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' ihe setden of the nsrestie smalpdsic msperidine ou the frog |
» ocnci‘.c utvw macle preperation was mtmco'd te test the
wypetheris vhat hertettes dupliios doltummoiutior cremsiiastun By tekivi-
* ting action pot 1al produetion in'the fine, usmyslinated nerve end-
ings sand/or )y deggessing o phuo.ot the ttangmitter relsase mechanism.
Mepetidine dcpqnzud the smplitude 2! m;clc tvitch responses.to
supramaximal, sciatic nerve stimulstion, but po:..utiltod responses to
diroct muscle stimulation. R )
Action potential firimg: (tponunoouo firiu; or lftbr-duchnrp

following a netve -tinulu) veas Muc.d in the nerve terminals by TEA

®

and recorded from tho ventral toolf{innom;in. the muscle. Msperidine
p

'(10.6 tof2 X 10_‘ M) blocked bq.sh' types of TEA-induced activity, an

acti ich was prcvontdd by naloxone in 501 of experiments. These

results i.ndicltcd'.th‘t meperidine can sffect qction potdntinl produc-

tion in the nerve endings. However, this mechaniss did not account for

¥

the reduction in twitch amplitude #ince neither the amplitude or -

duration of the extracellularly recorded nerve terminal action poten~

’
tial to sciatic nefve stimulation was affected by concsntrations of

-3

meperidine (8 X 10 ~ to 1.6 X 10.‘ M) vhich reduced the smplitude of

the -1w1tmou,oly recorded EPP. This mepejidine-induced dq.n'euipn
of EPP amplitude (recorded intracellular)y or cxt‘raccllulatly in the
presence of curarc‘) was partially antago zc'd by a low concentration
of naloxone (3 X 10-8 M) which itself had no effect on ne_uroiucular
transmaission. ' '

Meperidine a.pr..-.a mepp amplitude (recorded intracellularly), but

|

-




e '. ’.

. -
did not significantly alter mepp frequimey.. The depreseion of mepp
amplitude vas not antsgonised by naloxone, indicating that this effect
) .
vas not mediated by opiate ucoptﬁ . .

Meperidine deprissed the amplitude’of the EPP, evoked by iento-

phoyesis of mcyu“uh directly cate the eadplate region. This

'uim_o! neperidine on ‘"I vas not antagonized by nalomome. There-

fore, the depression of mepf and EPP, amplitudes and part of the
depression of EPP a-plitudc.by maperidine was due to a non-opiate
effect of theq narcotic on the cndplogo. These regults suggested that
the naloxone-sensitive depression of EPP amplitude was due to a
presynaptic effect of meperidine. However, meperidine did not alter
the quantal content of }ho EPP maasured in the presence of high [H;+*] .
nor did naloxone antagonise meperidine-induced depression of‘EPP ampli-

tude in the presence of H;+f In addition, the percentaje depression of

EPP amplit by 4.2 X xo'“ M meperidine was significantly greater
wvhen curare injtead of H;Clz wvas used to block meuromuscular transmis-
sion. It is suggested that Hg+*, as well as naloxone, may antagonize
the opiate receptor-mediated effects of meperidine.

The anticholinesterase action of meperidine did not influence the
cffcc; of this narcotic on the EPP amplitude since meperidine was
equally active in ;ho presence and absence og_zhz’oltignine.

I i{s concluded that there are three mechanisms of action of meperi-
dine operant in the frog sciatic nerve-sartorius muscle preparation;
one is probsbly on the transmitter release mechanism under conditions
of nerve stimulation which is partly, if not completely, opiate recep-
t‘r mediated; a second, non-opiate receptor mediated, anaesthetic-

1iké action on the post-synaptic membrane; and a third effect on action

vi




L
potential conduction ia the merve fibere which may be partly opiate
o Tecepter mediated, dut is not r‘omublo for iahibitiom of nom;
suscular trensmission under conditiens of suprameximsl nerve
-

stimulation.

- - ‘

°® .
The major effect of meperidine in this prepsratica i{s s non-
’

opiate actiion at the endplate simtlar to that of local and general

.

anaestheti
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1. 0 of

To deteraine how drujq’ such ap marcoties inhtbtt neuromuscular
transaission, it is nacessary to understand the physiologtical ‘-
mechanisms by which acetylecholine 1s released snd how it activates
the' muscle fibers to coatract. .

Nerve fiders ferm-apecisl cemmections ot muu the
suscle fibers which they innervate. Each neuromuscular Junctton
consists of a presynaptic motor nerve terminal and a muscular part,
which is a specialized part of the muscle fiber and is referved to
as the subsynaptic area or endplate region. At the skeletal neuro-
muscular junctioﬁ, the endplate area i1s characterized by n:Lorous
folds of the membrane resulting in secondary clefts. These clefts
are invaded by the terminal branches of the presynaptic nerve fibers
(Couteaux, 1963). The prelynnptié and postsynaptic cle-fnts are
lcparited by a space of 200 to 256’1. It 1s generally thought
that each frog skeletal muscle synapse is innervated by only one
axon. However, Vyskocil and Magazanik (1977) believe that at least
30&\of fibers are ihnervatcd by two or more axons at a single
endpiate.

The nerve terminal contains a high density of ochondria and
nuneroas synaptic vesicles which contain the neurotransmitter, acetyl-
choline. Acetylcholine is synthesized in the cytoplasm by acetylation
of choline by choline acetyltransferase (Nachmansohn and Muschado,

1943), and 1s then transferred to and stored in vesicles in uniform
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amounts called quanta (Del Castillo and Macs, 1934a; Patt and Kats,
1952) . The contents of the vesicles cea de l.uud into the
subsynaptic cleft either spontansously or in fesponse to nerve 4
impulees (Fatt and Kats, 1951, 1952; Del Castillo aad Kats, 1934). . ,
The acetylcholine in the synaptic cleft is deactivated by | i
hydrolysis to cholt'u and ecetic acid by ocotylchouuouum. The
muqummmmmww ) l
acatylcholine (Hubbard, 1973). i
Not all of th.a acetylcholine stored in the nerve terminals
is equally available for release. There is evidence for three
different pools of acetylcholine; a readily releasable store
enclosed in vesicles near the prumbtic membrane, a secondary ‘
releasable store, and a third nonreleasable pool 6f transmitter
" @ that can be con\;orted 1into releasable quanta (Elmquist and Quastel, .
1965) . |
Some synaptic vesicles appear to collect around specific foci

in the presynaptic membrane in junction with their release sites,

and in electron micrographs, they appeap #o. be anchored to a dense

. P .
. material. In the frog neuromuscular jmm. the dense material !

[ A
.

\* a series of transverse bands loegted in the terminal directly

4o, Tmeme

~ ‘5"' .p Sbove the postsynsptic folds of the endplate (Couteaux and Pecot-

4 o

t. Dechavassine, 1974). These filaments ‘may represent microtubules.
‘ [}

Thus vesicles may move by two mechanisms; 'random or Brownian"
mqtion and unid.irectional displacement perhaps by electrostatic
forces (Llinas and Heuser, 1977a).

