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* the enk@phallns caused a dual act1on on. the ‘twitch of the

1solated curar1sed and felectrlcally stlmulated £rog toe

muscle- a potentlatlng actlon at low drug concent;at1ons and

a _potentlatlon followed by an 1nh1b1tory aCQﬁOh at hlgher

%
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The$3f tw1tch potentlatlon h”was «bifound‘ tok gbev‘=’

' nonstereospec1f1c and re51stant to antagonlsm by naloxone.

Morphine and seve;al other op101d agonlsts 1nclud1ng

The 1nh1b1tory actlon too va “,naloxone-se51stant and 1s'>"‘

8

- probably . due to a nonspec1}}c/focal anesthetlc effect of the

oplolds on the electr1c propertles of the f;og skeletal

o

e e

tw1tch potent1at1ng effects of the op101ds indicated "thaty

\Y

‘the drug effects were not due to recru1tment of addltlonalf

muscle f1bres or to a; repet1t1ve- d,scharge in - 1nd1v1dual

: muscle vfxbres.‘ Thus,' the responses observed w1th oplolds

h were not tetan1 but potentlated twitches. : T

Methadone- decreased "the c*1t1cal fu51on frequency of
. ) l ),

the muscle and 1ncreased the time -required by the tw1tch

D

fresponse to attain its peak amplltude which suggested ‘that

%he drug prolonged the duratlon of the actlve state of( the .

muscle.-

The rapld k1net1cs of the onset of‘ the opioid keffgct[

;

and of itShreversal (follpwlng‘washout of the drug) coupled

‘withjthe,sluggishness with which the compounds are known to

T . - ' L
o : iv .

An examlnat1on of the mechanism .underlying the o



contractures ‘95_ of D—600 indicate

. depolarlzat1on of the muscle £1-

potent;at1ons. -

membrane.

-

penetrate 1nto ‘the myoplasm suggested “thatw their ‘site>‘of‘

@

act1on is the membrane of the muscle f1bre. S

!

Experaments 1nvolv1ng * the "~ use . of " K*-induced]

L)

, ivocallY"that

opioidg do not promote ; the

a

The op101d effectsxon the tw1tch  were: .antagonised gy
A

flncrea51ng thetconcentratlon of the eytracellulér Ca** from

1.08, mM to §.64 mM. - |

OplOldS' did - not displace the’ superf1c1ally bound Ca
from the surface membrane 51tes of - ‘the- muscle 1nd1cat1ng
that thlS is’ not the e mechanism. by whlch they cause tw1tch

Low, twitch- potentlatlng ‘concentrations of oplolds did
not. alter the active electrlc propertles of the muscle flbre

membrane at,.a time uwhen Egey potentlated the twitch

suggesting that.the opioid-effects on the jtwitch are not

caused by changes in the/ electric . properties of theo

[

. ] R , ; . ) , . v
Experiments with quaternary naloxone suggested that

opioids did not act on the outer or extracellular surface of

the muscle fibre _membrane to produce the1r effects on. the
&

“twitch but acted presumably by dlssolv1ng in the membrane.

h study of the effects of opioids on the maximally

'summated muscle 'responses to closely spaced multiple

electrlcal pulses revealed that an increase in ‘the number of

"pulses in the pulse train causes a decrease in the percent

Y

Ca*"* during ,
2 .

<



this e&(ect is due to a deplet10n of thé stores of 'trigger"

[ Wt
ot i
.

\,1ncrease in the’ response helght, in the presence of . tQitéh

“ e K

K potentlatlng concentrat1©ns of op1bxds._ It is proposea that

>~

Ca** following stimulation with clqselyavspaced QuLtlple

-

‘pudses. . ! f \,. ‘.‘(’ o f

7, . !
"The results suggest that_opiogds produce their effects.
on  the twitch by facilitatinglg-the . process of
excitation-contraction’ coupling in the muscle.

proposed that they do this by . causing the Mrélease<””“

additional amount of 'triggex' Ca*’ fbllowihg the electrical

stimulus. }
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1.1 OPIOID RECEPTORS.

The psychological efﬁicts ‘of the poppy were known to
the anc1ent Sumerians who rather appropriately referred to

the poppyraehthe joy plant.’ The milky exudate “from the

flower seed capsule of the plant, later called opium, has,

been used in several countries down . through the ages not

[

only for its medicinal propertiee- (e.g., pain relief,

control of dysenteries, etc.) but also as a social drug-that

provided a sense of well—beinq§ a dream-like statée, and a

calming effect. The word opium itself is derived from rhe
Greek name for juice, th g belng obtained from the julce
of the poppy, ’Papaver somnif r"um By the m1ddle.° of the
sixteenth century, the uses of oprum that are still valid
were fairly well recognized, end in 1680, Sydeﬁham  (c.f.
[1]) wrote: A ’

"Among the remedies which it has pleased Almighty
God ‘to, give to man to relieve his sufferlngs, none

-is so universal and SO eff1cac1ous as oplum.

S N\ .
The modern era of opioid research can bet§a1d to have

bequn in 1803 when Seturner (c.f. [T]) isolated and

described an opiuth alkaloid that he named morphine, after

Morpheus, the Greek god of dreams. It was soon discovered

. that, morphlne was the major alka101d respons1ble for most of

the.pharmacologlcal and med1C1na1 effects of opium. - Since
" then the drug has opened a whole vista of research for
innumerable scientists. The scientists -were spurred not

only by a desire to conguer pain but also by a desire to rid

’

Ms
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'rsocieth/af the problems arising from the abuse of this

compound. “ o : G

1.1.1 Developments that-led to the Receptor Postulate.

The problem of addiction to op1o1ds stlmulated a search
for potent analge51cs “hat would be. free of the potential to
produce addlctlon. Although thlS has not yet been achleved

N

_thousands oﬁ.compounds, more or less structﬁrally related to

°

morphine, “were synthe51zed. A con51derable amount of
1nformat1on on the- structu?gl requirements for analgesic
actlon came out ofgthis work. It was ~discovered that the
analges1c actloh resides 1n only one of the enantiomers of a
racem1c mixture, usually the levorotatory isomer. . Also,
parts of the morphine molecule could be modlfled drastlcally.
’ or dlspensed w1th entlrely w1thout caus1ng ma]or changes in
pharmacologlcal potehcy. On  the other hand, even small
changes in certaih .ﬁarts of ﬁthel moleculev resulted +in
profound effects' on its pharmacology. For\eiample, the;

. substitution of the methyl grou D the tertiary nitrogen of .

morphlne by an allyl- or c_clo ropylmethyl group, causes the

result1ng molecule-to becoie a po ent specific antagonlst

against many of .the acti of morphine and related'opioids.k

All these antagonists (e.q., naloxone, ~ naltrexone,

nalorphine, etc.) retain some of their 'agonist' properties

[2, 3], i.e., they are partial agonists. ‘ ) .



The stereoisomeric requirement and the  structural

constraints placed on analgesic .actions of opioids [4 - 7]

led to the ‘'stereospecific-receptor' hypothesis. - This
. gy . L . , o [y ’

hypothesis. postulated“ that 6pioids'“musp,bindAto spebific

- 0

‘sites in the body and that this binding «thehﬂ'trfggens a.
. ' 7 : R

sequence_ of events that result in ‘the responses observed.
‘These sites or receptors would permit only ‘drugs -with

suitable structures and. stereochem15try to bind.

H

1.1.2 Discovery of Opioid Receptors:
Ohe of the earliest apbfoaches to the ihvestﬁgation“of

the opioid~rece§tor involved the codparétive study of 'the

R}
P

analge51c' effect of op101ds in the whole anlmal.f Iﬁ this.

type of study, a systemat1c mod1f1cat10n of the structure of
a prototype drug was ,cargged ouf and, the potenc1es of
N - ‘

congeners to'prodUce a certaineeffeet was. compared. Thls
" allowed inferenceé«to”ge drawn as to fhe.recebtof.stfuetu?e’
[4]. This approach has’ sekefal ‘limitétions; Ueince. the
Qbserved nocicépti?e_resﬁonse is a‘conseduence of.; eompiex

sequence of ‘events 1n1t1ated by -the - drug- receptor

I

intifaction;' it may be mod1f1ed by many factors. *Also,” the.

concentration of drugl at Sthe receptoru~51te, whi;ﬁ ie,
affected by absorption, distribution, metabolism- and

excretion, 1s dlfflqult to assess.“

R

o,

Se

Opioid receptors- vere la%er dlscovered 1n an i olated.~

peripheral tissue, viz., the :gu1nea pig 1lepm. ‘ Ehls

v
-«



i opioids in a simple in vitn system, In this relatively

" and naltrexone {s - 10].

facilitated the investigation of/ the mode of action of

simple model the potency of pioids to . inhibit Aindirectly

stimulated contraction cor elated well with the1r potency as

analge51c agents' COf thermore, thelr effects Were

“competitively revers d by the narcot1c antagonlsts naloxone

v 1
, \j _,
Heﬁderson t al., [11] discovered pioid receptors in
) e N : , : ; e
another peripheral tissue, viz., ‘the mouse vas deferens.

- There was ééain an”exCelleht'correletien between inhibition

0

of contr {ction 'and the analge81c potency of an opioid drug.

oth// tissues thus seem to conta1n receptors with,

\

,sp/c1f1c1t1es much llke those postulated to erist in “the

L

brain. )
A few. years later, Frank [12, - 13] repOrted the

existence ofh opioid- receptofS'fin <yet another peripheral

tissue, vis. the frog sartorlus muscle He showed that the

, meperldlne 1nduced block of actlon potent1a1 in the+above

\

muscle 1s produced by two mechanlsms of /raction; one,- a

o

nonspeclflc local danesthetic—like effectz and the othef, a

\

specific"inh%bitionvof1the gNa mediated by means of, an

opioid drug  receptor associated with. the muscle~‘ffbre

3 . : . - )
membrane. Frank proposed that theré were opiloid receptors

i
on the 1ntracellular surface of the membrane assoc1ated w1th

the Na* channels and that drug act1Vat10n of these receptors
interfered - with the ‘openlng of éthe /channels normally

R
¢

'

-
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produced ‘By membrane depolarization. A- later study [3]
-established the stereoisomeric requirement  of the
opioid-induced late occurring depreseion "of gNa in frog
skeletal muscle fibres. This served to reinforce eat%ier

‘ { . v
findings which demonstrated an interaction of opioids with

' opioid receptors in the frog muscle fibre membranes [12 -

14].
Hunter and Frank [15] demonstrated the presence of
OplOld receptors in yet another exc1table membrane, the frog

.sciatic nerve axons. Analogous to Frank's earlier
- ] .

sobservations in frog skeletal muscles [12, 13], it was noted

‘that in the sciatic nerve preparation too, meperidine
aepressesm¥,action potential production by two distinct

mechanlsms, v1z., a non- spec1f1c local anesthetic effect and

©oan OplOld receptor medlated effect. The presence of op101d

-
_receptors on the surface membranes of neurones has also been

_reperted by several other investigators [16 - 23]. In all

these tis%ues it was observed that the depressant effects of

opxolds on. the excitability of neurones could be antagonized

;by 'low concentrations of naloxone. These effects vere also

found Ee be stereospeeific by those igvestigators who testedl
’ferSUCh’en attribute in the opioid action [16 - 18].

| Bafly attempts at \biochemicél demonstration of the
 existencev pfé‘sbecific binding sites for opioids were

unsuééessful”due,to the difficulty of distinguishing between

specific and nonspecific binding. In 1971, Goldstein and



co- workers [24] showed that, wh1le [’H]levorphanol was bound
stereospec1f1cally to  mouse | brain: homogenates, the

”stereospec1f1c b1nd1ng amounted to only 2% bof‘uthe‘ ‘total

binding. However, the use of low. concentratlons of labelled”_‘x

sdrugsuwith -h1gh spec1f1c- act1v1t;es' allowed unequivocal
-demonstration iof : sites to which op1o1ds 'such as
"dihydromorphine,‘etorphine ‘and naloxone are fbound “in ‘a
1'Zsaturable | anduazspecific' manner [25 - 27] In: these
| experimentS’SO—SQ% of bound'opioid.waS» found to be . bound
'stereospecificallw" (i;ec,>replaceable'by‘unlabelled-opiolds'
‘.‘but not by thelr 1nact1ve enantlomers) | | ‘
1%Av great deal hof - work was later devoted tol
characterization of the .stereospec1f1c blndlng 51tes and
accumulatlon of. evidence as to thelr k1dent1ty w1th the
' postulated opioid 4receptors. (see [28]) B1nd1ng assays
-prov1de"'1nformatlon only about the 1nteract10n of oplolds,
‘wlth the recognltlon site of the receptor. It is therefore°
necessary to_ attempt to correlate blndlng data w1th those
‘from pﬂ§rmacolog1cal assays.f Excellent correlatlon has been
seen 1n several laboratorles between ln vivo pharmacologlcal
'potency ‘and in VItPo b1nd1ng afflnltles of a large number of
drugsv that- dlffer in analges1c potency over several orders -

L 4

of magnitude [29 - 311
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.1 1 3 D1str1but1on of Opioid Receptors.
Some v'of the earllest; studles of »receptors_tusing
‘radloactlve b1nd1ng technlques\ dealt vith' their regiOnal
dlstrlbut1&3 n n the btaln tlssue of rodents, monkeys and'
hupans'[32' 33]: These: reglonal d1str1but10n studles_ were‘
- of llmlted valuef because it is. pract1cally 1mp0551ble toi
fsubd1v1de the braln 1nto mlcro size pieces to obtaln a hlgh
resolut1on p1cture of the dlstrlbutlon of the receptors
:MThus; the development of a hlstochemlcal method to locallze
vop101d receptors was the goal of very early studles _ﬁlth,
%%egard to this goal an 1mportant development was.. the
ability to define condltlons whereby one ’could rinjectt‘
OplOldS into the bloodstream of - ,4,,an1mal and ‘then find
cond;tlons where the bulh‘ of the,idrug ih-the brain was’
1ocallzed to these '.spec1f1c _'receptors;l;rather" thah~
gnonspec1f1cally d1str1buted [34}Y- '35]' ,Hénce.'this»‘was,
‘ach1eved it was posslble to use a’ radloactlve drug and to
_locallze the receptor by autoradlographlc methods w1th the'
_light microscope. USlng the technlque developed by - Stumpf
~and Roth: [37] for ,autotadlographlc locallzatlon of smalli
dlffusable molecules, severall workers [35, _36,: 381 were‘
successful in mapp1ng the OplOld receptor.‘
A concerted effort was made, by . several ‘workers; to
determihe the dlstrlbptlon of oplold blndlng 51tes’1n the
body. '»Biochem1Cal .and autoradlograph1ck technlques vere

extensively‘,employed to achleve thlS goal ‘These studies _‘
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were useful_ as . they'providediclues to the sites of opioidv;'
action. ‘ _ .
V Hlller et al., [33] embarked on a detalled study of the

fregronal d1str1butlon of~ stereospec1f1c [’H]etorphlne

b1nd1ng xu51ng humanr bralns‘ obtained‘.at autopsies. They'

studie b1nd1ng 1n 39 anatomlcal reglons of the "brain.. It
was ‘seen that_”t,‘“ blnd;ng s1tes vwere' not distributed'
,.uniformly hbutd'there‘ were large' dlfferences {ﬁ leVels
ranglng fé&@ 0.4 pmoles/mg proteln 1nCthe olfactory trlgone,
amygdala and ‘septal nuclel“ to .v1rtually no b1nd1ng ‘in;
(Cerebral white_.matter, dentate nucleus of the cerebellum,;
teémentuﬁl and plneal and p1tu1tary glands.. The,-mosta
'1nterest1ng conclu51on reached from thls study was that most
areas w1th hlgh plOld brndlng were located ‘in; or
assoc1ated w1th . the llmbxc sYStem.l Th1s system has often E
been suggested as a p0551b1e site of opioid actlon based on
‘ablatlon ‘and electr1cal stlmulatlon‘experrments {39, 40]
The only area of the limbic system. which aia not"exhlbjt
ff h1gh OplOld blndlng was the hlppocampus.

A 51m11ar study of% the reglonal dlstr1butlon of
dihydromorphlne binding‘ was -carried out by Kuhar et é?.,
[32] in monkey braln vw1th Jldentlcal results. - Atweh;iand'

.Kuhar [38], using. autoradlographlc technlques showed 'opioid
receptor’ dlstrlbutlon at several levels of” the splnal cord
and lower medulla. ThlS data showed ‘a strlklng locallzatlon»

a

of b1nd1ng sites to lamlnae I and 11 of the splnal cord the

“
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“substantla gelatlnosa of the splnal trxgemlnal nucleus, ’andr
’1ntassoc1at10n4y1th varlous nucle1 assoc1ated w1th the vagus:
nerve. Also,. admlnlstratlon ‘of levallorphan,, an?~op101d’:

antagonist, aprcked : h" autorad1ograph1cv gra}ns aﬁd theb_j

‘accumulation-of spec1f1c rad10act1v1ty ”in brain régfbﬁs'\

while adm1ﬁlstratlon : f the 1nact1ve 1somer dektrallorphanftﬁ,

was w1thout effect [35 36] \ .
| : : - SRR
;tThese “dataj‘are useful in, understanding(opioid.drug

9

action}  For “example; . the. substantla gelatinosav"of' the

spinal ‘cord is known to be strateglcally 10callzed to.}“:"7

modulate lpaﬁnfui:,stimuli.u:lHigh. dens1t1es ”bf OplOld'
'receptors' at ~this‘ level 'cduld“ xn part account for thef
1 'analg&gac actlons »f OplOldS. Also, 1t is well—known- thatf_‘

'admlnlstrat1on Cof OplOIdS results);ln- the suppre551on on'

e %
v1sceral reflexes, such as the cough‘ana +the vomlt reflexes

NN

Thek h1gh den51t1es ,of op101d receptors 1n the. vagus nervev;w”

and 1ts ‘nuglei could account for - these partlcular effeCtS"fh}f“f

since _these . v1scera1-.reflexesﬁlare' medlated by the vagus'
5ystem, ‘ o ﬂa%

Are all of these blndlng 51tes oplold receptors7 Thé:'
locus coeruleus 1n the ‘pons has a hlgh den51ty fl ploldgw

fblndlng sites [36] . Immedlately 'adjacent areas'sln theh

' cerebellum have no detectable b1nd1ng 51tes and other vareasg*‘”

of the, pons have ,a greatly reduced blndvng 31te den51ty“f”

'[36] Accordlngly, ‘the effects of 1ontophoret1c appllcatlonb

of op101ds on the flr1ng rates of 51ngle cells in. that area

!

- . N . R
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sites [41T

11

were -exahined. hCertain‘cells studied proved to be-morphine

fsen51t1ve, i, e., they responded promptly w1th cessatlon of

'3

in that’ 1t reversed the depre551on ‘of thel f1r1ng

rate and’ blocked the depre551on when adm1nlstered before the

'localiiea ’to the locus coeruleus [41]. Many un1ts not

. sen51t1ve to morphlne were found in ad]adent areas._ Thus,

the braln corresponds to the dlstrlbutlon of OplOld b1nd1ng A

.

'

Such a’ correlatlon between OplOld blndlng 'and opioid.

LA

-~

‘receptor_smedlated_ effect ‘was not always found e. g., the:
‘opiofd: ; agonist-antagonists, L N- allylnormetazoc1ne,
‘ﬂ‘éentazocine,';and‘lnaiorphine‘fare respectlyely_B, 34 and 12
tfmes less potent in precip%tatingh ahstinence ’inv the'

; B - D v S R |
J morphlne dependent dog .than they are,vlnrlnh;bltlng the .

b1nd1ng of the u llgand [42]. ,Onfthehother'hand,7 methadone

"and fentanyl .are respectlvely 1]}5 and 578 Sftimes more

7potent in suppre551ng abstlnence than 1nh1b1t1n9 u”‘ligand

b1nd1ng [42] " The. ev1dence obtalned to date with‘the

mlcroscoplc autbradlographlc studies' also do .not alﬁays

'relate the llgamd bzndlng sites to- known OplOld pathways.

fhe chemically- detected or: autoradlographlcally -detected

opi01d‘ b1nd1ng 51tes when compared with 1mmunocytochem1cal

~sites - show SOme,'major' unexplalned dlscrepanc1esfv e.g.,

t ) R = S
‘a i ) o’

'spontanzfys f1r1ng rate. These cells’ were also affected by ‘
Q_morph;ne. Also, most of those morphlne sen51t1ve un1ts werete

1 S
“the dlstrlbutlon of morphlne sen51t1ve un1ts in this'area of -
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’,'though opioid binding‘sites are very7densefin the caudate,
t‘uhas very - few 1mmunoreact1ve fibres. Also, cerebral
cortex, which has receptors if studled by b1nd1ng shows

D

lsparse flbre or cell 1mmunoreact1v1ty (See [43])

-]

"1 1.4 D1scovery of Endogenous Op101d Lxgands.
The dlscovery of opioid receptors and the finding that
“they exlsted in every vertebrate spec1es tested trlggered
. the. actlve search for an endogenous oplold- ke factor and
‘l1gand for “the receptor.w The ratlonale was’nye‘.conuictlon
that_ opioidﬂ receptors would not have surv1ved evolution if
thelr\soleffunctlon.was‘ to b;nd ’to plant alka101ds. ':ﬁ -
iphy51ologlcal "function ’ that resulted in a- hselectlve
-advantage to the organ1sm seemed probable. Such'a‘ functlon
demanded the ex1stence of an endogenousdllgand, the binding
'of‘which.waS'the'Yeal’reaSOn' for the‘:enistence of these
receptorsu;» The search for ‘such endogenous ligands‘began )
:wlth a survey o} known neurotransmltters and hormones, _but‘
.none was foun§ that = could bind to the,repeptor with high‘
affinityrand.also,have‘opioid‘effects. Thus,began a Search-
 for a new substance or substances.mith high:afflnity'for the
hreceptor and 0p101d like. actlons. ' |
Theh f1rst reports‘ of such endogenous op101d act1v1tyh
came'simultaneous1y from»two laboratof1es. ' John Hughes [44]

in Hans Kosterlitz's laboratory at Aberdeen, Scotland

1 )
reported the presence of oplo1d act1v1ty 1n aqueous extraocts
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of animal brain, and Terenius and,Wahlstrom [(45] in Uppsalah‘
Sweden reported the presence of a morphlne llke aubstance in
- human cerebrosplnal fluid. At about thlS t1me Teschemacher 3
‘et al., L46]"reported thq presence of OplOld act1v1ty 1n 
‘extracts of bovine pituitary glands. Hughes et~ al.; [47]

s

' soon’ reported two pentapeptldes that seemed to account for
hall the 0p101d act1v1ty present 1n extracts of plg braln.._l_
»aThe_pentapeptldes.were 1dent1f1ed as Tyr- Gly- Gly—PhefMet'and
Tyr—Giy?Gly-Phe—Leu and ;ere named'by the #uthors methionrne
_(met)— and\ leucine (Ieu)-enkephalin, respectively. The
structures of the enkephallns were confirmed by Simantov and
Snyder [48], who found and characterized peptides with the -
same structures, though present in aydifferent ratio, in the
. ,bovine brainr 1l ‘ \ “
Another. important:obserugtion‘made:by"Hudhes‘ et al.,
"1{471 ewas that. the sequence of met enkephalln was present in
‘ethe structure of B—llpotropln (re51dues 61-65). B- llpotropln.
is a pept1de hormone conta1n1ng 91 amino ac1ds that was
first 1solated by C. H. Li from pltdltary glands in 1964-
[49] Soon,h Ling et al [50] isolated two.peptides\from
. extracts of sheep hypothalam1 and pltultarles.' _When vthese
' peptldes were sequenced, they were found toiﬁrepresent'
seduences 61476 and 61-77; respect1vely,,\of B ‘lipotropin
(B-LPH). At ‘about the same t1me “Cox et al., [511 and
Bradbury'et al., [52] independently' found potent opioid

acti&ity in the €-terminal fragment (61-91) of B-LPH. These



14

binding studies.

- from, the morphine receptor.

R ,. ' | 14

4

nlonger peptides were named «a (61-76)-, B (61f91)— and y

'(61—77); endorphin, respectively.

)

1.1.5 Mult1p1e OplOld Receptors(’)

The discovery of op101d Teceptors and of endogenous
opioid peptides, which are llgands of the receptdrs

stimulated intense.research in laboratorles all over the

Qorld. AObservations from seyeral .experiments led to the
postulate.that the opioid ,receptor.‘existed in multiple
forms® This conclusion had - arisen :from ‘experiments
conducted in vitroj on intact tissues and in vivo with

' ' SO !

S

The concept of the OplOld receptor subtypes was

originally suggested by Mart1n {s3]" who observed that in man*

nalorphine had a dual actloh, antagonizing the analgesic

effect ' of morphlne and also acting as an analgesic in its

Q

own right. Hev concluded that the analgesic. effect of

nalorphine was medlated by a receptor Whlch was different

Martin and co-workers later descrlbed three different
patterns‘ of act1v1t1es produced. by morph1ne and its

congeners in the chronic splnal dOg [54 551. They proposed

that these patterns indicate that Oplcld agonists interact

at three distinct OplOld receptor subtypes- u, k and o for

wh1ch the prototype agonlsts were morphlne, ketazoc1ne and

N- allylnormeﬁazoc1ne (SKF 10047), respectively. Thus,

"y
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3]

morphine induced analgestia, meiosis, bradzsardia,
hypethermia, and indifference to environmental stimuli.
Ketazoc}ne produced meiosis,. general ‘sedation, and -
depression of flexor reflexes‘but did not alter the skin

twitch reflex ~or pulse rate.n SKF 10047 caused mydriasis,

‘tachypnoea, tachycardia and mania. - rhUnder this

classification, opioids showed varyihg:affinities towards
each of the above receptor subtypes (Table 1).
- Harris [56] evaluated'the behavioral effects of several

harcotic analgesics and the interactions between those

~ narcotic - analgesics and narcotic antagonists such as

 naloxone and naltrexone,Q.by using schedule-controlled .

behav1or. j With  this approach he was abl® to make

vdlstlnctlons between those drugs wh1ch were . cons1stent with’

the three types of OplOld receptors postulated by Martin and
co-wotkers [54]. R I
SUbseqpently, Lord et _al.;, [57]-and others [58 - 631

demonstrated evidence for the ex1stence of heterogehods

H ,(-\\

opioid receptor' populations i’ several dlfferent tlSSUES.

In particular, . studles 1nvolv1ng competition of 1lgands for

radlolabelled OplOld ~b1nd1ng 51tes 1n braln [57 - 61] and
cross- protectlon stud;es 1nvolv1ng 1nact1vatlon of opioid

blndlng *by phenoxybenzamlne- and selective sulphydryl

24

reagents [62 631 have prov1ded blochemlcal evidence for -

and the putative b&- receptors- the latter are preferentlally.ﬁ

used by enkephallns. wUster [64] proposed yet another -



TABLE 1.

R

Varying affinities exhibited by opioids towards each of

[

putative opioid receptor subtypes.

16

the

opioid . B S __Receptor Subtype

u o Lk 0
Morphine - _High ' Medium ‘Low N
Ketazocine Low ~ ' - " High - Low >
Nalorphine © High High . Low
Cyclazocine =~ High High ~ High
SKF 10047 High ‘ " Medium _ High -

-

Note: Above matterruas‘Summarized from the workl‘ofv Mar{in

and co-workers [54, 55].
| : ,\]\- Y

-
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subtype of opiocid receptor, the e-réceptor, to explain the

high potency of B-endorphinjin the rat vag deferens.

L

To reconc1le the large amount of -clinical " and

experlmental data, many more sub types of’ opioid. receptors“

t

have been postulated. In fact the total number of putatlve E

OplOId receptors now number nearly a dozen and subspec1es of

9

v, x, and o receptors have already been postulated (seel
[651). "
“In splte -of the volumlnous c1rcumstant1al ev1dence for 2
wthe presence of multlple 0p101d receptors, thelr exlstencéif
- has not been proven unequxvocally.‘ Recent work by. several
_workerss[66 - 72] has focussed attentlon ‘ .. this’ problem.
zhang and Pasternak [67] used naloxazone, a long act1ng.°
(practically 1rrever51ble) opioid antaodnlst,~ and showed
that . the £ analges;c“j“o actlons _ of morphine,

D Ala2~Met*-enkephallnadee, and B endorphln were ’abollshed
fin an1mals treated wnth thﬁs antagonlst When naloxasoné.

\7

‘was admlnlstered in VIvo to rdts and - mlce, it SelectiVely;
.1nh1b1ted ff“‘over 24 hri the hlgh afflnlty b1nd1ng of?
[ H]morphlne,'t’H]dlhydromorphlne, [ H]naloxone, [’H]D—Ala -
kMet’-enkephallnamlde and [’H]ethyl ketazoc1ne, ‘in contrast
A:theo'low' afflnlty sites of these l1gands were not affected
by the drug treatment ' Thelr results therefore suggest that

‘.

all the llgands examlned b1nd w1th hlghest afflnlty then

same populat1onf of - oplold 51tes‘ whrch may pe called a

a1

o

~ .receptor ;ipte ”because ‘it. 1s dlrectly relatedu te thé‘

9

‘‘‘‘‘
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fanalgeSic effect of the different agonists, u, *x_'and 5,
"Therefofe, they concluded that 'opiates' and ‘'opioid

-

peptldes have a common analge51c mechanlsm medlated through

-

0

a S1ngle h1gh aff1n1ty b1nd1ng 51te.

Several 1nvestlgatorscare now thinkingi along nsimilar~
11nes, viz., ‘}h. terms of a 51ngle or an. 1nterconvert1ble
form of an OplOld receptor. Pert and co- workers, who had
earlier suggested the exlstence of a Type % GTP sensit1ve‘é
opioid receptor and a Type 2 GTP insensitive opioid teceptor |
[73],' hypothe51zed that. he Type 1 oplold\receptor is an
1nterconvert1ble receptor which is able to adopt u, & and/or
K {llgand select;v1ty pattern [69] apd that the Type 2
o;ioid reoeptor is'a receptotv'stuck“j\'h_ a 6—Like‘ ligand )
select1v1ty pattern [70] | . e |

Lee and Smith [74] prqposed the exlstence of a siﬁ%le
Universal ~B—endorph1n (receptor. Thelr concept\ qf theh
'multiplehsite B-endo;phin receptor' stemmed from studies
suggesting that 'B—endprphin ‘interacted with both u- and\\\
6 receptor sites [57 75] B- endorphln is also active in all
the in vitro systems, including the rat vas deferens, where
most opioid alkaloids and natural enkephalln peptldes have
"little, or no activity [57, 76] The | 8- endorphln receptor
was visuaiized-tov consist of two sites, one binding &

- ligands and located possibly on a protein, . and the othe;

‘binding u ligands and 1ocated on a 11p1d closely associated

‘with the proteln (Flg. 1). B- endorphln was proposed to

wl
7

It H
- g /
' , .



19

~_ACIDIC

> Figqure 1. A }protein-lipid7 model of'the'opfoid recepfbr,

The proposed model of the opjioid = receptor consists of
both protein and 1lipid; the former contains a binding
site 'for enkephalins, .and the latter a Site for
alkaloids, with B-endorphin interacting with both sifes.
(Lee, N. M. and smith, A, P. - (1980). Life ‘Sci., 26:
1459-1464.] - | S

\
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//

interact with the &-site. through its N-terminal 'enkephalin'

‘end, and with“the u-site through some portion of its
C-terminal chaln. This receptor could, under appropriate
conditions, be activated by a lagand binding at either ooe
on “its sites, e.g.; D—Ala’-D-Leu'-enkephal1n at 6-site or
hmorphlne at u-site to, cause, analgesia in the brain, or by

ﬂ—endorphln, interacting w1th both sites (& and 'u)

simultaneously [74]. Thus, this model predicts interaction
between u and & sites under appropriate conditions since
they both form a part of the samo maqrbmolecula{ complex.
This prediction was borne out exporimeﬁtally when it was
shown that leu- and mét;enkephalin,i while analgesically

inactive, could respectively, promote and inhibit,

morphine-induced analgesia (77]1. This model, however, could

‘not deal with the existence.of other pgssible opioid binding

51tes (v1z., K e, etc. ) A similar two site receptor model

'hés also been proposed by Rothman and Westfail [72] on the

ba51s of binding -studies with morphjne and enkephalln.
Morley, [78] proposed a 'common opiate receptor’ model
that he believes is consistéét with all - qxpenimental
observationsf~thou§ht to favour .the 'multiple receptor’
model. He‘%elieves that the properties of the common opioid
reoeptor are a function of theveovironmeht in which they
exist.  Morley argues that the binding characteristics of
ligands for the opioid feceptor and the conformat&dnal

changes that binding induces in the receptor‘may be altered
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o

if the env1ronment in which the. receptor exists'is altered.

/

Also, the altered env1ronment would offer new opportunltlesi

for addltlonal extra receptor b1nd1ng 51tes (or accessory

o

blndlng sites) ‘ The parts of the env1ronment that are of
main concern are belleved to be 11p1d- molecules, membraneh.

protelns, and certarn 1norgan1c 1ons. Since the 'average

& : : _
env1ronment' wculd berdlfferent whén a given preparation
: ) ] . 4"  T
,(say,'>vas deferens) is derivey from two different species

(e.g., mouse and rat), the binding 'characteristics of the

ligands for the receptor sites would be different;'fThisv

_ would then lead to the postulatlon of a new receptor type 1f

one belleves v‘in the multlpleo receptor : model - ‘But

accordlng to hlsf'multlple env1ronment' model an average,,

o

env1ronment would lead to average pharmacoklnetlcs dependlng_

on the agon1st/antagonlst/radlol1gand be1ng used.

Thus,. accordlng to the above model tlssues trom'which
a characteristic effect,s1gnal is generated contain ' the
common opioid receptcr ~in  a characterlstic average '

environment, because of this environment, activation of the

t

-_.receptor is only achieved 'with structurally distinet

fagonists (presently classified as wu, 8, ‘4, or o tybe
ligands). _Also; this model.predicts variation;‘an'opioid

receptor in. any_rspecific> tissue “can change its ligand

characteristics to the  extent “that, ' at extremes of

env1ronmental changeﬁgactivitibn will'cease to be achieved

by the particular type of llgand usually associated w1th it.

o
¢ v



Thls model therefore accommodates B endorphln as a llgand

"d1fferences in the dlstrlbutlon of W= and 8- b1nd1ng sltes,

and ideas of R, € and other p0551ble, OplOld b1nd1ng 51tes

U

Thus, at present a controversy surrounds the‘ﬁ1ssue .as

‘ _ «
to whether u, 6 and K OplOld receptors ‘are olfferent

[

ent1t1es or 1nterconvert1ble forms of . the same receptor.,

Results' of select1ve btolerance and selectlve protectlon>

Yy

experimentsiwouid.appear dlff1cult vto reconcile with -an
~interconverting“model"of these 51tes."bn t;i\okher hand,k
_the rather similar,distribUtlon of~‘the- receptors bén‘ manj
areas ‘of the ;brain argues‘,for .the_ 1nterconvert1ble
1 hypothesis. It is ,also' possible that# the"dlfferences
-observed 1n the actlons of varlous OplOldS are due to local
- tissue: factors rather than multlple OplOld receptors ® The
»

llkellhOOd of such erroneous: conclu51ons when deallng w1th
“receptors has been p01nted out by Kenakln [79, 80] Kenak1n
has attrlbuted ther exlstence of some receptor subtypes to

the common mlsconceptlon that tlssue select1v1ty (of a drug)

reflects receptor. selectivity. Therefore " the final

resolution of the mystery of OplOld receptor subtypés C

tprobably lles in the isolation, purlflcatlon and sequenc1ng

of all the receptor forms.

