
there is an overall decrease in weight subsequent to the transient
gain in denervated muscle.

The'present findings on 'the degenerative changes at the neuro-
ﬁuscu]ér junction are in general agreement with the studies on the
denervated muscles of the diaphfagm and extensor digitorum longus ef
the rat (Mi]edi end Slaterl¢1963, 1968, and 1970); sartorius |
. ﬁusc]ésipf the frog (Katz anq Miledi, 1959, b; Birks et al., 1959,
19601); and newt musc]es denervated in vivo and cultured in the absence
of nerve‘exp]ants (Lentz, ]972). Even jn”experiments where the lum-
brical muscles of mice have been ‘denervated pharmaco]egically by in-
jecting Tocal anaésthetie, methy]l bupivacaine, degenerative changes
" in neuromuséulef junctions similar to those described in.the.present-
uﬁesuits,bave been reported'(Jirhanova, 1975).

.g%' In the present study 1t has been shown that the breakdown of the
presynapt1c end1ng is discerned approx1mate1y 12 h after denervation,
.and by the end of 24 h a total loss of thg perve terminal occurs.
Electrophys1ologlca] studwbs on rat diaphragm muscle 1nd1cate that
during the first 12 h most of the end1ngs have the ab111ty to transmit

impulses. However, by 24 h the stimulation of the nerve which effici-

ently conducts action potential does not produce the electrical

-



excitation of the énd plates indicating the failure of transmitter
're]ease (Slater, 1966; I‘jﬂedi and‘S]ater‘, 1970). The -time at wﬁich
the 'total strucfura] bréakdown occurs seems to vary depending on the
type of animal used, expe: unental condifions; tﬁe kind of fiber
(whéther fast or slow) studied, and the distance of the tfansected i
nerve from the muscle. In' frog muscle at 25°C;, the failure in neufo—
muscular transmission occurs 3-5 days after denervation. Lowering
the temperature to 10°%C delays the failure by several gays (Birks et
al.; 1960). It is a]éo knbwn that failure of neuromuscular trans-
mjssion in denervated fast fibers (with 1ar;e motor axons) occurs
ear]fer than the denervated slow fibers with sma]]erfmotor‘axons
(Katz and Miledi, 1959b). It has been'demonstrated fhat the‘]dnger
the degenerating nerve 'stump, more is the delay in failure of
neuromuscu]ar t;ansmis§ion. For examp]e, in rat diaphragm,‘sectioning
of'eaéh aintiona]‘cenfimeter of phrénicjnerve has been shown to delay
the fai]ure of transmiséion by 45 minﬁtes (S]Eter, 1966; Miledi -and
Stater, 1970). |

The rapid degeneration of nerve terminal 6bserved in this study
is perhaps due té the interruption of nutrients synthésized in the cell
body (qumanh andvfhesleff, 1972). The substances (protéins, carbo-
_hydrates, lipids) synthesizedAin the cell bodylare Carried.down the
axonjthrough axoplasmic traﬁﬁport at the rate of 410 mm/day kOchs et |
aZ.,'196§; Qchs, 1972, 197#). In this study the hotablé structural
breakdown of theénérve £ermina] is dbseryed 12 h.after denervatjon.
_This’may meéan fﬁat during tLe first 6-10 h-after denervation the meta-

K}

bolites remaining-in the‘axopTasm are being used up, and when these .

4
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are not rep]aced.due to interruption of fast axoplasmie transport,
the rapid breakdown of the nerve terminal occurs.

One of the features in degeneration oprresynaptic complex is the

 invo]vement of Schwann cells in engulfing the nerve terminals. This’

is bf common occurrence in vertebrates and has been noted not only in.
vertebrate nerve muscle synapse (Reger, 1959; Birks et al., 1960; ‘
Jirmanova, 1975; Miledi and Slater, 1970) but also in synapses of the
'frog syhgszhetic gang]ion'(Hung‘and Né]son, 1965) and in the verte-

brate central nervou§ system !(Colonnier, 1964§ Gray.and Guillery,

_]966; McMahan, 1967). To date it is not known what'cquses the prolif-

eration of Schwahn'ce]]s. Miledi and Slater (1970) havé hypothesized
that a signal is produced at the site of injury and Yis passed down
through axoplasmic flow, and in support of this suggestion is their
?inding .thaf the 1onger thé degenerating nerve in the stump, more is
the delay in fai]ure'of neuromgscu]ar transmission.

Many: of the alterations in the denervated muscle that éfe noted
in the present study have been reported prgvious]y by dther wofkers
(Pe]legrind and Franzini, 1963; Pollack and Bird, 19685 Miledi ;nd

Slater, 1§69). However, neither the incféase in ribosomes in white

‘muscle fiber nor the demonstration of reduced AchE activity, at the

level of electron microscopy Have been reported. Furthennofe, the
alterations in the macromo]ecu]ér oréénizatign'of the non-synapt%c
sarcolemma of the denervated muscle have net been.repdrted'prevfously
eithér. | : ' R

It is generally agreed that; as é resulf of t;ansection;lthe

. /
- muscle undergoes degeneration which may be due to°the loss of trophic .

|
'
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i
'factor(s)'(Hofmann qnd The;]eff, 1972), nerve agtivity (Salmons gnd,
Sréter, 1976), or muscle activity (Lomo et aZ., 1974; Shainberg and
Burstein, 1976).» The mechanism underlying the degenerative éhanges
of denervated muscle is not we]]‘understpod so far. The results of
this sgudy show tHat»the degenerative pfoceSSIof muscle starts after
the nerve fermina] is\]ost from the neuromuscular junction 24 h after
denervation. The post-synaptic folds are visible even 15 to 20 days
after denervation, although somewhat reduced in‘number and depth. .
whi]e other explanations.are feasible, it appears that thé'reduétion
in the post-synaptic folds is related to the transient weight gain-in
.the fnitia] périod of denervétion as we]] as to thé lack of ‘neural
influence. During the iﬁitial sfage%‘of denervation, the area of the
denervated muscle fiber is twice that of the contralateral innervafed
fiber (Mi]edi'énd Slateg, 1969). Due to the suddep increase in size
which resu]fs main]} f#om the incréase‘in contracti]e proteins, tﬁg‘
ekbénsion of‘the cell oceurs 6au§ing the sarcolemma to stretch, re- .
.su]ting in eventual reauction of tﬁe fold. A]thougﬁ {n later stages
of denervatfon the wefght anh size of the mﬁsc]e decrgases, thé

number and depth of folds is not returned to the cdntro} level, owing

" perhaps to laqg‘of neural influence. It has been reported previously

that invaginations of post-junctional sarcolemma occur in response to

. innervation (Lentz,r1970).

-As the period of denervation increases, the muscle fiﬁers become
thinner comparéd to’the COntréléteral controls. This reduction in
size of thin denervated muscie has-a]wayS'Beén correlated with de-

crease in loss of con?racti]e proteins in denervated muscle (Fisher

H
i
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and Ramsey; 1946, 1949; Fisher, 1954). In the initial period of de-
nervatlon the changes are notlcéd in the peripheral réq1on only

These are mainly in the form of focal vesiculation of sarcop]asm and

" disruption of‘mybfi]aments. These chagges in.peripheralisarcop]ésm
hqve been noti;ed in gastrocnemius, solegs and‘diaphragm.muscles of
rats (Pe]]egflno gnd Franz1ni; 1963; Gori, 1972; Tomaneck and Lund,
1973), and it has been suggested that they may 1nd1cate that the ]oss
of contractile mater1a] occurs from the per1phera] portion of the
muscle (Miledi and S]ater, 1969). 'In the later séages of denervation.