® - The acetylcholine released spontaﬁcouoly combines with specific



receptors on the endplate msmbrane and causes a brief depolarisation
of 0.5 to 1.3 a¥; the miniature endplate potential (mepp). The

mepp amplitude is proportional to the nusber of acetylcholine

molecules in sach packet released vhtcl; 1s termed the "quantal
size" (Fatt apd Kats, 1952; Del Castillo and Katz, 1933). A nerve
impulse .dcuvorcd to the nerve terminal accelerates the release of
,'@‘“ of acetylcholine which pu;ducu s larger depolarization of
e nﬁoyv'tlc membrane termed the ewiiplate potemtial or KPP
(Pel Castillo and Katz, 1934b, Liley, 1956; Takeuchi and Takeuchi,
'1959). When the amount of depolarization caused by molecules of
acetylcholine reaches a certain threshold level, an action potential
i{s initiated in the muscle fiber which, in turn, sets off the chain )
of events involved in muscle contraction (Bianchi, 1968).

The amplitude of the EPP is a multiple of the mepp amplitude,
and the number of quanta of acetylcholine determining the EPP
(quantal content) can be estimated by the ratio: EPP amplitude/
mepp amplitude (Del Castillo and Katz, 1954a). The summation of
nepps.in linear for small EPPs, but for large EPPs a correction for
nonlinear summation was introduced by Martin (1966). However, it has
been recently suggested that Martin's correction factor may over-
correct by up to 50X (Bennett, Floreu, Pettigrew, 1976) and the
magnitude of the correction needed for the neuronusculat'ji;ction
is still uncertain (Martin, 1976; Stevens, 1976).

The effect of transmitter on the endplate can also be produced

by applying acetylcholine directly to the endplate by iontophoresis

(Nastuk, 1953). With this technique, application of a voltage
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\potoattll to glass micreslectrodes filled with the desired
slectolyte causes migratien of ions out the tip of the pipette

© (Gdobue, 1973). This method allpws specific oxa.tnitton of the
post-synaptic action of drugs with misimal influence by presynaptic
actions.

At the okflotal neuromuscular juanction, the reaction of acetyl-

choline with the ro;optorl causes an increase in perweability to
both sodium and potassium ions. It was originally thought that
these ions moved through sepsrate channels independently of one
another in generating the endplate current (epc), but this inter-
pretation is now considered invalid. The current theory is that
combination of acetylcholine with a receptor induces a conformational
change in & gating macromolecule wich opens an endplate channel to
permit transmembrane fluxes of Na+ and K*. This ""'S&c channel
has only two conductance states, open and closed, and transition
hc;vgen these two conductance states is governed by the rate constant
for closing open channels and the rate constant fof channel opening
(Katz and Miledi, 1972; Magleby and Stevens, 1972ab; Neher and
Sakmann, 1976; Dionne and Ruff, 1977; Lewis, 1979). The factor
limiting the rate at vhich the current decays under normal conditions
is a weltage-dependent conformational change in the membrane which
deternmines the lifespan of an open channel. Increasing the extra-
cellular calcium or magnesium concentration at the frog neuromuscular
junction decreases the decay of the endplate current (Cohen and Van
der Kloot, 1978) and single synaptic channel conductance (Dionne and

Ruff, 1977). This action may be due to neutralization of the



negative surface charge on the membrane snd thus increasing the
voltage gradient vithin the membrane (Cohen and V‘w Kloot, 1978) .
Neuromuscular blocking drugs such as curare hou with

acetylcholine for the receptors and thus reduce th; is"ﬂ’ot of acetyl-
choline-receptor interactions and decrease the EPP amplitude without
altering the latency or time-course of the EP?. Anticholinesterase
{nhibitofs such as physastigmine allow more acetylcholine-receptor
interactions sad iacrease t'w eplitude and duration of the EPP
(Davson, 1970). ' ‘ .

How does s nerve impulse accelerate the release of acetylcholine

An action potentish is conducted along the myelinated nerve
This transient decrease in poteatisl is mediated by an influ
sodium ions and a subsequent cfflux of potassium ions along their
electrochemical gradient. These ions pass through the membrane

via channels or pores which are relatively specific for either Na*
(early channels) or K+ (late channels), but certain other univalent
ions such as Li+ are known to substitute for Na*. Hille has
described these channels as 'filters' which allow ions to pass
according to their hydrated size and to their ability to form
hydrogen bonds (Davson, 1970; Luttgau, 1977). From analysis of
the small 'gating currents' associated with movement of these ions
(Hille, 1975; Armstrong, 1975; Ulbricht, 1974), 1t has been
proposed that these channels are in either an open or closed state.
The influx of Na+ during the action potential is dependent on the
resting membrane potential.

Calcium also affects nerve membrane excitability. Decreasing

< -

e



the external calcium comceatration causes an increase im both nerve
and m‘a fiber mesbrene excitability vhich results.in a state of
repetitive octtvt:; (Daveon, 1970). Tetraethylammonium (TEA) —
causes facilitation of neuromusculsr transmission and spontaneous
tvitching in ekeletal muscle by inhibiting po(c.otul conductance
(Hille, 1967) and by its ability to relesse calcium fro@r binding
sites in nerve and muscle membranes (Beaulieu and FPrunk, 1967ad;
Besulieu, Freak and Imouve, 1967). TEA, spplied to the freg neuro-
muscular junction, causes fOQQtsttvo firing in the motor nerve
terminals following a single nérve stimulus (Koketsu, 1958;
Beaulieu et al., 1976) and spontatecusly, in the absence of nerve

impulses (Beaulieu et al., 1967). Both types of sctivity ‘can be
recorded antidromically from the ventral root innervating the frog
sartorius suscle using extracellular clcctro&on (Beaulieu et sl.,
1967). R:pctitivc activity in nerves is thought to originate at
the junction of the myelinated axon and the unmyelinated, smaller
diameter fibers in the nerve terminal (Beaulieu et al., 1967;
Standaert, 1964). The actdon potential in the nonmyelinated
nerve terminals can be measured using extracellular microelectrodes
(Katz and Miledi, 1965a).

Invasion of the action pot;ntial into the nerve terminal.
is associated with a brief influx of calcium. The amount of calcium
crossing the presynaptic nerve terminal sesbrane is proportional to
the amplitude and duration of the depolarization (Cooke and Quastel,

1973a). This calcium triggers the release of transmitter (Kats and

Miledi, 1967, 1970) and is thought to be the coupling mechanism

|
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betveen depolarisation and trensmitier release. At rest, the
{atreesllular esletum eoucentration s -tu_chd at lew levels
compared te that in the extrscellular .’u'o .M. the iaflux of
calciva ia Tespoage te & nerve sction petential (e dowa a steep
electrochemical gradieant. Ian the sbeemes of estresellular caletum,
the sction potential iavedes the merve terminal, dut fafls to cauee
transaitter relesse (Kats and lﬂd&. 1967). These iavestigaters
concluded :“ utilization of external calcium fe restricted to a
brief period which barely outlaste the depolarization of the nerve
ending and wvhich precedes tranemitter release.