1.1'6LExcitat§on Effector'COUpling:

~ The b1nd1ng of OplOldS to their receptors has: been“

!

.exten51vely studied but 1nformat10n regardlng the subsequent.

y FLE
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'events o that ' ultlmately result in the . observed‘

.
pharmacologlcal response is as: yet 11m1ted

—~

Cycllc 3"'5‘—aden051ne monophosphate (cAMP) which has’

4been shown to be 1n001ved 1n the medlatlon of the effects of

a . numbep of hormones, "has been suggested by Colller and Roy

| f8 82] to\play a role in the 'actlon of OplOldS.’: These‘7

authors have shown that the stlmulatlon of cAMP formatlon by

'prostaglandlns E, or Ez in rat brain homogenate is 1nh1b1téd
: A

“”by' morph1ne and obher OplOldS. There is no 1nh1b1tlon of ,

[

'the basal productlon of’ cAMP ThlS 1nh1b1tlon was Seen vathvv

o concentratlons Eof' oplolds comparable te those requlred for

analge51a and was antagonlzed by naloxone. The study of"a

,»serles .of piolds led t the flndlng that 1nh1b1tlon ofl

\

prostaglandln stlmulated formatlon of cAMP corre;%ted wellf

.wlth ant1noc1cept1ve'~ potency, opioid recept rfrbinding:

, L o ; \
afflnlty, and»_ 1nh1h1tlon - of electrlcally// stlmulated

' N /
”contractlon' of the 1solated gu1hea pig 1leum. Pur1 et al.,x

7[83] have reported in apparent contradlction of. the above

w

'results that morphlne produces a- dose dependent 1ncrease in
';the adenylate cyclase"act1v1ty of rat corpus strlatum.y

vHowever,\wthls effect 1s not stereospecﬁgbc and-is re51stant

K : . SRR
to- naloxone antagonlsm [84] - ; o C .

o Certaln: cultured cell llnes have large ' numbers of

:Oplold reCeptors and therefore prov1de a relatiVely, simple
)

:;rsystem ,for the study of postrecognltlon processes. In such

v

“cell 11nes,~op101ds 1nh1b1t basal as well 'as‘ prostaglandin'

'
LI

g
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: 'y

n E, stlmulated adenylate cyclase act1v1ty ‘in a stereospec1f1c'

vand naloxone rever51ble manner [85 - 87] and this ab111ty

of OplOld agonlsts te 1nh1b1t adenylane cyclase actLv1tY°

var1e5’ with the*’number of OplOId b1nd1ng 51tes present in

;-—

'the dlfferent cell 11nes [85].

Cycllc\ 3 % —guanq51n 'monophosphate (cGMP) levels in

.dlfferent reglons of'the bra1{ too haYe been _shown to’ bei“

affected by .0p101d5 in an stereospec1f1c and naloxone—

' reversible' manner '.;wIn" sllces of . :‘rat . strLatum,

s LY e T

Aleu enkephalin,~ ‘met-— enkephalln, ’mdtphine, -or lévomphancl,V

2

- but not dextrorphan,'enhanced the accumulatlon Qf cGMP ‘with

.o

a concomltant decrease ‘in® cAMP levels [88] . These effects

'!were antagonlzed by naloxone. Reglonal dlfferences in the.

- effects of OplOldS on cAMP and cGMP contents have

mepcrted~;[89f ‘90]. Cyckazoc1ne, and naloxone

Caly
E I

thalamlcv levels: cf_ cGMP, whereas« cgggazoc1ne caused an

: . s
u1ncrease 1n the cerebellum. P B

)

Whlle the - interaction ‘with ‘adenylate cyclase  may

-

possibly be one,  of the initial ements following _opioid -
receptbr ’activation,' further blochemlcal changes may be of -

importance for the pharmacologlcal actlonv'cf, oplolds.'t In-

certain 4cultured cell lines, -1ncubat10n\ for 24 hr w1th

~

morphine, 8- endorphln, and D-Ala®, D-Leu® "enkephalln %

1nh1b1ted the blosynthe51s of membrane glycosphlngollpld and

glycoprotelns; 4 these effects were: . stereospec1f1c,'

dose~dependent, and naloxone‘rever51ble and were not seen in

/

[

o
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hcell lines lacklng op101d b1nd1ng sites [91 92].

3

af Together with cAMP and cGMP, Ca** constltutes the tr1ad

oo

: ofx second messengers which control major -blologlcal‘j;

'events. Q ** has often been proposed as an 1mportant factor
) i, g
pmedaatlngf‘

everal of the pharmacologlcal effects of OplOldS.
vOne of the earl1est blochemlcal observatlons swhich related‘
~ the ablllty of Ca** to antagonlze the effects of OplOldS was
'freported by Takemor1 [93] who showed that morphlne caused a
decre%se in' the‘ oxygen‘ con5umpt10n of- cerebral cortlcal
‘sllces at low Ca** concentratlons, but not in solutlons w1th‘

o

“the usual Ca*" concentrat1on. 1.The analge51c effects of
morphlne were antagonlzed by 1ntrac1sternal 'fhﬁections- of
>¢a**_ whereas they were potentlated by 51m11ar 1njectlons of
hethylenedlamlnetetraacet1c acid (EDTA) [94] In fact EDTA
7alone produced a. weak analge51c effect whlch was d1m1nlshed
. hby equ1molar doses of Ca**.[94]. hThe ablllty- of Ca** “to
antagohlgeitoplold effects,_was. enhanced bw;the_fohophores'p
Aé31§7-orvx537A [95, 96] which are knowﬁr tor ihcrease the
permeability of membranes to 'diwalent ‘catiohs; This
‘suggests that Ca*’ antagoniﬁes op101d effects mostly at an

1ntrace11ular 51te or 51tes.

,;Convehsely, studles of 1hteractiohs fof opioi s with
_Ca*4 transport mechanlsms in7 biological membra§§% have
revealed a Ca*‘-antagonlstlc effect of opioids.. Ohe'of‘ the"
earllest vexamfnat1on{’ of 'opioid. effects on Ca fluxes.

revealed that m01;'phine"(1v0‘J M) ‘inhibits K- (and EDTA)

-~



&

26

stimulated **Ca 1nflux and efflux in rat braln sllces [97]7
This ffect ‘yas .part1ally reversed by nalorphlne. Later
Kaku et al., [98] reported that acute in vivo. or_'ln VitPO'

morphlne treatment caused a decreased ‘3Ca uptake Jnto mousef

hsynaptosomal fractjons. Slmllar studles u51ng rabblt or rat

'synaptosomes— showed that OplOldS reduce K*-stlmulated ‘3Ca

N

. uptake in a naloxone- rever51ble fash1on [99,’ 100]. That

opioids affect Ca** fluxes is also shown by stud1es deallngv

with Ca’*~localization after subcellular fractlonatlonA of -

brain tissue which indicate that ~morphine produces a

* reliable and selective decrease in the Ca*® content of

synaptosomal.fractions:[101 - 1031].
jAntagonfsm of opioid actions_ by Ca** prompted

investigators- to examlne ‘the p0551ble analgesic propertles

1)

: of‘La’ﬁ"and Ce***, agents wh1ch 1nh1b1t- ca** b1nding ‘and

movement across biological membranes [104], It was SQon

shown that lanthanxdes produce analge51a pharmacologically

similar to op1o1d analge51a [105, 106]. "The authors also

showed that in- animals ,tolerant = tO -and'_dependents- on

‘morphine, La*** suppresses w1thdrawal signs'.and the

analgesic effect of La*** is dlmlHIShed From ‘experiments
involying 7‘injections of morphine or La*** aﬂto? eight
subcortical rat brain :sites_ it was. reported that‘ these

compounds -appeared " to . share the ~same - sites for

ﬂant1noc1cept1ve act1v1ty [106] .:The periaqueductal gray

region of the midbrain was the most gensrtlve site examlned
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‘vfo; both Amorphine and La**’.  This sSite has.also been

reported " ‘to pogs€fs . the greatest' .opioid receptor |

concentration in the brain [32].
There are a number. of reports suggesting that Ca®* 1is
involved in the actions of opioids other than those

mediating analgesia. Ca** has been shown to antagonize the

morphine depréssiOnnbf electricélly stimulated,iieum [107 -

" 109]. It has also been -shown to antagonize the Vdepression

" of neuromuscular transmission produced by morphine in the

~—Touse vas deferens and " the dépressiqn of synaptic
" transmission - in the isolated sympéthetic gahglia bf_rat and
frog [110 - 112]. Using intracellular récording teéhniqpes;

Rohani . and Frank S [113] showed that increasing tHe

intracellular free Ca”" concehtratioh in the frog 1satt6rius

muscle antagonizes  the depressant effect on excitability '

produced by opioids acting on épa‘intracgllularly oriented

opioid drug receptor.

“Mule [114}-demonstfated’ that opioids ‘inhibifed Ca**

binding to phospholipids77n vitro. However, no.correlation-

‘was observed when analgesic potency was compared with Ca*r

binding inhibition. Thus néldxone and dextiorphan were more

effective inhibitors than morphine, and it was-’ concldded

- that effectiveness was related to the degree of drug

ionization. Later, Mule [115] postulated an involvement at

°

the membrane level between opioids, phospholipids ana Caf‘

based on the chemical similarity between the cationic Eharge
. ' s ‘ ,

v
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of Ca** anq the quaternary nitrogen of the opioid. He
suggested that acidic phospholipids may serve as binding
sites for these two positﬁvelY- charged species, vand that:
OplOldS might compege with_Ca*" for anionic:binding-sites on
membrane phosphotldes{ Thus assumlng that phosphollplds act
'asn'ereceptors' for opioids, the: binding of OplOldSD to
‘ ohospholipids , could lead to changes in " membrane
characteristics which.'in turn would produce opioid effects
such as analgesia. It was reported that morphine inhibited
"Ca | b1nd1ng \to‘ purified bovine gangliosides, while
‘nalorphlne exhlblted a blpha51c effect, enhanc1ng b1nd1ng at
-low concentratlons and antagon121ng b1nd1ng at hlgh'
%oncentratlons. The above effect of morphlne was’ partially
antagon1zed by nalorphlne [1161.

.In view of OplOld effects on Ca** movements, attention
has . been focussed on ATPase enzymes whlch serve to malntalnv
actlve ion transport systems. Several expenlments suggest»
;that ATPase s may be 1mportant 51tes of Op101d drug actlons.A
Acute morphlne treatment ‘is reported to have caused
" increased ATPase“activity (and increased Ca** content) in
a adrenal cells, while chronlc treatment caused a-’dépression
in enzyme act1v1ty (and decreased Ca * content) [117] The
'Mél*i Ca*‘-ATPase act1v1ty of mouse brain synaptosomes was
inhlblted 'afterl acute morphlne treatment [98]6 Slmalar;

1ncreases or decreases in ATPase act1v1t1es follow1ng acute

or chronic op101d treatment has been reported by severalf

1
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"workers [118 - - 121w Though a clear picture’ has yet to

~emerge from the d1ffer1ng effectS“ of~ opioids on .ATPase

act1v1t1es, these eXperlments do suggest that ATPase S, mlght
be 1nvolved in at least some ‘of the. pharmacologlcal eﬁfects.

of oplo;ds."

N
>

Thus, even ,though a voluminous 'literatUrélﬂ exists -

‘-

 ,detailing some of the b10chem1ca1 events that follow OplOld

drug interactlon‘wlth its receptor;, ‘the Qequence of events.w

following recgptof' stimulation andfieéding to the obsérved-'

pha:macclogicalﬂrésponse'stiil remains a 'black bOx'.f
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1.2 CONTRACTION OF SKELETAL MUSCLE

" "Muscle, which ~ is the instrument of voluntary
movement —--—-- becomes thicker, shortens\and gathers
itself together and so draws to itself and moves the
part to which it is attached". ' ‘ ‘ .

Vesalius, 1543 (c.f. [122]).

: - i
Our understandlng of the molecular events ,underlying

the contractile process has since become much clearer. The
investigation of the molecular - blology of muscdlar
contractlon 4Was probably initiated by Kuhne in 1860 [123]
'who extracted the contractile proteln my051n, from muscle.
Later Edsall [124], and Muralt and Edsall 11251 prepared it
‘1n pure form and 1nvestlgated its phy51cal and chemlcal

~‘propert1es. The dlscovery by Engelhardt and Lyublmowa [126]

that myosin prepared and pur1f1ed by c1a551cal methods is a

specific“ATPase revealed a 1link between the substrate of
rcontractien and ATP, a prlmary source of energy.
"A major advancement in the f1e1d of muscle research was

the pbservatlon by Heilbrunn in~ 1940 [127] that Ca*?

activated the contractile machlnery of the muscle flbre. "He

'ptopoSed'that‘this Ca** was released from a cort1cal layer

.

near the surface Qt the muscle fibre ;pllowing stimulation
of the muscle. At this time ‘molecular biology of muscle
Contraction was only at its beginning; Straub [128] had
recently discovered actin, and Szent- Gyorgy1 [129, 130] and

'vStraub [128] were attemptlng to clarlfy the relatlonshlp of

{



actin to. myosrn and the effects of ATP on the proteins. - In

1947, Heilbrunn and W1erc1nsk1 [131] showed that-of all the.

physiological salts only Ca‘* salts caused contraction of

the muscle fibre when 1n]ected into: 1t. These observations B

were subsequently confirmed by experiments 1n which Ca was
kintroduced into frog muscle fibres by electrophore51s [132]
Experiments of this type»and the very con51derable amount of
' work on the\activating effects of Ca*’ on';isolated muscle
systems led tovythe idea that a release of Ca** into the
sarcoplasm is associated w1th contraction while rts removal
is. assotiated with‘ relaxation. At about this time, Marsh
[133, 134] discovered a relaxation factor in ,the muscle
which V:afforded yet : another | *major component of the
contractile apparatuS‘for in vitro experimentation.  The
availability ot the'ﬂmain ingredients of'the'COntraotile'
apparatus in- isolated. forms, fac1litated 51mulation of ‘the
contractlle process in the test tube. .
To@ay, it is a matter of common knowledge‘ that the
1interaCtion‘ between‘aotin”and myosin“infthe presence’of ATP
1s the fundamental processvunderlying"musoular contraction.
In order to gain a deeper insight into the molecular events
,mediating muscular contraction, it is " important to-

‘comprehend the ultrastructure of muscle and some properties

ofjthe'aSSociate&’muscle proteins.
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1 2.1 Skeletal Muscle Structure.'

Skeletal muscles are made up of ‘thousands of 1nd1v1dual
muscle flbres, each of which. is a‘ multlnucleated- cell
Surrgundlng the muscle cell is a sheath, composed of
glycoproteins (basement membrane' material) and reticular

fibres, - and"immediately "under this 1is the muscle cell

i

~ membrane also called the sarcolemma. Axial striations are

visible under the mlcroscope “in skeletal muscle, and the
repeat unit, the sarcomere, isvbounded by highly refractile
lines called Z-lines. Each muscle fibreAcontains se&eralq
hundred to seVeral-thousandimyofibtils, which -are long, thin
(1 to 2 wumm in diameter) cylindrlcal sttuctures"lyinq_
parallel to the fibre,axis. Around the myofibrils is the
fluid sarcoplasm, and, dispersed throughout it ate -the
mitochondtia, wh1ch in muscles are called sarcosomes. _

The present concepts regardlng myof1brlllar

comp051t10n, its organ1zat10n and 1ts functlon evolved from

a -pioneering paper by Hanson and Huxley in 1953 [135] in
which ‘they concluded that the “two . major contractlle
proteins, myosin vand actln, are organized 1nto two sets of.
parallel, interd1gltat1ng ,fllaments. It . is these
interdigltating thick .and’thin.fllaments'that glye rise’to

the characterlstlc band pattern of skeletal muscler visible
in' the . light lmlcroscope, ~ The \1nd1v1dual “bands Aof the
sarcomere weredtermed;sfnonymously durlng the,,earlier -part

of the present‘century‘lf36] but with the advent of electfon
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.microscopy,_ the nomenclature has becomg more uniform. In
polar1zed 11ght the dafk band is clearly 'bireﬁringeht and
~ hence is .called an1sotrop1c (a band). It results from the
.:;HiQned thlck fllamentsﬁ The light band is called isotropic
(1 hand),~ although 'in reality it is slightly erefrlngent
(137, 138]. The I band wh;ch contains only  thin filaments,
" is aiyided in-.hélffby avfine.dark }ine, the Z.line, which
“ektends transversely across the;ﬁibrils. ‘The 2 vlihes are
the attachment sites-of the thin filaments. 1In the middle
of the A band is'a lighter region-called the‘ 'H band (for -
heil the German word for light) which owes 1ts existence to-
‘the. thin f1laments not meeting at the centre (Fig 2). The.
tthk fllaments are bound together at their centres by~cross
connect:ohs, giving rise to a dark line, the M line [139].
X-ray diffraction and electron microscopic ‘techniques

have reQeeledi the‘wreﬁarkable.‘geometrical order ‘of  the
contractlle proteiﬁs of muscle. Vertebrate Striated muscle
exam1ned in the wet state was seen to give rise to a'estrohg.
ané character1st1e set of 1ow.angle equato;1al X-ray
reflections t140]. These reflections"afise {rom the..
hexegonal arrays  of protein filahents-’whieh make up the
contractile ‘structure of thé» ‘muscle.l The relatfve
intensities ' of the reflectlons 1nd1cated the exlstence of a
" double hexagonal array, in which my051n containing fllaments
are . situated. at the lattice points and act;n—contalnlng'

filaments are situated at the trigonal positions
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Figure 2. Skeletal muscle structure. ¢ Fine' structure of*

skeletal _muscle. Schematic drawing of the structure at
different dimensional levels, from the whole muscle
through the muscle fibre, muscle fibril, filament, and
finaglly the molecular arrangement. of the contractile
proteins. [Gordon, A. M., Physiology and Biophysics.
IV. Excitable Tissues and Reflex Control of Muscle.
Eds. Ruch, T. and Pattpn, H. D., W. - B, Saunders Co.,
1982] oL ]
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symmetrically between them (Fig. 2);.this interpretation was .

. AS
substantlated by electron m1croscopy {140, 141].

Balley, in 1948 [142], reported the ex1stence of a  new.

-prote1n,~ tropomy051n, in" the myosin flbrll © That this..“"~

‘proteln is present in the 1 ,bands and the gZ lines was

.: reported by - Perry and Cor51 [143] who' showed that protelns

v

extracted from muscle f1br1ls u51ng low 1on1c‘ strength‘

solutions"consisted “of tropomy051n and aetin and. that the

f1br11 after such extraction showed no I bands or 2 llnes,

Subsequently, 1t was shown that tropomyos1n is an‘a~ hel1cal

rod shaped. molecule composed of two polypeptlde chains in a

coiled-coil conflgurat1on“[144].
’\ .!' . L

’k5\‘ﬁbashi .and Kodayama [145, 146]. discovered another
myofibrillar protein "which they called troponin. Later, .

Ohtsuki et al., [147] suggested on the basis of antibody

stalnlng of 1solated bhln fllaments, that troponin was

,'dlstrlbuted perlodlcally at 1ntervals of about 400 ~angstrom .

along the thin fllament.' This protein is actually a complex
of;three cdmponents, troponin C (TnC), troponin I (Tn1), and
4troponin T (TnT) [148]. ‘TnCTis the Ca*f—binding’conponen%,
and has four Ca**-binding sites (Sites I IV . from the
N-terminal of ;the‘ polypeptide chain in sequence) [149].
Sites I and I1 have low afflnlty for Ca‘*—blndlng, and sites

111 and IV have hlgh afflnlty for CaH h1nd1ng [149 - 1;@%

vThe hlgh aff1n1ty Ca*‘-blndlng sites have been reported to

be able to bind Mg** compet1t1vely [149] Ev1dence to date

W«ﬁs’
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.propagated throughout : other thin ’fllaments proteins

‘troponin-tropomyosin complex ~with ‘actin to | allow the

(2

?;: .

sndgests that the’ Ca”-spec1f1c 51tes are d1rectly 1nvolved

¥

in the regulatlon of muscle contraction [152], ‘while the

h1gh afflnlty ”51tes -may stab&iizquthg troponln complex

T

3

According to current models of muscle contractlon, Ca**

"binding to TnC produces structural, ~changes: that jare

vincluding TnT,JTnI tropomyos1n and actln. These structural ; o

changes  presumably alter the ‘ 1nteractlon _ of  the: ;

- 3

&3
4

'interaction of myosin with' actin, ATPase Lactivity ~and,

4 ) . ' .o

contract1on [158 - 160]. . f,% o J_“ o v o

T™nT serves to bind whole troponlh to tropomy051n [148]

: wwhile the role of Tnl is less clear. The ‘latter has._been~

shown vto'; snppress> actomyosin ATPase - ‘activity [161].

A;Structural changes have also been shown “to occur in. TnI W1th

Ca **7b1nd1ng Qr removal from the Ca*‘-spec1f1c sites of Thc.
4 .

.These Ca‘*—lnduced strué%ural changes and thelr geversal are

2

rapld 'enough< to be‘ d1rectly~ involved in alterlng 'the

: & . ‘
© . Inl- act;n 1nteractlon and actlvat1ng‘ muscle ontract1on

E M:.[162]

- - ) .' o " !
! 'g g ) . B PR . ¢ o \’)

Be51des the major protelns dlscussed above, many qthers : s

"

have been d1scoveéed in skeletal musc%e a— actlnln, a

'vprote1n 1solated by Ebash1 et al., in 1964 [163] 1s Stlll*tD/) o

search of a functlon. A report by Stromer and Goll [164] e

suggests aNQOSsible.funct1on.of'thxe, proteln.f~_They=’foundj»¥%5‘s

L P ’ ) . ¢
v N :
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that after‘selectlve extract1on of the Z-line mater1a1 the
addltlon ;at 37°C- of a- actlnln results in cross connectlons
of th1n fllaments in the region, suggestlng that a—actinin
plays ya role 1n the structure of" the 2 llne.'“It was also
found ‘that thlS prote1n cross links F- actlnastrands at 0°c
[165] suggestlng that it mlght,control the thin filament
ilengthi :In contrast to. the action of - actinin; B-actinin,
'aig proteln first 1solated¢ by Maruyama [166], .reduces

interactfon' betweeén F actln molecules [167]R implying a
1ength determlnlng role of* the proteln for th1n fllaments.
M-

o

‘A protein preparatlon, antlbodles to whlch stain the

iline, was ,1solated by Masak1 et al., [h68] Structural
(2 ' AN

studies on the M line show two entLt1e5° M brldges attached’

to my051n and M fllaments attached to M bridges [169]} They
are bel1eved to tie together the tthk fllaments and prov1de

the enzyme creatlne phosphoklnase [139].

: b3 -
\ . C proteln is one of the contamlnatlnq prote1ns seen, in -

myosin preparatlons and it has g,strong affinity for my051n

o

[170]. It was found to be d1str1buted along the +thick

filaments w1th a spac1ng of 143 angstrom;y[171} i.e.

®

pac1ng 51m11ar to the m$051n cross brzdge ‘repeat. lts.role-
in muscle functlon asgﬁ%% yet clear.
SN

Severahiother muscle proteins, e.g., paramyosin, a
LR :

O proteln in- 1nvé¥tebrate muscles {1727 parvalbumin,‘a‘Ca’f

hinding 'protelnf of strlated muscle [1731; yimetin,' ~a

3

skeletal .muscle protein' [174]; filamen, an actiégglndingi

RS TAN
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protein in vertebrate skeletal muscle [175]; and H-protein
and X-protein, components of the thick filaments of . the

Verteogate” striated muscle [176] have been discovered but

their roles in the functioning of muscle are yet to ‘be -

elucidated.

:Then present concepts regardlng the- 1nternal membrane

system of skeletal muscle evolved from two ploneerlng papera

publlshed ‘\1n ~the 1950,s.~ The figst was an’ elect:on

o

m1croscope study by Benett and Porter [177] showing the

L3

nd-was a paper by Andersson Cedergren [178] showxng that

”1ntracellular network of tubules in’ the muscle actually
7, . & 4 .

v

omprised of‘>t§o distinct 5ystems; one;fthe»predominantly

longltudlnally orlented sarcoplasmlc reticulum- (or SR) :and
“two, predomlnantly transversely orlented tubular system
" (or T system),

The t-tubules are invaginations of the single membrane;

thlS was f1rst demonstrated in- heart' muscle. [179] | -The

”presence of such an openlng coyld not be morphologlcally

demonstrated for several . years. - Huxley L180],, and ‘Page

[181] were the earliest _researchers to ' demonstrate

histochemically using electron microscopy that the T system

of . frog. skeletal muscleAtommunicates with the‘extracellular

of a tubular network the sarcoplasmic retlculum,

:;ﬁ the tnterfibrillar space of skeletal'muscle; and  the

M
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{space‘-and that'this sytem is distinct’from the SR. Later,
however, several investlgators have demonstratgd the
iexistence of.such an opening [182]; The t-tubules leave the
membrane at dijferent angles with regérds.kto the fibre
sur face. In‘ymost cases‘ their course is more or less
perpend1cular'to the surface, though there are exceptlons.

For "&nstance, some of them have been shown towﬁrun

¢

longltudlnally {1801, although such an occurfence may ~only -

be  about 3% of 'the total 'T system.. With electron
microscopy, it was shown that the T system follows a spiral
route with a very small slope around the ax1s of the whole
.f1bre [183]. |

The exc1tab111ty of  the ;T system has received
cons1derable attentron in the pasg -few decades. Numeroi:

experiments publ1shed in the jast 25 years c%rrobora
> O aes i

Huxley and Taylor's [T84] early observatlon that tubula&

depolarlzatlon ragher” than surface membrane depolarlzatlon

was responsible for,muscle'contractlon [185]. The fact that

SR

the T system is not -merely a channel conducting the

depolarlzatlon of the surface membrane electrotonlcally into
‘them_lnterlor 0f‘ a muscle fibre, but that its membrane can
produce regeneratlve conductlon was clearly shown by several
1nvestlgators [186 - 189]. Also, the excitability of the T
system was shown to‘_be' necessary . for physiologiCal

ontraction. [190 - 193]. “That the T ‘System has

qualltat1vely 51m11ar electrophy51ologlcal propertles as the

[~
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“surface membrane was further shown" when Adrlan et al., [194]
reported the presence of a delayed rect1f1cat10n in this
system. ' . ‘ : p

The SR  of }skeletai - muscles. consists of three
'morpholegieélly and functionally distinct regions: the
junctional' SR that forhS‘ the triad junctions with-the
t-tubules; the terminal{cisterﬁae with en eleq}rén dense
cqntent;' and the longitudinal elements. of SR, which are .
, slender tubules . that eondect _the' eisternae- through the
'centre '6f‘ the sarcomere eﬁd the Z line. The membrane
envelopes of‘the_terminelgfcisternee’ and ~ the longitudiﬁal
tubules are rieb in Caf;—transport ATPase)' Iﬁ the vicinity. .
_of:tﬁe triad, the structure of SR changes. The clusters .of
Ce**ttransport‘ ATPase molecules arewreplaced;bv'laréer asd
lless\denselz packed particles; which ere characterisitic' of
the junctional membrane and are presumed to-partieipate is'
the trahsmissionvdf excitatory stimulustfrém the t-tubules
uto the SR [195].

Membrane preparationsv of SR Mebtained[ from muscle
homogenates "by ’  differential . gentrifegatione"contain
microsomes Qerived -rromv all three. regions -Qf' the SR,;
cohtaminatearTvith t-tubule and surface membrane elements
[196, 1971. The crude microsome preparatlons can be
resolved 1nto t-tubule, termlnal c1sterna (heavy mlcrosome)

and longltudlnal ‘tubule (llght microsome) fractions 1197 -

'201]. The. 1solated transverse tubules are characterlzed by
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a- high' ‘cholesterol content the presence of Ca'",
Mg”-actlvated and Na* / K‘-actlvated ATPase, B-adrenetgio
" receptors,’ and ;soproterenol stimulated adenylate cyclase

activity [202, 200, 203, 204]. Besides the Ca'*-ATPase, the

1

SR contains a proteolipid-WitB an apparent: molecular weight

of 12,000 [205] Its function As unknown. . Calsequestrin,. a

o C.’*—blndlng glycoproteln [206] has been shown to be present

in the heavy microsome fraction [207] In‘ view of 1its

a*,’-binding capacity, calsequestrin was suggested to

, parficipate in'théibinding of accumulated Ca"* within the SR

[207]. In addition to the above ment Yoned proteins, the SR

has been shown to -contain '5"high-affinity.:Caf‘-binding-

protein and. a glycoproteln [208]; Their functions'are
unknown. |

- LlpldS account for 45% of the total mass of lyoph1llzed
SR've51cfes. About 90% of the 11p1d fractlon is a‘ mlxture

of phospholipids. Phosphatidylchollne ac¢ounts for 50-70%

of - the phosphollplds.' The * remainder includeé

phosphatldylethanolamlne, sphlngomyelln, phosphatldylserlne,

and phosphatldy11n051tol - | Neutral lipids 1nclude'

fe- %

cholesterol, cholesterol esters, trlacylglycerols, and freen

: i

vfatty acids. There is a large body of evrdence show1ng-that

lipidé are of fundamental7 importance 1n malnta1n1ng the

function and-the structure of the 'Ca’* + Mg"—dependent‘

ATPase [209].

™.,
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Following the pioneerfng work. of-Ebashi and Lipmann,'
[210], it has beeh f1rmly establlshed that the ATPase of the
SR _can' use the chemlcal energy derlved from the hydroly51s
of ATP to build up .a Sransmembrane CaH concentratlon
gradient. .?or each'molecule of ATP hydrolysed, 2 Ca** are
.transported across the membrane [211 212]- The probable

- reaction sequence af Ca*? translocatlon has been descrlbed

& -

by de Meisvand;Vianna [213] Accordlng to the1r sequence,
interaction of 1 Ca** and 1 ATP w1th the enzyme is follpwed
by the phosphorylatlon of the enzyme, the transfer of Ca*"’
across the membrane, 'and its eventual release on 'the
internal membrane surface. A'Mg’*-dependent hydrolysis_ of
the phosphoenzyme releases inorganicb'phdsphate -on the
externai membranegsurface. The cycle 1s completed by the
isomerization of ‘the: enzymeuuj‘Thef process 1is rever51ble
‘[213, 214] and permlts the synth651s of 1 molecule of ATP
for each 2 Ca*’ released across the membrane Thus only one
molecule - of ATP is broken down for each 2 Ca*" transported
The rate of CaH uptake by SR probably accounts for the
| rate oflmuscle'relaxation. The physiological role of the
observed “reversal of the Ca** pump is less clear. While it
may 51gn1f1ca;tly contrlbute to the release of actlvatlng
Ca** durlng muscle contractlon, the speed of the actlvatlon
process prompts the con51derat10n of other mechams (gated

channel etc.) as well [215].
: )
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~the SR (T-SR eoupling), is still a matter of debate.

43

1.2.3 Exc1tat1on - Contractlon Coupling:

LIS

The contractlle activity of muscle is regulated by the

w

cytoplasmic -free' Ca** concentratlon [216], "In resting

fast-twitch skeletal muscle much of the intracellular Ca**

vis sequestered w1th1n the sarcoplasmlc reticulum and the

cytoplasmlc free Ca*" concentratlon is 1n the range of 1077
- 10-* M [217]. Contractlle actlvatlon in skeletal musctle
fibreslis'triggered by depolarlzatlon of the fibre surface
membrane. Depolarization spreads - inwardly along _the,
membranes of the t-tubules and triggers the release of Ca’"
from intrpcellular Storage'»sites, viz.,  the ‘terminal"
cisternae of“ the{ SR f218]; ‘the cytoplasmic Ca*’
concentration increases, -and Ca*" binding 'to_ troponin
initiates - the complex set 'of reactlons that lead to
actin-myosin interaction and shorten1ng as dlscussed in the
preceding text. The entire sequence of events, initiated by

electrical depolarization = of the“ plasma membrane and

/ . . R
culminating in mecHanical activation of the contractile

«

myofibrils within the membrane,, has . been . termed

'excitation-contraction coupllng by Sandow [219]. Althougn
a general consensus exists as regards the molecular basis of
most of the events in the excitation-contraction (E C)
coupling process, a vital link, Viz.,'the proeess‘whereby

depolarizationwof the t-tubule causes release of Ca** from
‘ _ , o
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Several theories attémpting to Tresolve this mystery
have been pu£ forward but the one that has withstood the
test of time is the 'trigger Ca** hypothesis' for E-C
‘coupling in skeletal muscle [220 - 2265? Accorging to this
hypoﬁheSié there are Ca*" bouﬁd to the intracellular surface
of the t-tubular membrane which are referred to as  the
'trigger' Ca*"*. Some of these '"trigger' >Ca" can be
released into the triadic junction by //aépolafization,
produced either by actioﬂ potentials or by some drugs (e.qg.,
acetylcholine). The ‘Ca** diffuse across the triadic
junctional sbace to the terminal cisternae of the SR where
they stimulatelthe release of much larger amounts of Ca**
inté the myoplasm. This raises thé free intracellular Ca**
concentration vsufficiently to spimulate the; Eontractile
-protéins and init}ate a mechanical response. The large
increase in'frée Cé;‘ concentration also réplenishgs‘ the

"triggegr’ Ca** stores and stimulates activé Ca pumps on the
SR.and on the surface membrane of the fibre. The latter
effects lead to a rapid restoration of the intrécellulaf‘
free Ca'* concentration to a low leyel.;hich.te;minates _the
response. | ‘

It also 1is postulated that there are superficial
binding sites on the luminal’of extracellular surface of the
t-tubular membranés which afe normally ~occupied by Ca**.
Occupation  6£ these extracellular 'sités by Ca*"tends.t§
stpéngthen. the bindiﬁb of tBeA 'trigger‘. Ca’;' to v the

<
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t-tubular membrane so that when the extracellular Ca®’
;oncentration is reduced, the binding strength is reduced
andv'more - 'trigger* Ca** is feléased‘ into :the tri§dic
junction ~ by an action po#ential and the twyféh is
potentiated! _Wheh the éxtfacelluiar Ca** concentration is
raised the reversé’happens. ?