~ however, the 1nter1or myofllaments get d1srupted as we]] The Z-line,
which appears stralght in 10ng1tud1na]]y,cut muscle of the control b
appears wavy,lfragmented, and d1sor1ented in denervated muscle. Theﬁe
abnorma]ities of Z-1ine are also discerned in dystrophic human muscles
with heu:ogenic,atrophy‘(Enge],~1961; Shafiq et al., 1967), in déner—
vated gastrocnemius, so]gus and digphragh muscles of the rat (Pelle- .
grino and Franzini, 1963; Miledi and Slater, ]969),'in mouse musgie !
(soleus) paralysed by botulinum toxin (Duchen, 1971), and in mouse
skeletal ﬁusc]es (gasérocnemius'and_so]eus) locally treated with teta-
nus (Duchen and Tong, ]973).7 The mechahisms underlying this disorien- -
tation and atrophy of myofilaments are not knpwn, but it is observed |
that, concomitant.with the focal vesi;u]atioﬁ of the sarcoplasm and |
disruptign_df:thg myofilaments, there is a mérked'incregsé,inbthe'num--
ber of 1ysoiomes. ‘These organelles are seen near the,perfpﬁery of the ‘
mﬁsc]e cell fg the initial stages of denerYat%on, and are found in{the

interfibrillar sarcoplasm 15-20 days:after denervation. The biochemi-

cal studies have shown that upon denervation thérevis increased protein

i
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catabolism which seens to play the role in atrophy’(Peter and Kohn,
1967; Goldberg, 1969). There is also an increese in hydrolytic en~
zymes like cathepsin, aryl sulfatase, end phosphatase in these lyso-
somes (Hajek et al., 1964; Syrovy et al., 1966; Pollack and Bird,
1968; Neinstock»et al., 1969). Subsequent to denervation, lysosomes

of various forms such as multivesicular bodies and vesicles with amor-

phous contents appear.‘ By histochemical techniques, a]kaline phospha-

tase activity has been demonstrated-in all these forms of_]ysosénes
(Schiaffino and Hang]ikova, ]922); However, morphoiogica] evidence of
engulfment of myofiprillar components by\lysosomes‘has,not been seen.
i Therefore it is possible that, fo]]owing denervafion, lysosames may.

~

re]ease hydrolytic enzymes that slowly d1gest the myofibrils

Another feature of the denervated muscle IS a notable accumu]a-

tion of 11p1ds and an increase in membrane'whor]s in the sarcop]asm.
|

t The, accumu]at1on of 11p1ds is commonly observed in various muscle

’d1seases;($haf1q et al., 1967), and in pancreas and ]1ver of rats'
subjected to toxic stimuli (like g-3 thierylalanine, an(analogue,of

phenylalanine and azaserine, an inhibitor of purine biesynthesis)‘

L

. . ! | . . . :
(Swift and Hruben, ]964). It is suggested that the possible source of

{ ,

the accumu]ated fats s the comp]ex ]1poprote1n mo]ecules which occur
in cells (Adams, 1975). ‘The membrane whorls have often been noted in
human' dystrophic muscle (Tome and Mair, 1970; Fisher et al., 1972;

>

Gambarelli et al., 1974), in muscles of rats ‘treated with co]chisine

' . |
(Markland and D'Agostine 1971) or v1ncr1st1ne (Anderson et aZ 1967;
Brad]ey,.1970) On the basis of e]ectron m1croscop1ca1 evidence.

Anderson et al. (1967) suggested,that.the membrane whorls on muscle“
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fibers of rats which are treated with vincristine originate from the
preexisting membranes of sarcaoplasmic reticu]um which are a]tered in
response;to a change in environment. | ‘ |

The thin sectioning studies indicate that following denervation
there is notable increase in free ribosomes and rough cisternae\of
! endop]asmie reticulum in- the subsarcolemmal region. Nerve sectioning
has been reported- ‘to. result in a conspicuous increase in ribosomes
and endoplasmic reticu]um in red fibers of rat semitendinous muscle
(Gauthier and Dunn,l]973) and diaphragm muscle (Gauthier and
Schaeffer, 1974). | This inrestigation has shown that in white fibers
which have sparse ribosomes and elements of endpplasmic reticu]um in
the control, a marked increase in these organelles occurs in response
to denervation These results, therefore, suggest that 1n denervated
musc]e there is. new machinery for protein synthesis It is known from 1
preVious studies that denervation leads to augumented synthesis of
proteolytic enzymes (Po1]ack and Bird, 1968) and acetylcholine recep-
tors (Brocksdet al., 1975) It is observed that ]ysosonFs begin to
appear in the sarcoplasm of denervated musc]e long before there is a
notable increase in ribosomes and endoplasmic reticulum. The: increase
of ribosomes and endop]asmic reticulum is observed on]y at a stage
" when there is an increase in Ach ‘receptors in extraJunctional region
. | of denervated muscle (Hartzel] and Fambrough, 1972) Therefore, the
ihcrease 1n ribosomes or endop]asmic reticu]um in the subsarco]emma]
- region may be partly related to the\synthe51s of  Ach receptors in
denervated muscle. L s . |

Amongst: the proteins of the sareolemma the two most studied
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~are the AchE and Ach receptors that are associated with safto]emma.

" The major role of AchE located in the post-junctional region is the
hydro]ysisiqf acetylcholine (Aidley, 1971). The“e]ectrqn microscopic
studjes on the purified molecular forms of AchE-(8s, 14s, 18s) from

" Electrophorus electricus have shown that AchE is an e]ongatedvstruc-
ture with a multisubunit head and a taii'app;oximate]y 500 A° 1ong |
(Dudaf et al., 1973). The tail is probab]y a polypeptide .

i and may play a role in anchorlng the enzyme in the basement membrane

!

| (S11man, ]976). ‘ | | ' |
, (f In innervated muscle, the épecific ChE (AchE) activity is highly
.c0pcentrated at the syneefjc cleft where it is deteceab]e by histo- |
chemical (Couteuz, 1960; Efanko apd Tetavainean, 196?; éakrnett, 1962;
Rash. and E]]ishah, 1974) ae well as auﬁoradiographic techniques (Sal-
peter, .1967)0 The autorad1ograph1c studies by incubation of excised
rat sternomasto1d musc]es using tr1t1ated DFR,
which phosphory]ates ChE, have shown that 85% of AchE act1v1py is assoc-
fdted with the synaptic clefts, (Sa]peter, 1957)-1% 4
e . The
present investigation‘ihdicates that AchE reaction occurs at the end
elate a]dne,,singe nonspeciffc eniyme*activity has‘not been deteCteq ¢
in the non-synaptic region.-‘Therefove,\a‘large proportion of'this ChE
acéivity in tﬁe muscle must. be represente& by AchE at the junctional
region. | - | | ‘
l In rat diaphragm the three mo]ecu]ar forms of AchE have been

shown to ex1st w1th d1fferent sed1mentation constants of 4s, 10s and

16s. Al three fonns hydro]yse Ach. Out of these three forms,. 16s



form exists dn]y at the synaptic region and may correspond to the end
p]éte enzyme, whereas 4s end 10s forms are distributed throughout the
syneptic as wdll as in the non—synaptjc region. Subsequent‘to dener-
vation, all threeymo]ecu]ar forms are decreased considerab]y, although
the largest proportional'decreese occurs in the activity ofllﬁs form
which is found only in the synapt1c reglon (Ha]] ]973) The marked
_. reduction in AchE act1v1ty at the end plate of the denervated lumbrical
muscles studied in.the present investigation may then be due«pr1mar1]y
to the decrease }n‘16s form of AchE. The‘results on AchE localisation
of denervated Tumbrical muscles reported herein are in agreement with
those in AchE 1ota]isation in denervated muscles of newts (tentz,
1972). |