It has been suggested that the effect of calcium l-ycfo due to
ites reaction with a receptor compound X on the presynaptic terminal
leading to a CaX complex formstion (Del Castillo and Kats, 1954s;
Cage and Quastel, 1966; Dodge and Rahamimoff, 1967; MNubbard, Jones
and Landau, 1968ab). However, the identity of X ;nd the exact
mechanisa of how calcium causes tranamitter release remains obscure.
Na’-l‘—acttvutod ATPase in the membrane has been pagtulated te play
a physiological role in tt.nnliétor relesse (Paton, Vizi and Zar,
1971; Vizi, 1972). According to this theory, calcium fluxes are
governed by the concentration of sodium, and the subsequent inhiditiom
of la’-l*-.ctivntod ATPase by Ca** is involved in transmitter release.
Stimulation of the membrane ATPsse by tor-;nltlon of Ca*+-1nhtb1tlon
either by accumulation of Nn’ or H;+* makes the membrane again
impermeable to the transmitter (Vigi, 1978).

Standaert, Dretchen, Skirboll and Morgenroth (1967a,b) have
Froposed that cyclic adenosine 3',5'-monophosphate (cAMP) is involved

in the excitation-secretion sequence. According.to their model an
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sstion petentisl astivetes sdeny) cyslase ia the nerve sssbrene
vhich esaverts ATP to cAP. AP ssts vig preteia kinase te
ml_uo svbetrates that coupe ien chennsle te open and petuit
e’ and/er ca™ o pess through the ssmbrese. Tho flun of feme depel-
arises the netve mesbrene and ¢ouses vesiclee te fuse te the Musbrame
and relesse transmitter. la eentrast, Quastel sad Nachett (J971)
conclufnd that the cAP comcemtratien weuld hsve to be limesrly
Mummdﬂnu-dp-udm. The
iacrpsase in cenceatration of cANP required te fulfill this relation-
ohip after a presynaptic depelartisation sesmed to thes to be teo
high to sccomodate the cAMP hypothesis of tressaitter
release. Others have concluded that the increase in sepp frequency
ia the presemce of ’hoo’ht;dluuruc tahiditors such ss theophylline,
en effect crucial to the cAMP hypothesis, is duws to relesse of
bound calcium from intracellular stos@s, and et to an effect on
CAMP levels (Dwacan and, Stathss, 1977).

The mechanige by which synaptic vesicles fuse with the pre-
“uc mesbrane and eapty their contents into the synaptic cleft
n-ﬁ. unclear. Any divalent cation, including ca’’ and H.“

[ -
promote vesicle-plasma membrane coatact, but only Ca triggers

. exocytosis (Llinas end Meuser, 1977b). Therefore, calcium must do

somsthing more than allow coatact by neutralising negative surface
charges. It has been suggested that exocytosis is a result of
sembrane phase changes induced by calcium, but this does not explain
release from only specific sites on the membrane (Llinas and Heuser,

1977v).




by Mmr mu- esletiva tndlus during dapelarisetion of
the 9ovve teruinale feo hvolnd in velsase of u‘Luu. 1t et
u‘n"my tensved frem ite oite of actien for the tramemitter relesse

-

te Tetusn 00 resting levels. Juay osubeellular, eloments bind caletm
reversibly ineluding She nerve msubrens aad symsptic veeticsles
(Rehemineft, 1977), dut th‘ sset isperiamt’ munn ia netve
endings afe aitechendris (Aluu and Rahenimeff, 1975; Rehentnsf(,
Syulles, Alasee, Bstshenher snd o 1973; Blcustetn, Regubetf’
and Kendrick, 1970) and some other, waidentified, ATP-dependent

[ ]
calcium storage system (Kemdrick, Blaiitein, Pried and Ratslaff, 1977).

Calcium sust them be extruded from the nerve tersimal to restore the
regeing calcius eomcentration. There 1s evidence that ca® 1o
extruded from the iatrecellular epece in enchangs Yor w' (Blavetein
et al., 1970).

Spoutaneocud release of acetylcholine 18 ssch lese senstitive to
the calcium concentrstion than {s evoked relesse (Boyd and Martin,

1956; Huddard, 1961; Birks, Burn d Pirch, 1968). Whereas

release asfter s nerve {mpulse is depenfient on the extracellular
caleium , mepp frequency is dependeny upon the intracellular calcium
conceatrstion (Alnaes .und Rahamimoff, 1973; - Duncan and Statham, 1977).
Duncan and Stathas comcluded that umder ,'bonnl circumstances, the
presynaptic terminals are afle to maintain intracellular calcium
concentrstion slmost conot-.\ despite changes in calcium fluxes duo' to
drug trestment or alterstiom in the extracellulsr calcium concestratios.

Release of acetylcholine can be altered by other ions besides

calcium. Incressing the msgnesium concentration of the Ringer's

g
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_decreases the amount of acetylcholine released after depolarization
of the nérve Ferminal, but has little effecﬁ on spontaneous release,
i.e. mepp frequency (Del Castillo and Engback, 195;). In contrast to
their similar effects on excitability of nerve and muscle membranes,
ghe effects alcium and magnesium on transmittgf release are.
antagonistic (Del Cagtillo and Katz, l§54c; Del Castillo and Engback,
.1954). It is thought that these ions compete for the same bipding
sites on the presynaptic membrane (Del Castillo and Katz, 1954c;
~Jenkinson, '1957; Hubbard, Jones and Landau, 1968). Decreasiﬁg the
amount of acetylcholine releaged by each.nerve aZlion potential hy
decreasing the concentration“of extracellular calcium and/or incr;aéé
ing the extracellular magnesium)concentration has been used extensively
in experiments measuring quantal content. This is done to allow the
recording of both subthreshold EPPs and mepps.

Reducing the extracellular sodium concentration produces a small
increase in the spontaneous transmitter release. During release
induced by nerve terminal depolarization:'this facilitation in the
presence of normal calcium is balanced by reduction of the presynaptic
action potential amplitude (Gage and Quastel, 1966). Transmitter
release 1s facilitated whéﬁ the external potassium concentration 1is
raised (C;oke and Quastel, 1923b;, Takeuchi and Takeuchi, 1961).

In addition to the ﬁction of K+ iA depolarizing the nerve terminal
membrane, Cooke and Quastel suggested that K+ facilitates the

increase in permeability of the membrane to calcium during depolari-

zation. ¥

asr
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,In conclusion, a drug which inhibits neuromuscular transmission
could act by deﬁressing: conduction of the action poiential avong
the myelinated axon; action potential production in the fine,
unmxelinated nerve terminal fibers; synths@is of the transmitter;
stimulus—secret?on cqypling or mobilizationuqf transmitter; the [

reactivity of the endplate region to the transmitter substance; or
. o )

by facilitating deactivation of the transmitter in thé& synaptic cleft,

~

3

2. The Pharmacology.of Narcotic Drugs

Vi -
The study of analgesia, tolerance and dependence produced by

narcotics is one of the oldest areas of pharmacological research.

However, many of the cellular mechanisms underlfing the action of

this class.of drugs still remain obscure. The recent diseovery

of endogenous opioid peptides (HugheS,’i975; Terenius and Wahlstrom

1975) and the impIic;tions as to their physiological role have re-

inforced the importance of this research. ,
The major site of action of narcotic analgesics in the relief

of pain is accepted generally as being in the central nervous system.