Several ot?er hypotheticai coupling mechaﬁisms~_have
béen proposed to explain the ﬁLC cdupling procesd in
.skeletal muscle. ﬁost of these theories ascribe 'coupling'
rales’ to the junctional feet and particles that have been
observed by electron micfoscopy in the junctional gap of:
triads of -skeleta; muscle [227, 228]. One theory proposes
‘direct flow of ionic current between the . T énd SR lumina
through cbnducting pores in the iéef. Tubular’
‘ depolarization directly leads " to electfotonie spread of
poten;iai~ actoss the triad to the SR, where depolarization
can.aétivaté a'voltage*dependenﬁ Ca** pérmeability. So far,
the cléafest evidence ffbm several experimental approaches‘
has béen ébntrary to the existence of freeu communication
through“a pdre aéross thé triad [229, 218]. Hodgkin and
Huxley [230] proposed a 'pasic mechanism fof’ sé4§ing ‘énd}
responding to a change in membrane pogehtial. They
postulated -the existence of charged ‘or dipolar molecule;
that ,changed position or orientation within the membraﬁe as 
a ‘résult of changes in  the membrahg electric field.

Subsequentlj, charge -displacement currents, attributed to
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the movement of intramembrane charges were identified in
muscle [231].. This charge'. movement ~ was teﬁtatiVe%y“
associated with depolarization-contraction 'coupling, Tne
charged group in the t-tubule was pqstulated"-to be linked
meehanically to- a plug blocking one SR Ca‘“.chapnel, with xl
charge movement puliing the plug and unblocking the channel
-[232}. The similarity of number of charged groups detected
7ele¢tricaiiy‘ afd of "feet' Dbetween t—tubules _and SR
determined jby eiecfnon ,microscopf provided‘the basis for

e ' o o
assigning one T-SR link to each charged group [231].  One

,experi;ent‘ that seemed to provide rather strong evidence
that charge movement may not be inyoi;ed in»Ca“ release was
the finding that when a fibre is highly stretched, the
charge movement goes away, aithough‘Ca*‘ release seems to
remain [233]. | | |

Franz1n1 and Nunz1 [234] .have examlned ithe ‘jnnctional

/
feet of trlads in fish muscle and have presented ev1dence'
indicating an. actual cont1nu1ty between .the feet and
components of the ¢t- tubular and SR membranes. ‘Their more
detalled descrlptlon of the tr1ad1c junctlon does not answer
how the junction cperates. Cont1nu1ty between feet and the
two membranes does not exclude the possibility that. the only
function of the feet may be to provide a mechanical coupling
between the membranes. ' This‘-is needed to ma}ntain the_
. : . _

membranes at a fixed distance despite the distortions due to

shortening and widening of the fibre during contractions.
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a I1f the message passing,ffom the t-tubﬁles to the SR »dﬁring
| excitation is of ajchémical-nature, say 'trigger' Cs" [226]
then the maintenance of a uniform separation betﬁeen theg%wg
membranes .and thus a mechanical role of the feet, are
importént} Thus, Oota and Nagai [235] reported that-
:treating | frogfs ‘skéletal mussle W1tH) hypertonlc, urea
containing solutions'followed by return to normal Ringer' sh
‘solution “disrupted E-C couplingt without blocking the
openings of the t-tubules at the surface of the muscle
fibres. They astributed the- block of E-C c?uﬁling to an
increase in the width of the triadic‘ junction p;oduced by
the urea remsval treatment. .Theif findings and conclusions
"were confirmed and supported by Frank and Treffers [236]

Thus,; from the various hypotheses proposed to explain

the process of E-C coupllng in skeletal muscle, theh‘trigger

Ca** hypothesis' seems most plausible. On the basis of th15'>‘

hypothesis, several actlons of multlvalent catlonsm.{on

o

contractions or contractures could easily be explalned [222,

237]). This theory .haS' also received support

P

observation that Ca** applled to the cytoplasmlc SUgface of

the SR can induce a release of Ca*’ from the SR %.mder".z

appropriate conditions [238, -239]. Although,f “A
physiological. >51gn1f1cance éf this phenomenon has ﬂ@gn ;
questioned [240],- the most recent ev1dence appeag?} %o 3

support a physiological role for this effect [241, igﬁgﬂ;

‘The other mechanisms proposed for E-C coupling;
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incorporate several experimental observatijons (226, 243] and
v " 3 w ‘ ' I3 L3 +
therefore cannot be considered as more than 1interesting

speculations. ©

1.2.4 Roie of Acti%n*?otentiai in Muscle Contraction:

The action potential precedes the twitch by a definite
time interval (about 2 msec): It generates a ﬁrocess that
runs its 0co{.\rse during the latent period, and perhaps éLso
‘lafer, and then activates contéctidn. To evaluate the role
‘df the action potential in E-C coupling it would be

>necessary to determlne the quantitative "relation between

" membrane potentlal and tension output under -a variety of
"physiologiéal conditions, Dbut this cannot be directly

"established for the twitch in terms of the potentials

produced by the action potential itself sinceé  these

céntinuously and rapldly change w1th tig@. . Hodgkin and

| Horowicz [244] circumvented thlS propf&m by studying instead

aafpolarlzatlon 1nduced contractures in 51ngle fibres. of frog

Hskeletal muscle by abruptly ’exp051nq them to solutions

“icontaining increased concentrations of K*. Their results

indicated the following: a) Tension output begins to appear
only when the membrane js depolarized to-.a threshold value
of about -50 mV, i.e., to the mechanical threshold; b) As
the membrane is’depolarized beyond“the'mechanical_threshold,
the tension-potential relationship rises in a steeply

sloping S-shaped curve; and c) the tension:output'appears

¥
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to Jbe:‘maximal, i,e;;v‘saturated, at a membrane potential
'jafound‘—zo mv, : - ' _ |

f%andow and obcworkers [245] applied the abOVe re8ults o
to the problem of relatlng changes of membrane potentlal due
fto—\the actlon potentlal to productlon of mechanical change
However, in do1ng so they assumed that the actlon potentlal.’*

begomes icapable of produc1ng mechanical act1v1ty as soon as

it depolarizes the membrane to mechanical fthreshold ,and

’V‘that 1t cont;nues to be mechanlcally effectlve as long as it

'malntalns the membrane potentlal beyond threshold. The t;me,
,1nterval durlng whlch the. spike malntalns the membrane 2
beyond mechanlcal threshold wag termed the echanlcally
effective - perlod (MEP) They presented data'l presumed to
fdshow that th% action_poteﬁtial not only_e11C1ts ycontractlom
butk’glso —regulates the _detaiied- form.of the contractile
presponse.- The'results here obtained using 'variousr~agents
that 51mu1§aneously affected both the mechan1cally effectlve
}perlod of the ‘action- potentlal and bthe tw;tch mechanical’
output. ‘They 'concluded that the role " of the aotion
potentlal in E-C coupling is to swlng the membrane potential
beyond -the prevalllng mechanical threshold for the duration

‘of the. mechanlcally effectlée per1od and thus ,1n1t1ate"the
:sequence of coup. 1ng reactlons actlvatlng contractlon. They ¢
proposed that dur1ng ‘the - MEPv »the' action potenthal-

contlnuously develops the condition activating contraction

in' the myofllaments, and that this’ condition is more®

/\ . . | &
<
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effectlve in’ causxng contractlon the lover theiimechaniCalgﬂ

threshold “and the“ longer the actlon potentf’
Thus, accordlng to 'them an. enhanced tw1tcf:,h‘ ponse,,isaA
produced by an agent that decreases the mechanidal-threshold

.Y

(Type K agents, e.g., N03 , caffe1ne) and/or increases the
duratlon of the act1oh potentlal (Type B agents, e. g.,. nff,
Uoz':* by . o o R .‘_' ‘
| Although Sandow ‘andh-hisflco-vorkersb f?ésl strongly
ascn&be to the above theory, several other researchers have
| expressed doubts about ?ts val1d1ty Kao and Stanfleld
[246] studled the effects of several 1ons onjpthe electrlcf
propertles of the frqg Fartorlus muscle and its mechanlcal

threshold Thelr flndlngs 1nd1cated that there is no dlrect'
_ causal relatlon between Felayed rect1f1cat10n and mechanlcalvl r_~;
,,actlvatlon._ Mashlma anf Wash1o [247] observed that the

splke o duratlon ' an the : twitch | ‘tension increasedv
progre551vely with /progress1ve : increases“ TnA‘ Zn**
concentratlon'.up rtoJ an optlmal value (50 um), any further

1ncrease in Zn“ concentratlon caused a decrease in twltch

.. tension - even though the, = ‘spike duration cont1nued ,to /

d

increase. ThlS clearly showed that the two were unrelated /

',,

"A similar effect ‘was also observed by Sandow s group [248]
: but they argued that hlgh Zn** concentratlons (50 - 1000 um)
' ralse ‘the mechanlcal threshold of E-C coupllng and reduce
llthe 1ntrinsic strength of ‘the contractlle system and'
thereﬁore'the thtch tenS1on output gets émailer even thbugh‘

] .~'
B :



field; the postulated role of the actlona%btentlal dhration
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the splke duratlon 1ncreases. The basic assumption made by

£

Sandow S group in the use of K‘Qihduceg contraoture as a

model . for events occurrlng in an actlon potentlal induced

w

twitch, 1is that depolarlzat1on in both cas&s 1n1t1ates an

identical 'series. of events culmlnatlng in the respectlve

responses. But we now kn hat this 1sthotmtrue; tW1tches

“utilize membrane-bound Ca** whereas K*-contractures utlllze

extracellular Ca*"in'the manifestatioh of their respective
responses' [243]. Therefore the"meohanical thresholds ﬁor
depolarlzatlon contractures may not represent ‘the mechanical
thresholds for aCthn potentlals. Therefore it would be
1ncorrect to ascrlbe to the tw1tch deflnlte valhes of the
mechanlcal threshold derlyed from.contracture experlments.

Thus, in v1ew of the above mentloned dlscrepanc1es and
the incorréot"essumptions made by investigators'in this

S

. ~
or area in regulating the txitgh slze 15’suspe%ﬁ%

R
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‘ 2. STATEMENT OF THE PROBLEM.

The,.existence of OplOld receptors in the exc1table
membrane of frog's sieietal muscle.fibre,has been reported
by. severél fin?esigators (3, . 12, ‘13, 13]. pAlsq,it qas‘
vreported that meperldlne, an opioid agonlst potentiatesj
twitches rn the dlreQETy stimulated- frog sartorlus muscle:

[249]. 1In v1ew of the abOVe reports, it was of interest ‘to

- see if the two were related‘\JThe object'of this thesis was

'Qkherefore to investigate if oplolds, in general produce ‘a

tw1tch potenJZatlng effect im the frog's toe muscle and if
so, to 1nvestlgate the p0551ble4ﬂ 1nvolvement of.. a

.s;eafospec1f1c OplOld ,receptor‘ in the response, employing-

ﬂ,cla551ca1 organ bath technlques.b Another objective was to

nvestlgate ~ the ba51c mechanism runderlying the above

:'phenomenon of tw1tch potentlat;on by OplOIdS inf order to

1mprove our | understandlng of OplOld effectsk on- skeletal

muscle.

52
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3.1 MATERIALS:

3.1.1 Solut1ons.

- Rlnger s solutlon prepared in dlstllled/delonlzed ‘water

was used as the physiologic solution in all experiments.

£

~The . composition of the bicarbonate-buffered Ringer's:

solution (normal Ringer)‘was (in mM/liter): NaCl, 111.8;

KCL, - 2.47; CaCly, 1.08; NaHGO,, 2.38; NaH:PO., 0.087;

-«.v.v,‘iv -
v
R

. ,,
Y

dextrose‘1].1; and d-tubocuraﬁine 0 1 mg/ml. - Tubocurarine

was employed to ellmlnate p0551b1e neuromuscular effects.

The compos1t10n of the Ringer's solutlon was, at tlmes
eltered 'to suit the specific requirements of certa;n
experiments: 3 < | °

'~ The Ringer's solution for some experlments was prepared

without Na* or with a reduced’Na’ content and in e;ther

A

case choline chloride was substituted for NaCl in

‘appropriate émountsA "to maintain osmdlarity' (230

‘mosmol/Kg.)

- In exp%riments' involving the use of 'La‘**, normal

. Ringer's solution was not used as the physiologic

_bﬁffer‘ because rhe/ﬂbicarboﬁate and'_phosphate- ions
presenib‘ prec1p1tate wiﬁhm ‘the rriValent 'cation;
Therefore in such experiments, a Tris buffer was used
in rhe Ringer's solutlon. TheuTrls buffered'Ringer;s
solution (Tris FRinger) contalned .-2' mM/liter  of

Trls(hydroxymethyl) am1nomethog§§(Trls) HC1

plaee of
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NaHCO,; and NaH,PO, in the normal Ringer's solution.

7

In  experimentgm, requiring - the use of Ca''-free

-

,ioh{ CaCl, was omitted from the

Ringer#s (normal™ or Tris) solution and no attempt was

‘mAde to chelate or otherwise:exclude"Caf* present as

traceA-eontaminants of ‘the other 'substances in"the
solution. It was prev1ously réported that solutions"
epreﬁaredf in thls-~way contalned less than 10 % 173 X
10-¢ M ca** [250].

In experiments involving the use of a 25 mM Kf'

solution, the tequired amount of KCl was added to .the

Rlnger s solutlon wlthout reduc1ng other ions.

All solut1ons were prepared fresh for each experlment.

' The osmolarity of the solution was 230 mosmol/Kg and the pH -

-was adjusted between 7.2 and 7.4. ' -

3.1

.2 Drugs:

Drugs used in this study were:

(af(+)Mofphine hydrochiloride y 4v‘_May & Baker,

M1$s1ssauga, Ontario, Canada. S ‘

(b) Methadone hydrochloride - May & Baker,

v

Missijssauga,
Ontarlo,_Cagada.;

.-

(c) Codeine hydrbdﬁloride_T May, &

Baker, »Mississaﬁga,
Ontarlo, Canada.. hi;ﬁﬁ" o "”
(a) (+) Morphlne hydrochlorlde,‘ - Df. .K;e »C._':Rice,




/

f
/

t) \ | ‘ .

‘National Institutes of Health (NIH), U.S.A.
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(e) Fentanyl Cltrate ~ McNeil Labs

(£) Etorphlne hydrochlorlde -Reckltt & Colman ,
.(gP (-)Retazocine' - Sterling Wlnthrop
- (h) (r)§§§yl Ketazoéine‘ - Sterling Winthrop |

(i) Met-enkephalin =~ Peninsula Lab. Inc. or Sigma

A;;?Chemlcal Company S ]
‘ j)  Leu- enkephalin - Peninsula Lab. Inc. or Sigma

Chemical ‘Company
(k) Levorphanol tartrate -.Hoffman—LaRoche
(1) Dextrorphan tartrate-—bHoffman La Roche"
(m) Naloxone hydrochloride - Endo Labs. Inc.
(n) Quaternary naloxone‘ - Boehrlnger Engelhelm.
(o) Naltrexone hydrochloride - Endo Labs. Inc.
(p) Mr2096" - ﬁoehringef Engeiheim v
(g) Meperidine .hydrbchloride - Winthrop Labs, Inc.,
~ Aurora, Canada.
(r) Procalne hydrochlorlde ~ Matheson Coleman & Bell
(s) Hyoscine hydrobromlde - Penick Canada Ltd. Canada.
(t) Phenoxybenzamlne -~ Smith, Kline & French
“(u) Caffelne e Nutr1t1ona1‘ Blochemlcais Cdrpf,
. Cleveland, Ohio.v | | o
(v) A23187 - Sigma Chemical Co.; St. ‘Louis, Missouri.
l(w) D—600'hydr6chloride —.Knoll-AG,’LudwigShafen.

- e o o

‘(cont d) K. Ramabadran from the respectlve sources.
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Drug solutions were routinely prepared by dissolving

the required amount of the substance directly 1in "Ringer's

solution. Exceptions to the ‘'general procedure  were as
follows: |
- -~ Solutions of phehoxybénzam{né, (+)morphine,

(-)ketazocine, or (-)ethyl ketazocine were prepared by
initially diSsolving. a weiéhed quantiéy _ofﬂ” the .
substance in minimum_ quantity of concentrated . HCL®
solution.(<20 puL) and then diluﬁing with Rihger'é
solution. | .
- In the case of mgt—enkephalinkand leu-enkephalin, stock
| solutions of the compounds (0.5 mg/3 Mi and 5 mg/3' Ml}i
resﬁectivelY% were ' initially prepared in distilled
water and stored in a frozen conditionm "Whénever
required; thel stqcks were thawed, éampiés‘rem@véd and
- appropriately diluted with Ringer's‘soiution.y
- Caffeiné, solution was prepared by dissolving ;he
fequisite émountv of fthe; substance in wafm Ringer's
solution. '
- xThe‘ionophore,"A23187, was prepared by making ‘stock
’.solutions  of the substance in bmethyl alcohol. The

stock solution was stored at -5°C in a bottle wrapped
. , S

~with aluminum foil (to protect -the contents ‘fﬁ@@é
. ) } N ,J:ix.g 3“ .
light). The drug solution was appropriately _dila@;d

52

_with Ringer's solution and used whenever necessary.

i
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All other drug solutions were prepared fresh in
Rigger's solution and in all cases the pH was adjusted

between 7.2 and 7.4.

3.1.3 Isotope, Tissue Splubilizef and niquid Scintillation

Fluid: | | |

The isotope of Ca*‘. used was «ica obtained from New
England‘Nucléar,Canada Ltd. as the chlorides

/ The 5ciﬁtillati6h £luid used to ﬁeasure B-emission from

+3ca was ACS, a commercial xylene—surfaétant based aqueous
counting scintillant from Amersham. |

The tissue solubilizer wused was NCS, a chmercial

/
\ i
product consisting of a quaternary ammonium base in toluene,

from Amersham.
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" 3.2 METHODS:

3.2.1 Tension Studies:

3

3.2.1.1 Muscle Preparation:

‘The ;xtensor longus digiti IV (t?e) muscles of the

frdg Rané pipiens were used in éliﬂﬁexpefiments
involving tension studies. Each frog was deéapitated

*, and piﬁhed and ‘the musclé dissected and removed. After
removal, thé muscle. with each bf its tendons tied tg' a
1silk'thread was placed»in a glass petri‘dish;containing
the appropriate physiological solution. The éilk
threads were then yrapped'arOUnd two plastic pegs which
were stuck to the inner surfaci of the dish close 'fov
its circumferencé and at diametrically Spposite ends.
This helped in positioning the muscle in the peﬁri dish
and.facilitated further dissection. Care was takén not
to stretch the muscle excessively. With the aid of a
dissection'micro§bope (Wild-Heerbrugg, Switzerland) the
muscle was freed from connective tissue and fasgial
membranes. All muscles were allowed fo equilibrate for
a period of 40-60 min following dissection in the

physiologic . solution before an experiment was

commenced. \\?C-
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3.2.1.2 Muscle Chamber: o

The muscle chambers used for tension reeordings
were constructed from gless or plastic’ barrels"qf
syringes' of 3‘or 5 ml capacities. The toe muscie wes
mounted vertically in the chatiber’ between a glass -hook
and a strain guage. ‘The prox1mal end of the musgle was
secured to the glass hook near the bottom of the ' bath
'and the distal end was 'attached to the arm of the
straln guage p051t10ned above the bath, by means of the
silk threads. The positkon of the strain guage was
" adjusted using a micromanipulator. This was done in a
mannef so that an optimum-twitch was.obtained_and that
the slack in the muscle was taken ub but no significant
‘load tension (<100 mg) was applied. " The physiologieal
solution bathing the muscle was continuously bubbled
- w1th a‘ gas mixture of 99.5% 0, and 0.5% COz. The
solutlon in the chamber was changed by dralnlng at the

bottom and by 1ntroduc1ng fresh solution at the top.

|
3.2.1.3 Stimulation parameters:

The toe muscles were stimulated by means of two
ring electrodes of platinum situated'near the top vand
bottom of the 'solution in the muscle Ehamber. For
51ngle tw1tches, pulses of 0.5 msec duratlon were used
once _every -+ 30 sec. For summated responses the number

of pulges and the pulse intervals were varied between 2



and 10, and 0.5 and 100 msec respectively. For teté%ié
stimulation, the stimulus frequency was increased in
" steps of 10 Hz from a starting value of 10 Hz until a

fused»_tetanusvwas obtained. 1In most cases a frequency

of 60 Hz was adequate to produce a maximal tetanus. ..

Generally, a 5-10 sec train of pulses was used at the
appropriate fredugncy to obtain the haxima; tetanic:
response. In. all cases pulses of 0.5 msec duration and

of supramaximal strength (voltage) were used.

3.2.1.4 Tension Recording:

Tension was recorded by means of pixie transducers
(Endevco  Model 8121A) in a wheatstone bridge
cdnfiguration; The rate of change of _tension during
the tWitch‘;yas .determined in some expériments by
electrical differentiation. This was _achieVed | by
ihtroducing a capacitance (0.005 microfarads) into the.
, output~of the fDC' amplifierl The ‘output' fr¢m' the
transdu¢er ‘and - its first"differential (Fig. 3) weré
recorded using séparate channels of a Gould i(Brush)ﬁ
?200 pressurized_ ink recorder. Calibration of the
differential sighal was achieved by determining the’
slopéi §f the 'tangeﬁl drawﬁ through th#t point on the .
tSnsioﬁ tféCe where thé rate of change is maximaly this
~ point Dbeing the point of\intersection on the tensién

recording of a line drawn vertically through the peak

e
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A typical,récordihg of a

1st differential

maximal.

‘twitch tension (upper -
(ap/dt) oW
P, peak twitch tension; D,, -maximal value of

(lower -

rate of rise); D2, minimal

of

r

fall);

T,



~ of the differential recording.
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‘:3 2.1.5 Gener*al Exper'lmental Protocols. }

'uThe toe 'muscles _were exc1sed _»mounted and d]
'»st1mulated (once every 30 sec) as described above. If
the "helght of cheg,control' tw1tches remalned steady<
for 30 min, the'tissue‘was-ch51dered‘su1table .for an
rexperlment. J p:_ ‘7'-.’ ' R e :»;* o

In some. experlments the effects oil-oplolds were‘_v
;Sfudled the» responses ~to. closely spaced mult1ple
_ electr1cal stlmull. The toe muscles were sub]ected bto

‘tralns of closely spaced electrlcal pulses' each train

) of stlmulus compr151ng of 2 3, 5, 7 or 10 pulses. 'The-

1nﬂer pulse tlme 1nterva1 (pulse 1nterval) in each of

these tralns was 1ncreased from 0 5 msec to ‘5 "max1mum
l'of :1b0 msec and- from thJ numerous responses recorded
jthe optlmally summated and .completely »fused fresponse
,(maxlmally_v .summated response) ‘was 'idencified;'
'dGenerally, under drug;free cond1t1ons;,a pulse intervalz
nof 3-6 msec was effectlve in produc1ng such a- maxzmally

:summated response. The reSponses thus 'obtalned ‘under’

control' ,andv ‘under 'test' ‘conditions were “then

,compared. Often,'if»was.not possfble'to "identifyjrtheM

_max1mally summated response 'by‘eXamining the tension

\

o recordlngs alone. In such{cases, the 1st dlfferentlal

:rof ‘the tenszon prof1le, recorded 51mu1taneously, served

W - U . . L .
T ) : _ B . ; <

i At LEVA




differential_traces with a smaller maximum rate of ;1se ""

‘(D;) and were often characterlzed by notches alongw““

summated response even. though 1ts amplltude mlght have

AT . 64

. . . . ,r. - ' o o ) ]
as a sensitiVe 1nd1catbr of completely fused responses

(Fig. 4). The ‘response hav1ng the largest max1mal rate,

of rise: and with the largest ampllthde was con51dered

as maximally "summated. Summated vresponsesb‘obtalned.

with - pulse' intervals 'slightly greater than,'that.

required for the maxlmally lsummated response showed

their paths. Such responses were: therefore con51dered

. unfused and none of them was labelled as. the axlmally

been.greater than that of the“ des1gnated maximally
summated response.
The crﬁterla descrlbed above vere satlsfactory 2?

a1d1ng in the hde“ntlfl t onf%;f the maxlm Ay summated o
@i X

fresponse t0‘tra1ns of e1th§? 2 or 3 pulses but for

e trains w1th a larger number’offpulses they had to be.

extended somewhat | With trains'of 5, 7 er 10 ”pulses

and w1th 1ncreas1ng pulse intervals there was a S

tran51t10n of the- ‘muscle response from the ,maximally

-

summated,response 1nto an unfused tetanus (Flg. 5). .In

-

 this transitionvregion,it'was not always possible’ to

was' used in addition to the tension trace to identify = w .. -

the maximally summated response under these conditions;

PRSIV P . S Voo . . ]

‘distinguish the former from the latter using the . 3

‘tension recording alone. Again the differential trace ° ¢ .
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. The . response hav1ng the differential trac1ng with ‘the'

largest .rlslngw,phase followed closely by the falllng
phase;and also having the hlghest tenglon profile was
-considered to .be maximally summated ~§hereas a
differential tracing with a shaller max1mum and/qr a

delayed falling phase indicated transition " into an

unfused'tetanic\;response- (Fig. 5).  Generally such

'-differential tracings  also showedlmsma\,'blateaus at

A

their vks @.and/oe” ’notches along" their = paths

relteratfhg the unfused q&ture of ‘the responses.
The other' characterlsghcs - of the. max1mally

- summated responses that wef§ 'examlned fd% opioid

effects include 'the mamlmum rates @ rhse/fall of -

-ty : 5“

'tension  and the times to reach peak tension. ﬁ&h

¥

values of these parameters .were obta1ned from the

_‘asseciated differential'traCes, The helghts of the +ve

(D1) and ‘the -ve (D2) peaks of the differentlal ‘trace

from vthe' or1g1na1 restlng 1evel wvere’ measures of the

maxlmum rates of rlse and fall ogrten51on respectlvely,

and the time to peak tens1on (T) was measured from the‘

- _
" start of the response to the time on - the dlfferentlal

trace where the rate of change of. ten51on 1s zero (Fig.

3.). : ” ‘:, N ’ ‘.

In other expefiQERts' the effects of various

opioids on muscle contraction were:-. 1nvestlgated using

twitches"eVoked once every 30}sngby single pulses,of

EE
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duration 0.5 msee' ahd of supramaximal strength, A
concentration- effect curve ._fdr each . opioidﬂ _wés
determlned b;) adding 1ncrea31ng concentrat1ons of the
compound and noting fﬁﬁﬁamgxlmum respdnse for each

concentrat;on.; Routlnel? drugs were applled to the

organ baths COntalnang fhe muscle until the

response
plateaued, at about 10—?% min\intervals.~ Th i 5 S

flushed 3 to 4 téues in between drug a..

Ringerls solution. Thus .in all thesd#y

. cumulative doses were

%euplb;ed“ﬁ
_application. of each'dr’ juration was preceded by
a new control »l A o |
ﬁ'  For drug antagonism studles, two ot ‘more 'control'
| tesponses of the muscle to the agonlst were initially
obta1ned | The R1nger S solutlon contaénlng the agonzst
‘was.then removed from the bath by ar®ining and it ‘wes
replaced with fresh (drug free) R1ng§i s solution. The‘h
muscle was repeatedly flushedgkonce every 3 -4 min) with - ‘
fresh Riﬁger's ‘solution until the drug effects were- .
revZ??seg IThe muscle-responses to electr1ca1
“stlmulat1on were then fecorded ih the preSence of the
antagonlst whlch wasVallowed to remaln in the bath for
a’ specific perlod %ﬁ} t1me 0\9 45-min). F1nally, the
aéohlstvwas 'éided ando the tw1tch-re5ponses pof the
, B "

musc le Wereylrecorded in the presence: of a comblnatlon e

he 14

- of the agonist and‘antagonxst.



69

Finally; for stdeing opioid—effects on K’~induc;d“g

L contrectures} _two or .more control ‘responses of them{b
»muscle to a hlgh K* Rlnger s solutlon ([R]o=25 mM) were
initially obtained; Each of the exposure perlods to
the above solution was kept short viz.,. 30‘— 45 sec bso
‘ -as to m1n1m1ze muscle swelllgg by any electrolytlc

imbalance. A minimum trme-perlod of 15 min was allowed

‘ © ]
gl

Y
'between consecutlve testlngs to enable full recovery of .
" the muscle from the hlgh—K‘ effects. The\ ﬁesponse of
the %§R§CIe to elevated K* was next’ ?Kcorded 1nethe
w : A - 3 :
presence of the op101d and it was cdmpa ed @1th the
controlf,responses obtained earlier,
“ . o . v ! \J.
3 2.1.6 Analysrs g@,
: ) - & ) o %
. N Measmrements vére ~taken from the recdrdingsvmade
on-chart paper: 'Results were. routlnely expressed as a
* ' L - ! X .
" ’Ff -~ percentage of the ' control! (100%)wresponse.h In some;_,

cases quantitative data have béen presented fc’:r'.angQ :

_»individuai representative‘ experiment evén though the
,experlment itself had begp performed more than once.

This was done w1th the 1ntent10n of 1llustrat1ng the

. general trend observed in such experiments.

Student s t test or ANOVA followed by Newman- Keuls

multiple  range. ‘test « was ‘psed for evaluation- of

%

. gnfdiiferences between 'control' and 'test' values. &The
e . . - T St

difference between groups was iconsidered 'significant
e ) . ‘ ' N
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'when p < 0.05.
fBr- statlstlcal comparison of a- percent change 1ny

a twitch tension with 1ts control, the t &alue wWas

calculated using an expected velue"(ﬂ) of 100%.

One- talled t-tests [251] were. used in those eases'
w .
'whereln we VWere 1nterested in test1ng the statlstlcal‘

‘»51gn1f1cance of only the observed tﬂ1tch potent1at1on

ﬁn? those aées‘where no multlple comparlsons were made

w1th a 51ngle control two- talled t- tests were %carrled

A}

out’ for each pa1r of drug comblnatlons., For mult@pie .

0.

comparisons with a 51ngle aipntrol an analysis of

variance (ANOVA) was carried out. 1If a.significant F

‘resulted from the ANOVA, then the Newman - Keuls

multiple range test” was -applied _to‘determine where

significant differences existed between the‘means.

By .

i "
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3.2.2 Eieptrophysiological Studies:

E#perimente wete performed at room temperature (20°C)
with the‘sartorius mpscie isolated from -the leopard frog,
Rana . pibiens. The iexperlmental procedures used in this

study have been descglbed previously [252, 12, 141].
: ' .&r” o : :

3.2. 2 1 Muscle’pq;paratlon

“‘yct

The sartorius muscle along with a portion of the

5 Pty
%leQC glrdlepcontalnAQg the proxlmal attachment of the

h:’v. A
muscle was - carefully dlssected and removed from a

&

Aﬁyplthed frog. The muscle was then

decapitated

placed in a. dlssectlng dlsh and, with the aid of a
K ')‘&
v?rssect;on mlcroscope, was freed from connectlve tissue

and fasc1al membranes. The whole muscle was mounted

*

horlzontally 1n/f§ lucite bath contaihing Ringer's

solution in sueh»a‘&ay that the deeppysunfaée of the
‘mnscle lay~ uppermost; L'This-was important, since the
superf1c1al spéface"ﬁb~ covered with.a layer of
connectlve ’tiesue thch hinéere the pinsertion of

'm1c§oe1ectrodes [253] ‘ For finalsmounting, the muscle

b

was stretched - approximately 10% of slack lepgth over .

two glads posts and theh. firmiy vpinned down in :the

,bath.‘ The -  stretch prevented’ damage . to the

4
micrdelectrbde'tips”fand 'the  myofibre membrane ~upon
’ N ‘v..\‘" ‘
movement of the muscle ‘and also minimized movement

artifacts. .The bath was 111ﬁminated' frpm . below and

LN

»

(R
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v1ewedw from above ‘with a b1nocqﬂar dissecting
mlcroscope (Wlld Heerbrugg, Swltzerland)
Some of the frog muscles were found to be infected
wlﬁg'larvae of nematodes and trematodes._‘Muscles found
‘ ) ,

e heav1ly 1nfected were ' dlscarded, whereas those

that were relatively less ;nfected were used after

removing the v1s1b1e parasxtes and the proliferating

connective tlssue layer around them [254].

3.2.2.2 Stimulation and _peconqipg system:
A small proportion of the muscle fibres were

stimulated by - %an extracellular bipolar,

platlnum—fllled ‘pore electrode (t1p dlameter = 0.4 mm)

po

placed on the surface of the muscle 5-10 mm " from ‘the

recording ‘electrode. In most instances the musc le

fibres were stimulated initially by 0.5 ms '§ihgle

pulses of 0.3 vf‘ 0.5 V delivered through a stimulus

,1solator unit (WP Instruments, ‘model 305 B). The

electrically stimulated ‘céuld be

. 8
identified " their movement in response to  the
stimulus. The recording microelectrode was then

lowered into one of.tgose.fibres_ for the purpose of

recording the various electrical parameters of the
myofibre. Conventlonal glass caplllary mlcroelectrodes

fllled with . 3 M KGl and having external tip dlameters

less than 0 S u and re51stances between 10 and 40 M ohm

[

‘\

L 4
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were used as intracellular recording - electrodes. A

broad-band eiectrometer (WP instruments, Model M-4) was
used to measure membrane potentiale.' The negative
'capaoafy feature ofzthis instrpment was useful for the
compensation of strey input capacitance. The X1 or X35
outpot of the electrometer was connected to .an

oscilloscope (Tektronix, Type 565, or Nicolet '3091).

The reference electrode consisted of a chlorided ‘silver -

wire, £8fmed into-a spir$l; and placed in the solution

o

- bathing the muscle.

e\ ‘The resting membrane potential and the action

potential were recorded using two oscillos ms.
. :_Q o < L4
The rate of change of the membrane potential an
S ¢ ) Lg? . "
d’ b

action - potential -~ was determined by electrical

differentiation. This was achieved by introducing a

capacitance (20 picofarads) connecting the inputs to.

‘the two DC amplifiers on the oscilloscope. This
oifferentiation circuit had. a .time constant of
approximately 20 uSec: and prov%éed an output voltage
p:opbrtional to the rate of change of inpuﬁ [255];
vCalibrétion was achieved by introducing a saw-tooth
wave into tge input of the differentiating circuit.
Measurementsﬁ were taken from enlargeo' photographic
records of the oscillosoope treces. : |

* Some of the later experiments were performed using

a digital oscilloscope (Nicolet 3091). 1In these cases,

%

»
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the experimental procedﬁte'was the same except for the s
! 1

computerlsed proce551ng of the data. The 1ayout of the_

is

. R 3

Shown in Fig. 6.v The traces of the actiog//ﬁgtential

~and its flrst differential (Fig. 7) were stored in the’
. ~

memOry of the digital osc1l£/86bpe and then were

transmitted immedlately to m1cro-computer (Kaypro II)

which determined an printed ‘the values , of _the

parameters of _interest, viz., the resting membrane
otential,,
p .V// | »
the action potential at any -pre-defined level of

the action potential amplitude, duration of

ﬁgmbtane potentjal; andAthe @aximal rate of fris%
fall of the action poteﬁt&al |

With either recordlng osc1lloscope the détéEKwere
typed into another mlcrocomputer (Hewlett Packard 9816)

'WhICh processed it by performlng statlstlcallj

1

!
eValuat1ons and by plottlng the results on paper u51ng

a plotter (Hewlett Packard 7470 A). Traces “Erom the -
dtgltal rosc1lloscope after D-to A eonversion'were'
periodically copied onte paper using an X-Y chart

recorder (Hewlett Packard 7015 B).