Quantitative studies of ChE in genere]iin denervated stennomasr.
toid muscle of the rat have shown that in both end p]ate and non-end

!

plate regions ChE activity decreeses between 50-70% within 3'days end
very little change occurs thereafter (Guthbet al., 1964). ‘In modse,
"however the decrease in Cht activity is muchi less compared to that
seen in rat, and denervation produces only 25% decrease in ChE within
3 days and 35% decrease in 14-28 days (McCaman, 1966) T

The presence of ChE at thecend plate is dependent upon innerva-
:tion, This has been demonstrated in chick%and guinea pig: The indiv-
1dua1s of both these spec1es were divided {nto four groups. In the
f1rst group, the fore]1mb musc]es of the ch1ck and the hind limb
musc]es of the guinea pig were denervated. In the second group, the
same muscles were denervated and the anima}s were injected with DFP
wh{ch i§ known to block ChE localisation by'phosphOryleting it. In

the third'and.fourth groups, the nerve'innervating the mdsc]es was
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‘ sectidned and subsequently sutured in order‘no obtain a speedy regen-

eration in both uﬁtreatedﬁ(Brd) and DFP treated (4th) individuals.

The ahimé]s were sacrificed 60 days 1ater énd histochemical localisa-

tion of ChE was carried out. The reaction was' weakly demonstrable in

the first groub. In the second group of animals treated with DFP, ChE

activity was absent in motor end plates. In both DFP treated and un-

!
5

treated individuals the reaction was consistently positive in the
third and fourth groups, which demonstrates the importance of innerva-

tion in synthesis of ChE at the end plate (Filogamo and‘ngeila, 1966).

—_— -

Ahother'protein of the excitable membrane, i.e., Ach receptor,
has received a good deal of attention. This is owing to the intro-

duction of the toxin,\a-Bungarotoxin (a-BGT), from various poisohous

species of snake (Lee and Chahg, 1966; Lee, 1972). a-BGT is a small
po]ypéptide of molecular Qeight of 8000 (Mf]edi éndAPotter, 1971),

and ft has the advantage of binding specifica]ly énd_irreVérsiblj(to,
the Ach receators. The binding ié considered specific-and irreversible
because it blocks the depolarizing action of Ach on’muscle; -and Ach
éna]ogues (e‘g.,ksuccinyichdline,\carbachol). 'Furthermore, Ach antaj—
onists (e.g., tubocurarine) compete with a—BdT in binding reactibn
(Changeux et aZ;,‘1§70) The tritiated or jodinated breparations of a-BGT
are used in autbradiographic {oca1isation of the Ach receptors or in / ’
their isolation.from'the sarcolemma for biochemical apd quantitatfve\ /
éna1ysis (Barnard et al., 1971; Miledi and Potter, 1971; Berg et al., /
1972). It is assumed that qne‘ﬁb]ecule of ajBGT binds to one Acﬁ '

receptor, and, on the basis of this assuhption,.the quantitative |

studies have shown that in mduse end plates of diaphragm and sterno- |

!
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@oid muscle there are 12,500 and 46,000 binding sites/u2, respec
tively (Porter et al., 1973; Fertuck and Salpeter, 1976). "In rat
diaphragn there are*13,000 binding Sites[u2 in the junetjonal region
(Fambrough and Hartzell, 1972) in contrast to 5 binding sites/u? in
the extrajunctional region (Hartzell and Fambrough, 1972). The Ach
receptors are coneentrated near the'juxteneural eortion of the synap-
tic‘folds (A]buquerque et al., 1974;,Fertuck and Salpeter, 1974)." In
mouse sternomastoid muscle the major concentration of a-BGT binding
sites (30,500/u2) occurs near the juxtaneural portion§ Bf\the folds
. (Fertuck and Salpeter, 1976). |
\ fhe present freeze—fracthre studies indicate that particles of '
150- 180 A° diameter are present on the P-face of post- synaptic folds.
These part1cles appear to be concentrated 1n the upper region of the
fo]ds. On the ba$is of autoradiographi¢ experiments in which Ach
~ receptors are shown to be in greater concentration near the juxta— ’
neural portiopn of the folds (Fertuqk and Sa]peter,,]974,.1976). the
: .partitles eeen in the‘upper;portions of the Synaptje folds are as;umed :
to be Ach receptors’ (Rash and Ellisman, 1974) \
The present freeze-fracture studies 1nd1cate that in denervated‘
muscle the fractured faces.of synaptic,sarcolemma are unchanged.
These’resu]ts are in agreenent.with the Biochemica] estihation of
a-BGT binding sites in denervated end plates of rat soleus muscle
fibers-in whfch it has been;observedvthat there is no change jn a-BGT -

binding sites even 10 days after denervation, and 60-70% reduction

occurs in these Bibding sites only 4-6 weeks after denervation (Franﬂ A
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et al., 1975).

E]ectrophysiologica] studies by microiontophoretic application of
Ach have established that depolarization is produced when Ach 1is ‘
applied in the'junctional region. However, subsequent to denervation,
the sensitivity of the membrane to Ach begins to spread to the extraf
junctiona] region. Withtn 10 weeks in frog sartorius muscle fiber and
" 2 weeks in rat diaphragnm musc]e the entlre sarcolemma becomes respon-
sive to Ach app]1ca€1on Axe]sson and Thesleff, 1959; Miledi, 1960)
This increase in Ach sensitivity is correlated with an increase in the
| number of extrajunctional'Ach receptors. The 1251 -BGT labelled mem-
brane preparat1on of extrajunctional regions of the denervated muscle
shows that there are 1695 receptors/u2 in th1s region compered to 5
receptors/u? in the regions of the 1nnervated‘musc1e (Hartzell and
) Fambrough, 1972). The extrajunctional and junctiona1 Ach receptors
share,mahy properties'in common while there are some oifferences 1hdir
cating that the exttajunctional and junctional receotors are closely

l

related though distinct mblecules (Table II). ' \
In the present studies it has been observed that the structure of
the fractured faces of the non-synaptic sarco]eoma ofidenerVated muscle
undergoes a marked change. The P- face shows a marked decrease in the
number of dgmaller part1c]es and an increase in the ]arge particles
(150-180 Agi%::%t is suggested that these large particles (150-180 A%)
in non- synapt1c sarcolemma of denervated muscle are Ach receptors. -
This hypothes1s is based on the fo]]owing rat1ona1e 1) The size of
the large particles on the P- face of non-synaptic sarcolemma of dener-

vated musc]e is the same as those on the correspond1ng face of synaptic’
’ "
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sqreolemma. 2) These large particles increase‘in number on the P-face
of the non-synaptic region only after denervation. Se&era] lines of
biochem1ca1 ev1dence have already indicated that the mu]tip]lcatién in
receptor sites in the non-synaptic region of dener%ated muscle'is due
neither to the mobilization of Ach receptors nor to the activation of
latent receptors,'but is due to synthesis of new receptors (Fambrough,
1970;’Gramp et al., 1972 Brockes et al., ]975? Devnedtes and Fam-
brough, 1975). This has been demonstrated by incubatfon of denervgted
muecle_in.a medium containing 355-methiqnine which resulted in the
appearance of labelled Ach receptors in the extrajunctional region