A multitude of studies have been carriedAoqt to determine the effects

of opiates on central nervous system electrical activity and neuro-

transmitters such as acetylcholine, noradrenaline, dopamine, 5-hydroxy-

tryptamine, glycine, and y-aminobutyric acid. These investigators

have examined the effect of opiates on steady state levels, turnover

and release of neurotransmitters, the effects of systemic administra-

tion and local tnjection of opiates upon identified neurones in the

brain and spinal cord, and the effects of various pharmacological

11
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Py
and surgical manipulations on the mechanism by which opiates alter

fhe above effects and the pain threshold. The results of these
studies are often contradictory and vary with vtle species of
laboratory animal and with the techniques employed. This area has
been extensively reviewed by Clouet (1971), Domino, Vasko and Wilson
(1976), Eidelberg (1976), Ford and Clouet (1975), Harris (1970),
Kosterlitz, Collder and Villarreal (1973), Mayer and Price (1976),
Mehta (1975), Messing and Lytle (1977), Way (1972) and Yaksh and Rudy
(1978).

\S’t * Although the importance of these studies should not be under-

emphasized, major problems remain unresolved because it is difficult

to interpret pharmacological findings when the complex physiology of

i
»
1
i

the central nervous system is not well understood. Morphine affects
many neurotransmitters and biochemical pathways many of which may
be involved in producing the physiological response being measured.
It may be a critical balance between brain substances which 1is
important (Way, 1972) and a treatment affecting one compound may have
considerable effects on the actions of others. This means it is
difficult to determine whether an effect of a narcotic on one
'

transmitter is directly caused by the treatment or is a consequence
of other pharmacological responses to the drug. In addition, the
action of a pharmacological agent used to block or enhance the
effects of a particular transmitter is not necessarily specific in
its overall gffect.

These problems have led to the use of peripheral tissues as a

major tool in narcotic research to elucidate the findings from the ° i
1
|

central nervous system studies. The next section of this introduc-



tion will focus on the findings of investigators who have employed
these peripheral nerve-muscle preparations with less complex
physiology compared to the central negvous system.

Two general pb;crvatiop- will become apparent. First, morphine-
like drugs alter the release of a neurotransmitter without regard
to the identity of the transmitter substance. Secondly, synapses
in different organ,tem and species of animals have different
sensitivities to na£;otic agonists. Morphine (10.8 to 10_6 M)
depresses neuromuscular transmission very effectively in the Auerbach's
plexus-guinea pig ileum and the rat or rabbit vagus qgrvé-SA node
of the heart where acetylcholine i1s the transmitter, and in the cat
postganglionic nerve of the superior cervical ganglion-nicd@®itating
membrane and in the mouse vas deferens where the transmitter is
noradrenaline. Relaxation of the guinea pig jejunum in response to
mesenteric, adrenergic nerve stimulation 1is also quite sensitive to
morphine—b'lockade. A less sensitive group"bf preparations requires
a 10-5 M to 10_3 M concentration of a narcotic to block neurotrans-
missiop. These include the rat small intestine, the cat vagus nerve-
SA node of the heart, ganglionic transmission in the cat or rat

superior cervical ganglion, and action potential conduction in squid

or scilatic nerve axons and skeletal muscle preparations.

2.1 Preparations Sensitive to the Inhibitory Acti:us of Narcotics.

2.1.1 Intestinal preparations. As long ago as 1917,

Trendelenberg reported that morphine inhibited the peristaltic

reflex elicited by distension of isolated guinea pig ileum. Howvever,

it was not until the mid-fifties that progress was made in determining

13
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the mechanism of this inhibitizn.

| ‘Schaumann (1955) investigated the action of morphine on the
peristaltic reflex in guinea Pig and radbdbit jejunum. Although he
found” morphine to be ineffective 1in rabbit Preparations, this
harcotic abolished both the emptying and the preparatory phase of the
reflex in guinea Pig intestine. That both phases of the reflex are
inhibited by morphine wvas reaffirmed by Kosterlitz and Robinson (1957)
and Gyang, Kosterlitz #nd Lees (1964) using guinea pig {leum.

Since responses to nicotine, but not acetylcholine, were
blocked by morphine, Sch:umann suggested that morphine acts by
interrupting the pathway between ganglion cells and the muscle, i.e.
by preventing acetylcholine release. He tested his-hypothesis by
measuring acetylcholine release in the presence of morphine by the
biocassay method (Schaumannw 1956, 1957). Morphine blocked acetyi- *
- choline release in the dictendedwitrtps and partiallf)inhibited.
release in undistended strips. In ground up tissue, morphine
enhanced rather than reduced transmitter release and had no effect
on the acetycholine content of the tissue, indicating that intact
cells were required for th; inhibitory action of morphine, and that..
this narcotic did not act by Blocking acetylcholine synthesis.

At the same time Paton was experimenting with the transmurally
stimulated guinea-pig {leum. In 1957 he concluded that the elect-
rically induced contractions of the ileal muscle was due to excitation
of postganglionic nervous structures since the contractions were

blocked by atropine but not by hexamethonium and were Potentiated by

anticholinesterases. Morphine reduced the amplitude of both twitch



and tetanic responses, but was more effective at low rates of
stimulation. The depression of contraction amplitude correlates
vell with the reduction in acetylcholine output per stimulus volley.
Paton found the no'rul outpué of n’cotylchoune per pulse in the
absence of drug decreased as the stimulus frequency was increased.
These observations were confirmed using this preparation by Cox
and Weinstock (1966) and by Cowie, Kosterlitz and Watt (1968), Paton
» -
and Zar (1968) and Greenberg, Kosterlitz and Waterfield (1970) using
the transmurally stimulated Auerbach's plexus-longitudinal muscle
preparation of guinea pig ileum. Greenberg et al. also found that
hexamethonium did not alter the efféect of morphine.

The effect of narcotics on the response of intedtinal prepara-
tions to varioug pharnacolggical agents has contributed to the
conclusion that the main action of opilate agonists 1; to decrease
r;lease of acetylcholine to nerve stimulation. Most investigators
found that morphine did not block contractions of whole guinea pig
ileum to exogenous acetylcholine (Schaumann, 1955; Paton, 1957;
Kosterlitz and Robinson, 1957, 1958; Gyang et al., 1964) or of
the longitudinal muscle of the ileum (Cowie et al., 1968). Nor
did morphine affect responses to histamine in the study by Kosterlitz
and Robinson (1958). Responses to ganglion stimulant drugs such as
nicotine are blocked by morphine (Schaumann, 1955; Kosterlitz and
Robinson, 1958). Responses to drugs which stimulate both neural and
m;scle elements (5-HT and barium) are partially inhibited by
narcotics (Kosterlitz and Robinson, 1958; Gaddum and Picarelli,

1957).

TN
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Although most inveasgtigators have found that navcotics do not
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affect the uoofh w responses to axogenous .coﬁylchollno. Lewis
(1960) found evfl¥ence 5“ a postsynaptic effect of morphine. He
obo,rvod that -oryhia."in conconttutionl which 1nh1‘ftod acetyl-
choline uluu. dcptuud responses of the guinea pig ileum to a
variety of smooth muscle stimulants such as acetylcholine, carbachol, "
substance P, S-HT..bariu-, potassium and histamine. Waterfield and
Kosterlitz (1973) found that only higher concentrations of morphine
produced a na.'pccific effect. Lewis concluded that morphine has a
twofold doprjiazit iction on substances such as 5-HT and barium
&hich act both directly on the muscle cells and indirectly on
nervous structures, i.e. the parcotic blocks their effects on the
muscle postsynaptically and prevents the increase in acetylcholine
release by their indirect action. He suggested that the underlying
common mechanism might be inhibition of a metabolic process common
to both neuronal and muscular structures.