3.2.2.3 Recordingﬂe\lectnodes: R ST e

‘Recording electrodes were made from,open-ended—\\
glass capillaries (Flsher Sc1ent1f1c Co.) hav1ng 1.5 ‘Jf“¥%?ﬂg§
2 mm qut51de dlametef.‘ﬁThe m1croelectrodes were d;awn% |

/



75

. } PRINTER |

Stim.
Isolator| |

' : “Source - —

>w

, o .;Flgure 6. Dxagrammatlc 1llustrat10n of the assembly used -
e wee o, o fer intracellular measurements. - 4 ~

P ) Y ST SR T
A ‘K’ , "k «" oo
.2 B LIRS * . P AN
oy & ,
'
\
. .
‘ {'\‘.“: 1,;
oot




- | / |
e 7. ' Typical recordings of t ac‘uio_ng&ot;entlja‘l and |

A, -‘éigur

>

14

its

first

.muscle.

. .16

o T

R
HcpiOUngieqﬁ4§l

<

. /\;_\..‘_».—/“'

~derivative (dv/dt) Erom/%hqﬂfrogﬂs.s rtorius
| ' R4 R

P o




. ". o *»é T | . p? ‘.l‘
- . o . el SR Lo
T N o - 77
hy a glass' micrgelectrdde~ puller' (PN-3 “ Narlshlge
-sclent1f1c 'Iﬁstrument - Lab. ‘fttd., Japan) These
m1croelectredes‘were then moﬁhted on m1crosc0pe slldes
with a rubbé@ band wrapped arcund them and placed in a,.
coplan sta1n1ng dlsh wrth thelr‘ tlpS‘ downward The
'coplln dlsh was then fllled w1th methanol and placed in
;a vacuum de551cator.‘ The methanol was allowed to b01l
{‘fdr.uabput' 5’ mln hy 'reduc1ng the pressure in the
:dessicatbr; , Wlth thlS procedure,l almost ‘all ' the_'
o electrgdes‘fwere 'completely fllled with methanol _The
slides‘ with the electrodes were then transferred
success1vely into two cbplfn' dishes each contalnlng
dlStllled water and they were left 1n each dish for 4 -
5 hrs. F1nally,_the electrodes_were placed in 3 M KCT
SOlUthﬂ and left-there‘ cvernight ’bEfore fuse.‘j Only
,m1croelectrodes hav1ng re51stances of about 10-40 M ohm
were usedt F« SOlld _state‘ volt oh@ microamp meter’
,(Danaueter;‘ Dana ‘Lab. f rnc;, Irv1ne, Califcrnla) was

. used to measure the re51stance of the m1croelectrodes

3.2.2.4 General Experlmental Protocols ‘_r' o -\\f

' Electrlcal events vere recorded from (usually) 6-8
surface' fibres over short t1me perlods (about .2 .min
overall).‘k.Control recordings were taken .after anf
equilibratron,_period of §60 minr,ﬁThe tissuevbathing

medium ,(Ringer's solution, pH 7.2 - 7.4) was replaced



-

withsigesh solution , once ‘every 15
R . R \

;‘equlllbratlon period, = After ‘the ™ !

\"

. o L
. .\ S
t . )
y ‘

mi

4

were obtalned the tissues were exposed

- dissolved in Ringer's solution apd 't
‘electrjcal‘4e)%hts”‘werev obta1ned at f
‘;interwals; vi_., 3 - 5,“8 - .10, 18/- 20 a

.following’ exposure\\to the ddu

. : .
obtained constituted respectlv ly the r

5, 10, 20 and B&mln 'tests de'crlbe‘d in

Section. ‘ Slnce these i, tracéﬂlul

experlments were performed to study chang
'

explaln the twitch- potentlatlng effect of

has a. rap1d onset ~Qf actlon ?%$" 30 sec) ~and ‘which,

develops fully w1th1n\ 5-10 ‘min of drug
drug effects on the restlng and actlon po
studled for only 30 m1n after drug add1t1

‘ The. opioids tested for thelr ef

+

“electrical propertles of the frog skeleta

-

COn
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ty

n during the
trol'ireadings

3 ;yhe drug

I

racés the
requent‘ time'
nd: 28 - 30 min d

‘the readlngs'

esults for the"

the Results

ar. .recording

es that might‘

op1o1

exposure, the

tentlals were

on

fects‘,on the

l muscle fibre

were dextrorphan (10-% - 3 X 10"M),‘etorph1ne (10

10-°M), ~naloxone 010“"-'10"M) and me

107 M) .. The OplOldS were tested in conce

thadone (3.2 X

ntrations that

produced dlscernable tWItCh potent1at10ns in the frog

toe muscle._ Etorphlne,_a; potent op101d

lacklng ,the

tw1tch potent1at1ng ab111ty was also tested in order to

iy

5

dellneate " 'common opioid. effects on -th~,'electr1cal

x\\properties’.of the muscle’flbre'membranevunrelated to



-

¢ g the tw1tch potentlatlng effect.
f For "drug anta60n1sm . studles' the eleetrical
responses of ’ther.muscle str1ps wereinECorded at the

start of the experiment and foliowing drug exposure ‘as’

K . \ ) L .
,\ ‘described earlier.l The drug was‘then removed from the
chamber and the: musclg‘was repeatedly washed w1th fresh.

v Rlnger S solutlon once every 10-15.min unt11 the muscle

-

rbcovered f;zm ‘the drug effects as eyadenced by the

:reversal of “the drug effects on the electrical

S . - L

parameters of the: muscle. Next/, . . the antagonist/
.

- P dlssolved 1n Rlnger s’ solutlon was left in- contact w1th

-the muscle for a fixed perlod of tlme (up to 40 m1n) at
P

'\“' the end . of whlch the electrlcal responses of the muscle
were once aga;n recorded. Flnally, the tlssue was 1eft
\;in ,contact_ wrth; a- comblnationiof thé ‘agonist and the
»"santagonist in Ringer 5 SOlUthﬂ "and the electrical

A | | »1i;events, vere recor&ﬁd for the next 30 min as descrlbed"_

"

‘earlief.. Methadone (3v2 x “10-* M) was the only opioid' -

agoniSt' whose 'effects- were_ bested for antagonlsm by
AR R Y

high-Ca‘;vRinger's solution‘([Ca]o ='8?54 or 10.Q8,mM).

3. 2 2.5 Analys:s.

R The\effect of any glven concentrat1on of an OplOld

S~

on actlon potentlal ‘product1on"was ,evaluated by

— . determlnlng the mean values of - the maximum’ rates of
rise (dv/dt) ?

B

of predrug control) as a function of

r



.“ h . :
| Cie 80
time. - To evafuate'fthe effect of an poplo;d “on

rect1f1catlon of the actlon potentlal the max1mum rate
. ". A \
of . fall was s1m1larly determlned as a funct1on o{ t1me

f'Slnce the maxlmum rate of rlse of the actlon potentlalj_

’fs 'proportronal to the pos1t1ve current enterlng ther
‘muscle. f1ber durlng the rlsmng phase of ‘the» action
potentlal,hthls parameter estlmates thetfundt1on of the:7

Na® conductance . processes. S1m11arly, 51nce ’the~f

maximum "rate Of - fall ,of' the"actlon_ potentlal ~Lsf7}"n

'proportlonal to the p051t1ve current leav1ng the muscleﬂ

flber' durlng the falllng phase of the actlon potentlal;;:

thlS parameter can be used to estlmate the functlon of
the pota551um conductance processes [255 230]
To evaluate oplold—effects on the currentl flowing

through 'e‘ cell dur1ng~ an‘ actlon potentlal “the'

duratlon of the actlon potentlal (measured at -40mV an _h

arb1trar11y chosen value) was determlned as a functlonw,‘r'

of ‘time. Prolongatlon of ‘the duratlon _oﬁv.ther action -

i
¢

potentxal B has / ‘been . suggested - to - produce f?an"

1nten51f1catlon and prolongatlon of the actave state of.s
‘the muscle [256] |

Student s t- test or ANOVA followed by Newman Keuls
':mult;ple fr,an.ge_w test was_,used for: evaluatlon of
ditferences BEtweén the 'control' andr"test' values.A
hpThe . difference ‘between ggpups was‘ con51dered

kpSignificant°wh§n p < 0.05. For multiple“»compar;sons"
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Coe ‘.\\

w1th a 51ngle control annANOVA.(analysis of KVariance)‘g,

'was‘“carrled out. If a 51gn1f1cant F resulted from the

nANOVA then the Newman Keul s multiple range “est' %Fs

yﬂapplned to determ1ne where s1gn1£1cant dlfferences
b--exlsted between the means.A g - 'g.,’ S (T

A

|
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o 34,203 Radibisotopic Studies: o
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3 2 3 1. 456a Desatupatron Studres.-

N - R

o - nvestlgate ‘the’ ,effects of op1oids' On'“the-surfac
i ‘ ' N

membrane bound Ca" of frog S. skeletal muscle f1bres.

oo . . S
o MUsclé'PnepaPationi S : L
" . C B 4
. . - Lo e

All experlments in this” study -were . performed

: e .{..'J ) - |
.‘>-y3\' S w1th Bextensor\\~l/néus dlg1t1 IV (toe) muscles

o Hﬂﬂﬂf#,,_ise%atea' at ‘room temp€rature from frogs (Rana

plplens) . The muscles ‘were dlssected very carefully

-

W“:‘ and placed ”ﬂin, petr1 , d1shes containing vthe

. Co. ) i

LT approprlate phy51oloq1c ' buffer (blcarbonate or

' Tr1s buffered Rlnggr s 'solutlon) " with -or w1thout

CaClz; All muscles were allowed to equ1l1brate for

at least "1 hr folﬂgwlng dissection: in &
. . 'nén- radloactlve phys1ologlca1 solution -before an
experlment was commenced ‘
y

In 4all ' experiments Both toe ‘muscles; one from

@ach foot of an individual frog, were used with one

{ '+ toe muscle serving as{ ,the :control; These

v . Section oh»'Results' (Ch. 4.3.3.8).

.
- - a

"Ca\ desaturatlon stud1es were :.qqnducted. to "’

constituted the muscie pairs'vreferred.'to in the



luse of ‘3Ca whlch was; £¢¢j;‘ e

‘the preparation dur1ﬁ“

Experini‘ental Set Up: ) ‘ - | E e

® .

Brlefly, the exper1menv,

5 hr) The preparatlon was hekf transferred~to a

PR
tracer free medlum which' would resrlt in a net

efflux of the tracer. Th1$ medium was assayed for

- s

-

the radioactivity released from the ' muscles at

different times by transferring the preparation

successively to different vessels containing the

medium every 1 or 5 min and then measuring the

2q f « s . -
radiocactivity in each vessel.

The toe muscle of the frog contains about 20-50

S . _ .9
muscle fibres and in the ‘resting state has a length

of about 1 5 - 2.0 cm and a max1mum diameter of 0.5

- 1.0Amm._ Slnce tb@s muscle is very llght (weight

<1.5 mg) it tends to float;on the surface of any

phys@ologic buffer oniwhich’it might be placed. - To

%

~ensure  optimal efflux from the tissue it is

necessary\ro have iz totaliyhimmersed in the effqu
medium. To facilitate rapid transfer of the tissue
from one efflux beaker .o another and to ensure
prompt ;and 'complete immersfon ef the light toe
muscle in the effluX solution a modification in' the
stahdard efflux techniqhe "[257, 258] was devised.

The modified, experimental 'setup consisted of the

3
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s following “*components: . -tissue hook, . tissue
| 3 _ . '
transporter, efflux - - contalners and . an
. ¢ N
electromagnetlc device (Flg 8) _ s

v

fhe tissue hookslw;re mgoe from minute 1hsect
pins hav1ng a dlameter of O. 15 mm and a Jength of 10

mm. The sharp end of the pin was bent to form a 'V'

K rlng. New tissue hooks were used

-

experiment and were disposed off at the end\ of the

. !

rexperiment. The tissue transporter con51sted of a
\;rectangular-Block of perspex (e x 3 x 0.25 _ch'
T prov1ded with ~a handle. Oon eiiher side ofvthe
| handle and at a dlstance of 1 cm fron it were two

holes (0.1 cm 0.D.) through each of which passed a
. Steel rod. The lower,portion of each rod was ben&

to form a 'U' shaped hook. The vertical\position of
each'of;the rods could .be adjusted, manually usiné_
 set screws. The efflux - was carried out in
disposeble poiystyrene lnicrobeakers of 5 ml:Q\
capacity. ~ Rows of beakers  were piaced in a
horizontal rack with }sufficient clearance at the
bottom‘ to accommodate en elettronagnet.between the
.beaker and the work table. _The electromagnetic
dev1ce comprlsed of an electromagnet (6 V) connected )

to an approprlate power supply The electromagnet

‘could be p051t10ned beneath any one of the efflux



E lectrémagnet _v | \

A . = : , \

Figure 8. A d1agrammat1c sketch of the apparatus used in
“+3Ca efflux studies. The plastic tissue transporter\
(dotted fill) had a handle. at the top, and two set
screws for adjusting the position of the two large
hooks. The fine - steel tissue hooks attached to each
end of a toe muscle ‘were placed on thése larger hooks
as shown. Al%o illustrated is an efflux beaker with
the toe muscle submerged in the efflux fluid and the
position of the electromagnet below the efflux beaker.

v’

s 7
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nybeakebs \$nd ‘could be actlvated by touchlng a SWltCh

' b

,on the ﬁbwer supply. R I

b | ' ‘ s .

o effegt ‘?Ca efflux, the tassue tranSporter

beaker as shown 1n Fig. 8. Care was taken to" sée

o

B

did not touch the eﬁﬁlux solutlon. To overcome~‘tbe
of the efflux solutlon in . tb beaker, gt, was
nécessary to draw- tbé t1§sue hooks towards tﬁb

bottom of the efflux beaker " thereby ensurlng the

/
LY

completen immersion of the tissue in ‘the efflux

_ fluid. ~This was achieved - by ; activating  the

electromagnet vjust »prior to the movement of the

tissue into the efflux beaker thereby aligning the

minute tissue hooks in the downward d1rect1on. Thie

resulted in a smooﬁp 1mmer51on of the toe muscle in

the efflux medium. The magnet was .then 1mmed1ately
1nact1vated and pos1t10ned beneafh the next efflux

beake;.‘

General Exper imental Protccols.

Following ' the 1ncubat1on in the nonradloactlve

phy51ologlcal solutlon, the muscles were 1ncubated'

for a fixed period of time (0 5 - 5 hr) with the

12

:(carry&ng'the radlqaétavely labelled musg}e) was S
placed on thef~rack over the collar of the éiﬁluﬂ'*

that the large steel hooks of the tlssue tcansporterf,

tendency of the toesmuscle to gloat on the surface



&

* min or 5 m1n).

87

. a ”
same solution ‘containing 4 =~ 5 uCi/ml of *‘Ca.

Throughout the 1ncubation period the muscles were
bubbled w1th a gas m1xture of 99 5% O, and 0. 5% CO,..

The tendons vere then carefully ést ‘from the muscle

. and 'through the connective txssue at exther end of

4

the‘muscle fibre bundle the. sharp end of the tissue
hook was inserted. The tlssues were then rlnsed byf
two rap1d d1pp1ngs (2 sec each) in 'S5 ml of the

nonradiocactive and Ca*°*-free physiological,solption“

. to remove -any loesely adhering ‘‘Ca. Ca** was

omitted from. the rinse solution td prevent removal ~

~of any self-exchangeable Ca**.. The ‘tissue hooks

with the“tissues were then suspendedbfrom.the tissue
trahspor;er and passed througﬁ a,éeries 55 .beaker§'
cohtaining 2. 5’ ml . of 'tﬁe‘ eff1ux medium,” viz.,
Ca**-free phy51olog1c solutlon w1th or ’QithOUt dthe
‘drugs be1ng tested. . The muscles rema1ned 1n each
beaker for an accurately measdied perlod‘ef e;me (-

. Aé the epd of:wtheh final ueff}uxn éerigé‘ the
‘tissues vere blofted fer Iabbut"10‘sec bfvgently
roll1ng them over medlum-flne por051ty fllter papers
'(Whatman No. 2) that had been prev1ously mo1stened
with a few.drops of :he efﬁlux'medlum, “The‘ tlsspes
were “then tfensfeffed into aisposabfe ”plae:iq g

scinpilletion‘ vials. and. -solubilized. %he



solubilized muscles as well as 2 ml aliquots of .the

efflux medium were next assayed separately for
radicactivity. The counts/min obscrved in \ench
sample of the efflux medium.'was correpted for

background radiation and quenching.

” . ' :
“ The experimental procedure was varied with

respect to parameters'such as the composition  of the
incubation/efflux medium* or the duration - of the

iﬁ;ubatidn/efflux. The modifications in individual

~sets of experiments are described in the Chapter on

'Results' {Ch.4.3.3.8).

Tissue Solubilization:

At the end of the efflux period 'the tissues

" were blotted and = transferred into  plastic

scintillation vials containing 0.5 ml° of a tissue.

solubilizer (NCS, Amersham). ﬂTo this was added 0.1

ml oftdiétilled water and the miitprep was digested
‘overnight at 50°C in a shaking water bath. The

‘. contents of the vial were then cooled to . room |

temperature and 17 . sl of glacial acetié\écid'was

® \

‘added to neutralize the mixture and prevent

chemiluminescence.’ ’

5

Radipactivity Counting and Quench Correction:

2 ml of the radiocactive sample from the efflux

I 4 s

beaker ‘was-pipetted 1into a plaStic scintillation .

. 88 / \
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vial asd to it was added 15 ml of the scintillation
cocktail (ACS, Amorlhami. The mixture was shaken
and dark4aéapted overnight. The solubilized tissue
too vas mixed with 15 al qé‘ the scintillation
cocktail and dark-adapted‘as above. The radioactive
sample was then counted ;;r radioactivity in &’

Beckman Liguid Scintillation Counter (LS 6800). A

set of 'blanks' was run, both, for the efflux

samples and ‘the solubilized tissue samples, and the
radioactivity in the respective | samples was
corrected for background radiation.

Quench was monitored by H-number. Samples were

counted with H-numbers and were subjected to quench

cerrectibn in order to determine actual sample
activity - disintegrations per minute (dpm) -
regardless of quenching in the'samples.' Quenched

standards containing a known activity of ‘*Ca and

varying amounts of - carbon tetrachloride, the

quenchiné material; in 2° ml of Ringer‘; solution
were prepared and counted to determine count rates -
counts ﬁer minute (cpm). Similar quenched standards
but in 0.5 ml of the solubilizer (instead of 2 ml of
Ringer's solution) were also prepared and counted as

above. H-numbers were measured for each standard

- and a quench - calibration. curve relating counting’

. v .
efficiency of each standard to its corresponding



H- number was‘generated
Count1ng~ eff1c1ency is 'the\’.ratid | between
kobserved . cpm- - (corrected = for baekground )
radioactivity) end‘thefaetual dpm: | | -
Counting‘efficiency = cpm / dpm
Know1ng ' the countlng .efficiency, * “the .
dlslntegratlon rate 1s glven by | e
dpm'e cpm / countlng eff1c1ency

'.The‘ countlng eff1c1ency of the unknown was obtalned
by . 1nterpolat10n of the quench curve formed w1th the
standards; - This 1nterpolated eff1c1ency value was'
used in tnelabovevequat1on to‘obtaln sample dpm.

}"Gaf\lculatlon and Presentat ion of Data:

SucceSSlve addltlon of . the dlslntegrat1ons per
| min (dpm) in the samples to the dpm remalnlng in the_
preparatlon at the end of‘ bhe experlment prov1ded
‘the- radloactrv1ty present in "the preparation at
: different sempling tlmes. Detef‘were expressed as
either7;the pereentage of,"’Ca..remeining in the
nmuséle after each eWaShout' interval (desaturatien-
curve) or was“rate coeff1c1ent plots which express
“the declinevot‘trssue H;Ca‘co,ntent as a percentage;
_of that. ‘3Ca’ present in thev tissue dur1ng~each
'washout t1me interval (percentage of HCa loStu’per

mlnute) [258 259]. Student 5 t- test vas used for
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v L ; : .
~evaluation ‘of differences betweq "control' and

'test values. The dlfference between' groups was

con51dered 51gn1f1cant when P <O 05.

' 3.2. 3 2 CaH Uptake Studles.l '.x _ ' ;
' Prel1m1nary. exper1ments -Qere.rcarried out = to
‘determine rhei'effects of ‘methadone on Ca“ 'UPrake
:durlng the twitch. The.experlmental procedure used to
: determlne Ca** influx was essentlally 51m11ar tob that
employed by Bianchi and Shanes [260], except for the
,adaptatlon of the lanthanum wash procedure [261] The
latter modlflcatlon was = necessary’ because changes in
intracellular CaH pools'could only be detected after'
' displacemeht- of ktheb:'large " membrane bound Cas*

e

compartment w1th La*"

Muscle Prepanatlon - _ SRR ‘l//
| All experlments in- thlS study were perfor@éo b
with extensor longus d}giti ‘lV (toe) . muscles‘
isoleted"from frogs (Rana 'pipiens) at 'Aroom
temperaturef(Zogcl. The muscles were. dlssected very;»v
carefully'and ,placed in petri dlshes conta1n1ng'
Tris¥buffered Ringer's solution. All muscles were
“allowed to equlllbrate for-at least 1 hr followlngv
dlssect1opl in- ‘the phys1ologlcal solutlon before an

. egperiment was commenced,/ In all experiments, ‘both

~toe muscles, one from ‘each foot of anoindividual



i con51dered su1table for an experlmeht.

92"

-

frog, .were used w1th one toe muscle serv1ng as the

control;' These constltuted the  muscle palts ‘

. referred to dn this,and subsequent-chapters.fd

Expenlmental Setup

The ,experlmental setup fo"-elicitiné andA
4 o

'recordlng tw1tches was the same as that used earller'
-forn ten51on studles (Ch.3.2 1. 2., and 3.02.1.4), -

: exceptlng for the addltlonal use€ of\a close fltting_

11d at the mouth of the muscle chamber. This helped

prevent “spraying of the' radloactlve .lncubatlon

. solution into, the - surroundlng ‘regions during

, bubbllng of the solutlon w1th the” gas 'mixture of

9945% 0, and 0.5% co,. - The'lld however, had a slit

hto accommodate the tlssue holder and allow passage

of the. 51lk thread llnklng the dlstal end of the

muscle to the arm of the straln guage.

General Expenlmental Protocol

‘ Follow1ng the 1ncubatlon in the nonradloactlve
Tris, Rlnger s solutlon, the muscles were mounted in
a muscle chamber . contalnlng the 'same solution, and

were electr1cally st1mulated once every 30 sec w1th,

1

bulses'of 0.5 >msec ‘ duration and of supramax1mal-?

voltage. If the - heights of the twitches of both

muscles 'temained steady for-‘30’ min, they were-

A



- ml of~the]solution.‘z -
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Briefly, the experimental “procedure involved

incubation of the ' muscle in-. 'hot' Trif Ringer's

solutlon for 10 min- under . control' or 'test'

condltlons, strlpplng off the superf1c1ally bound

~ Ca** using La“‘, and estlmatlng the rad10act1v1ty,

present' in the.'tlssue. "~ The . radloactlve ' Trls
T S . : : . |
Ringer's solution contained 10 - 15 uCi of ‘?Ca per

f
TWor types of Ca'” uptake experiments:G were

carrled out. . The first set of :expériments\ was

carried out to see 1f our experlmental procedure 1s

able .to detect the-stlmulatlon—;nduced ‘increase. in
Ca** uptake observed by other investigators [260].

Thus,. in four experiments, the<net uptake‘ of Ca**

-

per twitch -was.-deternined; _For this purpose,;one'
. g

Q

‘muscle of a muscle-pair served as ‘the unst1mulated,

‘control' and_thevother served as the Ttest muscle.

The exposure to 'hot’ Tris Ringer'sv solutiond wa;

vkept short‘ 'viz;, 10. min because it ensures ery .

11ttle pa551ve uptake :and negllglble backf%px ofi

ca** [2601. Durlng ‘the second half of this 1nterval

the experimental- condltlon of supramax1mal

stimulation was introduced‘ for the 'test' muscle,

‘while the - control' muséle WaS'_ unstlmulated

¢

Stimulation was at the rate of one shock per second

e

for. a period of 5 min. Therefore‘ a total of - 300

2

o
- . o, : ]
N .



was examlned. For this. purpose, ‘a pat

‘muscles from “"the same. animal were incubated f

" 94

shocks were dellvered to the . test’ \puscle. 'At. the
end‘l of the 1ncuba;10n/st1mulat1¢n perlod the

radloactlve solutlon in the bath- was_ replaced by

4

'2?&5 Rlnger s solutlon contalnlng 2 mM La’*’ : The 8

muscle was washed thrlce within the: flrst 5 m1n wlth

'the,above solution. and then once every 5 min for the

* o

Sext 55 ‘min. After'GO_min‘of~La"*-wash the muscles

-

. were cu free from their tendons,:“blotted':and'

”welghed by dlfference ’fn ‘an  airtight’ microbeakerv’

1 . R y_ o
Y. . ; tU h v
u51ng--"‘ ultramfcrobalance (Méttlerj UM3) ~ The’

"r,welghed tlssues were\then carefully transferred 1nt0-

sc1ntlllat10n v1als for further proce551ng

In the second set of experigents, the effect of

methadone (10“ M) on "the stlmulat\d\gptake of Ca’*

4

min in. 'hot' Tris Ringer‘s ~solution without

stimulation;,~Fi§e'sec_prior to'the_end,of theiabove

: period,A165ul of a concentrateéd stock solutioncbof

methadone in "cold' Tris Ringer's solution was added

‘to the 'test' muscle chamber. The concentration of

the stock solution was such that it made a final

o methadone concent\atlon of 107* M .in the . bath " an
equivalent amount (10 nl) of .cold' Trls Ringer's
solution (drug-free) was similarly ‘added to ;the

'1control'*~nu$cle; At' the end of the above 5 min



'incubation_'pe;ipd’ rchrrgntvelectrifgl §tﬁmu12tio§
. was applied»tb the muécle. ~Bbth ‘the,vmuggles‘ wete
stlmulated at the rate bf‘1,sho¢k pet second for 5 _
”mln,'as before.‘ ‘The.Further treatment of 'the two
' muscles was -as done beforel-(Ch 3.2.3.1); Qiz.,
beriodic washlngs with 'Lé“‘ (2 ‘mM) , blottlng,

welghlng and transferrlng into sc1nt1llat10n v1als.

Tissue Solubilization:

The muscles ,in ‘the séintillation‘vials were
solubilized :using  as tissue "solubilfter (NCS,
Ametsham)tas de§cribed eérlier (Ch. 3.2.3.1).

'RadloactJVIty Countzng and Ouench Correctron

The . **Ca act1V1t1es of the solublllzed muscles
,were't- determlned _bby D llqu1d ; scintillation
spectrometry, and then cOrtected for »backgtognd
radiation éna’qﬁenching as 'descnibed'iéarlier’ (Ch;“'

3.2.3.1).

Calculation | o - o ,

Thet radloact:v1ty in 10 ul éamples, Jf thé
inEubatlon me41umfyas detetmined ‘and‘vthe -specific
attivityqovaSCa labélled?Tris Ringer‘s(éolutiOnfwasti

alculated as follows- . | -

Spec1f§c act1v1ty(dpm/mM) = dpﬁ/mltx,TCOO/ 1.08 ¥
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' ’ S t
' dpi\in muscle) x\10° x ° 1

1

S R . 4 weight of muscle (mg),
: Total Ca’* uptake = — — _ ,
' {uM/Kg) - (. .
o specific activiFy:Qf incubation
solution' (dpm/mM)

The."differéncé. between the - Ca®® retention

values in the 'test' and 'control’ huééles-éaVa the

net uptake following stimulation which when divided .-
o ) B . . ©

by the number of twitches gave the- uptake of Ca*"

per twitch in uM per Kg wet weight.
%ﬁe differeﬂ?e between the' Ca**' retention
values 1in Ehé .'céntroi‘_and Ydfug—treated' ﬁuigle
gave the effect of' methadone on the stimulated
uptake of Ca**. assuming negligible effe;ts of the
‘opipid onapaséive'uptake mechanisms; -
 'StudeQ£'s‘.t—test wés. used 'f r evaluation of
differences between 'control' and <i'\Nest" valueé.
‘e

The difference - between groups was considered -

significant when P <0.05.
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4.1 EXAMINATION OF PHENOMENON:

4.1.1 Single )witches:

It was ea%lief reported from our laboratory that
meper1d1ne, ad ooioid‘egonist, potentiates twitches in the
isolated frog sartorius. muscle\‘upon direct electrical
stimulation [249]). = The experlmentsc descrlbed in this
sect1on were carrled out to extend this infgrmation, further
“by study1ng the effects of -a variety of opioids on the

.-twitch response of the frog toe muscle. All muscles were
stimulated- once‘ every -30 'sec as described earlier (Ch.

3.2.1.3). o

. 41 1.1 Amp itude: .

Morphlne ,and"most other  opioid agonists and
~antagonists produced a concentrat;on dependent 1ncreese‘
in the tw1tch height of . the- dlrectly stlmulated toe
musc}e. | F1g. 9 demonstrates the effects of 1ncrea51ng
concentratlons (10 , 5 x-10°%, 10" or .10-° M) of
morphine on the twitch amplltude. The onset of. the
increase was rapid (é “30 sec), reachlng a maximum
within 3 to 5 ’min: followihg the start of the drug‘
fekposute: The maximum'twitch'potentiation produced ’ by
tHe application of the drdg was sustained at the lower

goncentrations (<10°* M) but at higher concentrations

-{e.g., 10°2) there was a subsequent decreese in the
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Figure 9. = Tw itch potentiation produced by morphin ‘ ‘in the

isolated frog's toe muscle. The preparation was

di ctly st1 mulat d su pramaximally once eveéry 30 se c.
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twitch height in the continued presence of the
horphiqp. In addition,” the t&itch-potenfiation
developed' at ‘subma#imal concentrations of morphine
(e.qg., 10-* M) did not attain the mégnitudé achieved by
higher conéentrations of the compound«even»following
prolonged contact (>20 min) with the drug. Thus, the
twitch potentiating effect of submaximai conCegtfations
of morphine quickly reached its maximpum and ~s£ayed at
that levéﬂ or decreaséa slightlyiﬁith time Eut never
increased in magnitudeto match the ﬁaximal- twitch
potentiation produced by a higher concentration of the
‘~dru§u The reversal of the twitch potehtiating »effect
of the opi?id‘aii} was rapid upon removal of the ?pioid
agonist. | ‘ :

The other opioids‘ tested fproduced ‘essentialiy,
similar qQalttatiVe changes; They - caused a
‘ potentiating éction} at low drug qoncentrationé and a
potentiation]follpﬁed by an inhibitdry action bat high
concéntrations." Fig,_‘\O” shows the concentration-
résponse ;elatiohships for methadone, vmet-enképhalin
and, leu-enkephalin. It can Ee; seen that ‘with'ah'
incréaéerin concéntration above an optimal 1limit for
each compound, the magnitude of the twitch boténtiation
‘decreased.. This decrease with'concén;ratidns above an

optifmal concen ation which produced the ma«ﬁm;l\effect

~was found when r tested; i.e., the reSponée produced
. . . <



I ,/“ 101

. yth - N “
" \ v
, ,
180r
'3
S 160
2
5140
2 ' =
L .
2
}_: |2‘O
100 : ‘ .
90 ‘ . L B 1 Lo s .“.J
o™ 10° 08 o7 - 0® s - 0. 07®
- | ' = " Concentration (M) S :
_Figure 10. Percent twitch potentiation in isolated frog's
- toe, 'muscle produced: by . met-enkephalin (@), .-
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4 .
" by the highest tested drug congéntra;1on was always the

maximal response (E max) or less than E max,
o The enkephalins generally produced their maximal
twitch potentiating effects at concentrations of 100-

to 1,000-fold lower than'did methadone. Howeéer, the

twitch potentiations produced by the enkephalins were

|
A

not ‘éonsistent' and a great dezl of variability was

observed;_ e.qg., the % twitch potentliation produced "by

10-¢ M met-enkephalin ranged from 100 to 190.9 in?”

different muécles:H,Also, the '‘enkephalins obtained from
Sigma Chemical Company pfbdﬁceﬂ vefy little effect even
at high concentfatiéns (up to 10-3 M) * whereas tho§e
obtained 'earlier'foqm Peninsula Laborator1es Inc.

produced the twitch potentiations shown in Flg. 10.

All the results  with enkephalins described in this.

. section were therefore'obtained' with, the enkephalins

purchased from Pen1nsula Laboratorles Inc.

The tw1tch potentiat1ons .observed w1Eh\\var10Gs

>

concentrations of several othﬁ . opioi (v1z.,

?/éextrorphén,d‘levorphanoltﬂ”(i)morpﬁiné,. m(+)mofphine,

dextt@methorphan, '(ﬂyketazocine, (-)ethyl ketazodinef
ienfqnyl,“codeine, naloxone, naltrexone or Mr2096)  are
sﬁown "in Fig. 11 ‘and in Tables'z and 3. 'Fbr those

compourids avallable to us 1n suff c1ent quant1t1es the

4

'concentratlons requlred to produce their: max1mal tw1tch

potentiations were determ1nedn(Table 3)vahereas for

~

o~
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Figure 11. Percent twitch potentiation “in the isolate®

~ 7 frog's toe muscle produced by dextrorphan (A), and
levorphanol (O) at various concentrations. Each point
is “the mean *+ S.E.M. from six muscles.
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the " others qthe twitch. potentiations. were obtained at

only a few graded concentratlons wlthout employlng ~the

:h1gher concentratlons that ‘would have been necessary ‘to
1determ1ne thelr maximal effects (Table 2). The oplold
jeffects ion the tw1tch were . found to be guite varlablei

w1th respect to the degree of potentlatlon obtained.

a given ‘concentratlon of 7the- drug from muscles of

: dlfferent batches of frogs.

; Surprls1ngly,' etorphlne (10"2 - 1077 M), {5“

. J

‘extremely 11p1d solublev‘and potent -opioid—receptor‘p
Aagonlst falled to potentlate the tw1tch 1n ‘seven out of
'elght preparatlons, and in fact caused a depre551on of
‘the twitch’ at hlgher concentratlons (>10-* M)(Flg 15).