(Brocks and Hall, 1975). Also, the inhibitors of protein synthesis,

~ such as_actinomycin,D, CyC]ohegimide, and puromycin, are known to
arrest the synthes{s of new Ach receptors in the extrajunctional

yhegion (Fambrough, f§70; Gramp et al., 1972). -Apart from the demon-_

stration of increase in number of large particles (150-180 A°, hypo-
thesized to be Ach receptors), the present freeze—fractdre-data_further

demonstrate that the distribution of these particles is variable over

‘the non-synaptic sarcolemma. This is in contrast to innervated non-

synaptic sarcolemma where the particles are always distributed in

v uniform fashion. U is, therefore, further propoSed tha? the P-face

~ _
of non-synaptic sarcolemma of'denervated muscle undergoes rapid

changes, and the d1fferent distribution patterns of large particles
may reflect gradual and progressive changes in the membrane

It is believed that the Ach receptors .span the ent1re width dfvl~ h

) ' ”
. the membrane.(Changeux et al., 1975). Th1s conc]usion is based on the

- following experiments: 1) When the receptor rich membrane preparation
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of Torpedo marmorata 1S negatively stained, the surface of the membrane
appears particulate, " When these membrane preparat1ons are subJected
to freeze-etching then part1c1es (100 A ) can pe visualised at the true‘
surface as well as on the P-face (Cartaud et al., 1973; Nicke!l and
Pottef, 1973). 2) The receptor protein can be removed only by deter-
gent treatmené (Changeux et al., 1970) and in solution it displays hydro-
phobic properties (Meunier and Changeux, 1973) indicating that it is
an integral protein of the membrane.‘ If the large particles seen on
fhe Piface of denervated sarcolemma are Ach receptors themse]Yes,_tﬁen
it ﬁhou]J be possible to visualise them at the surféce by the 1abe]l1ng
and etching process (Houran1 et al., 1974). Studies of this nature
are a]ready planned as a continuation of the present investigation
The structural organization of the muscle cell undergoes marked
alterations following denervation. Various experimentsvhaQe broﬁght
out three sets of ideas that attempt to explain the underlying causes }
behind alterations observed jn denervated musc]e;. Thesglere:
1) tropﬁic factors released by neurons; 2) nerve activity aﬁd/or»3) the
activity of the muscle itse]fn‘ None of these idégs are mutﬁally exclh-
sive, and the question as to &hat specific factor accounts for the
observed changes in denervated muscle is not reso]ved as yet. vIn the
following dlscu5510n, therefore, an attémpt is made not to support any
partlcu]ar idea or to solve the prob]em but to describe only a few
exper1ments‘that are in favour of each of the three ideas méntioned
- above.: ' ‘
| A wide body of existing evidence suggests that motoneurones

“ ) .
release a substance(s) termed a trophic factor(s) that is transported

ot
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through axoplasmic flow. This trophic substance(s) probably maintains
the structura]_organization.of the muscie (Harris and Thes]eff:.197];
- Hotfman and Thesleff.,, 1972; Hoffman and Peacock, 1973). This opinion
is based on experlments using drugs 11ke colchicine and 8- 8ungaro—
tox1n which are Kknown to 1nterfere w1th axoplasmic f]ow when col-
»chicine 1s‘1n3ected under the perineurium of the sciatic nerve of the
rat, from 1 to 6 days later an 1ncrease'tn extrajunCtional Ach sensi-
tivity and the appearance of tetrodotokin (TTX) resistant action
potentials in inneruated extensor dtgitorum musc]es_of.rats have been

[

reported (Hofmann and Thesleff, 1972). B-BungarotoxinA(B BGT)
neurotoxin from Bungarus multzcznctus, is known to b]ock re}ease of |

. © Va

. Ach from the motor nerve term1na] When h1nd legs of rats are 1nJectf
- ed with thds tox1n there is a comp]ete paralysis of the, muscle
accohpanled by an increase in extragunct1ona] cho]1nerglc sen51tivity
and TTX resistant action potent1a1s (Hofmann and Thes]eff- 1972).

These effects are presumed to be due to 1nterference in axop]asmic .

| transport by colchicine and in the release of acety]cho]lne along with
other trophic substances by B Bungarotoxin

It is known aJso that in denervated,muscle the longer the nerve

stump the more prolonged is the trophic influence, thereby supporttng;~
‘further the hypothesis of a troph1c factor(s) (Harris and Thesleff, »
1972) 4 ,

In relation to the‘influence of impulse aétiuity,'many researcn-

ers believe that the biochemica] and contractile characteristics of

* the muscle are determined by the type of its innervation. Many years
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ago Eccles etal. (1958) reported that slow muscle fibers are innerva—
f'a by tonic motoneurones dlscharglng at a rate of 10~ 20/sec whereas

‘ﬁaSt[musc]e fibers are innervated by phasic motoneurones that have a

s ‘ﬁgh discharge rate hetween 30 and 60/sec B

It is known a]so that slow and fast muscles differ in their.

| contract1]e and blochemlca1 characteristics. For\examp]e: 1) The
s]ow]y contracting rq?gnusc]es are preponderant in oxidative fibers
mixed w1th a few glycolytic flbers, whereas rap1d1y contractlng white

% musc]es are r1ch .in g]yco?&tlc f]bers and have the- substrates stored
in the form of glycogen (Guth and Samaha, 1969). . 2) The myosin ATPase
of the oxtdative fibers is acid stable and alkali 1ab1}e whereas that |
of g]yco]yt1c f1bers is a]ka11 stab]e and acid labile (Samaha et al.,
]970a b). 3) The myosin ATPas each. of these fibers has distinct ‘

s subuntts that can be separated ahd characterised by e]ectrophoresis

| (Samaha et az ]970) 4) Myosin or myofibrillar ATPase from fast

tw1tch musc]es of the cat‘can split ATP more ranidly than that of

myosin or myof1br1]1ar ATPase from s]ow tw1tch musc]es (Bu]]er et aZ
. .

1969) Sﬁ

. ;n cross-innerva;ioh experiments, slow muscle is innervated with

‘a,nerve whicﬁ/previpusly sybp1ied the‘fast fiber and vice versa.'.In,

various crosS-jnneruation studies it*has been denonstratedxthaththe

° above mentioned contractile and btochemica] properties of slow and
fast musc]es are reversedl(Buller_et’aZ., 1960; Buller and Lewis, 19. °
Buller a:'az.s 1969; Samaha et al., '1970' Buller et az., 1971). Pre-

"Qious’ v, t-e rec1proca] changes in the speed of contraction brought

/

about .« cross-inne va*ion of fast and slow musc]es were attr1buted to
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~ the trophic'factor(s) carried by motor nerves (Buller et al., 1960).
Now it'gehera]]y is.believed that these changes after cross-union are

" due to the change in patterns of impulse activity reaching the slow

and fast rhusc]es (Sréter et az.,' 1973; Salmons and Sréter, 1976). It
has been demonstrated experimenta]jy that if motor nerves.supplying
fast musc]es (tibia]is anterior and'extensor digitorus longus) of
rabbit are stimu]ated at a frequency of‘IOHZ/sec (which is c]ose to
the‘firing frequency of slow muscle), the contractile speed of‘fast
muscﬂe approaches that of slow muscle: Furthermore, e}ectrophoretic
pattern reveals that a fast muscie light chain pattern of tibialis
anterior has changed on st1mu1at1on to one that contains two additional
bands correspond1ng to those in soleus myosin. The light cha1n pattern
of the-stimu]ated fast fiber therefore contains five bands and is the
same as: that produced by coe]ectrophores1s of fast and slow muscle myo-
sin (Sréter et al., 1973) In another experiment, Sa]mons and Sréter

' (1976) supp]1ed the s]ow musc]e w1th a motor nerve from fast f1ber
Eight weeks later in some animals the soleus is st1mu1ated by a tra1n

‘of impulses at 10 Hz dellvered through new 1nnervat1on The pattern.

i

of act1vat1on, therefore, is the same as that prior to cross _union. In

-

other animals, the cross- _united soleus- is not st1mu1ated  The results :

of these exper1ments show that the contractlle speed and e]ectrophor—
et1c pattern of myos1n in musc]es which were Cross- relnnervated and
stimulated do not differ from the contro]; The characteristics of
the cross- re1nnervatct and unstimulated so]eus, however are similar

to those of fast muscle fibers. These results, therefore demonstrate'

that the reciprocal changes observed in cross-united musc]es’are due

-
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| to a change in the pattern of impulse reaching the muscle.  Whenever

the change.in the pattern of impulse does not occur in,cross-united

!