Meperidine also inhibits the response of ileum tp exogenous
acetylcholine (Paton, 1957; Gyang et al., 1964). This is not
surprising in light of the local anaesthetic action of this narcotic
(Gruber, Hart, Ross and Gruber, 1941; Goodman and Gilman, 1975).

From the evidence presented thus far it can be concluded that
morphine prevents acetylcholine release to nerve stimulation by an
action on postganglionic nervous structures. The action of narcotics
on these neurones has been studied also by electrophysiological
methods. Using extracellular, suction electrodes, two types of
spontaneous activity have been recorded from neurones of Auerbach's
plexus (Wood, 1970, 1973, 1975): a burst unit which is blocked by

tetrodotoxin.ﬂbut.not affected by Hn++ or by - drugs which alter
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synaptic transmission including morphine (Sato, Tnkaycnaii and
Takagi, 1973; Dingledine, Goldstein and Kendig, 1974); and a
single spike unit which is blocked by tetrodotoxin but not by Hn++
Y 1Y

or hexasethonium. The frequency of single spike units is increased
by nicotine and ncctylchol}no and decreased by a—adrcncrglc stimulants.
Increase 1in frequency by cholinergic agents is blocked by hexameth-
onium and decreases in frequency by a-adrenergic stimulants are
blocked by a-adrenergic blocking drugs {sato et al., 1973). The
single spike electrical activity is thought to be recorded from
parasympathetic, po;tganglionic neurones (Wood, 1975). Spontaneous .
single spike activity and the increase in fréﬁudncy caused by’
nicotinic agents are blocked by morphine and normorphine (Sato et al.,
1973; Ehrenpreis, Sato, Takayanagi, Comaty and Takagi, 1976; ’
Dingledine et al., 1974; Dingledine and Goldstein, 1975, 1976;
North and Wiliiams, 1976, 1977) and by methionine- and leucine-
enkephalin (North and Williams, 1976).

Single electrical pulses applied by point stimulation near the
recording electrode by a second suction electrode result in a
compound or antidromic spike which is due to direct stimulation of the
units under study, and a unitary spilke which is synaptically driven
(Dingledine and Goldstein, 1976; North and Williams, 1976).
According to North and Williams (1976) normorphine has no effect
on the synaptically driven spike, but hexamethonium blocks 1it.
Dingledine and Goldstein (1976) found that morphine was virtually as
effective in inhibiting spontaneous electrical activity of myenteric

neurones in calcium-free Ringer's as in normal Ringer's. The 3

synaptically driven spike was completely abolished in calcium-free ‘
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Ringer's indicating the absence of synaptic input.

These findings led both groups of investigators to conclude
that it is unlikely that morphine acts by stimulating the release
of an inhibitory transmitter, by blocking release of an excitatory
transmitter or by blociln. the postsynaptic response to released
transmitter. Dingledine and Goldstein proposed that narcotics may
increase the membrane threshold for electrical activity in the
cholinergic motor neuron pefhaps by an action at or near its terminal
varicoéities. North and Williams suggested that the mechanism of
morphine's action was hyperpolarization or membrane stabilization of
a proportion of the myenteric neurones. This theory was supported by
their finding that the effects of morphine can be mtmicked by passing
anodal current or overcéme by passing cathodal current through a
stimulating electrode very close to the recording electrode.
Similarly, when twitches are recorded from transmurally stimulated
ileum, morphine is more effective during submaximal stimulation
(Cox and Weinstock, 1966) and its effects can be antagonized by
increasing the stimulus strength (Ehrenpreis, Light and Schonbuch,
1972). Also{ narcotics can inhibit the increase in firing rate of
extracellularly recorded spontaneous potentials due to a variety of
depolariz4ng agents (e.g. 5-HT, nicotine, caerulein, sodium picrate

N

or aEetylcholine (Takayanagi, Sato, Takagi, 1974; North and Williams.
1977).

In the study by North and Williams (1977), the action of morphine
was not affected by altering the potassium concentration in the

Ringer's or by ouabain, indicating that the mechanism of action is
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not likely an increase in potassium conductance or stimulation of
an electrogenic Na+-K+ cxchnngc.w

In addition to the sbove findings, Ehrenpreis, et al. (1976)
found that ghe increase in firing rate of spontaneous single spike
units induced by acetylcholine was little affected by morphine.

Their results suggested that acetylcholine had two actions. The
primary effect was independent of the action of morphine, whereas

with high acetylcholine/mgrphine concentration ratios, direct
antagonism between the two drugs might occur in ganglia of Auerbach's
plexus. 0On the basis of this finding these investigators postulated

a secondary receptor for morphine on the preganglionic nerve terminals
in addition to a postganglionic receptor site.

In contrast to findings using extracellular recording techniques,
cells recorded intracellularly are not spontaneously active (North
and Henderson, 1975; North and Tonini, 1976). North and Williams
(1977) showed that the activity recorded extracellularly was due to
mechanical deformation caused by application of suction to the
electrode and not a result of synaptic input. In their studies
using intracellular electrodes, North and Tonini (1976) occasionally
obtained spontaneous injury potentials. These were blocked by nor-
morphine. North and Henderson (1975) and Nqrth and Tonini (1977)
found that morphine and normorphine had no effect on the amplitude or
time course of the evoked epsp in Type I cells (cells which receive
synaptic input) or on the action potential in Type 11 cells (these
cells cannot be activated synaptically and may be afferent). However,

in their later studies, investigators from the same laboratory
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found that normorphine, added to the bath or to the neurones by
iontophoruu..cauuod an immediate hyperpolarization of up to 20 aV
in about fifty percent of Type 1 cells and in about ten perceat

of Type II cells (North, 1976; North and Tonini, 1976, 1977). .
This hyperpolarization was accompanied by a variable decrease in
membrane resistance, was dose related, and was prevegted by naloxone.
The hyperpolarization often declined progressively despite the
continued presence of the drug and s;;ettncl the cells would not
respond to a second dose of narcotic; this finding is reminiscent

of "acute tolerance’ observed in twitch.gxperiments (Paton, 1957;
Waterfield and Kosterlitz, 1973). Alao.'vhen the neurones were
excited by passing brief depolarizing pulges !él..l the soma membrane,
the hyperpolarization caused by normorphine was sufficient to prevent
the cell from reaching threshold for action petential firing unless
the stimulus strength was increased (North and Tonini, 1976). When
cell processes were stimulated, normo:ghine prevented conduction of
the 'antidromic' action petential into ghe cell soma (North and
Tonini, 1977).

The results of these intracellular studies provided these
investigators with direct experimental evidence to support their
theory (North and Williams, 1976) that narcotic drugs act in ganglion
cells by hyperpolarizing the membrane. Small doses of
opilates would prevent excitation of a small population of neurones.
Larger concentrations would cause depression of a prqportionately

larger number of cells. This theory is attractive since it explains

the inhibition by morphine of spontaneous activity recorded extra-



cellularly and recomnciles many of the different findings obtained
using intracellular and extracellular recording techniquaes.