Also, quaternary naloxone, a compound structurally‘

idéntical With.‘naloxone‘,except;ng for an additional

- “methyl’ bromlde mo1ety at its tertiary njtrogen»iatom;
"produced no = twitch potentlatlon when ,tested» in
‘concentrationSaup to 102 M, whereas;lnpioxone, when

‘tested = on “the same muscles and der identical

exper1mental conditions, produced a ‘marked twitch

’potentlatlng effect (Fig. 13). g .

Experlmen;s were conducted to determine  if the

T

electrical stimulus.pen se had any influence“eithervon°

the time requ1red for the full development -of the

tw1tch potentlatlng effect or on the magnltude of the'

fully potentlated tw1tch follow1ng exposure to a glven

Pl
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Figure . Depre551on of tw1tch he1ght by etorphlne 1n 'an 
isolated = frog''s vtoe muscle. Horlzontal llnes below
each . record show ‘the duration . of - exposure to the[”
spec1f1ed concentrat1on of etorph1ne.¢ . i
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TWITCH HELGHT - (% CONTROLY

oS e ed 3o 18-2
~ 7 CONCENTRATION (M) : . =~ =

" "Figure 13. . Percent twitch pdtentiatfon,and/of depression in
the isolated frog's toe muscle produced by naloxone (A)
and ~ by  -quaternary naloxone (@), at - various

concentrations. - Both compounds were tested on the same

muscles  and pnder “identical experimental conditions.
Each point is ‘the mean .t S.E.M..from 8. muscles. - Wh%n'n
“the S.E.M. is * not . shown it fell\k{Fhin the gymbol.
Note:”The{experimental’data’for naloxona presented’ in
this;figgrevanduthatfpiesented in Table 2™-yere obtained
from different muscles. : ’ 5 o

o,
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concentration of an OplOld Thus, - in such ~an
experiment- (Fig. 14) the t1me requ1red by a. control'
"tw1tch response to,methadone (10" M)= to ‘attaln atsf

| max1mal amplltude was 1n1t1ally determlned Next ‘thei

'*f,same concentrat1on f methadone was added to 'th ‘bath

"‘bUt the stlmulus was 1nterrnpted for “the- above perlod
f'of tlme.n When the tlmulatlon was resumed it was noted
: ¢

i that the tw1tch response was equ1valent in magn1tude to
fthe maxlmal response obtalned earlier _hen the muscle
was™ . stlmnlated regukarly onee ?#%%; “30 sec;, In
addition, no staircase phenomenon ori t:eppe h”had_
1nfluenced lcthe” reshlts." This was shown' by the
observatlon that an 1nterrupt1on of Stimu;us ior 1the
same »Ko:':even,greater) perlod_of time;under‘drug—freek
conditions caused no change in'dthe. tnitoh‘ amplitnde;
identioai ‘results were obtainedﬁwith morphine (10-* M),
(n-2). el o
4.1, 1 2 ax imum rates of r'lse/fall in tension:

Three. op1olds, v1z., methadone (10*’,.or 54X"10"
OM5: “morphine (10“ M) and meperldlne (10" M) were
‘ tested separately for their, ‘effects onibthe, maxlmum'.
'rates of rise (MRR) and the maximum rates of fall (MRF)"‘
‘of the tw1tch ten51on. These. characterlst1cs of 'the j
tw1tch vere determlned by electrlcal dlfferentlatlon of?

the twltchrresponse asz§§scr1bed earller under 'Ten51on"”
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Methadone 10 * M = - "Me_tpadone' 04 M
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- L]
o : . - 5 ) ',_‘Sufnin !
o RSAES N SRS B __ 1 Electrical”
. ’ § ' o " Stimulaticn. L
' ' PN Co e y KR
e 4= Lack of 1influence of - repeated electrical

- Figur

.stimulation on either the time-course or -the magnitude

of the twiteh. potentiation following - exposure - to

methadone- (10°* M), Horizontal lines below the ‘record
‘show . the periods during = which - the  muscle  was
" “electrically stimulated. ' '

The above illustration was obtained fr@m one

- typical experiment_of a set of. 4 repetitions (i.e.;
" N=4)., : ; o B o '
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Recordlng '(see Ch.3.2.1,4). ' In all these experiments,

recorded 51multaneously.

Wlth all the OplOldS tested an increase in the -

'MRR and in the MRF. of the twitch tension aocompanied
the. twitch amplltude pofentiatdon. Th{s’increase in
the rates of _cnange-vin _tension was found°(to be
dose-dependént and ‘paralleled  the dose-dependent

increase in twitch amplitude (Table 4). ~
4, 1 2 Summated Responses. *’%f’,

The effects of methadone (10" ortsdx‘10"‘M),'mo:phine

v

H(10fiior 10-¢ M), or meperidine (10'? M) on muscle fesponses N

n

. to closely spaced multlple electr1cal stlmull were studled
The multiple stlmull con51st1ng of tra1ns of a d1screte'
nUmber ‘of electrical pulses (2, 3 3,5, 7 or 10) applied once

every 30 sec - to a musciei ethadone‘(S X 10“5 M)’was the .

only- concentratlon that was tested u51ng tralns of up to >7

electrical pulses; whereas, methadone (10~ M), morphine

(10-* or 10-* M) or meperidine (10" M) were each tested

only Wlth 2 or 3 pulse trains. Maximally summated responses

' were ‘recorded both, in the absencé as well as in. the -

presence of the op101ds /the responses be1ng obtained and
identified as described . earller in ' the sectlon labelled
'General Experimental Pgotocols'. {Ch.  3.2.1.5). 1In this

section, results have often béen presented for an individual

‘the tw1tch responses and thelr flrst d1£ferent1als vere .
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"

representative experiment even théoéugh the experiment itself

had

sole

M

such

been performed more than once. This was done ,with the

purpose of illustrating the general trends observed in

experimeng;..

4.1.2.1 Xmpl itude:
 Metha one (10-° M) potentiated the amplitudes of

the maximally 'summatéd“ﬁrespénses to the. multiple

stimulation (Fig, 15) .- However, the percent. increase °

in twitch size, compared with 1its 'control'  without

drug, decreased with an 1increase in the number of

pulses‘in the tyaih of electrical stimuli (Fig. . 6 -

P . P
amplitude)~ ~ Similar . results were obtained with-

methadone (5 x 10-% M) (Fig. .17 .-‘:amplitudé), This

reduction was not a consequenceoofvthe'musclé reaching

its maximal contractile ability because the peak
. L

tehsions developed by summated 'responséé;J in the-

presence of  methadone, were less than that developed

:dhring .the maximal tetanic response -of the miscle.

This was particularly true with summatédq pespohses to
trains of 2 or.SEPulses. Generally, the peakftensions

déveloped by maximal tetanic responses were 3. - 5 times

"those developed during single twitches..

°

Morphine, in a concentration that did not

a

potentiate the amplitude of the single twiteh, viz.,”

oy,

10-* M, did not affect ﬂhé h%ights of the responses to <ﬁ{

e v

v

&
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"-Figure 16. Decrease in the 'potehtiétidn - produced by

methadone: (10-%* M) as the number.of pulses producing a .
fused response are increased. ~Single, twitches .and
maximally summated responses | evoked respectively by.
single “and multiple (double | or triple) electrical

- shocks were -obtained both, in the absence and in the

presence of methadone. The % cpbhtrol for the various

twitch parameters,. viz., amp itude, maximum rate of
rise (MRR), and maximum rate of fall (MRF), were
calculated . using their respective -~ without drug

controls. The results presented were obtained from the

recordings shown in Fig. 15. Thus these résults were

from one experiment of a set of 3 repetitions {i.e.,
N=3). - ’ : : S :

A
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Figure = 17. Decrease in the’ potentiation produced by

methadone (5 x 10°* M) as. the number of .pulses
producing a fused response age. increased. Single

twitches and maximally: summated  responses evoked

respegtively by - single and multiple (2-7) electrical
shocks were obtained both, in the absence and in the
presence of methadone, The % control for the various
twitch parameters, viz., . amplitude, maximum rate - of
rise (MRR), -and maximum . rate of -fall (MRF), were

. calculated using their = respective without  .drug
~controls.’ These  results were obtained from one

experiment of a set of 3 repetitions (i.e., N=3).~

§
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either the douéle or the triple pulses; A bigher
gconcent;atian o; morphiné, viz., 10-¢ 'M, however,
produced a paﬁtern of response similar to that observed
.earlier with methadone (Fig. 18 -'amplitudé). |
Interestingly, m;pgridine (10~ .M) which
pdtentiated twitches to siﬁgle‘ stimuli, did not
increase the size of summated. responses, but on fﬁe,
contrary, these summated' responses _wgre. smaller in
magnitude tﬁan their 'control' ‘responses. (Fig. 19 -

>

amplitude). :
‘ N
4.1.2.2 Maximum rates of rise/fallwin tension:-

~ The maximum' rate éf ri;e“(MRR) and the maximum
rate of fali (MRF) in the tensions of the maximally
summated 'con£f91‘ responses (following trains of 2, 3,
5 or 7 electrical pulses) showed progressive indrgasésw
in magnitudes in correspondence with the progressive
increase in the twitch heights (F;g; 20). »

The effects of opioias on the maximum ratgs‘éf
change in the tensions were qualitatively similar‘.to
their effects on the ;twitch amplitudes 'described
earlier. fn the presence aof methadone (10-* or '5 «x
10-% M), the MRR and the MRF of the maximally summated
reéponses showed a,prpgreé;ive decreaée in the percent
increase of ~the &paraméter. with an increase in the

number of pulses per train of electrical stimuli (Fig.

<
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e 18. fDecféase in the potentiation produced by
morphine (10-* M) as the number of pulses producing a
fused response are . increased . Single twitches and

maximally summated ' responses evoked respectively by

single and multiple (double or triple) electrical
shocks were obtained both, in the absence and in the

presence of morphine.  Twitch responses and their 1st
differentials were simultaneously recorded in each

case. The % control for the varioysvtwitch-parametersLn“

viz., amplitude, maximal rate of rise (MRR), and

maximal rate of fall (MRF) were calculated using their

respective without  drug contrels. These results were

 from one experiment of a set of 3 repetitions (i.e.,
N=3). = : . ' » ‘ '

a
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Figure 19. - Prégréssive"décfeésé‘ ih  the siéé ;of‘ﬁtﬁé

responses produced by meperidine (10-* M) as the number -
response 1is increased.
single twitches and maximally summated responses evoked: -

of pulses producing a fused
respectively . by single and multiple {double or triple)
electrical shocks were obtained both, . in ".the absence
and in the preésence of meperidine. The % control for

the various -twitch parameters, viz., amplitude; maximum L
rate of rise (MRR), and maximum rate ofw#fall (MRE) were.

calculated

their
controls. ‘

using - respective’ -withéut .drug
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16, 17). ?,.;;:
| f Morphlne (10 4 M) in a. concentratlon that d1d not."

*:affect vthe response helght also did not affect thej

‘rates of change 1n tw1tch tens1on- whereas : hlgher~,u

._concentratxon, v1z., 10" M produced changes in MRB and.

'MRF simlbar'to thsee observed earl1er ,w1th -methadone.i

,' ' t\t‘ T - ) SN v © '
(Fig. 18)¢ /", = = .o EPTAN

: ) .
W1th meperldlne (10" M) there was no. potentlatlon

of .thé‘.MRR ;or_,the MRF .of the, max1mally summated

EAE N

ﬂresponses as een earller w1th methadone Ofv gorphlne.

'_Onp'the- contrary, “with meper1d1ne there"was only a.
~ . {) . -l .l Q‘ . ‘U "

‘progre551ve decrease 1n the MRR . or Ethe‘ MRF. of the.
response w1th an 1ncrease in the number of pulses per

traln of stlmull (Flg 13).

L . qllpf
4 1 2. 3 Tlme to peak tens:on.. o o =
The tlme to peak tenszon 753%‘ determined for‘}a:
single tw1tch ~and‘v£ A‘max1mally shmmated resﬁonees
‘ follow1ng tralns of 2 3 5, 7 or 10 electrrcal pulses.
| A .plot 'of“ peak ten51on Vs time to peak ‘tension
Oindicated'that;the progre551ve xncrease in the peak

‘tension generated. by a_  summated ”response'»was

accompan1ed by a correspondlng increase 1n the time to " -

peak~ ten51on' (E;g. 21}., The relatlonshlp appeared to*“

,be hyperbollc in nature and ’showed é- tendency toi
/ , . ,

plateau.d Methadone (5 x 10-° M) d1d not affect the

cw
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- Figqure 21. Effect of methadone (5 x 107* M) on the time to
a —peak tension of the-twitches and the maximally summated
responses elicited by 1, 72, 3, 5, 7, and 10 electrical
pulses. Twitch responses were obtained in the absence
(0, control) ® and in the presence of adone (A, .

" test). For each curve the tension increased -with the
number of pulses. The results presented were obtained

from an individual experiment from a set  of: 3

-

repetitions ({.é., N=3)



i

»relatlonshlp ex1st1ng between the. peak ten51on and the‘;'
t1me to peak tension of the tw1tch- it only moved \t to

: h1gher vaiues of ten51on (F;g. 21).

4. 1 2.4 Fusion Fnequency

-Tw1tch, responses«'were recorded to tralns of duaty
or triple electrrcal pulses.‘ The»'responses were
obtalned using pulse 1ntervals ranglng from 0. 5 to 100‘
‘msec. The tw1tches . obtalned cwith .small - pulse
1ntervals, viz.; O 5or 1 msec were usuallyvident1cal
‘with' the twitch follOW1ng a single stlmulus but as ~the
pulse‘:’lntervals were 1ncreased the summatlon wes
‘observed which 1ncreased untll the meximally summated
| response,'Wa . obtalned. "1Ahy‘ furthersincreaseplnwthew
Apuise‘fintervel *(or decrease‘-in fhe .frequencyv of
stimulationt" ceusedf theg respOnse to;_the‘ muitiple'

st1mul1 to be ‘unfused resulting. in tension records

tshow1ng multlple peaks inr~corresp0ndence QWith -thej.
_multlple stlmull (Fig. 4). The reciprocal of the pulse

1nterval at which the respdnSe ts completely fused is

' the cr1t1cal fu51on frequency (or fu51on frequency)

’ Methadone (10-* M) which produced a sllght twitch
potent1at;on did not 'affect- the , fu51on~» frequency
fwhereas a hlgher twitch potentlatlng concentratlon of
the drug, v1z., 5 x10-* M shlfted the pulse 1ntervals

a

at' which the responses ﬁwere completely fused, viz.,

¢ s
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.

from 0.5 to 10 msec to 0.5 to~30_or 40_msec (Figs. 22’_3

23),
MOrphine (10-3

‘showed no such effect

4. 1 3 Tetanus'

Single. tw1tches and

'obtained--and~.recorded as

'Stlmulatlon Parametersﬁ

U |
_or 10°* M) or meperidine

(Ch. 3.2.

(107 ¢ M)

on the fusion frequency.

L)

BN

maximal tetanic responses were

déecrfbed-in the section labelled

.3): . These’ responees_

-

/f__,were obtalned in the absence an@ then in the presence of an

OplOld and . the results were compared

the vtetanlc stlmulatlon

'tw1tch potentlatlng effect

wag,

Ih the latter case,‘*

started at a t1me when the

of the OplOld had peaked.

y -

Morphlne, in concentratlons that did not potentlate the

tw1tch (v1z.~‘0” M), produced no . change in “the maxlmal‘
’tetanicdrresponsewfof _the muscleb The ‘opioidh in higher
concentrations, viz.; E‘:.x.10‘5 or 10" ;Mﬁfproduced“typical
QtWitch potentiatione bot it d1d - not potentlate the peak
tension of the maximalftetanus. Oh"the contrary, .in the
presence'.offthe’opioid,jthe;piatéau of the tetanlc.respohse
was not sustained, but declined,:inl anﬂjirregular 'fashion‘”
during stlmulatlon. The-d_single twitchee 1mmedlately
foilowing the tetanlc responSe were however unaffected

i.et,"theyg

tension (Fig.

contlnued. to

_exhibit’ thelr OplOld potentlatedﬂ

-24). g
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e 22. Effect of a high concentration of methadone (5 x
10-5 M) on the critical® fusion frequency of the.
response of the-frog's toe ‘muscle to . closely spaced
double electrical pulses. Twitch responses of the
muscle to trains of double pulses (pulse interval, 0.5

.- 100 msec) were obtained both, in the absence (0,

control), and in the presence (4, test) of., methadone.

Pulse intervals >10 msec.'and >40 msec prcoduced unfused

. responses under control and under test - conditions,
respectiyelyd//fhe height of each of the 2 peaks of “the .-
~unfused response (control or test) = at. any pulse

interval 'is represented by the two points plotted
represented in order by the lower and the ‘higher” point.
These results were obtained from one’ experiment of a
set of 3 repetitions (i.e., N=3). . : ‘
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TENSION (g)

L o “126

-] o—6—6—6—6—6——6—0
",8‘—1‘ 1|1111¢1|11111114J411"1 l<111|111111111]1‘l
) 19 ) 30 . 4@ 58 68 70 . 60 90 109

PULSE iNTERVHL (msec)
e 23. Effect of a high concentration of methadone (5 x
10-* M) on the .critical fusion. frequency of the
response. of the frog's toe muscle to closely spaced
triple electrical pulses. Twitch responses of the

. muscle . to trains of triple pulses (pulse interval, 0.5

- 100 fisec) were obtained both, in the absence (0,
control), and in the presénce (A test) of methadone (5
x 10°5 M). Pulse intervals >10 msec . and >30 msec
produced unfused responses under control and test
conditions, respectively. The height of each of the 3

peaks of the unfused response (control or test) at any
particular pulse interval is indicated by the 3  points

3

plotted 'against that- pulse interval; the Ist, 2nd and
3rd peak being represented in order by the lowest the
intermediate,. " and the hlghest point.. These results
were obtained from -one experiment of a, 6 set of 3

"repetitions (i.e., N=3).
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Identhal results were obtalned w1th the other op101ds

»tésted, v1z., methadone (10“ M) or meperldlne (104‘ M).

e
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INVESTIGATION OF THE POSSIBLE INVOLVEMENT OF A

.4.2.1 Twitch Potentiation:

' STEREOSPECIFIC  OPIOID RECEPTOR _ IN THE _ TWITCH

POTENTIATION AND DEPﬁESSIOﬁ PRODUCED BY OPIOIDS:

’4.’2.1.'1 Studies with Opioid Antagon ists |

To test vhether the twitéh potentiations were
mediated wvia a- 'etereospecific m opioid receptor
mechaniSm,' naloxone was ueed as a selective opioid
antagonlst. The muscles were exposed to _tne
antagonists for vary1ng perlods of t1me ranglng from 10
min to 45 min before being tested with the comblnatlon
of tne agonlst and the antagonlst.

Naloxone (5 x 10-" M) did not affect the twitch
potentlatlon produced by 85 x 10‘5 M methadone (Table‘.
5). Higher concentrations of naloxone, viz., 5 x 10"
M or 2 x 10-* M, did cause a small antagonlsm of
methadone - effects (Fig. | 25);. however," sucha
‘concentrations of the antaéoni.et~ when tested-alone
caused depre551ons of the 'conttol' tw1tch tesponses

(Table 2). Naloxone, 4 x 10-° M; a concentration that

“had negllglble effects on the 'control' _ twitch

. response,, d1d not. antagon1ze the tWItCh potent1at1ng

effects of methadone (4 x 10" M or 8° X 10" M) (Table

5). Further anreases in naloxone concentrations
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Naloxone 5 x10®M . I xIO7SM

7or .
160
50
140
130

120 "

'Twnch tension (% of controt)

110

100

@ i UL S NN \4 . “
"2 5 10 i. | 2@35 (@] I 2 5 1020 50 ‘
‘ Methadone (x1075 M) M |

A

v ‘ . . :
Figure 25. Effect of naloxone on the twitch potentiation’ '
produced by methadone 1in‘ the 1isolated frog's toe
~muscle. e---o, methadone alone; O---0, methadone plus
‘naloxone. Data are - expressed means * S.E.M. from
experiments with six muscle preparations. *, means with
.and without naloxone significantly different at p=0.05.
A paired t-test was conducted, R

2

[S



132

v e
teveéledfa twitch thentieting effect‘of the-antagenist
E itself (Teble‘Z, 5;'Fig‘ }3). Thus,»when 8 x 10°*% %
rnaloxone7 was _tested. for antagonlsm of methadone (4 X
"[OiF.or~8‘xeLO" M) effects, the agonlst response waé'“
.not "iﬁhibited, o:‘the cpntrarx it was further enhanced:

2

(feble 5) épparently due to a summat;on of the . tw1tch'

potentiatiﬁgﬁi_ effects of the  two compounds.
\'AQditionally, the,increases-in twit¢h~ tensiopsb ceqsed:
‘by 'methaaone,, meperfdine; (-5ketazoéine, and (-)ethyl
ketazoc1ne were  'not' antagonlzed ‘ ;by” .various
concentratlons of/ known OplOld antagonlsts, neloxone,

naltrexone, pheno#ybenzamlne“or Mr2096 . even w1th
eXposuree te\fthe“ antagonlsts ‘up to 45 m1n (Table 6).

Naloxehe (10'5tM)fwas also unable, to antagonlze the
‘tw1tch’ potentietiﬁg effects-ofﬁmet-enkephalin (10“e4
10-2 M) or leu- enkephalln (10"[-,10" Mi} when tested

in - four experiments_using eight'toe‘muScles,

4,2, 1 2 Studles w:th OplOld Stereo:somers

It was observed . that levorphanol a potent op101d
which has theka—) conf1guratlon and dextrorphan,' the
aﬁalgeSically finactlve - L{+) 1somer,; exhlblted " no
significént differences in their relative potencies_“iﬁ
potentlatlng the t@itch;(Fig. 11). On the other handﬁg
(+)morph1ne, thev'enalgesically 1nact1ve isome’ 'Iof

i morphine, require& a cdncentration'of 10-* M to produce
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b .
;w1tch potentlatlonk as compared to.(+) morphine which:
produced a threshold effect at 10‘5 M (Table 2).

4.2.2 Twitch DepresSion:”'v _f ' ﬁ?\\

‘The depre551on of twitch’ ﬁeight following ‘prolonged-

ekposu:es to h;gh oncentratlons of opioid agonists was

investigated ‘for an involvement of a stereospecific opioid

&

M P e 4

',-re.c‘e‘ptof.. . o ==

_Naloxone (10-?° - 10's ) a spegific opioidoantagonist,

" » . N K W

- did .not "affect the ¢time taken by morphine.(TO‘f'M) or

control' tw1tch tespOnse 'even though ‘the ’muecle» was

equ111brated w1th the antagonlst for 45 m1n pr1or to testlng
O
for an antagonlsm>of the agonists' effects (Table 7)

1347
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f-féﬁtanyl (1075MMM)' to produce"é 50% ‘iﬁhiﬁitiOn df ;the,v"
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4.3 INVESTIGATION OF THE MECHANISM UNDERLYING THE TWITCH

_POTﬁNTIATING EFFECTS OF OPIOQOIDS.

on

<?rog\§EEIetal Muscle Fibre-Membranevv

In all electrophysiological studie

stitulation and, intracellular microelectrode

x®

S B

ex

techniques were -used. Typicalf:recordings

parameters of interest.

Under the 'experimentalfl'Eonditions

tlaboratory the electrlcal propqrgles of the

_intracellular microelectrodeS«are shown in Fig. 7.

o

- 4.3.1 Opiois Effects on the.Electrical Properties of the

tracellular
recording
made with

Tracings

‘such as these were used to obtain values of the electrical

sy

used . in this

frog

sartorius

muscle placed in Rlnger s squtlon were reported to remaln

: unchanged up_to 6 hr [262] ’»Swnce most of
lasted only' 30 mih and none lasted longer than 6 hr,

assumed that the experimental conditions _employed in th\y

propert1es of the muscle flbre membrane.

Dextrorphan' . The< effects of dextrorphan ‘on the electrlcal.

garameters of the frog sartorius muscle were

drug that produced twitch potentlatlons in

-

ou

aexperlm nts

\‘_s I

_study d0' notf by themselves alter‘ any of the electrical

stu

the

we

died using.

‘concentratlons (10-%, . 3 X 10'5 10-* or 3 x 10-4 M) of the

frog toe

muscle that ranged from about threshold to supramaxlmal

(Fig. 11).
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The 'resting. membrane potentialf of the muscle~fwas
unaffected by the opioid when tested at 5, 10, éO‘and 30~min”
Mfollowing drug exposure. The height of the actlon potentlal
too was unaffected by 10‘5M 3 X 10~*M, or 107 *M dextrorphan
when tested up to 30 min following drug exposure but was
depressed_ by hlgher drug concentrations. pTHe.maximum rates
of rise/fall'of _the. action potential were depressed by
hlgher concentratlons of the compound and concurrently, the
duratlon of the action potentlal (measured at -40 mV) was
enhanced (Table 8)

Thus,.low conce‘bratlons of dextrorphan, viz. 10-% or

"'3 ‘X 10°% M did not produce any change in the electrlcal.:v

parameters of the frog skeletal muscle» fibre membrane,
within 10 min of bdrug exposure (Table 8), although under
similar _conditions they‘ produced significant;' twitch
‘potentiattggs“ in ,the frog' toe 'muscle kFig.fT1).' Hrgher
concentrations of the opio&d " however, did prolong the
~action potentlal duratlon by 5 min of. drug exposure and at
- the same time depressed 1ts amplltude and 1ts maxlmum rates
_of, rise and fall. As shown in F1g 26, the 1ncrease in the-
tw1tch hetght in presence of the OplOld 1s clearly unrelated
to changes in the action potentlal duratlon. )

'Naloxone: Naloxone,~;an OplOld antagonlst,, ‘which ' also
potentiated the tw1tch ofl frog toe muscle‘(Table 2) was

vtested for effects on the electrlcal propertles of the frog

,sartorlus,muscle fibre membrane.f For this purpose, the drug
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. (107%,,3 x 10°%, 10°* and 3 x 107 ) on the action
'~ potential duration (measured at -40 mV) and on twitch
height. A, action potential duration (n=3), data used
from Table' 8; @, twitch height (n=6), data used from

Fig. 11.

. Means * S.E.M.
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wastemployeﬁ‘lnfva:iods Concentrations (10°*, 5 lx 10-4 or
H10'°\ M)- the. lowést’concentration being that which produéed‘
a small but significant twitch potent1at10n.

The‘ resting memb:aneulpotentlal of the muscle was
unaffected by the opioid églagonist. The émplitude of the
. action “poténtial was depreséed-only_with 10“ M naloxone,
uthe hlghest concentratlon tested. This was also the, Cése
for. the maximum rate of rise of the action potentlal In
contrast, the maximum rate of - fall‘gi the action potentlal
was ‘more sensitive to naloxone. The duration of the action
potential too was unéffected by low concentrations of the
drug }ut was significantlyl prolonged by higher
concentrations (Table'9);"' }

Thus, the results with naloxohe.resemble'those bbtained
'wah dextrorphan, in that the concentratlons of e1ther drug
wh}cﬁ‘—produced small but 51gn1f1cant tw1tch potentlatlons
did nct/alter any‘of the measured electrical properties of
the muscle flbq memprane within the time périod reQulred
for the twitch- potentlatlng effect to develop fully |
Etorph1ne.. The one ‘opioid tested whlch lacked a tyitch
potentiating ab111ty was testedf'for its effects gni‘the
'electrlcal propert1es of the sartorlus muscle. It was used
in concentrations ranging from 10°°% to 10°° M, which
therefore included the concentrations thatreither produced
" no effect or only a depregéant effect on’ thel twitch (Fig.

12).
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) Etorﬁhine' had no effect. on the resting membrane
- potential of the muscle. The height-of the action pogential
was ‘-not much affected by 10-* or 10°* M_etorphihe but it was
kdepréssed by 10-* M. The maximum réte of"rise'of the, action
potential was no£ reduced by fO:’ M but was‘éepreésed by the
.higher drug concentrations. - The maximum rate of fall of the
action potential was decreased by 10°* M or 10"'M»etorppine
:vhereas the action potential dura#ion was increased by' 10’;
M etofphine'(Table 10). B .
v‘Thus; etorphine (10°* M), too produced iﬁhibitions in
. the’ action potential amplitude, and in its maximum rates of
rise and fall and caused increments in the duration of the
aétisn vpotential; These changes were similar to those
produced by‘dext;orbhan or naloxone at ¢conc¢ntrations - that

potentiated the twitch.

4.3.2 Interaction between Opioids and Na*:
Thé - influence of reduced extracellular Na’

concentrations on opioid-effects on the twitch as well as on

the electrical properties of the'frog skeletal muscle fibre
' membrane, was_sgudied.' In all thesg experimqnté* redﬁctions'
in * the osmolarity -of iihe. Ringer's solution folloﬁing
vfethtiOns .in the sodium Chioride concentrations vére
couﬁtered by sﬁbstitutiqns with equimolar concentrations of

cholihe éhloride.
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.extracellular Na* concentrations. - Tpe twitc
- .decline in magnltude until the
e.g., 2 .x 10-* M (Fig. - 29).

- the potentlated twitch response when \théf

144

4.3.2.1 Tension Studies:
The Na* ’concentration in the Riﬁger;s solution
could be lowered from a normal value of 111.8 mM%f‘down

to about 44.7 mM (a 60% reduction) wlthout apprec1ably

reducing the twitch size; . in fact, under these

conditions a slight ﬁ;itch potent&ht1on accompanled by

a small contracture was 1nstead often  observed (Flg.
27) ¢ "_Howevér; Awhen the: eXtracellulaE Na‘ ion:
concentration was 1oweredvto 33.5 mM or . less (i.e.,
>70%° reduction) it often caused redugfioné in the
ontrol' tw1tch height that ranged fro#ka slight to é
complete inhibition-of'the responsev(Fig. 27).
Fig. 28 shows that the peak twitch potentiation
produced by methadone (5 x 10-* M) is reduced -

progressively with progressive reductions in

amplitude, in presence of the opioid and Very low"
: . . . ‘w»

extracellular levels of Na* (<44.7 mM), showed am}éﬁ}df

fesponse

feature of this phenomenon was

\

Ringer's solution containing the opioid was r

-~
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{Figu;e 29. Depressant effect of a low concentration of
‘methadone (2 x 10-* M) on the twitch of the frog's toe®

) ‘muscle in presence of low-Na® Ringer's. solution ([Nal,
 ='19.6,mM). ., The 'twitch responses -wefre elicited Dby
single| electrical pulses once every 30 sec. The above
illustration was obtained from one experiment of a
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’separateiy_(N = 2, each).

_fall--

‘acg&on otential duratlon* (Flg 311._ These changes

o . | ‘ . | Ca o :‘vv':'gm A 148

hwith ‘normal Rlnger s solutlon-(F1g 28)fmﬁTh1s effect

-

' could be_ observed even 1n thel qpntlnued presence of

nmethadone prov1ded that the normal concentratlon of Na

(viz. ',111 80,mM) was made_'avallabfc to the muscle
(Flg 30)
| Slmllar effect’mhgre also observed with « morphlne

(10‘? ruM).‘_ and nmeperldlne (10“ M), - when tested

4.3.2.2 Electrophys:ologrcal Studles.

‘The rapld tw1tch depre551on produced by opioids

“'when teSted on frog toe muscles bathed in low-Na*

Rlnger s solutlon prompted us to study thelr effects on

‘the electrlcal propertles of the muscle flbre membrane

under: srm&lar exper1mental .cond1t10ns. For this

purpose, extracellular’ stlmulatu&p and intraceilular

o

&
ooy 9

recordlng technlques were used. These exgerlments were~

iA,performed w1th ‘the. ﬁrog sartorius muscl

. Methadone (5 x 107° M), when tested on'~muscies

‘bathed 'in regular Rlnger s solutlon produced chapges

V.that wer 'eSSentially 51m11ar' to those produced by

other opﬂ01ds, viz., a decrease 1n the actlon potentlal

‘amplltuje, decreases in the max1mal rate of rise and

.the action potentlal and an increase n the

)
#

g were re ersed fOllOWlng washout of the drug from the

~
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Methagone (5x10°5 M) Methadone (5x10°5 ‘M)
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. o - : : Low - Sodium. Ringer
(Na), = 39.1 mM
o

,Flgure 30. - Depressant effect of methadone (5. x 107* M), oﬁ -

the twitch of the frog's toe muscle, in the presence of
low-Na* - Ringer's solution [Nal], ‘= 39.1 mM; and’ 1ts

‘instantaneous reversal on exposure to. normal Rlnger s*

solution  in the. contlnued presende of the o ioid. The
twitch responses were e11c1ted b single” .electrical
pulses once " every 30 sec. " The #bove illustration was
obtalned from one experlmenti a set of 2 repetitions
(i.e. " 2). e - N
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- muscle ohamber. Lou—Na’ R1nger s solution [Na]o =
44.7 mM) produced changes in the electr1ca1 parameters

‘\of the muscle fibre membrane that were qualltatlvely
.s;m11ar~ to those produced by the op101d (Fig. 31)
When a comb1nat10n of the two,_v v1z., methadone

‘dlssolved in low:§a Ringer's solutlon, was tested on.;
the muscle, the effects appeared to  be greater than ,
either alone (Fig. 3J). Thus, methadone in low-Na®
Rlnger s solutlon causes a marked ‘depression of all the
measured parameters of the actlon potentlal exceptlng

' for the action potential duration which "is enhanced
(Fig. 31, 32). | |

‘aa

' 4.3.3 Interaction between Opfo{ds and Ca**:

4. 3 3.1 Effect of methadone on K *—mduced contr'actur*es

’ Contractures‘evoked,by high-K* Ringer's solutlonA-
([K]o = 25.mM) vere partially inhibited by methadone (e'iﬁ
X 10f’ M), although the twitch responses evoked in 'the»

| same: muscles were augmented by the OplOld (Flg. 33).

’ In a couple of ‘instances when the hlgh—K* solutlonA was
added to the muscle follow1ng 1ncubat10n of the latter
~w1th the opioid for 20 m1n, it was observed that ’the»’

3 contracture was reduced to about 50% of its orlglnalighg

elght. Repeated appllcatlons of the h1gh K*"solut1on

(once every 20 mln’for about”4kbrs) to the muscle in -




- Figur
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e 32. Effects .of methadone, low-Na
or a combination of the two on

recorded- agtion potentials of fro
strips. Uppergtraces,. 1st differen
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'responses 0. low-Na‘® Ringer's solution, [Nal, = 44.7
: s responses to.-amethadone - _ . o -
- - low-Na"“ Ringe:'s;solution,,éndﬂobﬁégqed-within 5 minsof *
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Figure 33. Inhibition of K*(25 mM)-induced contractures by
a twitch-potentiating concentration of methadone (viz.,
‘8.x 10-* M) in the frog's toe muscle. Contractures and
twitches  evoked .respectively by high-K* Ringer's
solution and electrical stimulation (once every 30 sec)
were recorded using the same muscles. Means * S.E.M.,
N = 8. * indicates a significant difference from
gontrol at p=0.05." Paired t-tests were conducted.’ ’
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the continued presence of methadone did not cause any
additional reductions in the '~ Heights of the

contractures (N = 2).