3

| musc]es, the cross-union is ineffective. .

Apart from the trophlc factor(s) and the nerve activity, the
muscle's own act1v1ty has been demonstrated to be respons1b1e for
changes in Ach sens1t1v1ty, AchE activity,-and the tw1tch,responses?
of the muscle (Drachman andhhtzke,]97?; Lomo and Rosentha],,l972;
Shainbe:g and:Bursfein, 1976). It is commonly observed that upon
stimu]at%on of dehervated muscle carrying high levels of extrajunction-
al Ach. receptors, suppress1on of both the extrajunctional Ach sensi-
t1v1ty and the number of Ach receptors occurs (Drachnan and Witzke,
’1972 Sha1nberg and Burnstein, 1976) The increase in binding of
1251 4-BGT in the extrajunctional region a156 has been observed in
diaphragm muscles of rats 'in which the neuromuscu]qr blockade f; pro-
duced by intraperitoneal injections of ditubocurarine, succinylcholine

. ora- Bungarotox1n (Berg and Hall, 1975). 1In deve]oping musc1es of
a 11 day chick embryos, levels .of Acht are h1gh and the e]ectr1ca1 stim—
u]at1on of the muscles results in reduct1on of AchE act1v1ty of the
cells (Walker and Wilson, 1975). Various exper1ments in which the
'“muscles are d1rect1y stimulated have indicated that(some of the differ-
ences in propert1es of fast and slow musc]es are due to' the differen-
ces in the pattern of muscle activity (Lomo et al., 1974; Lomo and
Westgaard, 1975a, b) Th1s is demonstrated in denervated at'soleus
. muec]e fibers. - In one group of rats the denervated soleus muscle

fibers are stimulated at 100 Hz for 0.5 second and the stimulation s

repeated every 25 seconds. This type of brief stimulation is intended

A
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[

to resemb]e the phasic act1v1ty\of fast musc]es In the second group
the denervated soleus musc]e f1bers are st1mu]ated at 10 Hz. The

st1mu1us ]asted for 10 seconds and was epeated every 50 seconds

The longer lasting periods of 10 Hz 'stimu tion resenb]e ‘more the

tonic activity of\s]ow muscles. The resu]ts\of this exper1ment show

ATPase of these fibers (100 Hz stimulation) indicates thak 1

fibers are darkly sta1ned ]1ke those of fast muscle fibers.

The muscles stimulated at 10 Hz exhibit the characteristics of sh
nuscle fibers (Lomo et al., 1974). The main difference with respect\]
to Ach sensitivity is that many slow fibers have a 1ow level of Ach
 sensitivity 1n extra3unct1ona] reg1ons whereas there is no detectable
“sensitivity in fast muscles (M11ed1 and Ze]ena, 1966) [f the ‘dener-
vated soleus musc]es of rat are d1rect1y st1mu1ated at. 100 Hz for |

1 second and every 100 seconds, the Ach sens1t1v1ty is reduced to

1 mv/nc w1th1n 4 days On the other hand, if the denervated soleus is .
st1mu1ated at 10 Hz for 10 seconds and every 100 seconds with continu-
oos 1 Hz st1mu]at1on, in about 4 days the sen51t1v1ty to Ach is as high
as in denervated and unstlmulated musc]e and 6-10 days are required to.
"bring down the Ach sensitivity within normal range (Lomo and Nestgaard
1975b). In thls exper1ment the br1ef period of 100 Hz stimulation
resemb]es somewhat the phasic activity of fast muscle, while the ]onder
-1ast1ng per1ods of 10 Hz resemble more the tonlc act1v1ty of slow
muscle (Fischbach and Robbins, 1969). On the basis. of these experi-

ments, Lomo and Westgaard (1975a, b) suggested that the presence of

-t
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lbw but detectab]e Ach sen51t1v1ty in slow fibers and its absence in
-fast f1bers (Miledi and Zelend, 1966) is related to the characteristic |
pattern of acﬁivity in the two types of musg1es.

Ih addition to the muscle's own activify,_some factor from the
degenerating nerve terminal also may be respons}b]e for Ach hyper-
sensitivity in thg denervated muscle. This has been demonstrated
experimentally by double innervation of the muéc]e  The soleus is
dua]]y innervated by transp]ant1ng ‘the f1bu]ar nerve onto the surface ’
‘of the muscle. The soleus nerve is crushed 3 days after the trans-
bplantat1on so that a large number of so]eus musc]e fibers may be in-
'nervated by the fibular nerve and later becane 1nnervated by its own

|
soleus nerve. In this dually innervated so]eus,vthe end ﬁ]ates'assoc-

iated with the fibular nerve are in the proximal p;rt; whereas those
be]onging to the soleus nerve are in thé middle of the muscle fibers.
.It ig!observed that when the fibular nerve is sectibnedi the develop- ”
“ment of hypersensitivity to‘Achvoccurs in the proximal'part‘of the
muscle fibers which are innervated by the soleus nerve. Afte; two
weeks the surrounding hypersensitivity disappears,'léaVing’on]y focaj
sensitivitﬂ at'the'degeneratiﬁg eﬁd plates (Lomd'énd Westgaard, 1975b).
These experiments, therefore, indicate that the muscle's own activity
‘as well as therreleaée of an unknown factor(s) from the degénerafing
" nerve terminals are responSible_fér the Aph hypersensitivity of the
‘denervated muscle

In conclusion, in the pregent.investigatioh an attempt has been |
made to shed light on the alterations of synaptic‘and non-synaptic

regions of denervated niuscle and correlate them with kpown physiologi-

}
i
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cal and biochemical aspecté. By the use of thin sectioning, histo-
i . . I
dhemical, and freeze-fracturing techniques, many obgeryations'were

‘made. Of tﬁese,'the'more significqnt ones are: 1) Upon denervation
‘there is considerable increase in rough endoplasmic reticulum and rib-
osomes in peripheral sarcoplasm. This increase in endoplasmic reticu-

lum and ribosomes occurs 8-15 days after -denervation when the extra-
- \ o

iﬁnctiona] sarcoTemma is known to be Highiy'sensitive to Ach. There-
fore; it is Tikely that the observed” incredse in endoplasmic .reticulum
and ribosomes ﬁay be related to the increas d synthesis pf ‘extra-

Junctional Ach receptors in denervated musféle. 2) The Histochemica]

" studies bn-localisation of Acht show tiat thé ehzyme activity is either

absent or is seen in patches in the synaptjc,c]eft of denervated muscle.
This is considered to bbldué to loss of AchE from the synaptié’tle%t of
denervated .muscle. 3).The P-faces of denervated sarcalemna show large
.partic1e§ (150-180 Ab). This is in contrast to the P-face of inner-
vafed sarcolemma Which)a]ways has randomly disperseq‘BO Ad particles.
Based';n physiological, biochemical and morphological ev{dence, t is
thypothesized that these large parETCIES on the P-face of denervated
sarcolemma represent thé Ach receptors. - Further experimenta] evidence

by labelling of the Ach receptor and the freeze-etching process is

necessary-to test the above hypothesis.
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© TABLE I. ‘Summary of comparison between control and denervated

Tumbrical muscle

Thin sectioning, histochemical and fﬁeeze;fracturing studies

~(only those features that show alterations are mentioned in the Table)

CONTROL ‘ DENERVATED

i
FEATURES ‘
INVESTIGATED
Gross changes ' _ There is an initial increase
: in weight during the first 4
e > days after denervation fol-
Al ' ~lowed by a decrease. By 15
S - days the muscles weigh only
X 75% of the control weights.
Average diameter N 30 . 154
.~ in the central :
region of the -
fiber : o i
Electron | B \
microsco '
~a) thin section -
studies
. Presynaptic complex . - - Degeneration of presynaptic

complex is gradual and the
following events take place
. during 24 h after denervation:

Schwann cells lie The processes of Schwann

above the nerve . cells invade and surround the
terminal. The nerve terminal. The nerve terminal
terminal is pear- is fragmented.

shaped and abuts ae
'indented sarcolemma.