According rth and Tonini (1977) their theory also explatins

the observation that werphise inhidits the restiag relesse of acetyl-
choline in .ut;.. pig ileum by twenty to fifty percent (Sc;nu-.nn.
1957; Paton,; 1937; Paton and Zar, 1968; de la Lande and Porter,
1967). De la Lande and Porter observed that the inhibition by mor-
phine of the resting acetylcholine release was reduced or abolished
by treatments which block electrical activity in nervous structures
such as subdivision of the {ntestine into rings, cooling, anoxia,
procaine, changes in electrolyte balance and glucose deprivation.
They concluded that there are two mechanisms of spontaneocus release

A}
in this.preparation: 1) spontaneous release at nerve endipgs and

2) augmentation of this release by conducted 1npulscl\i:/9ervc axons.

dnly the latter mechanism is inhibited by narcotics.

The role of 5-HT in the acute and chronic effects of morphine
has received much attention. Gaddum and Picarelli (1957) proposed
there are two kinds of tryptamine receptors in guinea pig ileum: the
D receptors which are blocked by dibenzyline, LSD, etc. and mediate
the smooth muscle actions of 5-HT, and the M receptors which are
blocked by morphine and are located in the nerve plexus. Uptake and
release of 5-HT are not sffected by narcotics (Schulz and Cartwright,
1974).

Schulz and Goldstein (1973) proposed that there are excitatory,
serotoninergic fibers and inhibitory adrenergic fibers impinging

i;?n and modulating the activity in cholino:gid’ﬁeurones innervating

3
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. the {lesl longitudinal 5;“:. to@lr nodel, the o.cu(
effect of morphine could be to inmhibit the serotoninergic eynapse
posteynaptically. Toleramce would result from an imcrease ia the
ausber of 5-UT sensitive resapters théde resteriag the encitatery
pathway. This theory was based on thetr finding that semsitivity to
exogenous 5-NT was increased in muscles from tolcrnrt and dependent
guines pige and this supersensitivity parallelled the degree of
tolersnce to morphime.

Ginzler and Mussachio (1974) found evidence for an interaction
between morphine and 5-HT in transmurally stimulated, nontolerant
fleal strips. 3-HT added to the bath produced an increase in basal
tone, and a decrease in the height of electrically induced twitches
folloved by a recovery from this inhibition. When sorphine was then
added in the continued presence ef S-HT, the inhibitory effect of
the narcotic on twitch amplitude was considerably potentiated.

This potentiation was narcotic receptor mediated since all of :hc
effects attributed to morphine were blocked by naloxone. They

argued that this effect of 5-NT was specific since S5-HT had no effect
on inhibition of twitches induced by noradrenaline, and LSD reduced

the inhibitory effect of 5-HT om twitch, but not the excitatory

effect in resting gut. Thaey concluded that excitatory and inhibitbry
effects of 5-HT are mediated by different receptors (but this does not
fully explain the unusual effect of LSD), and th‘t morphine may act

on the gut and in the CNS by increasing the availability of S-HT and

potentiating its inhibitory effect. Arguing against this theory

were their observations that ilea which were insensitive to 5-HT



displayed the ususl sensitivity to morphime and during tachy-
phylaxis to 3-NT the gut still showed an augmented response to
motphine ({n §Cs presence.

That sorphims blocks neural effects of 3-NT hes been showa alse
by electrophysielogical stultes. The f(requeacy of single unit spfhes
recorded extracellularly from neurones in Awerbach's plexus s
{ncreased by 5-HT. Morphine provcato.thtl elevation {n firing rate
(Dingledine ot al., 1974; Dingledine and Coldstetin, 1973; North and
Williams, 1977). In contrast, Morth and Henderson (1973), recording
intracellularly from plexus neurones, found £@at S-HT depressed the
evoked epep 10 most cells, had no effect on membrane potential or
resistance or on the iontophoretic acetylcholige potential, and
the depression of epsp amplitude was blocked by sathysergide and

N

LSD but not by morphi

In order to reconciile the di rence {in the effects of S-HT

and morphine using the two technfiquis, North and Henderson (1975) pu
suggested that the exeftatory e fccti\dT*$—II‘1;d inhibition by mor-
pPhine occurred only at the varicose cell processes from which scetyl-
choline is released toward the muscle. This sctivity would not be
messured by intracellular techniques. fhto hypothesis was also pro- "'
posed by Dingledine and Goldstein (1976). However, North and Williams
(1977) fasiled to record activity from the cell processes using
smaller ¢xtraccll§1¢r electrodes and, as discussed sbove, the spontaa-
eous aétLV1ty recorded {s dus to luction'lppllod by the electrode.

In none of these studies vas it shomm thft the effect of narc-

v
otics ou 5-HT responses was due to an intersctiom of morphine with

5-HT receptors. Dingledine and Goldstein (1976) concluded that
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fhnct}onal 5-HT 6r acetylcholine receptors at nicotinic sites were
not nécessary for the acute, inhibitory effect of morphine in trans-
murally stimulated muscle preparations since the effect of the nar-
cotic was not impaired during desensitization to 5-HT.

In ilea from guinea pigs which have been made tolerant and
dependent to morphine, the ppasmogenic response to exogenous 5-HT
(Schulz and Goldstein, 1973; Ward and Takemori, 1976a) and the
increase in spontaneous firing rate recorded extracellulariy from
plexus neurones (Takayanagi et al., 1974) are potentiated during the
withdrawal syndrome to morphine, whereas responses to cholinergic
agents ars not. During tolerance, pA2 values are increased in the
central nervous systém but decreased in ileum, indicating a difference
in binding of the\antagonist to the opiate receptor at the two sites.

Thus the guinea pig ileum may not be a good model for narcotic

dependence.

&
On the other hand, the guinea pig ileum preparation does fulfill

the criteria for a good model for studying the acute effects of

narcotics. These are:

1) The potency order for zhe Y?rious narcotics in inhibiting

~

) -
electrically induced twitches and for receptor binding corresponds

well to their analgesic potency (Paton, 1957; Gyang et al., 1964;
Kosterlitz and Watt, 1968; Creese and Snyder, 1975).

2) The inhibition of twitch amplitude is stereospecific, the
levo isomers (e.g. levorphanol) being more effective than dextro
isomers (e.g. dextrorphan) (Gyang et al., 1964; Cox and Weinstock,
1966; Dingledihe et al., 1974; Waterfield and Kosterlitz, 1975;

Ehrenpreis et al., 1976; Dingledine and Goldstein, 1976).
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3)"_,“ effects of the levo isomers of narcotics are prevented

ORS A 4
or revi‘g.‘ by narcotic antagonists such as nalorphine and naloxone

(Kosterlitz and Robinson, 1958; Cox and Weinstock, 1966; Cowie et
al., 19;.1, Kosterlitz and Watt, 1968; Dingledine et al., 1974;
Ehrenpreis et al., 1976; North and williams, 1977).-

4) Specific opiate receptor bindi;g sites have been demonstrated
by biochemical techniques (Pert and Snyder, 1973; Creese and Snyder,
1975).