4.3.3.7 Effect of D-600 on twitch ‘potentiation by
opioids. | N "
D-600, a sioﬁ Ca*" channei blocking agént, was
tested for effects on the Qpioid—induceda twitch
poténtiations in the frog's toé muécle. The antagonist

" was employed in two concentrations,eviz., 10°¢ or 3 X

10-¢ M. The twitch potentiations prodUced by various.

opioids, viz., methadone (5 x 10-* M), meperidine (4 x
10-* M),. or morphine (10-* M) were not affected by
prior. ingubation of the muscle for 30 min with either

cdncen;ﬁat}ons of D-600 (Tabl¢'11¢.

In two experiments, toe muscles were incubated .

‘with D-600 (3 x 10°° M) and were rébeatedly exposed,
once 'every 15-20 min, fbf‘periods of 30 sec each time

to a high-K* Ringer's solution. The K*-contractures

. thus elicited in ‘the continued présence, of D-600

progressively decreased in magnitude until it was down
to 20-30% of the control response. At this time.the

twitch responses of the muscle were, hoﬁf&er,

Fr
. 38
unaltered, and methadone (5 x 10°° M)*continﬁ%ﬁgto

o ) ’ ) /.’J;vfgxiir d
~exhibit its usual twitch potentiating ability. 9
\Z, 4

o
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4.3.3.3 Effect of high-Ca** Ringer’s solution on

opfoid-induced twftch potentiations{

Increasiné the Ca** concentration of the Ringer's
solution bathing the muscle from 1,08 mM to '4.32 mM or
above caused an initial de?rease in  twitch tension
which ‘often recovered to 'control’ vaiqes within 30 -
40 min of incubation. Thefefore, toe 'ﬁusgies ‘wére 
exposed to the high-Ca** Ringer's sqlutién ([calo =
2.16 - 10.08 mM)'fpf‘40 min before testing the effects
of opioids (in the continued presencgfof the high—éa**
solutibn) on the twitch.

The twitch pofentiétion préddced ;b§ methadoﬁe
(10-* - 3 x 10°° ‘M) was essentially unaltered by =
increasing Ca*" .concentrati®n in.the bath up to‘6.48
mM, but further increases in the extracellulags_cgf"
cénéentration - caused an almost complete inhibition of
the effect of methadone.(Table 12)..

| Single experiments were performed using other

opioids, viz., morphine (10-* M) or meperidine (10°°

M), and the same extracellular concentration of Ca**

(i.e., 8.64 mM). Lt was again observed that the twitch
. . -}

potentiating " effects of the opioids are effectively

countered by an increased - concentration of

extracéllular Ca**.
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4.3.3.4 Effect of hig"h-Ca“ Ringen's'solutfon"‘oq'the
Vmethadone—lnduced changes in the electrical properties

of the muscle fibre membrane: - SR !

) N
i

Intracellular recordlng experiments were conducted '

to see if a-high - Ca*®* Ringer's solution (HCR) could
antagonize methadone -~ effects: on the electrical
properties of the membrane as it antagonized the opioid
- effects on tne twitch (Table 12). '

'In this set of experiments, the electrical

responses of the muscle, viz., the resting membrane

potential, the action potential amplitude, the maximum

" rates of rise and fall of the action.potential, and the

'action 'potential ‘duration (measured’ at  -40mV) were

b A

recorded before and after methadone (3.2 x 10°* M)

' addlt;on. : The4 electrlcal events were recorded at 5,
1@; 20,-and 30 min following the addition of the ‘drug;
Using;freSﬁisartoril.muscles, the electrical parameters
of the'muscle‘fibrevmembrane were recorded first in
normal Ringer's solution (NR) and then‘in HCR solution;
'the responses belng recorded after equ111brat1on of the
muscle in the two,-solut1ons for 60-m1n and 40 m1n,

'°respect1ve1y. ‘The same’muscles were next exposed to

methadone (3 2. x 10"M) dlssolved in HCR ([Ca]o = 8.64'

mM or 10.08 mM) and the electrlcal events were recorded

periodically as described above . No attempt was made

to record both the 'control' responses and the ‘test'




L3

responses to methagﬁpe from the “Bame muscles ' because
the muscles never :recovered completely from the

'control' methadone effects even when washed with fresh

" regulay Ringer's solution once every 10-15 min for over

2 hl’S‘.u ’ . ' L -

®» . .
: !

Methadone (3.2 x 10-*M)-effects on ‘the electrigal

parameters Of the muscle fibre membrane were similar to_

thedveffects produced by other op101ds (Ch. 4.3.1).
Methadone did not affect the resting membrane potent1a1
up to 30 min following its exposure to the~muscle.(Fig.

34) .0 I@ produced a Sllght but 51gn1f1cant reduction of

3_the*—actlon 5potent1al ampl1tude at the end of a 20 min

exposure perlod (Flg 35). The maximum rates of rise

and ‘ﬁall of the action potentlal were depressed within

& 59

o

5 m;ﬂ of eXposure to the muscle (Flg. d36, 37), and’

°V

s1muItaneously there was a élgnlflcant prolongat1on of

- the agtion%pdtent1al duration (Fig. 38).

&
f

L

Qfﬁw, ?1, Elevatlon of extracellular Ca** 1evels to 8.64 mM

Feasured»'electrlcal properties of the muscle fibre

i membrane. HCR ([Ca]o = XB) also dld not a onize any
'h'\&:< ’: HEIN »
- of ‘the: changes in the electrical ropertles of the

@gfnhecle-f;bre-membrane produced by methadone (3'2 x

107 *M) ‘within 5 min of 1its exposure to the muscle

{<éigs. 34 - 38).

bY*ltSelf dld not »slgnlflcantlyy aﬁfecov;any of the.
Jf'_"‘w', . .

NP
g
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b Fxgure 34, Lack'of effect of methadone (3.2 x 10-* M) on.
the rest1ng membrahe potentlal of frog's sartorlus,
col e muscle strips. ﬁ\methadone '1n/ normal Rlnger s {(NR)
Tl sélution ([Cal)o = 1.08 mM) = 7 muscles; O, methadone:
' ' in highpCa** ([Calo = 8 .64 . mM) ‘Ringer's (HCR) solutlon, -
N .= 3-muscles; 4, methadone in HCR ([Ca]o = 10,08 'mM) -
R 4-solut10n, N' = 3 muscles.: ° All muscles exposed ‘to.
Al ~methadone: (in~ ‘NR or HGR) at- t1me 0. Results obtained

. _in each experiment were calcglated separétely, means _t{e o
,\S %VM’ calculated and used t produce the graph shown. L
L e . = S T Lo :
S ?*17’w"fj'ff°x_'1‘“ g J“ Lo \D‘ "h,
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Fxgure 35.. . Lack - of ‘anm antagohistic effect of high
extragellular .concentration of Ca** on the methadone
(3.2 x 107t M)- 1nduced changes in the action potentlal
‘amplitude - of frog's® sartorius .muscle strips. .,
L ‘ methadone 1n normal Ringer's (NR) solutlon ([cale =
. ‘ 1.08 mM) ,. 7 muscles; O, ’methadone in. high-Ca~*’
o 'Rlnger s (HCR), solution ([Calo, = B.64 mM) N =3
A muscles' A, methadone in (HCR) solution ([Calo = 10.08 ¢

... mM), N'= 3 muscles. All test. muscles were incubated in
L . HCR: solutlon for 40 min, before testing the op101daﬁg‘
SRR Results obtained in ' each _experlment were calculated
B - separately,  means * S E.M.. calculated ‘and’  used® to- - Tee
- - produce the graph shown. ~An: unpaxred t- test (one taills 3?&*.1»
was conducted.. : o - v EA, e :
w .
' A T&~
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Flgure.~36 Lack of én 'antagonistic effédt of = high
extracellular concentration of Ca'* on the changes

produced by methadone (3.2 x 10-4 M) in the maximum
rate - of rlse, of the action potential amplitude of

Ringer's (NR) solution ([Calo = 1.08 mM), N =7
muscles, 0, methadone in high—Ca”p Ringer's (HCR)

frog's sartorius muscle strips. ®, methadone in normal"

- solution {[Cal, = B.64 mM) , 3 muscles:vA,vmethadonev
in (HCR) solution ([Calo ='10 08 mM), N = 3 ‘mg@scles.

All  test muscles were 1ncubated 1n'HCR solutlon for 40
min before testing the . opioid. Results obtainegd

; -each ‘experiment were calculated ' separately, means +v'
- '§7TE.M. calculated and used to pfnduce the graph shown.

(one tall) was conducted

;iAn unpalted_t te
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’ F1gure “/37. ¢r Lack of an antagonistic effect of high
extracellular concentration of Ca'* on the ‘changes
, produced by methadone (3.2 x 10°* M) in the maximum
rate of fall of the action ‘potential amplitude of _
frog s sartorius muscle strips. ®, methadone in normalu
® Ringer's (NR) solut1on» ([Ca]o = 1.08 mM), N = 7
muscles; O, methadone in .high-Ca‘'  Ringer's - (HCR)
so¥tion ([Cal, = 8.64 mM),. N = 3.muscles; A, methadone
in (HCR) “solution ([Calo = 10.08 mM), N = 3 muscles. ~° "
A1l ' test! musciles were incubated. 1n HCR solution for =~
~ 40 - min before testxng the opioid. ~Results obtalned in
‘each experiment were calculated é%parately,’ ‘means %
S.E.M. calculated and used to produce the graph shown.
. An unpa1red t- test (one ta1I) was conducted '
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Ca** on the “methadone-imjitced changes in the action
potential duration . (measured~ at -40 mV) of frog's

‘sartorluszj muscle strips. ', methadone : in. normalj
Ringer's (NR) solution : ([Cal, = 1.08 mM), N = 7
muscles; * O, methadone ' in.- high-Ca*" R1nger s (HCR)—

solution ([Ca]o = 8.64 mM), N = 3 muscles; A, methadone
in (HCR) -'solution ([Ca]o = 10.08 mM), N =3 muscles.

All test muscles were incubated in HCR solutlon for 40

min before testing . the OplOld Results obtained in

‘each experiment ‘were calculated separately, means "%

S.E.M. calculdted .and used to produce. the graph shown. .
*+ indicates a sggn1£1cant dlfference from - control

Figure 38, Effect of high éxtgﬁ%ellular:’concentrat1on of

methadone response - .at - P 0. 05 An unpalred t- test_.

(one tall) was conducted
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‘ v *»
HCR~([Ca1°'¥ 10.08 mM) also ' did not  affect the

'restlng membrane potent1a1 ‘or ‘the bactiCn potential'
'amp11tude but it did- depress 51gn1f1cantly the' maximum
rates of ‘rise . an 11l of the action. otent1a1 and -

caused a significant iMkrease in the duration - of the

action potential (Fﬁgsl,'34 - 38);-_However even this

higher concentration fﬁf extracellular' aB
antagonlze any of‘bfthe éhanges
electrlcal parameters of,the muscle by f;» oy ,-(1thin

Ay -1
5 min of ;ts expos

the muscle.
‘experimental conditio scles become inexcitable

after abcut 10 min.v‘f

R | e bt ) ‘ _
ﬁ . Thus, elevatlon of ex racellular Ca“ ~levels to.
| 8.64 -or .. 10 08 mM, antagonlzes the tw1tch potent1at1on'

by methadone, but does not antaqonlze “any of the

‘changes ‘ﬁroduded_ in  the electﬁ"ll parameters of the

- muscle by the{opiqid'wlthin 5 m1nﬁgf ‘its exposure to

the muscler | " o j E ,' L «

453 - 3¢§§&Effect of Iew-Ca*+_ Ringer’s : sothioh on

. opioid-induced twltch\potentiattons.

fA 70% reduct1on 'inl\ the extracellular - Ca'?

3

oncentration‘ (frgg{ 1 08 'mM to 0 324.mM) caused no-

, observa%le etfects on the ;§4tch of ‘the frbg'si toe

Sy
#

, muscle, .FU ther decr%ases 1n the. concentratlon of the

' above_ion, however, pyoduced enhanced thtCheS “that

- o ¢=" ' K ’a

Under these

LY
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5 o ) < C
TR

were at times supetlmposed on small contractures.
The- effect of reduced extracel}ular concentratlon;f
of 'Ca‘“'don the tw1tch potent1at1on produced by
kmethadone whs studled. v The muccle was soaked in.the
low-Ca*"* solut1on for 20 m1n before testlng the oplo1d.'
It wes jlobserved that | ﬂ!duct1on  of _ the Ca“
concentratxon in the bathlqg solutlon from 1. 08 mM to
g§,‘ 0.54 mM ta ‘50% reductlon) or to 0. 216 mM (an 80%
| Lreductlon) caused no change in the twlﬁch potentlatlons
"peruced by 3.2 x - M or 18%‘ M 'metgedone,
= respectlvely (Table 13) . f&@ @. '

4.3.3.6 Erfect \of | caffeine on twitch potentiation by
opiolids:”‘ L - .

~

,ﬂ?w'ycohCentratiohs of caffe1ne, v1;;,
or 8 x 10" M d1d not affect the, twltch potentlatlon
‘@p:oducedg byc~5‘ix‘ 10" M or 10" M methadone. Higher_;

' conceuttations‘ of “caffe;ne .(3~;x 1072 M) howevs. df
produced a marked’ attenu;tioh of the effects ‘of the
'op101ds,tested, v1z.,/9eper1d1ne 510 ¢ M) or morphlne_’”

(104" M)‘; The antagonlsm‘by geffelne was . rever51blev
,vﬁw1th1n an hour of 1ts removal from the bath (E1g.; 39,
"40) = "ﬁ?,' R oo : e,
, g = : L , . .

R

,4 3.3.7 Effect of A23187 on twitch potentiation by

: '“*oplbids RDRERC S T ST VI
» - | . ‘, e o )“)a

-
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| T
(107" (107 M Meper (10° A
Mepertainég (10 3,1) : Meper (10°% M) Al
X ~ - B { .

. -

Caflfeine (3x10 % M)

'f n

"Figure 39. Antagdnistic effect of ‘caffeine (3 x 107> M) on

theﬁtwitch-potentfation_produced by meperidine. (10-* M)
ine the frog's toe 'muscle: »The twitch response was
elicited by single electrical shocks applied once every
30 ‘sec. The above illustration was obtained from one

experiment’ of a set of"4 repetitions (i.e., N = 4).

'
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IEE ' CRERIL O LT 1) : NBIRGI [ o
" . . . A
A . . . ‘A : Y 3 N
w-.Q. : . . . WwW.0. Kt H . L ,
‘4\‘). -

Morphine (10°% M) , - Morp (1074 M) Morg (107 .M
fw:. .
Catfeine (3x10°7 M) . .
i
3 i ‘7 . -
e 40. WEagonistic effect of caffeine (3 x 102 M) on

the twi¥ch-potentidtion produced by morphine (107* M)
fn the frog's toe muscle. . The twitch response was
elicited.by single electrical shocks applied once every
30 sec. The above illustration was obtained from one
experiment of a set of 3 rgpetitionsf(i.e.,-N = 3).
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The Ca®® ionophore, A~ 23187 (7m6 x 10-7 M) faiXd
to affect the twitch potent1atlon produced by 5 x 10°°
or 10°* M ,methadone. ngher concentrations of the
ioﬁOPhore,"viz;, 10-* M or 5 x 10°° M howevet,

vy o ,
antagonized significantly the twitch potentiation by

10-* M methadone (Table 14).

4.3.3.8 *s5Ca Desatur*ation Studies., . o 9
Effect of La**": La*** was used tojfcest'vthe

. » ng Ay
ability of our procedures to detect- the d1splacement of
:ga’; bound superf1c1ally to the extracellular surface’
‘off"the muscle fiber membrane. Pairslof toe muscles
':frouéﬁihgle frOgsz vere " incubated ’inﬂ i nger's
, solution Tcontaining .*Ca for 3-4 hrs, and then efflux.
" into a éa"—free Tris Ringer's solution was followed.
One muscle: from each pair acted as a drug-free control.

Efflux samples from both muscles were either collected

once every 5 min for 60 min .in threevexperlments (N=3) -

ot once every min.for the first 10 min followed by once

every -5 min for the next 20 min. and finally once every
p .

15 min for the next 3.5 hr in two other experiments.

The efflux media ,were,uthe éa"-free Tris Ringer's
(CFTR) soluﬁion‘vitﬁ or without 2 mM La***. A typical
reSult using the latter timing is shown in Fig.‘41.‘
- La‘*** produced an immediate iocrease in the rate
lof loss of **Ca into the,efflux medium (Eig.'42).A This

e (g
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‘ | ) Flgure ‘a1, Effeét'bf Lak /on f’Ca efflux from frog s toe' 
RGN ”huscle., Results: obtalned with a pair qf toe ~muscles

om a single frog. . The. wseles were incubated’'in Tris
;nger s soluticn conta1h1ng “Cazfor 3 hr and then the
fflux - into a Ca**-freg Tris Ringer's solution with or
\w1thout La‘***. (2 mM) was measured. (A), La*** was

L,

dontrol efflux q1thout La***, - the other muscle.

S

N
o

present throuyghout the efflux\perxod -~ one muscle, fo),\
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Flgure 2. Efflux rate coe£f1c1ent curﬂes obtaln'd'from the

data in Fig. 41. (A, La*"* was.
efflux period - one muscle; (o),

Q? -.the other muscle. Insert, time scaLe ei§§ﬁ§ibn
the fxrst 10 min of this curve. . -~

y o . ’ N .
\' ( — N

present thr,ughout the
control.efflux without -



v-muscle. The results.obtalned in-these*four eXperiments‘

B T RS T S

effect, however was not sustalned,_ in the, experlmentg

shown 'the efflux .rates were equal’ubth m1n, Thls T

- 1La*” often decreased durlng later part of the

effluxf to values less than those of the control. :This.

& L]

'doccurred 1n the two 4 hr efflux experlments as. shown ‘in

VFJg‘ 41 and’ at 20 m1n in one of the three 60 min’ efflux

eXpeerentsy- o

uscles from dlfférent frogs were tested These muscle

pa1rs 'were kept 'in “’Ca labelled normal ﬁingerﬁs

solutxon for 3 hr and then the efflux of f{Ca ~into a ,"'

C“‘*-%ree normal , Rlnger S solutlon .was' followed,

»Efflux samples/;rom both muscles .were collected -once;_
Vevery 5 min - for 90 m1n. ) In these experlments the‘

'efflux medlum for the 'test’ muscle conta1ned methadone_

was omltted from the efflux ‘med;um~ of Vthe '_controlh

.were averaged and ‘the average 1s presented in F1g 43,

The efflux rate coeff1c1ent curves obta1ned using

‘-these averages (Flg. 44) show that methadone (10". M)

caused an’ 1mmed1ate (w1th1n 5 .min) but - transient

drug-free controls.
&

Effect lbf‘ methadone (10" M) Four pairs of toe.

- G i, ~ B
fresulted in less ‘*Ca remtan1ng in the‘-muscle_»treated

wrth La*%# (Fig. '41) However,’the:"Ca efflux‘withfﬂi'

;(10" M) from the beglnnlng of . the efflux (hereas it

increase in the rate of loss of ~*3Ca as compared to

67 .
.
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F1gure 43. Effedt ‘of methadone (10“ M)‘on ‘*Ca efflux in

: frog's toe muscles. " A, methadone (10°* M) was preseni
| throughout *the efflux perlod 0, control withou
4 methadone.f The symbol

s are averages of values obtained
.. with four{ toe -muscle-

\ palrs (i.e., N =4 for each
.\ curve); each muscle pair being ‘obtained from a . single
‘\ animal. The differences betweem

the paired control and
. test values are statistically 51gn1f1cant

\ each .-point by an aste isk’ (*)
. conducted. .
o / B »’fj

! 4

(p = 0.05) at
A paired t test wa’s
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Effect ~of morphme (10“ or 10 »M) Elght palrs ,‘

f of toe muscles from 51ngle frogs were loaded L "Caffa

v

y hlabelled _normal R1nger s, solutlon’for 3*5 hr and the"

,Q(efflux o f""Ca 1nto ‘aQIC *?*free‘ nOEmal;“:Rlnétr's_

solutlon, w1th or w1thout morphlne (10-‘f$r n 4 palrs:
or 10" M n= 4 palrs) was, followed f Efflux samplesf; 2

were® collected once every min. for the f1rst ﬁ m1n and"‘
5 \ .
then every 5. m;n for the-next 55 mlh Morphlne caused,

no change. in the rate of loss of the tracer 1nto the
: ‘ o
medium. durlng the;60 m1n of efflux studled. '}Inh«7‘;of

f'thewlB {experlments .the‘ control"and morphlne efflux‘-'
jcurves were 1dent1cal In the othery morphlne produCedlll

" a Snght, tran51ent decrea;e 1n "Ca efflux._'
| Effect of meper1d1ne (10"- M) ‘Thez experlmental”'
k.-procedure was 51m11ar €% that descrled 1n the prev1ous |
;experlment w1th morphlne'_except forrvthe ,que;:vof, g
meperldlne 5 0" “M) 1nstead f';morphlne.f7TwoFSUchf
experlments :were conducted@‘and Dthe:t-resultsf‘lfrémiv
controlT. and " ftestl; preparations fwere; ldentical;
’1nd1cat1ng thatﬁvmeperidinef didi notj-kdisolace-; the
,superf1c1ally bound membrane Ca | | »l S ‘
| Interactlon of the effects of La4*97 (2.'mﬁ) :and.

f oploxds on f’Ca efflux from superf1c1al membrane 51tes'

5 - L et .

The small or non- exlstent effects on ,the» efflux, of
}supef%1c1ally, bound Ca" observed 1n the above; :
experiments persuaded ‘us to vadopt : procedures to .



‘ *'solutlono to. whlch was added 4- 5 uC1/ml

1;muscles were next exposed to Ca"-free Tr"

w‘1ncrease 'fthel‘ sens1t1v1ty 'or" detectlng g thlS

.

dlSplacement.. gTo do thxs t seemed reasonable to

“Ol‘ .

‘ “: : -,,".178

enhance ‘the\ concentrat1on -of "Ca bpuqd to theSe‘

Superf1c1al membrane 51tes. ThlS was achleyed by flrst"

reduc1nq total Ca” stores in the muscle by soak1ng

in nonradloact1ve, Ca’*—free Tr1s Rlnger s. solutlon for

. l

”

Sodklng frog skeletal muscles 1n Ca“-free solut1ons is

'known to reduce superflc1al Ca" stores to 1¢w levels

‘iuh the solutlon belng replaced once ‘every f m1n.,‘

usually w1th1n 1@ m1n 1n frog s toe muscles [250] ﬁrhezd;

.. L

1ncubat1on w1th thef radloactlve'-solutfon‘owas kept’~

<

‘relatively short,' viz., . 30 m1n, in order to m1n1m1ze

LN

¢

Rlnger s;'

£ ”Ca "The :

;5’Ca uptake‘ 1nto‘ the deeper 1ntracellu1ar /storesfd
,wS1nce thef superf1c1al 51tes On' the" membrane, weret

”'jlnltxally depleted Ca’* and neXt exposed to;_av

”tradloactlve solut1on w1th a very hlgh spec1f1c act1v1ty

s 3

in the prev1ous experlments. L v-'fnyy _ }

'?"Ca efflux from both muscles of a muscle pa1r

_1nto a Ca”-free medlum was followed for only 45 min ;n

4

‘of Ca*‘v the amount of "Ca bound to superf1c1al s1tesrd

-in these exper1ments was presumably much greater thana

'.lthese experlments. | Efflux' samples from both muscles'

were collected every m1nute for the f1rst 10 mln, and I

Id

L3S

then every 5 mlp -iir cthe.yne;t 35 mln.v;In thes




Ve oo

. L \4‘. L ‘ . . :

S exper1ments '(hi- efflpx nEdiumf'EOr4~bothfmuscles'was

druﬁ-free and Ca"-free Trls Rlnger s soiution (CFTR)

for-dthe flrst 4 m1n.ﬁ Next, between Q,aﬁd 20 mln-the

b
‘ ,' efflux med1um for one muscle contalned ia“’ {2 mM) and
. "_‘ / Sl T . ‘
‘ that ,tor}_the other muscle contalngd an oploid he
o oo ,
effluk medlum for the balance of.4the efflux per1od

f.«

(1 e., from 20 to 45 m1n) for both muscles contalned

both La‘”"and the drug : 5; S

C et . ’ ‘e .
- [

The ,“Ca des uﬁatlon' curvesl'showedk’that’ thei

fe!¥5~sw o superf1c1ally ‘bound Ca" was not dlsplaced by morphlne

| (10“ M) even though there was a.la;ge.reserve of Ca
udtln thlS pool as 1nd1cated by its dlsplacement w1th

— : La”ﬁ (F1g 45) Two experlments were conducted w1th
v'ﬁ morphlne and 1dent1cal besults . were obtalned Th

results fV ‘ne’ these experrments is presented in

mg. 45 ‘t

“'In-.another‘xtwo experiments the same experimental

. h‘procedure &asrfoilowed ef@eﬁt“for the‘use of‘meperidine

(IOQ M) 1nstead of morbhine. The result of one of,
' [

-

of theser_exper1ments S were the, same@as for morphlne

‘Vfd;kahowing‘thatv meperidine also did not displa
vsuperficiall
When 51m11ar exper;ments weve carriedF out‘ using

methadone~ (10 M n=2 palrs) a sllght but 51gnlflcant

1ncrease in qhe rate of~"Ca efflux fromuthe muscle was
IR SN ST T Lok
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o

, these experlments,ls presented in Flg.\46 The results h'

T s
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_— : uscles from a single frog. The efflux media was.
N cat’-free Tris Ringer's . (CFTR). Its composition for .
. the two toe muscles was as” follows:,
5-, , Effl X Tlme Efflux Medlum
(Min) Muscle 1 (*) Muscle 2 (+)
. 0-4 ', CFTR . CFTR
g ,—/22/ - CFTR + La*** * CFTR + Morphine
20 =45 CFTR t+ La*** . CFTR + La*"" - .
o + Morphine ~_+ Morphine
/ it m—m—mss it ittt
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Figure 46. Effects of La'** (2mM) and meperidine (10°°M) on
+sca  desaturatidn curves obtained from a pair-of tae
muscles from a single frog..  The efflux media
composition for ‘the two muscles was as follows: )

-~ ——— ———— — ———— —— —— " — - e G ——— i ———— e s . - e s e

Efflux Time Efflux Medium-
(Min) ‘Muscle 1 (*) Muscle 2 (+) <
0 - 4 . CFTR _ CFTR
4 - 20 CFTR + La**” CFTR +
S I ~ Meperidine
_ 20 - 45 . . CFTR + La**"* ~ .~ CFTR + La**"*
. ; ’ + Mgperidine  + Meperidine °

‘fxlw o v\181‘5‘
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‘uproduced by 1t (Fxg. 47).; However, no 1ncrease in the **cCa

efflux Nrate‘ was observed with methadbne when it was tested )
after a prior exposﬂre of the tissue to La’*’ (2mM) (Fig.

47, muscle 2). S1mllar results vere obtaxned with-107° M
methadone (n=2 pairs). . The results of one of these four
exper1ments is p;esented in fig. 47 and 48. These results
complemented our earlier observatlons made ‘under 'diffeqent_
‘ experxmenta} condltlons‘ that methadone (10-* M) caused a

small transient increase in the rate of efflux of **Ca from

the frog toe muscle (Flg. 43).

4.3.3.9 Ca** Uptake Studles |
. The musclei used to measure the 10 min uptake of
Ca;?{in Tris‘R%nger s ‘solution were comparedrw1th their
counterparts subjected during the later half of their
incubation perlod (5 %min) to electrlcal stimulation (1
) "Hz.): The ~ meari Ca" uptake by the muscle during the
electrical stimu}atiqn was réughly‘ tw;ce the uptake
seen in the resting ppndition (Table 15). - ) .
our preliminativCa“f uptake studies with methadone
. “were honever,. e?uivocal. A.great deal of yariaBility
. was seen in the results; of the 5 paifs’fof muscles
examined for Ca** ’ uptake: folldning . electrical.

stimulation (‘300. pu"l'ses, 1 Hz.'), ® . pairs showed a

decreased uptake of Ca*: and the other 2 paifsvshowed
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F1gure 47,  Effects of La*'t (2 mM) and methadone (10“ M)
on **Ca desaturation cur&es obtained from a pair of toe
muscles from a single frog The efflux "media
composition for the two muscles was as;follows:
{ -Efflux Time . Efflux Med1um
\ LT e e e e e e e i e —— e e e
(Min) Muscle 1 (0) Muscle 2 (A)
v, 0 - 4 CFTR  * . CFTR
A 4 - 20 CFTR +.La*'* CFTR + Methadone
20 - 45 " CFTR + La‘***™ CFTR + La*"*

+ Methadone
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‘Figure 48.. Efflux rate coeff1c1ent curves ~obtaiged using’
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the data in -Fig. 47. O, muscle 1; A, muscle 2. For

details of the efflux med1a comp051tlon and meanlngs of
the symbols; see Flg 47 . S . , L
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TABLE 15. 1 4 '
' Ca‘'* Uptake. p
"Rgsting‘ : Stimulated - Net Uptake Uptake/-
“ Muscle Muscle ) during Twitch
. 7 Stimulation .
e (uM/Rg) . (uM/Kg) "(uM/Kg) (nM/Kg)

13.45 + 5,76 . "27.65 t 4.6 14,20 ¢ %i95 4,73 ¢ 2.2

]
>

\ ] e
" TABLE 16.

.

T

Effect of Methadone on total Cé’f Uptake.

\

- Control Uptake Uptake in Presence
. . of Methadone (10-* M) _
 (uM/Kg) , (uM/Kg) e

20,78 * 2.4 . 19%52 % 3.2
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the opposite-attcct. A compdrilon of the mnean valuq, of
Ca*’ uptake/ﬁwi&ch '“under 'contral' and under 'test’
conditions showed no statistically significant difference
between the two (Table 16). : T

e

4.3.4 Miscellaneous Experiments

' 4.3.4.1 gffeCts‘ of low-Ca** Ringer’'s solution on the
“twitch and the te{anus£

Reducing the ‘extracellular concentration of Ca*”

from 1.08 mM to 0.43 mM (a 60% reduction) caused no,

ohservable effects either on the twitch 6r on the

tetanus of the frog's toe muscle. Further reductions

in the diyalent ion's céncéntration to 0.27 mM (a 75%

< reduction) or below usually caused the twitches  to be

_potentiated leaving the tetanus unaffected (Fig. 49).

4.3.#.2 Non-oploids and tyitch height :

Procaine, a local anesthetic agent‘ilacking
agonistic‘effeéts on :hel opidﬁd receptors of frog
‘skeletal muscle fibre mémbrang [14],'é5d l-hyoscine, a
compound that shares some pharmacological properties
with meperidine (e.g., spasmolytié activity), were two
non-opioids tested separately for their effects on the
twitch of the‘ frog fpe - muscle. The‘ expérimental
,con@itions for this.study were similar to those used

earlier for the opioids."




~ B o
‘ . o N o T . .. . o B li| |‘. KD..O mQ. -~
(Ca)y =.1.08 mM TS - L ‘:] S e

“(Control)

LS

L
[

RS L

187

Figqure v49.ﬁ7 Effect of decfeJ;ing extracellular Ca'*

concentration on the twitch and tetanus of the

frog's

toe  muscle. Twitches were elicited by single -

-electrical shocks applied once every 30 - sec.

the

muscle; = tetanic = responses . were . elicited - wusing

_electrical pulses at a frequency of 60 Hz for

total

period -of 5 sec. The above illustration is obtained

from one experiment of a set of two repetitions

SN = 2).

(i.e.,
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. 5 -
Procaine (10"' - 107 M) prOduded';only a
depressant effect on the twltch This effeCt became

| more pronounced w1th 1ncrea51ng concentrat1ons of the

. i .
drug (Flg 50). ;/_\V »

\Q-J

On the other hand, 1- 5yosc1ne (0 25 X 10" - 8 X

\

'10" M) Apotentrated_ the ~_tw1tch in a

'concentration—dependent -manner llEigl 50) 'The twitch

ann—

potentlatlon by 1- hyosc1ne resembled that produced bbys-

'op101ds, 1n that the onset of effect follow1ng the drug.

exposure was very rapid (< 30 sec) and - the response'

. § =

plateaued ~quickly “(within 53‘{4' S min)* _ ‘each

,concentratlon. Prolonged exposures (> 5 - 10 m1n)

hlgher concentratlons (> 4 x 10°° M) of the drug agaln
Bk R

resulted in a decrease in  the extent of o the

! Q0

tw1tch potent1at1on, " and 'also .~ a supramaxlmél

' concentratlon of- the drug caused av'submaxlmal, effect'

@ . ' . s S

twrtch and the tetanus.

Reduct1ons 1n the extracellular 1evels of Na* from_’

111.8 mM to about 44 7 mM (a 40% reductlon) caused no .

51gn1f1cant effects elther on the twltch or the tetanus

\

of the 1solated frog toe muscleu Further reductlons in

the Na* concentrat1onsvhowever .markedly depressed the

o

tetanms whllst leav1ng the tw1tch relatlvely unaffectedfy

AT

-

4.3.4.3 Effects of Iow—Naﬂ"leng‘eh’-s_ solution/on the
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Flgure ' 50 .  Percent tw1tch depress1on or ,IOtentiation

“produced in the. isolated frog's toe muscle by procaine
.or  l-hyoscine, . respectively. O, procalne, ‘n=4; A '
" 1-hyoscine, n=5. ~Means £ S.E. M. When -the S.E.M.

not shown it fell within the symbols.- The dotted 1iné

~represents the control (100%). response.
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44 7 mM (Flg~ 27), but 1t was observed that for a given,

-

- extracellular Na concentratlon than was the tw1tch

0 X N }

PR o PR - "“d

4, 3.4.4 Effect of procalne jon the t‘u)it_ch. and the

tetanus

W\ B Procalne (‘10"' M) depr'eSSed _' the twitch,of the -

frog s toe musclea At- a t1me when the twitch'

sl1ghtly depressed “the tetanus was completely blocked

kas only a sharp splke lastlng less than a fract1on of

"oa second. The twitch. response 1mmed1ately follow1ng”

1*th tetanlc response were _howeVer,runaffected (Flg;

52)

190 -

;.tooj’ﬁere depressed at Na concentratlons lowg; ‘than .

muscle :jtheh tetanus. was ‘always more Sen51t1ve »to‘

in fact the response to a tetanlc st1mulat10n (60 pps):

N i:”:l " (Figq. 51).' Often (about 50% of the cases) the twltches‘ s
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Figure 51. Effect of a decrease in the -extracellular .Na®'~ -
concentration .on the twitch and the tetanus of frog's .+
‘toe muscle. Twitch  responses  were - elicited . by’
- . telectrical shocks;,apﬁbigd'Ionce every 30 sec’ to the
"~ muscle, and the tetani¢c response was -elicited by
_electrical stimulation at the rate of 60°Hz for a
 period of 5 séc. The above illustration was. obtained :
* from a series of 3 repetitions (i.e., N = 3). ‘

2



‘,
1]
. , .
4 ¥ ) ) . . B
e 192
- N -
« L .
L . . .
v’. ” " + . N N ) 5
i o " =
° . . .
. - b - o . . . ’ .
i .
. ) . ~
» ; . " "
S T -
P e— L v c
. ~ . 4
LY " 5 e
. ¢ )
» - 1.0 g B}
-~ Control [ B
k] » L
. ® L L .
. . . L . “ . 60 pPpS -
. . . .-
&
B "
- a i
K _J Y
. _\' ‘J
. h¥)
Ty .
A .
;A' - “\ .
.. - s
- f
V.
Procaine 1mM
- .
: 5 Mm 1 Sec :
60 pps = o 60 pps
.1A.LLL1L[|1’; ' O il N — J
) 5 .’ R T e SR L -l
.