Synaptic vesicles The synaptic vesicles
are randomly appear. clumped and decreased
dispersed. in.number.’

Mitochondria are swo[]en;

1



TABLE I/p.2

FEATURES
INVESTIGATED

- CONTROL

49

DENERVATED

L4

Presynaptic complex
(continued) ‘

‘Muscle fiber_~
Post-synaptic

conplex .

Post-synaptic
. sarcolemma

. .
Microfilaments

Lysosomes

Membrane whorls

P

Deeply  indented

into bulb-like

structures in which
the nerve terminal

rests.

Synaptic folds reach
deep into the sarcq-
plasm (5000-6000 A")

Long microfilaments.

are seen’in contacs

with the post-synap-

tic sarcolemma.

\ v

noticed. -

j

Membrane Whor]s are
L

not found.

|

‘Bundles of micro-
filaments are never

; .

|

" Lysosomes are rare
if present at all.

The Schwann cells disin-

tegrate and engulf the nerve
terminal. By 24 h the nerve
terminal disappears and only

. the Schwann cells remain in
"the region previously occu-

pied by the nerve terminal.

\

After denervation the bulb-
like formation of sarcolemma
is lost and it becomes
straight.

Some of the folds are.retain-
ed as long as 2 months after
denervation, but they appear
reduced irnfpunber and depth.

Apparéntly the distribution
pattern undergoes alteration

and the' microfilaments appear

shorter in sections, though
they-are still in contact
with post-synaptic sarcolemma.

~Bundles of microfilaments are -

resent. ;

Lysosomes in the form of

~multivesicular bodids are

frequent in the soleplasm.

Membrane whorls are present.



TABLE 17/p.3

FEATURES
INVESTIGATED

CONTROL

i

DENERVATED

Non-synaptic complex

Mydfi]aments

‘ 1
Lysosomes

Vesiculation of
the sarcoplasm

Ribosomes and
rough endoplas-
mic reticulum

Membrane whorls

Lipid globules

Mitocheondria

Reach almost up to
the sarcolemma.

In longitudinal
sections there is
always a parallel
arrangement of
myofilaments.

Z band is 400-500
A wide\

Never found.

Never found.

Scanty in peripner—

al sarcoplasm
except around
nuclear region.
Never found.

Rarely noticed.

Run in small rows ~
in the interfibril-

lar sarcop]asm or
are arranged in
pairs, opposite
[-band.

2 days after denervation,
distortion of myofilaments
occurs in perlphera] sarco-
plasm.

2 months after denervation,

transversaly as well as .
longitudinally organ1zed myo-
filaments are seen in longi-
tudinal sections. It appears
that the arrangement of myo-
filaments .is d1sorganized

Remains 400-500 A° wide but
becanes wavy, fragmented and
d1sor1ented

Markedly increased.
Conspicuous.
MarKed increase in these

organelles is seen 8-15 days
after denervation.

Abundant..

Common.

8-15 days after denervation,
paired arrangement of mito-
chondria is lost in many
areas.

2 months after denervation. :
aggregates of mitochondria

.can be seen.



 TABLE 1/p.4

FEATURES .
INVESTIGATED

. CONTROL

DENERVATED

b) Acetylcholin-
 esterase (Achk)
activity

c) Freeze- - -
fracture e

Non- Junct1onal ‘
sarco lemma= |

P-face R
(conwex fracture)

Uniformly distri-
buted in synaptic
clefts.

are prédominant.

Very few.large

180 A7)

part181es (150-
are
present

Pack1ng den51ty of
partlcles (80 A%)
is 2000/u?.

The part1c1es are
always randomly -

' d1stributed

2 weeky after denervation,
the enzyme activity is either
absent or non-uniformly dis-
tributed in synaptic clefts..
This: is suggested to be due

to loss of AchE (of 16s

molecular form) from synaptic
clefts. ,

&

15 days after~denervation,
fo]]owing changes are seen:

‘80 Ao particles are markedly

decreased.
Increase in number og large

vparticles (150- 180 A”)

‘Packing density of pgrticles

(mostly of 150-180 A~ dia-

. meter) varies from. 400-1000/u?

The distribution of these
large partlcles varies over
the P-face.

The large particles are hypo-
thésized to be representative )

- of Ach receptor.
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Plateds 1-23.

Figure 1.

~ I-band and blood capillary respect1ve1y

Figure 2.

Control muscle.
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PLATE 1

; -
Longitudinal ‘section of Tumbrical muscie cell show1ng the

outer basement lamina (bl), invaginations of the sarcolemm
sarcolemma (pv). The labels A, I and bc refer to A-band,

‘ , W .

Part of the muscle fiber stained with ruthenium red
showing association of collagen fiber (c) with basement
lamina (b1). Ruthenium red positive material is seen
aound collagen fiber®, p1nocytot1c vesicles (pv) and in

the basement- lamina (b1). :






/ ~ JPLATE 2

Figure 3. Part of the muscle cell showing nucleus (N) in the : &,
peripheral region and abundant ribosomes in the -~ - :
perinuclear sarcoplasm. Th. ietters A, [ and Z-indicate
the bands of the myofibrii. M-1ine is indicated by the

arrowhead. The interfibrllar -arcoplasm contains ‘ ,ﬂggﬁi

sarcoplasmic reticulum (s nsverse tubules (tt) S

and mitochondria {(m) which o« in pairs (arrows) opposite; i;gaaﬂk

I-band. ‘ a : - 2
Figure 4. - Part of the muscle ce]]vshowing small rows of mitochondria

(m) in the interfibrillar sarcoplasm. Peripheral sarcoplasm
shows conglomerates of mitochondria in the vicinity of '
. blood capillary (bc).
\
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" Figure 5.

Figure 6.
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PLATE 3

‘Sarcoplasm of the musc1e fiber showing the triads (tr)
at the A-I junction. Running bétween the triads are

the e]ements of sarcoplasmic reticulum (arrowhead)
and glycogen granules.

The structure of the triad at higher magnification
showing central transverse tubule (tt) and terminal
cisternae (tc) of the sarcoplasmic reticulum.
Electron dense lines (shown by the arrowhead) are
seen between the membranes of t-¥fi1&<and terminal

cisternae

. ]
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PLATE 4

) \\
.~ 'Figure 7. Cross-section through a nerve fiber showing Schwann
i cell (sc) and myelinated axcn (max). The conneetive
o tissue layer (pn) 1is seen: surrounding.the axon. The
_ neurofilaments ire seen in the axoplasm.(axp).
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Figuré 8.
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PLATE 5

Section through neuromuscular junction showing nerve

terminal (NT) resting in the bulb like invagination

of, the sarcolenma. The nerve terminal contains
synaptic vesicles (sv) 500-600 A®in diameter and.
mitochondria (m). On the postsynaptic side the
sarcolenma is extensively invaginated forming .
several postsynaptic folds (psf). The basement lamina -
(b1) is seen to follow the invaginations of sarcglemna.
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- 'PLATE 6

)

~, Figure 9. Synaptic region showing the nerve terminal (NT), basement
lamina (arrowheads) in the synaptic cleft (sc) and
soleplasm (sp) containing several ribosomes and
microfilaments (mif). Some of these microfilaments
(arrows) are seen coming in contact with the sarcolemma.