5) The presence of a naturally occurring, endogenous ligand
for these receptors has been demonstratgé. P‘uig, Gascon, Craviso and .
Musacchio (1977) and Puig, Gascon and Musacchio (1978) reported evidence
for reledse of endorphins from the guinea pig ileum during transmural

stimulation. They stimulated Auerbach's_plexds—ldhéitudinal muscle

B § S BT B

strips for five minutes at 10 to 25 Hz. When the stimulus frequency
was then reduced to 0.1 Hz, they observed an-inhibition of the twitch

amp%}tude. This inhibition was proportional to the tetanic frequency

I e E

employed and, within limits, to the duration of the stimulatory
period. The inhibition of twitches ;as potentiated by low concentra-
tions of morphine but not by dextrorpﬁan, and 55% to 70% of the
inhibition was reversed by naloxone. However, release of endorphins
has not been measured biochemically (Ehrenpreis, personal communication).
I1f endorphins aée involved in normal neuromuscular transmission,
naloxone should have an effect on intestir responses in the absence
of any narcotic agonist. Waterfield and Kosterlitz (1975) found that
naloxone increased evoked acetylcholine output at low frequencies of
stimulation, but this increase did not result in augmentation of twitqp
height to either submaximal or supremaximal stimulation. However,

Van Neuten and Lal (1974) found with just threshold stimulation,



naloxone produced a dose related increase in twitch amplitude. This
effect was enhanced by chronic treatment with morphine. In 1976,

Van Neuten, Janssen and Fontaine demonstrated that continuous disten-
-aion of the lumen of the ileum resulted in '"fatigue". Tyrode from

a fatigued preparation transferred to the bath containing a non-
fatigued muscle caused rapid inhibition of peristalsis in the second
tissue. Naloxone antagonized "fatigue' without affecting normal peri-
stalsis.

The action of morphine on the release of catecholamines also has
been investigated in guinea pig intestinal preparations. Schaumann
(1958) suggested that narcotic analgesics might liberate noradrenaline
or occupy the same receptors since both morphine and noradrenaline
or adrenaline reduced acetylcholine output in coaxially stimulatéd
{leum to the same extent. The similarity between the effects of
morphine and catecholamines on twitch amplitude has been noted by
Cowie gk;gl. (1968), Heimans (1975a) and Ferri, Reina and Santago-
stino (1977). Heimans found that reserpine pretreatment rendered
guinea pig ilea less semnsitive to the depressant action of low con-
centrations of morphine, but in the study by Ferri et al., 6-hydrody-
dopamine pretreatment did not prevent morphine's action. In additionm,
a or B-adrenoreceptor blockers have no effect on morphine inhibition
(Gyang and Kosterlitz, 1966; Heimans, 1975a; Ferri et al., 1977).

In a study by Henderson, Huges and Kosterlitz (19755, morphine

4
did not alter noradrena;ine output from guit’pig myenteric plexus

to either twitch or tetanic frequencies of stimulation. In contrast,

Heimans (1975a) found that morphine reduced the amount of tritiated
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material released during stimulation of muscle strips loaded with 3H-
dopamine. Szerb (1961) showed that stimulation of isolated guinea pig
Jejunum through the periarterial, mesenteric nerves resulted in
relnxagion of muscles previously contracted with histamine. He be-
lieved these relaxations were due to release of noradrenaline and

\
demonstrated that they werdJplocked by low concentrations of morphine.
This narcotic action wl?’ﬁzztially antagonized by nalorphine, but was
not dependent on the stimulus frequency. Szerb concluded that mor-
phine prevented the release of noradrenaline due to sympathetic nefve
stimulation,

Recently, Shimo and .Ishii (1978) have published their evidence
that morphine can antagonize the relaxation of guinea pig taenia coli
préduced by stimulation of non-adrenergic, inhibitory nerves. This

.
effect of morphine is dose-dependent, varies inversely with stimulus
frequency, and is almost completely reversed by naloxone.

Intestine from other species such as the rabbit or rat 13‘:Sch
less sensitive to the inhibitory effects of -narcotics. 'la (1962)
showed that 10-4 M morphine increased thestene of isolated at small
intestine, but inhibited contractions to nicakine and slightly reduced
responses to 5-HT and pilocarpine. He was unable to show antagonism

by nalorphine, but in the concentrations employed, nalorphine acted as

an agonist.

2.1.2 The superior cervical ganglion-nictitating membrane

preparatiom: Synaptic transmission from the postganglionic fibers of
the superior cervical ganglion to the nictitating membrane of the cat
is now known to be very sensitive to inhibition by narcotic analges-

ics, although this was not revealed by the first studies using this



preparation.

Hebb and Konzett (1949) and Cook nn9 Bonnycastle (1953) examined
the effects of several narcotics on the response of the membrane in
vivo to preganglionic nerve stimulation at tetanic frequenciaes.
Meperidine reduced responses of the nictitating membrane to pregang-
lionic nerve stimulation and to injection of acetylcholine or KCl
into the .artery to the ganglion. Morphine, on the other hand, had no
effect 1 ;‘ormal preparations but potentiated responses to acetyl-
cholingﬂln denervated preparations because of its anticholinesterase

action.

The reason for the ineffectiveness of morphine in these studies

was\:ho high frequency of stimulation employed. In 1957, Trendelenburg

reexamined the effects of morphine on this preparation. He found that
this narcotic depressed the height of contractions of the nictitating

membrane to elther preganglionic or postganglionic stimulation more

at low frequencies than at high stimulus rates. Morphine also inhib-

-

1ted responses to the ganglion stimulant drugs nicotine, TEA, and KCl1.

4

In lower concentrations, morphine caused a long-lasting depression of
the responses to histamine, pilocarpine and 5-HT. These stimulants
potentiated responses of the nictitating mepbrane to sybmaximal, pre-
ganglionic stimulation, an action which was antagonized by morphine.
These effects of morphine ressemble the acti;n of cocaine on these
substances and indeed, cocaine was ineffective in the presence of
morphine in Trendelenburg's study.

Trendelenburg found that morphine was more effective in inhibit+

ing responses to submaximal electrical stimulation or submaximal

28
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concentrations of the stimulant drugs. He concluded that the
depressant effect of morphine depended on the amplitude of muscle ‘
contractions and not specifically on the rate of stimulation, 1...
morphine was more effective in depressing small amplitude contrac-
tions. Cairnie, Kosterlitz and Taylor (1961) verified the. frequency
dependence of morphine's action, but could not correlate the degree
of inhibition by morphine to the initial size of the contractions.
These investigators also noted that the latent perfod was increased
and the speed of contraction decreaset in the presence of morphine.
The rising phase of the contractions was most affected.

Responses to intraarterial injection of noradrenaline in this
preparation are not depressed by morphine (Trendelenburg, 1957;
Cowle et al., 1968; Gyang et al., 1964) indicating the absence of
any postsynaptic effect. However, meperidine potentiated responses
to noradrenaline and enhanced responses to low frequencies of stimu-
lation (Gyang et al., 1964). Gyang et al. concluded that sensiti-
zation of the adrenoreceptors may have masked the depression of nor-
adrenaline release by meperidine.

The depression of ;ﬁitch amplitude by narcotics is mediated by
oplate receptors since the inhibition 1is reversed by nalorphine
(Cairnie et al., 1961; Gyang et al., 1964) and is stereospecifit;
i.e. dextrorphan is ineffective (Gyang et al., 1964).

The results of these in vivo studies led to the conclusion that
narcotics inhibit release of noradrenaline from postganglionic nerve
endings (Trendelenburg, 1957; Cairnie et al., 1961; Gyang et al.,

1964).