-F1gure 52, ' Effect of procalne (10" M) on the tw1tch and

“the - tetanus  of frog's ‘toe muscle. =~ Twitches were

, elicited by-electrical shocks applied. once every 30 sec
" ‘to.the muscle, and the tetanic response was elicited by
‘electrical stimulation at the rate of 60 Hz. The above

rlllustratlon was taken from .a set of 2 repgtltlonsl
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5. DISCUSSION

The. dlscovery and descr1pt1on of qp1o d receptors on

{‘frog skeletal muscle fxbres by Frank and co workers [12 -

14) | prov1ded a ‘useful in vttro system i" which the

phy51olog1cal change prov1ded by drug activa 1on of»fthe

bpreceptor could be - dlrectly measured and studled ‘These

;eceptors,. postulated 7to» be located at or ndnr _the‘

'1ntracellular openlngs of the Na channels,‘1nh1b1t gNa when

actlvated.. The receptors were shown to possess propertles*

~that = would f clearly ‘;1dent1fy them “as" functlonal-'m

stereospec1f1c OplOld drug receptors. Thus,} the _receptors

aere ‘shown to be act1vated by - OplOld agonlsts and very high

' concentrations of.oplold antagonxsts [12";F> 14] ‘and were
o R s :
1

hinhibited‘»by‘v;ery;vlowv concentrations <10- ¢ M) of opioid

,';antagonlsts. In addition; - they ’:were', shown to be
istereospec1flc sincet onlj 1eVorphanol but not its optlcal .

' 1somer dextrorphan, could produce a. spec1f;c ‘late- occurrlng'

depress1on of gNa sen51t1ve to 0p101d antagon1sts [3].
, Subsequent to Frank s d1scovery of opzold receptors'.in
frog's' skeletal muscle ’[12 13], Durham and Frank [249]

o \ ,
observed that meper1d1ne, an op101d agonist, potentlated the

'tw1tch in an isolated, curar1zed and’ electrlcally stlmulated :

‘frog rsartor;us 'muscle.‘ : Thls »ra1sed . the 1ntrlgu1ng

-

‘:
skeletal muscle not only dépresses the Na conductance but

also potentlates the contractlle response of the muscle to a

193

possibility that ‘activation of op1o1d receptors in frog's
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, A : ' o
51ngle electrlcal shock These two effects are’ apparently
contradlctory 51nce an inhibition oF gNa in presence of an

opioid agon1st should cause an 1nh1b1t10n of the twitch and

not a potentlatlon, 7as vWas actually observed It was

o

P

thereforecbf great interest to not only examlne the poss1b:§¢

involveiment of a stereospecific receptor in the med1at10n

, |
the tw1tch potent1at1ng effect of the op101d but also to

1nvestlgate the ba51c mechanism underlylng the above effect.
' To establ1sh that the tw1tch potentlatlng ab111ty of
meperldlne, fnoted by. Durham and Frank [249], was not a
property unlque to that compound it was necessaryzﬁto test:
thé» tffects of a var1ety of: OplOldS, w1th diverse chemical
structures, on the tW1tCh response' of “the frog skeletal;
ﬁuscle.- ‘The results of such a study 1nd1cated that most but
not all_oplolds roduce a tw1tch potentiation, 51m11ar . to
that produced»l\by meperldlne [249]¢‘ in the 1solated '
curarizéd, andh-electr}cally stlmulated frog toe muscle.
Thus,A twitch potentiatiohs were "observed—:with different
OplOldS each belleved to kinteract predom1nantly \w1th a )
partrcular_ OplOId | receptor subtype° e, g., morph1ne,
mepéridjne, methadoneﬁ codelneh fentanyl ';levorphanol,'fj;
u%receptor ’-agouists; | nalokoﬁe, " naltrexone, Mr 2096 -
'u;receptor antagonists; ketazocine,v ethyl ketazocine -
= receptor, agonists; and leu-enkephalin- met- enkaphalln -
,l 8 receptbr agonlsts,qall produced thls effect. | The tw1tch
. potentiatlng abilities of u agonists on'antagohists were,

9 o . ; . . -
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“however, considerably superior to those of either k- or

‘é-agonists. Oon the other hand, eto:phine;ea‘potent nafcotic
analgesic that >intetacts not only with the ucreceptor, but
also with 6- and e* opioid receptors [64], produced no
twitch potentiatfon in “thed'ffog's toen-muscle.‘“ on the
contrary, it produced only a depressant ‘effect when exoosed
to 'the'muscle. Procalne, a non- OplOld depressant of muscle
exc1tab111ty did not potentlate the twitch whereas hyosc1ne,
a ‘compound - that shares‘ some - propertles with mepef1d1ne
(e.g.,‘spasmolytfc activity) potentiated the.twitch.r
' The'}abilitf of tne opioid antagonist naloxone,'to
potentiate the.itwitch~uwﬁf not SUrprising ‘because -this
‘_conpound -has. been ,demonstrated- to be a 'paftial agonist'_
[21" 'Therefore, the antagonfst if -used in nigh “enough
concentfations would produce ‘agonlst like effects. Such |
' effects were also shown by earller studies’ ofq Frank [12],
and Fra21er et al., [263], whereln they observed that the
effects of QplOld antagon1sts in hlgh concentratlons add- on
:b_ the effects .of OplOld agonlsts. It is- qu1te likely that
the antagonlsts, naltrexone and Mr 2096, also are partlal
agon1sts and hence potentlate the twitch responses when used
at hlgh concentratlons. ’ ‘

Attempts to._'1dent1fy the vopioid-induced tw1tch
potentlatlon w1th any one of the proposed receptor sub-types

=‘.met,w1th fallure. The OplOld 1nduced twitch potentlatlon in

. the frog\toe muscle was reslstant to blockade by all the
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8

u-receptor antagonists tested, viz., naloxone, haltrexone,

or Mr 2096, suggesting that the effect is not mediated by a

receptor akin to the u-receptor described.in the guinea pig
“ileum [57&; A small antagonism vas obse}ved whenhnaloXOne
(5 x 10-¢ orﬁzlx 107% M but“not 1 x 10-* M) was employed ' to
counteract the twitch potentiation taused by methadone (Figé

"25). However, naloxone when tested .alone also caused a

depression of . the 'control' twitch responses at Tow

concentration§7(i;e., <§ x 10-* M) (Table 2; Fig. '13)

" Therefore, the small antagonisms s%en with naloxone were due

to its direct depressant action on the twitch resulting in
addition of opposite responses and not —due to any

pha*macologlcal antagonism. When high concentration$ of the
&

above antagonists were tested in ‘combination with. the"

agonlst they produced édditive~effects which. Qere' similar
sto the additive effects observed by Frank [12] and Frezier
et al.,’ [263] dlscussed‘ in the preceding paraoraph.
Phenoxybenzamlne, e> compoond 'reporteaA' to cause ~ a

1déng-lasting inactivation of the, op101d receptors of the wu-

and &-type [62] also was unsuccessful in antagonizing the

(‘r
twitch potentlatlon caused by methadone. k-agonists (e 9.,

(;)keﬁazocine “or (-)ethyl kebazoc1ne{ as well as 5-agonists

(e.g., the enkephalins) ' potentiate the twitch “in this

‘preparation,  but the " lack of 'any specific k- or &-

.

. antagonist coupled with the relative resistance of _the k-

and & receptors to the actions of naloxone [57,‘264]

9‘
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.preclude tne elimination of the involvement of any of the
. above receptor subtypes in this preparation. But even ' SO

‘there was no evidence of 2 select1v1ty necessary to 1dent1fy

N
one of the receptor subtypes\\

'.The analge51c activity like moet of ‘the actions of
0p101d drugs 1s highly stereospec1f1c, with almost all the .
aot1v1ty re51d1ng in hose isomers " with a configuration
analogous to that of D(*) norphine. If the  twitch
potentiation studied here‘involQed a similar'stereospecific~‘
opioid receptor, then the D(- ).ﬂsomers should have had - much
higher potencies than the correeponding L(+) 1somersa
However,‘this was not the case. For example, we found that
Ievotphanol,_ a potent 0p101d agonisti that has the D{;i
‘configuration and dextrorphan, theA analéesicélly ‘inactive
L(+) ieomer did not exhibit "a statistioaily significant‘
difference in their reiative potencies in 'potentiating‘ the
_twitéh. Moreover, e&en though we did find that a racemicn
mixture of morphine has .more potent in potentiating the
twitch then the analgesically’inactive-isomer, (+) morphine,
the reliability.o% this fesuit is‘qoeétionable because the
experiment *COﬁld " be repeated only once (n=2) owing to the
very small amount of the (+) morphine available to us.

Our resuits therefore show that the tyitch potentiating
effect 6f the opioids,is'notrmediated by a'”steteOSpeeific_
opioid receptor of tne‘u-type. Thus, this effect could be a

consequence of the activation of nonstereospecific . and
. . N . o .
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naloxone-resistant opioid receptors.awsimilar finaings"have

been reported by Miranda et al., [76], and by Jacquet [265]

who have attrlbuted the potentiation of . the electrlcally“

stlde"ted contractlons - 'of . tHe rat vas defenens to

activation of such nonstereospec1f1c and naloxone reS1stant

o \
receptors. The ex1stence of such receptors has also been

postulated by Nakatsu et al., [266] who have noted that - the

enkephal1n 1nduced relaxat1on in the 1solated rat ileum is

resxstant to blockade by leoxone. 51m11ar receptors also

K4

seem to exist in. .the erlaqueductal gray reg1on of the

central.nervoususystem of rats where they are believed to

9 -

mediate the‘hyperreactive effects oﬁvmorphbne”[267]J It is

possible that such opio1d Sen51t1ve but naloxone 1nsens;t1ve

6

receptors also exist elsewhere and may be respon51ble for

phenomenassuohfhs'analgesia“currently“ classified as being’

'hon-endorphin' [268 269].

- It was prev1ously shown that opioid agonists depress.A

laction potential productlon by two mechan1sms of act10n~ an

<

initial nonspec1f1c 1nh1b1t1on of both’ gNa,'and gK and a
spec1f1c 1nh1b1tLQ\~of gNa. Only the latter act1on 1nvolves‘

a stereospec1f1c op101d receptor [13 14], In " the presentt'

ﬂstudy *when morph1ne” and - fentanyl were tested at high

concentrations (10-° M) and forfprolongedi periods of time -

they produced an'initial'twitch potentﬁation follqwed b&}a

-

progressi&bﬁdeorease in twitch _height. LfTheseq‘deoressant

"effects on the twitch were found tofbe'naloione—resTstant‘

e
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and at ‘least in the case. of morphine, the one opioid'
examined in detail [14], was found to correspond in time to
the 'nonspec1f1c changes in the electrlcal propertles of the
frog skeletal muscle fibre.: membrane._ This suggests that
under the exper1mental conditions in the present study, the
‘0p101d5 produce a depre551on of twitch height by causing a

, |
nonspec1fﬁc ,1nh1b1tlon of the L Tt1ve electric

characterlstlcs of the membrane. ' :

Most of the experlments designed to inyestigate,the
twitch potentiating effects“,of opioids were carried out
using methadOne, morphlne or meperiddne because all these -
compounds produced sizeable tWItCh potentlatlons and because
they were available in suff1C1ent amounts. In this part of
the study it was a?sumed that thes opioids that produced
" twitch potentiations,’did so by a common mechanism, although
minor d1fferences in actions were noted amongst -the various
opr01ds tested. This assumptlon 1s con51dered valid because
the qualitative effects of a varlety :of plo1ds on the ™
tuitch“ 4Qf the' ‘isolated, curarized ‘a\d electrically
stimulated frog ‘tpe muscle .are. almost ~identical.
*Experiments fthat were ' considered - crucial to our.
interpretations were performed withtmore‘than one opioid'and
the results thus obtalned were compared ) R

Augmented contractlle force of a muscle in the presence

of a drug could be a consequence of ‘one or more of several.

possible changes in the muscle. For'lnstance, a. drug could

~ C PR . B "
o B
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caﬁse_a recruitment of additional muscle fibres in a muscle. .
Thus, the increased number of active motor units would
produce inéreased'contraction by activation of. more muscle
fibres.,  .Also, a“‘ given electrical stimulus that is
submaxim;l»ﬁor the muscle ih drug-free condition ,could ge
maximal in presence of the drug and this alone qodld cause
éugmeﬁtaﬁibn of the muscle responée by merely aétivating all

instead of bonly a part of ité fibres. /That such effects
~pléyed”n; role in our experimgnts was ensured by using
dfﬁubocurérined in the bathing medium thereby eliminating
' qufal and._junctiona’l3 effects, and by usiﬁg‘ electrical
shocks that were sufficiently intense to make all muscle
fibres respond maximally.
Anofhgr mechanism by which the contractile forée of a.
muscle can  be ‘;ugmented is by repetitive discharge in’
1nd1v1dual muscle fibres. LSuch an effect can be daused by
‘veratrinic aéents-[270], or even with an anidnic potentiator
undér, certain conditions [271, 272]. In ‘these cases,
exposure of the muscle to the agent causes each muscle fibre
" to fire several action potent1als instead of a single one
.when stimulated with a single electrical shock. Repetitive
hadisgha:gé in a single mnscie fibre would increase tension by
 suﬁmation1of successivé twitches. Thus, iQ tﬁese cases, the
respbnse to the single shock is‘not a potentiated twitch but

a tetanus. Hovever, as shown by our intracellular recording

experiments, the opioids tested, viz., dextrorphan,



* na10xone,lu.etorphine, ;,Br : hethadone. do~'not produce a-h
ﬂ,veratrldlne 11ke effect 1. eL, they do not. cause repetitive
rfflrlng of; actlon potent1als in response to a 51ngle shock
_}Therefore the responses obserged w1th the OplOldS are"not>;;“
;tetanl but potentlated ‘twitches. ‘ | | _ v
W | _The tlme taken by an OplOld to produce.lts peak twftch‘
a”potentlatlng effect' Cat ~any,part1cular concentratlon; yasT'
, found to be 1ndependent of the muscle st1mulat1on,,1 e., the
hamount pof’ t1me needed by the muscle to exhlblt its max1mal
‘iresponse to"an OplOld was the same 1rrespect1ve of‘»whether
1rthe’ muscle was perlodlcally stimulated durlng that trme
iiperlod or was qu1escent (Flg 14).. ThlS suggests that . ‘the
Jdpeak effect ‘of_ an 0p101d is" solely a; functlon of "the t1me
taken by the compound to attaln its optlmal concentratlon at
- its site of action. | -
A ”sizeab1e~:twitchw potentlatlng "concentratlon hjéfb
pmethadone,-v1z., 5 x 10“MMN was found to 1ncrease the range
- of pulse 1ntervals at whlch the responses _were fused from_
:0 5 “to 10 msec _to 0. 5 to 30 or 40 msec, : show1ng that the
":sque551ve shocks applled to the treated muscle can be as:
much as 30 or. 40 msec apart 1nstead of the normal of about~"'
:10 msec and yet produce~a fused response Therefore, »thev
| reductlon- in the fusion frequency by the op101d from about‘
\‘100 per sec. to about 67 or 50. per second suggests that the

act1ve state plateau produced by each shock lasts longer in

the,presence of methadone. That thlS effect was not seen in

I a
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the presence of other oplolds, viz., morphine.or ﬂmeperidine ’

1

.. was possfbly due ;to_ the use of low concentratlons of the

compounds that produced much smaller tw1tch potentlatlons,'
th?s- d1d methadone. Addltlonally, methadone d1d not change N

the relat1onsh1p ex15t1ng between the peak tensron and 'the'"

'tlme to peak ten51on of 'the tw1tch 1t only moved it to

hlgher values of tens1on (Flg 21)‘ - ThlS again ~1nd1cated’

2

’chat_ the op101d prolonged the duratlon of the actlve\state

-of this muscle° this ‘phenomenon however,. .wasﬂfnot' explored?

any further.;_l

TW1tch potentlatlon 1n a skeletal muscle flbre m1ght be

'produced 1n a varlety of ways.1‘

°

- A potentlatlng agent could 1ncrease the 1nflux of Ca*

ldurlng st1mulat1on and thereby enhance the degree ofﬁ
, \ C

'activatlon of the contractlle apparatus, as has been“*

: -reported to, occur for NO; [260]
’é%'A compound could actl-ohfhthe"sarcoplasmlc 'reti¢51Qﬁ;T
"membrane and e;ther»1nduce an increased release of - Ca
ior inhibit the reuptake of Ca’*f‘ thereby -cau51ng anh
elevatlon in the myoplasm1c concentratlon of 1onlzed"
'(orhffree') calcium, Thls would produce an, augmented.b
icontractileiiresponsep: Compounds .belleuedn to act in
this way | _include:“h caffelne,vi‘ 4 am1nopyr1d1ne,?
acetaldehyde,l'pentoharbltal,,.and dlethyl stllbestrol‘

[273 - 277].

- A drug could influence’thej contractdleigpropertie‘f-




dskeletal muscles by alterlng the Ca"'-sensitivity ‘of
the contractlle protelns.,. Such a mechanlsm has bee
,proposed to explaln the twitch potentlatlng effect; otf
~;physost1gm1ne [278] ( | |
Chem1cal agents 11ke NOa or'an* have ,_en‘postuLated
to potentlate the‘ twitch by thei 4 effegts._on the
-electrlcal propertles of-‘the_ mUscle fibre membrane.
Sandow -and co- ~workers [245] !have suggested that the,

i

,vdecrease,fin thebmecha' cal threshold produced by NO;
_or the.1ncrease'in e £é%1on potentlal duratlon causedi
bby ‘Zn;?f;fs. a‘spon51ble for the augmented mechanical
‘output‘of',he twltch produced by the ‘tw0‘ 1ons.' dThe;i
Vabovet'“entloned changes in” the membrane electracal’f
hhvertles were postulated to 1ncrease_the mechanlcally
'r;effect1ve per1od of' the actlon potentlal whlch they”
;nbelleved was the main: factor determlnlng ,the‘ duratlon
'cof the actlve state and hence the ten51on output of theﬁ
tw1tch | )
The;twitchbpotentiating;effects‘ofr.1owt concentrationsf
r:ofi somei multlvalent cationstv(e;g.[:.Co‘f) ‘has:been
':explalned “on the‘,'basis ff9f 'fthe":ftrigger"‘Ca;:_
"hypothe51s..} "Thisb;hypothesis suggests that there are
fsuperf1c1al bindlng sites for 'Ca**:'onnvthe _iuminaf
surface 3of the t- tubular membrane and that occupatlon

of these sites by7 ca** 1ncreases 'the'_bindlng (or

‘affinity) ofd?trigger' Ca’*itofthis membrane. .When the

- L.
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 obvious that the ‘st step ‘in thes eluc1dat10n 'of

- Furthermore, reports by Erank and £0-

luminal Caf; ;are dlsplacedvfrom thelr 51tes elther bx

multivalentf'catlons,<or‘ by 'a lowered veasttracellularr"i
.‘concentratloni of"Ca": each actlon potentlal releases7

.morel‘tr1gger Ca*f 1nto the trladlc junctlon -and theb

twitch 1is potentlated [225 226, 243 217, 221]

From the)above llst of ‘some’ of the proposed _mechanisﬁs' i;té;

for“thtch potent1at10n by dlfferent chemlcal agents, 1t 1s.'

N

'~mechanlsm>"of tw1tch potent1at1on by any ’agent-g S: a;(

locallzatlon of 1ts 51te of actlon.: R Tea
'f.The. tw1tch potentlatlng effect offthe~opioids.has:a“w

9.

. very rap1d onset of actron. The effect is- observable w1th1n;hf
«30-'sec of drug exposure suggestlng that these‘compounds act
Cat 51tes readlly access;ble' tof'the extracellular ~flu1d h %.f;

) Thlsl'conclu51on‘eis relniorced by the observhtaon that theﬁ'

_Op101d 1nduced tw1tch potent1at10n can be rapldly reversed?
on restoratlon of the muscles to drug free Rlnger s‘solutlonp
\exen when the muscles had prev1ously been Jexposed of the{r
:drug for-h long 'as"zd min (Flg.g 9) Such prolongedqigfya
<exposures'would undoubtedly cause penetratlon of sope of therf

’drug 1nto the flbres but the rap1d reversai k1net1cs suggesti5~ta
‘that the 1ntracellularly trapped drug ~xls 'unablé\éto 'cause?hlghV
ytw1tch potentlatlon.“ ThlS,_ therefore 1mpl;es that the o
reversal of the effect 1s a functlon of the.‘rater-atn whlchi!f

» o
drug d1ffuses ‘away from the muscle flbre membrane.”'

rkers [13, 14] have .

SR



--3methadone,' penetrate into .the: musoLe‘ sarcoplasm .rather’

.

jsruggishly' ' The muscles need“ to ‘,be 1ncubated:? with

205

.udindicatedh that. opioids like' meperldxne, gimorphiEEQMK#ori

a

‘relatlvely 10w OplOId concentratlons for perlods 1n excess“

,of 2 - 3 hrs before a. suff1c1ently hlgh concentratlon of the

Ry drug"can be bullt up 1ntracellularly in order to actlvate

\

plasma ’membrane : However at the. same concentratlons the

'ldcal anesthetlc 11ke effects of ‘the OplOldS, were' found."'

LN

’fto commence 1mmed1ately, suggestlng that the OplOldS e;ther

act, at the outer surface of the muscle flbre membrane or_”

-~

d1ssolve pin thek membrane ~1tse1f to produce thlS ‘effect.

These observatlons too argue agalnst p0551b111ty that

the OplOldS rapldly penetrate 1nto the: musclevflbres and act‘m'

Q‘at»-some 1ntracellular site such as;_ the”f sarcoplasmlc

“‘retlculumf'or_jthg: muscle contractlle ‘proteins to produce.cd

A Dthelr tw1tch potentlatlng effectsr

‘u;agalnst an 1ntraceliular' site"ofi_act{on ‘wasifthe 'rapid

‘f plateau1ng effect seen wlth submax1mal concentratlons of

ivthe drugs. In these experlments 1t was observed that ‘the

‘oplolds qu1ckly produced L a peak effect at a givén

concentratlon and the tw1tch remalned at that level as Iong'

v 4

: Q(J"as_ the ~muscle remalned-exposed to the drug. 'The responSe

"never 1ncreased 1n magnltude w1th 1ncreased duratlon of drug

oo R co ‘ ,v ’ o R i N ;’- . C" ©

the OplOld receptors located on the 1nner sur%ace 'of,bthei

;-;eXposure to_match‘the magn;tudeuof avresponse,exh1b1ted wlth,

Another ‘feature ~of the OplOld “action ithat ar Ued-
hah + O arg
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d‘aj‘shorter 'ekpoSure to a hlgher concentratxon of the drug.
.ThlS clearly would not have been the caSe had the‘_sxte. of
‘tactlon :.of.fthe"op1o1d been 1ntracellular.1‘ In.'such a,
sﬁ%uﬁtlon, the response would be expected',to V1ncrease in
'*magnltude '_w1th t1me duek to:’a' bu1ld up of I"'thebv’ drug.p
.concentratron ‘at. its 1ntracellular 51te of actlon as happensj
" when sfa- vskeletal muscle iéf exposed : to. a’ submaxlmal“
concentrationfofian v;ntracellularly actlng _oompound,kllhe‘
caffe1ne.. B Thus,-- it i.hlsuggested‘ fromb the ~foregoing
1 dlscuss1on that OplOldS produce their"tWit potentiating
effects by actlng on the muscle flbre membraner | V

'Ca*’,ls known to be of. paramount importance in. the

. ) . » . . ) v L v_ iy

contractlle process- of muscle. our exper1ments discussed
earl1er, 1mp11ed that oplo1ds prolong the' active- statel’of

lfthgf muscle' by 1ncrea51n the ava11ab111ty of Ca** to the

'contractlle apparatus.- It was. therefore of 1nterest to see:

R 1f op101ds d1d thlS by promotlng the 1nflux of- Ca" through
'the slow. Ca“ channels (present in the t- tubular membranes)f
durlng depolarlz txon of the muscle flbre membrane. It has
been shown that K’—depolarlzatlon 1nduced dcontractures USe'[
extracellular Ca" [243] and that the .influx of CaH 1nto3
ﬁthe muscle flbre takes place through voltage dependent Ca*fh
"channels sen51t1ve“to ;organrc ca**’ channel blockers: 11ke
'D-600-[279]. Theretore, in order to 1determ1ne 'it. op101ds’-
'promote.han_iinoreased' influx ‘ofu,cé"- through the abovei

4channels; _the effeCtsf of imethadone - on K* -1nduced

i
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»'contractures' were stud1ed Our' ‘résul s showed  that

g

response whilst potent1at1ng the tw1tch response in the same

muscle. Th1s clearly showed that OplOldS do not 1ncrease

"the 1nflux of Ca*‘ through the slow Ca*?- channels.° In fact

”1d1fferent experlmental systems (100, 80, 28l1.

the‘ K‘-contracture experlments 1mp11ed that he_ OplOld

‘ actually decreased the' 1nflux of ‘Ca*'n ‘during the

L3
A

also been observed by several otherf'lngestlgators ,"in
. : .

- e

The conclu51on that OplOldS do not use the ;slow Ca*"

> y

channel ‘inl produc1ng the1r tw1tch potentlatlng effect was_

Lre1nforced by the results obtalned w1th the us e of‘ .D= 600

/

'jpbloc&er in studies ‘on card1ac And - smooth muscle' function

o T R 207

..methadone (Flg 33) markedlyfdepressed the K‘—coPtracture;‘ ;}

»contracture. - Such Ca*’—antagon1st1c effects of opioids have

D- 600 has been extensxvely\employed as a slow Ca‘f,Channel“

rF

e

[282].. Frank [279] showed that» D-600 - (10-‘»\M§ blocks -

.8

BN

1

._whlch he' K’—contractures were 1n1t1ally almost completely

blocked by the Ca’f’antagonlst. Durlng<thlsf tlme,oknelther

the ”fcontrol" tW1tches,_nor the potentiated twitches.were

;K’—lnduced contractures 1n frog s"toe' muscle, indicat;ng
that the -voltage—dependent‘ Caf‘:vchannels in ,vertebrate»

7skeletal muscles are sens1t1ve to ~D 600 Then same or‘ a f

, tested ‘were found to have no antagon1st1c' effects .on- the .
“twltch potentlatlons produced by methadone, meper1d1ne or.

_,morph1ne. Slmllar results were obtained even in muscles “in

“ higher concentratlon of the compound vv1z.,‘3 x 10°“ M, when

T
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affected 'These experlments with. D—600‘-therefore,fshow

unequ1vocally that’ op101ds do not use the slow- Ca channelsﬁ'

in produclng a potentlated tw1tch-response. Thls conc1u51on

also rece1ved support from “the CaH 'uptake experiments; in -
-wh1ch no addltlonal uptake of -~ Ca" was noticed in the
presence of methadone (Table 15f -The latter experiments.

were pre11m1nary, however, and . the results obtalned in the’

dlfferent exper1ments were not con51stent
'* One  treatment that could antagonlze the twitch

w

¢

potentjation by cpioidsi was< 4an'] elevatlon of  the

extracellular concentration' of Ca** from 1 08 to 8 64 mM,

ThlS increase in the Ca*® concentration " did reducé  the

L N

Icontrol“ftw1tchgsize‘initially~but the response, more often

thah not, recovered to 'control’ levels in’ about 40 min.

Frank [225] expla1ned thlS phenomenon of tnitch depresslon

in ‘the presence of h1gh extracellular levels cf Ca** by .

stating that the,amount of the membrane bound 'tr1gger Ca*‘

vreleased“is controlled-by the aeéree'of' saturaqlcn _of the

superf1c1al membrane sites by Ca'* in‘a roughly inverse
manner, i.e., the h1gher the. concentratlon of Ca** in the

extracellular fluid, the- hlgher ‘is the. saturatlon of the

'superf1c1al CaH binding s1tes on the membrane and therefore

less 'trigger' Ca" Ais released per st1mulus and the reverse

occurs when the amount of. superflc1ally ‘bound Ca**
. — i o ’

reduced. Therefore, _the ‘antagonistic effect of the‘hig

.extracellularxconcentration'ofﬁCa" might be :explained by

208
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one of several possible mechanisms. It is possible that

L

opioids are causing a displacement of the superficially
) ' ' 7

bound Ca** which presumably would decrease the"hold"of the .

" membrane bound 'trigger; Ca" 'and' consequently a larger

amount of the ion would be released per stlmqus ' If thlS

were the: case, then an elevatlon of the extracellular Ca*

' s

concentrat1on would antagonlze the . OplOld effects by not

f only replenlshlng the s1tes depleted of Ca** by the oplold'y

but also by addltlonally saturatlng superf1c1al sites »and

renderlng‘ the 'tr1gger- Ca** -less llkely to be released"

during the stimulation;f Alternatively; it is possible: that’

ytheg 0p101dS are someh0w. d1rectly rendering_ the pool of
'trigger Ca" more’ lab1le thereby enhanc1ng their release
durlng‘ stlmulatron and that‘elevat;on of the extracellular
_jscdncentration‘of Ca** simply renders.that'poob of Ca*f‘ less
| lablle by the saturatlon mechanlsm just dlscussed.
' Another poss1b111ty is that the hlgh CaH concentratlon
‘in the bath, whlchl would elevate the myoplasm1c level of
Ca** "[113, 2601, antagon1zé9 he op1o1d - effect

intracellularly* by some unknown mechanlsm. This seems

B unl1kely because, as already dlscussed the op101d effect is

rap1dly reverszble when the drug is removed from the bath1ng;

P T ‘ .
solut1onhA;;" ' '

'The tmbSt* 1ikelyvpossibility"seemed to be that opioidsv

209,

¢

were dlsplac1ng the superf1c1ally bound membrane Ca*". 1To~

: test this p0551b;11ty, ‘3Ca’ desaturatlon ‘studies - vere

VLA

TTee—
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conducted. In these experimenté, La***, an ion that
displaces and replaces Ca*" at superficial birding sites -on
frpgt sartorius muscle [283] and on many other muscle’ types
[284 - 286] was used as a tool to indicate the presenCe of a
dgteotable pool of superf1c1ally. bou@d ca** .under
:expef&mental conditions.similar,to those used- for *testing
‘»the effects of three oplolds.. The_La*" effects also served
"as standards for compar1son w1th the effects prodqped by
‘these opioids on the superf1c1ally bound membrane Ca* " in
‘the .one’ instance where an effect was found fi.é.,
methadone) . Finally, the use of thisﬂion helped to identify
superficiad. Ca"h b1nd1ng sites f~sensitive to -'La**;
displacement. La*“ .was partlcularly su1table for the above

i

purposes because 1t does not penetrate the, skeletal .muscle':

sarcolemma unless’ the muscle is damé/§§¢T287 289] 1mply1ng
_ that 1ts 51te of actlon 1s on. theosarcolemma [287] -j

The addltloh of La”*(ZmM) to muscles prev1ously
ihcubated in Tris Ringer's - solutlon contalnlng " **Ca aand"‘
washedv'out in; Ca‘*—free Trls R1nger s solutlon 1nduced a
detectable ttansient inorease in . **Ca efflux (Flg. .41)
‘4Such - a . transient Iincrease is belieVed to oihoicate‘
l dlsplacement of the radloactlve tfacar from cell " surface
memhrane sites representlng a l1m1ted portlon of the total
;f’Ca_conten ‘of the tlssue [290] ‘During the" was% with
'La"*. foll w1ng an ihtubafioh- lastihg 3-4 hrs in Tris

Rlnger s solutlon containing *5Ca, . a point -in time ,is

a2



e -

211

&
A

4

reached (usually between 2 and 3 hr of efflux) where the

percentage of “Caarema1n1ng in the La‘f’ ;estﬂand 'control'
_gtissues are identical. ~Before;"thxs crossover point,b'the_
La*** 'test' muscles' contained less “’Ca . than controls
(presumably because they have lost more of ‘the f’ga baund to‘ :
the extracellular’ surface of the sarcolemma and- have less
total t’Ca“7COntent despite a hlgher 1ntracellular ‘3Ca

concentrat1on) Hoaever; after this point, the experlmental\”

(t1ssue6 contaln more *°*Ca than ‘controls (presumably because

. they nowl retain morevlntracellular "Ca, and both tlssues’”V*
have been depleted of .their superf1c1ally bound "’Ca

stores) Tbe results WIth La‘*’ suppoft prev1ous flndlngs

‘“”of Welss [283] suggest1ng tb presence of. Ca”%r'at 0

3
Lo

, superf1c1all‘ anlohicv blndlng "51tes 1exposed ‘toj the

extracellular fLuld whlch can be‘ dlsplaCed by La**%t*. In

.- addltlon,v Laj’*, dxmlnlshed j1f not abollshed the effldx of

1ntracellular Ca“ f'VraJ; ff.wg,ﬂ
b) N " o ‘}J et )

'Tbek addltlon of methadone 10“‘M to ‘muscles. previously_’

§

§

. 1ncubated 1n normal Rxnger s solution conta1n1ngj ‘sca ‘and
washed out 1n a Ca*’“free ‘Ringer’ s solutlon also induced an

b

1n1tia1'1ncrease in "Ca efflux (F1g 3).; Th1s increasedq
“sca’ efflux rate appeared to cont1nue longer w1th methadone

‘(Fig.x44) than‘lt-dld with La:f’-(Flg.'42). Poss1bly thlS
was due tdvan"additionalbefﬁect ozlmetbadone on the -efflux. -

of 1ntracellular stores of 'ﬁfCa.U However undet”>siﬁilarjj

‘experlmental~.condltlons »neitner morphlne (10“ or 1Q'° M)<

° - B Y
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nor - meperidine' (10-*+ M) had an gffect on’ the *‘*Ca

desaturation“rates.