1

. Figure 10. Portion of the soleplasm (sp) showing fibrous material
v (black arrowheads) associated with-the sarcolemma. The
basement lamina is indicated by clear arrowheads.

\
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PLATE 7
.

Plates 7-9. Histochemical localization of AchE in control muscle.

Figure 11. Section\throuqh motor end plate showing uni form
distribution of AchE aLt1v1ty in the synaptic c]eft(sc\
Nerve terminal (NT) does not show any enzyme
localization. .
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‘Figure 12. ';Sectinwthrough myelinated axon - showing non-uniform AchE
- activity in the axonal membrane (arrowheads). The .
l . abbreviation axp refers to axoplasm...” - *.

:'Ejgure,13, Part of the muscie cell showing the AchE reaction

product associated with the sarcoplasmic reticulum
- (arrows).. 2o ' o
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Fi'guréi&.f‘#. Section of g control muscle incubated in ~medi_um co'nfaining
5% eserine sulfate which is %n dnhibitor of AchE. No N
reaction product iszapparent in synaptic cleft (arro_whead_)h !

or in the nerve termipal (NT). , . B
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~Figure 15.

Kr ‘;'L'-.“l ‘7 3
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'

Diagramme showing the terms used to describe the fracture

faces,of the plasma membrane. The dotted line represents
‘the 1ine.of fracture. The E-face (E) is that half of the

membrane closer to the extracellular space. The P-face

(P) isthat half of the membrane adjacent to the cytoplasm.
S indicates the hydrophilic surface that can be exposed
bywetching. » v SR

]

Diagrammatic repfesentation‘%f“p]a§ma membrane showing -
the asypmetric arrangement of“froteins (pr) in-the -
1ipid bilayer (1i). There are more particles attached
to the cytoplasmic half (P):than to the extracellular

"half (E) of the membrane. Therefore upon fracture, the

P-face reveals more particles than the E-face.
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PLATE 11
PLATES 11413.-Fracture.%aces of hoh-synaptic7§$réolemma from control
. ~ _.muscle. e

- - lLarge arroWSvindicate the4direcﬂ16n of shadoWing in
v these and qﬂé,subsequent freeze-fracture micrographs.
A B . PR : .‘ 3 el

Figure 17.  P-face of nonssynaptic sarcolemma showing depessions

and random distributiongéfi8efﬁ articles. The muscle

!‘.cytdp1asm (M) 1s seen belgw the fpacture fage.
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Figure 18.

Figure 19.

\in diameter and are on]y occaS\é

n

PLATE 12

P-face of non- synaptic sarcolemma showinq square arrays
(arrowheads) of particles : .

' a
p- face of non- syndptic sarcolemma showing qroup of lnrqe
particles (arrowhead). These par es are 150-180 A°
ly ‘seen on P-face.

\
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Figure 20. The E-face of the non—synaptic’sdrco]enma showing ‘protu—
berances and few 80 A particles.
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Figure ‘21

. Figure 22
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CPLATE 14 -

.‘.

Cross fracturx through synapse showing nerve termina](NT)
containing synaptic vesicles (arrowheads).:On the
postsynaptic side few fracture faces of‘synapt1c fo]ds
(psf) can be seen. ‘

Thin section electron mlcrograph of synaptic region

. correspondjng to the freeze-fracture replica shown in

figure 21. This shows the nerve terminal (NT)

. ‘containing synaptic vesig®s (arrowheads) The abbreviation
psf.refers to the post-syWabtic folds.
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PLATE 15

FY

showing the P-face of the nerve termi

characteristic doub

'kindicated'by circles)

.

\

" Freeze-fracture electron mitrdgragh 0

le rows
.. Parti

of 100 A particle
cles of 150-180.A

S

(

f a syhahtic.reéjon'
inal (PNT). Note the

arrowhead)

are present on the p-face (P)'of‘theipost-synapyic folds. -

"The.E-face (E) shows fewer partic]es.
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-Figﬁ}e 24.
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PLATE 16

‘Changes in the\weightﬁof'the‘denervated mQSC1e with

time expressed as a percentage of the weight of
control muscle. Followtng denervation, the weight

"of the denervated muscle increases up to 4 days and.
~then begins to decrease. By 15 days, the denervated

musc]es'weighﬁzsx of the controls
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PLATEZ Lk

~ Structire bf'nervegtermfnal Qh after‘denervation.;

'?Figure 25, A part of the ner termlna1 shows the, presence of membranE;
‘ whor] 1n the’ ax p]asm (1nd1cated by the arrow) '

}

a Ffadrezéél ' The ax0p1asm of the nerve term1na1 shbws c]umped
co I synapt1c ves1c1es (arrowheads) :






- Figufe;27a.

.

;Figufé,27b;'

¢1umped synapt1c
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PLATE 18

Dis1ntegrat1on of'the nerve term1na] 12h after :
denervatﬁon . L

> .
! : Bl

Low-power mxcrograph of . neuromuscu1ar Junctwon show1ng
the fragmentation jof the nerve terminal (NT) by the *

esicles. - S e

The cytoplasm of thé Schwann ce11 (star) is seen surroun*_ .
~ding the nerve terminal (NT). Within the nerve. "
- terminal c]umped syhapt1c vésicles are seen. synapt1c

, c1eft is. 1nd1cated by the arrowhead =

_Schwann cell (Sc)} The arrrowhead indicates the =~ “f






\ Figure-?&,.

’Figure'29. 3

9
CPLATENS
Changes in the nérv¢~termin51 12h after dénervation.‘

The nerve terminal (NT) showing decrease in number of
synaptic vesicles and swollen mitochondria (m). -

Part of the synaptié‘regidn where, nerve termina1 (NT)isuggg |
‘seen encleséd in jprocesses of Schwann cell (Sc). L

-

Axoplasm shows decreased number of synaptic vesicles.

A memranou$ vesicle resembling synaptic yesjc]e(arrowhéad) T

can bawseen in the synaptic cieft..

%,
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* PLATE 20

- o NN

_ Part of the synapt1c comp]ex 24h after denerva#ion

showing the replacement of nerve terminal by i
Schwann cell.. The Schwann cell contains dense .
material (arrowhead) wh1ch probab]y is ﬂhe phagocyt-
1sed nerve tremina]
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. Figure 31. -fThe pd$t-sggap£fc~éomp1ex 2days after 'denervation show-. - -
S R . ing the reduction -in depth of synaptic folds (arrowhedd). . -
T . ‘ _on . ‘o" ) t e 1 S . o

f Figure 32. 4‘vThe pOStesynabt?c comp1ei'15 days‘aftér denervation Lo
-~ . showing loss of folds (shown by arrawhead). Few syflaptic
' * folds are retained and are indicated by the arrows. oo
. " .": “'\ . -5:7 .
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-Figure 33.
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PLATE 22 -

The post-synaptic complex 4 days after denervatian show-
ing the microfilaments (arrowheads) Jin so]eplasm (sP)
which appear to:be shorter in length than .in contro]
muscle (compare with f1gure 9) \
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FigUre 34,

\

PLATE 23

.ON . R
\I.

. Soleplasm (ﬁP)V4 days after denérvation shbwing-iysosomeé,.\
(arrows) and bundles of microfilaments (arrowheads) -

A\
A
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_Figure 35

i

CPLATE 24,

Muscle denervated for 15 days and sta1ned wzth ruthe
" red. The basement Tamina  is intensely stalned Wit u'
ruthen1um red pos1t1ve materiat
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‘ Figurel37. _1
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 PLATE 25 o f'""

-~

Part of the muscle 4 days after.denervation showing
peripheral (P) disruption of myofilaments. Electron

opaque regicn are 'the Z-bands §arrowhead).

Higher magnification of pefipheré] sarcoplasm showing

disrupted myofilaments (arrowheads) and Z-band (Z).

Lysosomes (ly) can be seen in ‘the sarcoplasm.

e
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. PLATE 26 -

?iadi; 38. 'LongftUdinaT'section of~théimusc]e‘(denervated,for'2
S months) showing the orientation of“myofilaments The -~
-Z-band (arrow) appear wavy.-(arrowhead).

Figure 39."1,L0ngitudina1 section of muscle (denervated for 2
' months) showing transversely aligned myofilaments..
(star). The Z-band appears fragmented. (arrowhead).

1
»
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PLATE 27
' ‘ °®

&

Figure 40. Part of the sarcop]asm from musc]e denervated for 2_
. - days show1ng the presence of lysosomes (ly) and
an increase in smooth ves1c1es of endoplasm1c

.reticulum (sv)

" Figuke'41; | Membrane whorl in: the per1phera] sarcop]asm of
o /7 -muscle denervated for -2 days. )
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 PLATE8 . >~
Figure‘42. .15 days denervated muscle showing the presenbe'cf lyso- “
~ somes Y(arrowhead) and 1ipid in the interfibrillar '

sarcopllasm.. A membrane whorl (mw) is opposite. the
I-band. ! . o






' figure 43.

%

Figure 44.  Higher magnification of

e

PLATE 29 : ,

~Vacuo]ation of the sarcoplasm in musc
4 days. .

% sarcoplasm showing the “

amorphous content 1 e interior of vacuoles. /e
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'PLATE 30 -

Figure 45. Section through muscle denervated for 4 days shbw1ng :
: the vacuo]ated .nucleopiasm.

v
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% PLATERL.

Figure 46.  The peripheral sarcopfasm (P) of control muscle
. + to 1llustrate the infrequent occurrence of = -

ribosomes.






Figure 47a.

N Figdre 47b,

17 . E
" PLATE 32.

Per1phera1 sarcop]asm (P ) of muscle denervatéd'for 15 day
days show1ng an increase 1n the number of electron opaque
part1c1es N T

| The per1phera1 sarcop]asm (P) of muscle (denervated N

for 15 days) which is incubated with ribonuciease.
There is parial.loss of these particles which are
free and the ones that are attached to the endop]asm1c

ret1cu1um
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(PLATE 33

Figure 48. - Saﬁcoplasm'of.musc1ef(deneFVated for 15days) sdeing :
A " the 1ipid globule opposite I-band. Mitochondrian ()
is.seen in close association with the Yipid (1i).

.Fjgure 49, 'Sarcoplasm~of 2 month denervated muscle showing fhé

presence of lipid globule (11). e
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PLATE 34 - . \

_ Figure 50. Sectlon through the musc]e (denervated for 2 months)
. » showing the aggregates (arrowhead) of mltochon ria m
' the sarcoplasm ‘ : .
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PLATE 35

Acety1cho11nesterase act1v1ty of a musc]e denérvated
for 15 days

Figure 51. part of the post-synaptic region shows non- uniform
d1str1butloq’of enzyme act1v1ty .

Figure 52. Part of the muscle fiber:showing post-synaptic clefts
‘ : which are devoid of AchE activity. - .
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Figure 53.

‘Figure 53.
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PLATE" 36

\

Inh1b1t10n of AchE«act#@lty 1n muscle denervated
for 15 days N

v

‘Part of .the post-synaptic reglon of a musc]e 1ncubated.1

in a medium containing eserine sulfate which is an.

~inhibitor of AchE activity. The enzyme act1v1ty is

absent 1n the synapt1c c1efts
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Figure 54.
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PLATE 37

- Comparison of fractured faces of non-synaptis sarcolemma

of control and muscle denervated for 15 days.

(Large'arrows,indicate‘the direction of shadowing in

~these and a]]-subsequent_freeze-fracture mjcrographs.

‘p-face (p) of contr8l muscle showing randomly distrib-

uted 80 AO particles. The density of these particles

s about'2000_partic]es/u2.

Figure 55.

. P-face (P). R oo

pP-face of denervated muscle sgdwing‘the predominance:
of Tagge-particles (150-180 A ) and a decrease in
the number of small particles (80A°).The packing

density of these particles is-about 400-1000/u?3 on

*






Figure 56.

Figure 57.
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PLATE 38 :

Fractured faces of non- synaptlc sarco]emma of musc]e .
denervated for 15 days L \

',Part of P-face (P) showing many aggregates cons1st1ng of
4~ 15 1arge part1c]es (150 180A°) . .

P face show1ng 1arge aggregates conta1n1ng 30 50
part1c1es (150 180A°) A

!
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Figure 58.
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PLATE 39

Fractured faces of synaptic sarcolemma of -a muscle dener-
vated for 15 days. There is no change in the distribution
or number of particles éither on E-face (E) or P-face (P).
Compare it to the fractured faces of non synapt1c sarco]e-

~ mma of contro] musc]e(F1g 23).
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" PLATE 40

Figure 59) * Diagramme summerisfng the features of control muscle. -
' _ Basement ‘lamina (BL), pinocytotic vesicles (PV), paired . -
mitochondria (m), A-band (A), I-band (I), M-line (M), .
Z-band (Z), nucleus (N), nerve terminal (NT), synaptic
vesicles (SV), post-synaptic folds (PSF),-microfilament
(MIF), soteplasm (SP), sarcop]asm1c reticulum (SR),.

- transverse tubule (TT), terminalcisternae (TC),
peripheral portion of sarcoplasm (PPS), ribosomes (R),‘ B
- endoplasmic reticulum (ER), uniformly distributed
AchE activity (A€) , fractured P-face (PS) and
. E-face (E) of synaptic sarcolemma, P-face (P) and.
. - E-face (E) of non-synaptic.sarcolemma.: my indicates
o mye11nated nerve fiber.

<
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PLATE 41

" Figure 60. ‘Diagrammatic summary of the features of denervated m.
: : muscle. With the exception of the fractured faces of
the synaptic sarcolemma which do not change. but are
. nevertheless labelled only the altered: features of -
.the denervated muscie are labelled. .

Reductlon in the number of synaptic: fo]ds (PSF) which
show non-uniform distribution of AchE activity (AC).
Bundles of microfilaments (MIF) lysosomes (LY),and
membrane &horls (MW) are seen in the soleplasm.The
abbreviations dF and dZ indicate disrupted

filaments and disrupted Z-band respectively. In the
‘longitudinal section, the myofilaments (MF) in.
transverse. morpho]ogy can be seen. The illustration
shows the notable increase in ribosomes and prof11es
of endoplasmic reticulum (indicated by R and.ER) in-

‘ the peripheral sarcoplasm (PPS). LI indicates lipid
globule. E-face (ES) and P-face (PS) of synaptic .
sarcolemma do not show any change. PI, PI1, PIID 1nd1cat
indicate the P-face of non-synaptic -sarcolemma. E
indicates E-face of non-synaptic sarcolemma.

i
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