.~

i

‘modlfy the exper1menta1 cond1t1ons 1n order to 1ncrease thed

sen51t1v1ty of our technlgue ‘for detect1ng movements of

superf1c1ally bound Ca*". "Under the modxfled exper1mental

-protocol the. t155ues were soaked in a Ca"-free medlum for
several hgurs to deplete ‘their Ca* stores and’ then they

"were exposed briefly (30 min) to "Ca present in the same

v

'b

Ca **;free' medium.‘ Since the superficial storeS» were

depleted of 'their Ca**. content under these experlmental
xcondltlons, there would presumably be’ a greater _number of

b1nd1ng sites avallable‘.fqr ;"Ca resultlng in a higher

specific act1v1ty of the ca bound to ‘these‘.superficial
membrane 51tes. ThlS . was expected to‘make(OQr tests mowe

sen51t1ve to membrane "Ca dxsplacement and thereby~make it
o
possible to detect d1splacements of a smaller proport1on of

'~

: the,"Ca bound to these superf1c1a1 sites. . o

Our results Wlth La“‘ 1nd1cate that jour exper1mental

objectlve had been achleved Thus, for example, ‘when the

solutlon before testlng (Fig. 41), a 5 min exposure to La***.

,resulted in an 81% loss of the tracer [from the muscle but

even the 'control' muscle lost 75% of the label at 5 min.

These varlable effects of the op101ds prompted us to

~

~

V.muscle was exposed to "Ca for 3-4 ht in normal Ringer's.

The dlfference while 51gn1f1cant,ywas,small. In contrast,

w1th the modlfled technlquev (Fig. 45 and 46) a5 min

A
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exposure to Lai;‘ produced about a 90% los® in the “ba'from
the musoles whereas ‘the other‘ muscles (with morphlne or
meperidine) had 185t’only about 20-30% ‘of ﬁthe label. In
addltlon after 45 min® of “efflux in the latter t§pe of
experlments the muscles had.lost about 98 or - 99% of their

G

starting “Ca. content whereas with the initial procedure
(Fig. 41), even w1th La’*‘ at 45 min the musoleS'hstlll
tohtained more than' 10% of‘the starting content and'the“‘Cav
content wag-only down to 2- 3% after K2 hr of efflux;:u'It;‘
-appeared /t\Lt wlth the modified technlque almost all. of ‘the
"’Ca had beén taken up by superf1c1al b1nd1ng 51tes and this
CaH was readlly displaced- by‘La”‘ ‘
With our 1nﬂt1al Qiii'sure, whlch is more like the
orocedure used by most prev1ous workers, more of - the ‘2Ca
Ahad entered 1ntracellular s1tes and a large proportlon of
‘the " **Ca remalned ‘in the extracellular flu1d The latter
'po1nt~15 indicated by the 75% loss of "Ca durlng the firSt

N - )
5 min of efflux- in controll \muscles u51ng the Lnitial

procedure. In contrast with the'modafled tec que, asb min‘
" o g} L "5 . }
exposure to morﬁhiﬁe or meperidine Wwhich did not d;splaee
'membrane ‘*Ca, only 20 to 30% of the *°Ca was lost from the
) ) . . ’ . /a
muscles. ' ' /

,,,,, - In the la&ter type of/efser1QEHES/T?TN§”“ES\~<~’47) we
used Ea\¢/42mMT“as_a/sfahdard for compar1son of the effects:

of the opioids onusuper{1c1al~Ca’: b1nd1ng 51tes. , Hoﬁéver,

‘even under these 'modified, ‘more sensitive experimental
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‘conditiOns; neither mgrphine (10°* M) nor meperidine (10°/

M) had any detectable effect on the efflux rate of *'Ca.
Therefore it must be concluded tha these'compounds do not

Aisplace the superficially bound Ca** from frog toe muscles.

‘on the other hand, methadone (10°* or 10-3 M) did cause a.

slight but significant increagse in the efflux rate of *‘*'Ca

7(Fig; 48) as observed earlier under different experimental

conditions (Fig. 44). It is apparent that the action of

" this op101d on the rate of **Ca efflux is much weaker and

deye10ps morenslowly than that observedkxiiwh La*** (Figqg.
N

¢~48).5k S1nce, as already d1scussed all or almost all of the

/

Ll

-

+3Ca is on a‘ superficial b1nd1ng site when using our
modified technigque, the ability of methadone to cause some
increase in tne efflux rate using this. technigue, suggests
that this 0p101d has some effect at an easily accessible and

presumably superf1c1al site on the muscle fiber membrane.

" This conclusion was further supported by'the observation

that methadone did no; produce an increase in the rate of
sca _efflux; when tested after La*""’ (Fio.,48, muscle 1)
indicating that both these agents act on the 'same pooi of
ca**;  viz., the La"‘-atoessible, superfici;lly bound
membrane Ca**. - Therefore methadone does cause a release of
Cd“*' from the superficial membrane Sitess This result
suggests that methadone uay prevent the rebinding of Ca**

spontaneously released from these superf1c1al sites into a

ca**-free solution. | o .



coonl LT L - 215

‘ These experlmental results ‘do not . support our 'original
‘hypothes1sfithat nop;o;ds_ potentlate tW1tches in curarlsedt
ffrog‘toe-‘muscles by 1disvpnlﬁacing"*the' superficially bound
membrane Ca‘®’ from the muscles, Morphine (10-* or 10°* M)
or meperidine (10" 'or »10" M) at_ concentrations that
:wproducedr good tw1tch potentlatlons, 4d1d not d1splace anyh
.‘SCa“from superf1c1alv51tes on the muscle flbre membrane,
Although;-methadone produced a sllght dlsplacement of **Ca
'from thlS pool “the contr1but1on of such a dlsplacement to
'the op101d effect on the tW1tCh 1s not clear.._

The f1nd1ngs that OplOldS potentlate the tw1tch by  an ..
h"szect on’ the ‘muscle- flbre membrane but not by dlsplac1ng
'1 the' superf1c1ally 0bound membrane céa persuaded me’ to .

examane the‘.effect -of these compounds on the electrlcal

‘propertles of the membrane. kThe‘ OplOld effects were
.\. R

i

fexamlned on the restlng membrane potentlal actlon potentlal

wamplltude, the max1mum‘ rate of: rlse/fall ofﬁlthe‘ act1on

i

;potentlal and on the actlon potent1a1 duratlon (measured at

440,mV).' ‘The actlon potent1a1 duratlon was’ measured at. -40 //

| N N |

- mV. since the full ‘ten51on of a 51ngle muscle flbre was
vreported to be attalned by a depolarlzat1on to thlS leve
] - e

[291] The results w1th the 1ntrace11ular recording

Vexperlments clearly showed that while high concentratrons of“

\ fth OplOldS dextrorphan or naloxone caused depregsions in

the ‘action potentlal s maxlmal rates of ri e/fall and.

produced a prolongatlon of the actlon potent1



- compounds, espec1a

SUCh‘ changes were ‘ob
’_y when tested w1th1n a ‘5. min exp03ure of
the - muscle to/ the OplOldS. These lower concentratlons of
,the op101ds, g‘however,' did produce‘ slzeable ‘ twltch
potentla_fons in thes frog - “toe muscle (F1g 26 Table 2)
These, esults clearly demonstrated a lack °‘§ correlatlon

bettfeen the man1festatlon of the tw1tch potentlatlng effect

actionv potentxal that has been postulated to regulate the

amplltude of the tw1tch 1s'fthe act1on potentlal duratlon'

[292] oIt was. proposed that a prolongation of the actlon

L potentlal duratlon causes the muscle to remaln in the active

R ° 3

‘ ‘state for a longer durat1on,7of tlme and thlS causes an-A

e

'augmentatlon of he mechan1cal response .of the muscle.

' Though, we aia ffnd that 'a11. the OplOldS tested viz.

udextrorphan;. naloxone or methadone, produce_””a _ marked

Coy

prolongatlon of. the actlon potentlal duratlon, they produced :

thlS effect only at’ hlgh concentratlons or after ‘prolonged

o

"lncubat;ons w1th lower drug_ concentrat1ons. There.was a;
-clear lack of f demonstrable,i correlat1on "between  the .
concentratlons requ1red for the manlfestatlon of the tvntch~

| 7potent1at1ng effect and those requ1red for the‘ prolongat1on,

of therwactlon potential 'durat1on,-‘w1th1n 5 m1n of drug

,exposure‘(Fig. 26). MOIBPVGFJ etorphine, a icompound thabf’

> d1d ot potentlate the tWItCh also produced 1dent1cal?

I'
u\) ¢ ;

changes 1n the various electrlcal parameters of the muscleﬁ

»

rved W1th lower concentratlons of the

ind. the electrlcal changes.. The, only paiameter 'of_ the:;w

‘0

AN
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cbncentratron antagonlzed the 0p101d effects on the tw1tch ;,

Vv

ce

N

e

f1bre membrane tested .1nc1ud1ng the - 'tion‘ potentlal

duratlon." ThlS demonstrated unequ1vocallyjthat no causal»

relatlonshlp ex1sts between the changes inS the electrlcar“

e

concentrat;ons, f However,» a‘ ontrlbutlon of the prolonged
n N

action- potentlal duratlon, 'observed ‘atv thlgher drugi

concentratlons “to »thej tw1tch potentlatlng effectiof thefl
: : : A

»

drugs cannot be ruled out completely A

°

Theb conclusaon' that the electrlcal changes do not bylﬂ

themselves cause the tw1tch potentlatlon was relnforced by

LY

'the, : observatlon that ' elevated ‘extracellular Ca‘f'

?

concentratlons (8 64 or 10 08 mM) ; whlch antagonlzed he
tw1tch \potentnatlon by OplOldS, does not antagonlze the
changes in the electr1ca1 propertles of membrane produced by

methadone (F1g 3 38)

Although 1“Cf3351“9 \fhe3" extraceilu1ar;f; ACa?f

. . #

‘no change ~of th1s drug effect was observed followlngv

u&

‘lowerlng of the CaH concentfatlon down to 0. 216 mM (an 80%,}

reduct:on) Further reductlons %gb the Caﬂ*» concentratlon

‘

‘1ncreased the exo1tab111ty of bhe muscle and caused it to

‘*flr\ repeatedly to 51ngle eleotrlcal shocks resultlng in thex

ellcitation of tetanlc reSponses.‘

C

i .

observed 2 1n th presence ”ofﬁ, contracture produc1ng

217

Antagdn%sm of the OplOld effect on the tw1tch,also was '



£

s

cbncentrations of caffelne or of the Ca‘* 1onophore,_A23187

'(Flg 39 40 Table 14) It is well known that caffe1ne can . .

3

cause.,contractlon of skeletal mustle w1thout depolarlzat1on
: - 4

[233 -_,295]vythroggh ,;‘é release- of ‘[Ca*f" from 'Jthe‘ I
sarco asmic . reticulum [240] iThe antagon1sm of opibid.

effects by caffelge suggested several p0551b111t1es, ‘viz‘;x‘

that vtheJ‘lncrease &n the myoplasmlc level of Ca‘” by the

“compound mlght antagonlze the 0p101d twltch potentlatlon, or

-that’- it _ mlght produce ultrastructural damage S :the],f

\ -

Q,myoflbrlls of the muscle flbres “and thereby 1mpa1r the -

.‘,‘ablllty .of the muscle to exh1b1t its usual reSponse to- ‘the

N ¢ T a .
‘]‘oplold or that - 1t mlght cause a vsubstantlal breductlon ~In

',the Ca**-‘content Of"the sarcoplaSmic reticulum thereby -

fpreventlng the OplOld from ultlmately 1nduc1ng

‘o

; of 'anyv  addltlonal 7Ca“l from‘ thls S

a“

stlmulatlon. .It, has been prdgosed " that Vélévatidh ofg

. gntracellular Ca**{ concentratlon promotes the act1v1ty of. z

5proteases whlch cause rap1d myof11ament degradatlon--[296]

,'That such a process might be occurrlng ‘in our exper1ments 1s .

!

‘suggested by the observat1on that “the tw1tch helght ‘one

hhour after washout of caffelne (3 X 10" M) from the muscle,7

is considerably reduced although the muscle now responds t6'g

the ‘oplold in its usual manner (F1g 39,'40),' The latter

observatlon suggests' that an ﬁ1nh1b1tion ofr‘thev oplold,' )

-response in a caffelne treated muScle 1s ,not the consequence

of ultrastructural damage caused by caffelne ‘but is due

o .

the release

durlng the

&L

¢
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either to a‘genuine,fantagonism"of"‘the-fopioid effect ~ by

. . .'-x & ! X ]
7 reductlon 1n the Ca stores of the sarcoplasmlc reticulum -
avaliable for “release. A '51m11ar‘ argument ,for othe:
T ‘

. antﬁﬁonlstlc effect of the Ca**‘lonophone A- 23187 may . be

appiled s1nce even thlS compound has been reported to act 1n

O

. a manner analogous to caffe1ne. It was shown, that. treatment

of - frog‘ I297] ‘or .mouse [298] skeletal ‘muscle with the’

_%divalent', cationif ionophore , LS, ug/ml) 'causesl major'

ultrastructural , damage} n Qith ‘dissolution.  of the

u myofllaments.f It ‘wa@s, also shown that .the ‘ionophore actsv

B prlmarlly at the sarcqplasmlc retlculum, cau51ng the release

e

°

of stored Ca ¢ and that ithe' consequent ~r1se in [Ca**].
. promoted (dlrectly or 1nd1rectly) the act1v1ty of proteases

~wh1ch 1n turn degraded the myof11aments.'

kThusf' two" drugs which  are .known”'to . raise the

\‘)

intracellular levels of ca** antagontze “‘the v:twitch:

'poténtiation.produced by the opioids.; However, they produce

'thisuantagonismdonly' at- concentratlons much hlgher than.

required‘ e.antagonize the. effects -of oplolds'-or the

’1ntracellularly locatedf‘sté@eospeciﬁic ~receptors which_,

modey*f act1v1ty of the"Na‘~channels [113] oreover,

theSe highgconcentrat1ons of caffelne and A23187 'rgéplred.
'_also produced':permanent reduct1ons in the twltch produc1ng_

ab111ty of the muscle fi bres. ThlS suggests that they vere

.Gj‘

.produc1ng permanent structural changes~.inh‘the muscles



) modifying fe—c cOupling. However this line of study was not

.pursued further. _ S ‘l"f ‘ﬁ »A* :;.]‘ .‘“‘v\r

The peak twltch potent1at1on produced by an op101d was

*ffound to decrease in a graded manner w1th graded reductlons:,

,1n the concentrat1on of ‘the extracellular Na* (Flg 28); In .f#

\’

fact, with an extracellular Na* concentratlon of about 44J7

mM, cthe- OplOldS d1d not produce any augmentatlon of .the

twitch response but rather depressed .th ~twitch. Suchv,ah

L4

;phenomenon 'was observed even with . afconcentration of an_‘
"op1o1d that produced mlnlmal tw1tch potent1at1ons (Fig. 29)'.
‘In _addition, thlS effect could be 1nstantaneously reversed
.by restor1ng the Na concentratlon to litsb 1n1t1al level

These. flndlngs_'were‘ 1ntr1gu1ng because at the outset they.;ﬂ

v

suggested an ex1stence of a. rec1procal relatlonsh1p between

the conqentratlons of Na- and Ca** in. regulatlng the extent

_,'of'the'potent1at1on. It may be. recalled that 'elevatlon-,of

e

~.extrace11ular Ca*‘f beyond ~certa1n‘ievel also caused an

Ly

_ antagonlsm of the op101d effect on the tWItCh as  discussed

-
earl1er.=,f' R _-"j. L S

)

'f Thls reduced concentrat1on of Na*, however, causeé 'no
change or only a sllght potentlatlon of the tw;tch reéponse.
S1m11ar tw1tch potent1at1ons w1th low concentratzons of Na
have also been reported by several other 1nvestlgators [299

- 301]. This augmenta}lon'-was somewhat unexpected. One

possible cause is that it results from a prolongatlon of the

action potential at low [Nalos Alternatively, it might be
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'y ¢ due 'to an antagonistic actlon between Na’ and Ca‘'*, as 3
reported to; occur  in heart muscle [302] 'But the latter

p0551b111ty is un11ke1y becauSe 1n‘ frog s skeletal Amuscle"

flbres, an 1ncrease of [Ca]o decreases rather than increases
lfthe tw1tch- height as noted~‘by us and several other
_investigators [303, 304, 226]. R | |
'VTG.“ihyestigafe " the mechahiSh ﬁor,'thettantagonistic )
1effect;j £ low TNa]o‘on the-thitch p%tentiation by opioids;:'A
1ntracellular recordlng experlments vere ‘carried out.' Thesef
/gﬁggrlments showed that a, reductlon of [Na]o from 111.8 mM
to 44.7 mM caused a marked reductlon 1n the actlon potentlal
.amplitude and' in its~ maxlmal rage of Fise.- This was not
unexpected- because it,-is' Weilj'known that ‘;the.' above_';
electr1ca1 parametersk’ of ‘hthe membranel.are linearly_
proportlonal to the logarlthm of the Na*j‘copcentration' in.
,thekexternal flu1d [253, 305] SRR _ R |
43 AR "Wheh ‘methadone (5 xv‘10"? M) cin ‘1ourNa‘ ﬁiﬁger's‘«
'solutiOn"was tested on the frog sartor1us muscle, it caused
a further. depre551on in'_the; amplltude of the actlon

<

potential and 1its maxlmal rate7'of*rise. Therefore, the

t  addition of the local anesthetlc effeCt of the obioid on  to

.o

an already 1mpa1red Na conductance process in the muscle
apparently caused the observed depre551on of - he tWItCh
Th;s is understandable because,$a steep '[Na]npvs?twitch
’relatioh exists in"thisr reglon‘ of 'extracellular “Na*
concentrations [306]. -



L overt response 1s only a tw1tch depre551on.
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The rapid reversal of - the- depressant effect'of the
op101d and the manlfestatlon of a potentlated twitch on

' prov1dlng the muscle w1th the regular amount of Na* clearly
1nd1cates thpt the two _ef}%cts of the drug ”are .exerted
-51multaneously on }the mus¢1é* and that under normal
condltlons the twitch potentlatlng effect of the opioid is
.predomlnant and is therefore- exh1b1ted._. The-depressant
~effect only becomes ev1dent at hlgh concentrations -of . the
_oplold, when"the drug is . exposed‘ to the muscle for a
prolonged perioobof time or when the  extracel1ular Na*
. concentration is..greatly 'reducedﬂ It is”conceivablehthat
the magnltudes of these two effects vary with the' different
opioids and thereby account for d;fferences in the1r actlons
on the tw1tch.4 It is also possxble that etorphlme, the only
op101d amongst those tested vthat did not potentlate the
' tw1tch has a hlgher depressant-component and therefore "its‘
To further dellneate 'the ;51te;"of oplo1d actlon we |
.tested a quaternary derxvatlve of naEOXQne on the twitch of"
the frog toe | muscle.ﬂ ThlS coubound'ﬁis identical in
: 3structure 'to" naloxOne' exceptlng forj°the preSence_of an
add1t10na1 methylbromlde m01ety at; its; tertiaryﬁ nitrogenn”

atom.7 Quaternary narcotlc antagonlsts are effective in

,antagonlzlng OplOld effects and theyu often -have = been .

employed fto; delineate .th perlpheral fromk the: centrai -

actionsoof opioids [307] 51nqeﬂ tmese .antagonists ~do nnot~af

Cof



by

1§enetrate,the.blood brain barrier. 'These compounds ar
, & > PIRAn :

believed .to be unable’ t‘ penetrate effectlvely 'nto. the"

*muscle fibre membrane”because of the1r quaternar_ nature.‘

'fIn our exper1ments, quaternary naloxone fa11ed t potentrateb

‘the tWItCh even when used in’ concentratlons as ,1gh as TU""

M (Fig, 13), whereas naloxone tested on the sa e preparatxon

@

.exhibited& its*'usual tw1tch potentlatlng aab1l1ty This,
1mp11ed that op1o1ds . dbn nct act ’ on the ‘outer -or
‘;extracellular surface of the muscle f1bre membrane but act

2

presumably by dlssolv1ng 1n the membrane. : o N\

The results dlscussed thus ?ar allow"éher suggestion
that opioids act by fac111tat1ng the E—Cﬁcoupfing precess ln
muscle; .The precise manner in wh1ch they may do so cannotc
be stated with certalnty because the mechanlsm whereby
bdepolar1zatlon of the t- tubular membranes leads to releaseA'
of Ca" from the sarcoplasm1c revlculum 1s stlll a matter ot
-1ntense debate (see 229 240, 308 226 . 309, 310 11, 243]‘

‘The theorles that have been ﬁroposed to expla1n thlS process -

may be d1v1ded 1nto f1ve types-

s

K

- Charged part1cles in the t- tubular membrane ‘more under
the 1nfluence° of the electric - field across the
membrane; and'this"movement leads to the release'uof"”

. Ca”* from the sarcoplasm1c retlculum [312}.
'°-”‘The ‘ t-tubules “are electrlcally | coupled to . the

”ﬁarcoplasmlc reticulum and depolarlzatlon causes a

u‘potenttal change' in the sarcoplasmlc ret1£ulum, whlch

v
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leads to Ca’® release [313].
. - Ca", enter through the t-tubular'membranes and trigger
E- C coupllng [314]. |
.- 'Na< enter through the t- tubular membranes and trigger
|

'E-C coupling [315, 316].
- Depolarization ~ induces release of. membrane"bound
"trigger Ca**' 'which causes massive release = of
additional Ca** from the‘sarcopiasmic reticuium [220 -
*226]. | | |
| From - the various. theories listed above, the 'trigger'
Ca** hypothe51s offers a possible- explanatlon for the OplOld
effect 'on the 'tw1tch. ~ The antagon;stlc effect of an
elevated extracellular concentration of Ca”_'gon " the
potentiated tWitch raises the p0551b111ty that OplOldS act
by renderlng the pool of 'trlgger Caf’ more lablle. If the
3_op101ds are causing such an effect then they.would.be
expected tovproduce 'a poténtiated twitch, because every
stimulus would‘then.be folloned by the release ofta greater
amount.oftthe 'trigger' Ca** which would‘presumably‘cause a
release of a greater; amount of .actlvator Ca’*ffrom the.
sarcoplasmic reticulum, According to the ‘'trigger' Ca’’
: hypothesis, . the increased [Calo would increase the binding
of'the 'trigger' Ca** to the inner-membrane of the t-tubulesw
and thereby make them less liable to be displaced by the

opioid.
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It is technlcally not teasible at oresent to istqdy
directly the gdproposed 'enhancement ofyjthe release of C
"ttiggef',Ca"Hby an obioid-dhrino'an Meiectrical stlmulus;' |
We therefore' dec1ded to test thlS possxbllity 1nd1rectly
To achleve this objectlve we studled the effects of oplolds
on the max1mally summated muscle response evoked by closely

_ spaced mult1ple electrlcal stlmul1 (number of pu;ses, 2 -

7). -~ our ratlonale for thls study was that closely spaced

. »repet1t1ve electrlcal stlmulatlon of the muscle would cause

a. reductlon in the stores of the membrane bound tr1gger
~Ca** due to che 1nsuff1c1ent t1me between st1mu11 to- permit
a replenishmentf of these. stores. If a drng causes the. P
-release of an additional ambuntd'of;~'trigger;' Ca** during
stlmulatlon, then _itslsresponse to a 51ng1e shock would be
potentlated but the percent increase 'in”'the, potentlatlon
m1ght be expected to decrease with an 1nctease in the number
of-pulses comp051ng the train of ”electslcal stlmull Our
'_experlmehts showed éhat’ this was actually the case. An"
1ncrease in the number of pulses in the - pulse train did
cause 'aA:decrease,hin ’the‘percent”inqrease in the response
height,'}n_presence of twitch pbtentiating concentrations of
Vatious: opioids;(Figi 15 - 19). Therefore, if out original
assumptloﬁ was true (1 e., there exists a 11m1ted pool of
't:}gget . CaH bound to * inner surface  of the t-tubular
membrane) , then these results wonld ISuggest‘ that'xopioids

-
[

enhance :the dlsplacement of . the ‘'trigger' Ca*® during a
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o .

stimulus.

That this decrease is.not due to the muscle attaining
’ its max1mum contractlle ab111ty was 1nd1cated by the fact
;that the magnltude of the tetanic response in this muscle 1s'
about 3 - 5 times that of the single tw1tch and that the
former; amplitude was never attained by the summated
responses. - These, experiments do support our original
éontentlon that opioids potentlate the(tw1tch in the frog
ske}etal muscle by 1ncrea51ng the release of 'trigger' Ca'"
during”an.electrlcal shock.

‘There .is however, an'alternative explanation for the
phenomenon just descrlbed. The decrease in: the percent
increase 1q ‘the magn1tude of the summated responses, in

&

presence of the opioid mlght be a consequence of the local
anesthetlcb property of the opioid exh1b1t1ng freduenoy~-
dependency and use dependency:. Local anesthetics are knohn
to exhibit such propertles because the drug molecule gains
access to the receptor only when the 'gates’ at the inner
face of the Na’ channel are open and because the afflnlty of
the local anesthet1c for ‘the receptor in the Na ‘channel is
voltage dependent [317] 1t such a property is shared by
opioids then 1t ‘might expla1n the decrease in }ther percent
increase in the response height follow1ng st1mulat10n of the
muscle w1th tra1ns of 2-7 closely spaced electrlcal pulses.

At this point . 1n tlme we do not have any. firm experlmental

» evidence to support this posslb111ty and therefore we favour
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w

L3 . : . -
our earlier hypothesis thar opioids act by effecting‘ the
release of *edditionall‘ﬁtrigger' Ca** during an electrical
stimulus. ' i |
- Our obsérvation 'thet opioids do not potentiate‘the
tetanic response but cause it to decline in an irregular
fashzon (durlng the stlmulatlon) prompted us to carry out a
”few prellmlnary experrments to examlne thlS phenomenon. - It
was  observed 'vthet . the max1ma1 tetanlc‘ response was
runaffected by é_reduction of [Calo from 1.08 to 0.27 mM (a
- 75% reduction)' although tne twitch was potentiated under
similar conditions (Fig. 49), 'The»"retanic response was,
. N
houever, much' more - sen51t1ve to a. reductlon in [Na]lo than
was tne‘twiicn (Fig. 51). A comparlson of the effects ‘of
reductiOns in  the extracellular concentrations of the two
"ions, (Na or Ca*t), with the effects'of the opioids on the
teranlc response suggests that the OplOldS act by cau51ng e
cdecreased 1nflux of Nan during the response., This agaln
could be a consequence of the p0551b1e ﬁrequency dependency‘
- and use dependency property df the OplOldS,- as discussed
earlier. . That' local anesthet1cs do produce such an effect‘
was shown by the rapid suppressxon of the tetanlc response_
. by proca1ne (1 mM) wh1lst causing only a small depre551on of

o
«

the tw1tch response (Flg. 52) .
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6. SUMMARY' AND CONCLUSIONS o

5

\'

The effects of several opioids (morphine, meperidine,
, ‘ ' : : »
methadone, codeine, fentanyl, ' etorphine,

dextromethorphan, dextrorphan, levorphanol, naloxone,

- quaternary naloxone, Mr 2096, ketazbcine, ethyl

ketazocine, ~met-enke§halin» and leu-enkephalin) were-

examined on the twitch responses of the isolated,

1

curarized, and electrically stimulated frog toe

muscles. All the ioids tested, excepting etorphine

o { .
and qqiternary

twitch response;:

ne, produced a dual action on ‘the
entiating action at low drug

a potentiation followed by an

ifgibitory action at higher concentrations.

The  twitch ‘potentiation was found to . Dbe
nonstereospecific and resistant to antagonism by all
the opioid. antagonists tested, viz., naloxone,

naltrexone, Mr 205@, or phenoxybenzamine. This implied

that the opioid-effects are not mediated by any one of

the well ‘’known and’'well documented subtypés of opioid

receptors but are due to the activation of
* . o

nonstereospecific and naloxone-resistant - opioid

receptors which have beeﬁ postulated to exist elsewhere

by several investigators.

The inhibitory -action also was naloxone-resistant and
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is probably d e

"‘effect of the op101ds on the electr1c propertles of the”
‘frog sk¥ 1 tal muscle fibre membrane.' .

The. op'o1d 1nduced tw1tch potent1at1ons were not caused .

by“ ecru1tment of add1t1onal muscle flbres or.by a

',r‘petltlve d1scharge in 1nd1v1dua1 muscle flbres."

_1A study of the effects of methadone on muscle responses

t0"closely spaced electrlcal pulses 1nd1cated that it

decreased the cr1t1cal fus1on frequency of the_ muscle.

The drug also 1ncreased the t1me requ1red by the tw1tch

response to attaln its peak amplltude. These change5<

suggest that oplo;ds prolong the duratlon of the actlve

state of éhe muscle.

_The tw1tch potentlatlng effects of OplOldS were rapld ‘
1n onset and were rapldly reversed follow1ng washout of
the. drugs The rapld k1net1cs of build- up of the‘ full

":potentlatlng effects - of the OplOldS suggest that they

act dlrectly on” the membrane of the muscle flbre. ' The

rate’ of penetratlon of OplOldS into the myoplasm is

krown to be too “slow E&u-account for® the@ rapid

\

development of the musclé's potentiation, and thus -

]

‘6f action -of’ﬁthe- dplOldS. These conclusions'were
'corroborated'by correspondlng con51derat1on ofﬁﬁihe
" rapid - reversal that ‘occurred- when the muscle ‘that had‘

"been maxlmally potent1ated by an OplOld was restored to

229

. ' ‘,', 1\& . ) .
a. nonspec1f1cr local ;anesthetlc_v

S

v . CL
internally located 51tes were e11m1nated as the point -
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oy . drug- freevRinger'svsolution. :
‘7,‘ Oplolds//o/not promote the 1nf1ux of Ca’ ‘through‘ the
RS slow . Ca‘f channelshﬁurlng depolarizatlon of the ‘muscle.

"fibretmembrane. ThlS was - 1nd1cated by the lack of ady;

< . o

potentiatingg‘ effect “of methadone '°on K**1nduded

contractures.. “The" above conclu51on was “reinforced by

RE |
the findﬁng'that D-600, a Ca" channel blocker,,de not

‘affect the tw1tch potentlatlon produced by oplolds,
although 1t effectlvely antagonlzed the contractures.
8,:v;The tw1tch ' potentlatlng effects ofA OplOldS Awere ‘
| antagon1zed by raising the extracellular fconcentratibn
of Cca** from 1, 08 mM to 8. 64 mM or above.’f .;fG'; j] S
9. 0p101ds ‘do not potentlate twltches by dlsplac1ng the,
| 'Superficially bound membrane' ca** fromf thet muecles.

SR T Mogph1ne or meperldlne, when used in concentratlons

ht produced good tw1tch potentlatlons, d1d ‘not

d1sprace any ‘*Ca .frpm that pool of Ca*fr, The
51gn1f1canc§@ of the slight dlsplacement ,oi - 4%Ca
observed w1th methadpne and 1ts 1nvolvement in: thls'

}@ op101d s effécts on. the tWItCh 1s not clearr £

'Low, tw1tch potent1at1ng concentratlons of 0p101dS -did;
¢

gﬁ fnot produce any change 1n the electrlcal propertles of

o L
1

the 'muécle f1bre membrane w1th1n 5 min : of - drug
.exgosuref; ngher concentratlons, however, d1d prolong
the actlon potentlal duratlon. A tontrlbutaon of ~th;s

effect to the observed tw1tch potent1atlon can"ue““A
' / - 5 o . . » X l, 3 R . ’. \’A‘
/ . . v B Lot




~ L

11.

ruled gutL., 1 ° ‘ftzr : .
.r' i : .

‘An. 1ncrease in. the extracellular concentratlon of Ca*

Te

- did not antagonlze the opioid- effects on the electr1;alv‘

..propertles oftpthe- muscle fibre, aS‘ut antagonlzed the

ca
LT

.7drug effects on the; tw1tchx “bThlsv 1qpl1ed that fno'
~causal relatlonship exists'betweeh“the changes in the

';electrlCal‘pfoperties of the meerane produced‘ by the

¥ ‘ A

f{.op101ds and thelr tw1tch potent1at1ng dabilities.

».ngh concentratlons of compounds known to 1ncrease the

=3“myoplasm1c levels of cat '(v1z.,’ caffelne for A23187)

3.

- not’ known.

antagonzzed he op161d effects on the tw1tch S;nce_.
these compounds afe also KnOWn to ~produce - permaneht

- he

structural changes in the’ muscles in the concentrations

' L
used,'the551gn1f;cance-of the observed antagonism 18

0

“The tqitch 'potentiating‘ effects of opioids were

i

. ) . . - , ) . ) B » . a . :
‘,antagon;Zed by decrea51ng\ the cbncentrat1on of
l'extracellular Na Thls antagonlstlc effect, however,

: 1s most likely, due to the ‘local anesthetlc; effect of

A

.the * opioids actmg ih copcest with the fedueL\%

LS Tt

’"extracellular concentratlon ,of Na“ to . produce ‘a

e

;depressi0qg@ﬁ Ehe tw1tch response.

' Quaternary %haloxonew dld not potentlate . the twitch

 wheregs naloxone gtested on the - same . preparatlons

P

rexhlblted igs"usual tw1tch potentlatlng abﬁlltles.

‘Thls 1mp11ed that. OplOldS do not act onﬁgghe outer or .
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.spaced multlple pulses.

- | ) . C ™ - ' pe

232

-~ extracellular surface of‘the huscle fibrelmembrane"-but
,-act presumably by dlssolv1ng 1n the membrane.

Af study of the effects of oploxds on the maX1mally,

-

summated muscle responses to‘-closely-,spaced mult1ple

1electr1ca1 pulses (number of pulses, 2-7) revealed that

an 1ncrease un thq“ pmber of pulses in the pulse train

Causes a’ decﬁh E,;j’ff”the’ percent incréase in the

response helght if  presance of twitch potentiatingl

concentrat1ons of ‘opioi&s. It is proposed that thisf-

effect\is due to a depletlon of the stores of 'trigger'

Ca** follow1ng stlmulatlon with tra1ns of closely

e

The . results suggest that OplOldS produce thelr effects f
‘oni thei tw1tch. by fac1l;tat1ng the -process of
exc1tatlon concentration’ coupllng in the muscle. It is‘

'gproposed that they do thlS by cau51ng the release of an

°‘.add1t;onal amount of- 'trlgger Ca‘* during, the

175

“due ‘to. a local anesthetlc effect of the OplOldS.

Lo . - o S ,
»electrical stlmulus. : -~.f Cr o

fthe presence of tw1tch potent1at1ng concentrat1ons of

— s

OplOldS; ) Prellmlnary experlments suggest that thlS is

=

y

iThe plateau of the: tetanlc response fell 1rregu1ar1y 1n o
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