Morphine-like drugs have the same effect on the isolated,
field-stimulated, medial smooth muscle of the cat nictitating membrane
as they do in vivo (Heriderson, Hughes and Kosterlitz, 1975; Knoll
and Illes, 1978; Knoll, Illes and Medsihradsky, 1978), Since there
are no preganglionic nerve fibers in this preparation, the main
action of narcotics must by at the nerve-muscle junction. Noradrend~
line output has been measured and it was observed to be reduced by
morphine, especially at low frequencies of stimulation (Henderson et
al., fb?S; Henderson, Hughes and Thomson, 1972). The wmagnitude of
this red;;tion correlates with morphine's effect on twitch amplitude.

Knoll et al.(1978) reported that a series of enkephalin ana-
logues inhibit noradrenergic transmission in isolated nictitating
membrane. The potenéy order agreed with the potency in guinea pig
ileum except for leus-enkephalin which was less potent in the ileum.

In 1solated rabbit superior cervical ganglion, morphine is much
less effective than in the cat ganglion. Kosterlitz and~ballis (1964)
found that 2.7 X 10-5 M occasionally depressed the synaptic potential
recorded from the surface of the ganglion. Reducing the safety factor
for ganglionic transmission by perMrming experiments in the presence
of hexamethonium or pentolinium, increased the sensitivity to
morphine. ?hese investigators found no effect of the narcotic on
axonal conduction, but state this does not preclude failure of conduc-
tion in the presynaptic terminals. Nalorphine antagonized the depres-
sion of the synaptic potential by morphine, but, in contrast to its

action in other tissues, high concentrations of this antagonist did

not display agonist p'crtiee.



Forbes and Dewey (1976) recorded po;tganglionic potentials "
elicited by stimulating the preganglionic nerve trunk of the rat
superior cervical ganglion in vivo and in vitro. Morphine and meperi-
dine reduced the height of the evoked postganglionic potential without
affecting the time course of the compound action potential. The
effect was independent of stimulus frequency. 1In vitro, the 1- and d-
isomers of pentazocine were eqﬁipotent and l-cyclazocine was slightly
more potent than d-cyclazocine. Forbes and Dewey were unable to
antaéonize the agonist effects with naloxone and therefore concluded
that this action of opiates on gans&*dgzc transmission is nonspecific.
However, in the high concentrations of naloxone (Prank, 1975a) and
naltrexone (Forbes and Dewey, 1976) used these drugs have agonistic

properties.

2.1.3 The isolated vas deferens preparation. In 1972,

Henderson, Hughes and Kosterlitz described another preparation
sensitive to low concentrations of narcotics: the mouse vas deferens.
Field stimulation of this tissue results in muscle contractions due

to stimulation of intramural nerve fibers and subsequent release of
noradrenaline. Morphine-like drugs reduce the amplitude of these
muscle contractions in a dose-dependent manner and are more effective
when low frequencies of stimulation and submaximal voltageﬂare emp-
loyed (Henderson et al., 1972; Hughes, Kosterlitz and Leslie, 1975;
Henderson and Hughes, 1976). These investigators showed that the out-
put of noradrenaline in the presence of morphine is reduced

{in emounts and with a time couse which parallels the inhibition

of coutractions. The only report contradictory to

1



their findings is by Jenkins, Marshall and Nasmyth (1975) who failed
to measure reduction of noragrennlinc output doring blockade of
twitch amplitude by morphine.

North and Henderson (1975) and Henderson and North (1976)
recorded the excitatory junction potentials (e.j.p.) from the muscle
‘cells of mouse vas deferens using {ntracellular electrodes. Morphine,

normorphine and levorphanol reduced the amplitude of the e.}.p.
smoothly with time. The latency of the potentials, resting membrane
potential and input resistance were not affected by the narcotics.

Narcotics do not affect spontaneous release of noradrenaline In
this preparation. Henderson (1976) found no change in amplitude or
frequency of miniature excitatory junction potentials in the presence
of anmorphine or met-enkephalin. The resting outflow of tritium-
labelled catecholamines is unaffected by morphine (Hughes et al.,
1975) or met- or leu-enkephalin (Segawa, Murakami, Ogawa and Yajima,
1975).

Inhibition of twitch or e.j.pa amplitude was not due to post-
synaptic blockade since responses to exogenous noradrenaline were not
affected (North and Henderson, 1975; Jenkins et al., 1975).

The effects of oplates described above are mediated by narcotic
receptors since they are all antagonized by naloxone, naltrexone or
nalorphine (Henderson et al., 1972; Hughes et al., 1975; North and
Henderson, 1975; Jenkins et al., 1975; Henderson and North, 1976)
and because the receptors have stereospecific sensitivities (Hughes

et al., 1975; North and Henderson, 1975; Henderson and North, 1976).

High sensitivity of the vas deferens to narcotics 1is restricted

Ry
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to the mouse. Hughes et al. (1975) found that preparations from the
rabbit, guinea Pig, cat, rat, hamster and gerbil were not sensitive to
depression by morphine. Actually, sensitivity to opiates varies with
the strain of mouse. Henderson and Hughes (1976) observed that
contractions of the vas deferens from TO mice were depressed by

5 X lO.8 M morphine whereas in preparations from C57/BL mice, 3 to 10

X 10-? M of normorphine or morphine was required.

2.1.4 Heart Preparations. Kosterlitz and Taylor (1959) studied

the effect of morphine on inhibition of the sinoattrtal node by vagal
Stimulation in vivo. In the cat, high doses of morphine slightly
inhibited cardiac slowing to vagal stimulation, but had no effect in
the guinea pig. However, in the rat and rabbit, doses of morphine
0.1 mg/Kg and higher produced an immediate, sharp decrease in slowing
at stimulation rates of 3 to 15 pulses per second. At higher
frequencies, the only action was to delay the onset of slowing.
Nalorphine prevented and Sometimes partially antagonized this action
of morphine. The narcotic did not reduce resting heart rate except
at very high doses.

Similar effects have been observed in isolated preparations.
Intranédal electrical stimulation of the 1solated rabbit SA node-
right atrial preparation by voltages subthreshold for myocardial
exc ion, produces a biphasic chronotropic response (Kennedy and
West, 1967): an ifitial increase in beat interval due to parasympa-
thetic, cholinergic stimulation and a secondary Eecrease in beat
?nterval due to sympathetic stimulation. Kennedy and West observed

- >
that 10 6 g/ml morphine inhibited slowing due to cholinergic stimula-



tion at low frequencies and 10-“ g/ml morphine reduced the adrenergic
response only at high frequencies of ation. The latter effect
was antagonized by atropine. i;lponuo o exogenous acetylcholine or
noradrenaline were not altered by morphine. These investigators
concluded that the narcotic altered acetylcholine release from the
nerve terminals, but could not eliminate an action on the fine, pre-
synaptic terminals.

Montel and Stark (1973) focussed their attention on the effect
of narcotics on adrenergic transmission in the {solated, perfused
rabbit heart prepared with postganglionic nerves intact. In resting
hearts both agonists such as morphine and meperidine and antagonists
such as naloxone and levallorphan depressed contractile amplitude, but
did not reduce resting output‘of noradrenaline measured flourometrical-
ly. Uptake of infused noradrenaline from the perfusate was blocked
by all agonists tested and by levallorphan. This blockade of neuronal
uptake of noradrenaline was potentiated by 10-A M naloxone. However,
this concentration of naloxone was too high for manifestation of
antagonist action. Morphine and wmeperidine, in concentrations which
blocked uptake, also reduced overflow of noradrenaline induced by
sympathetic nerve stimulation.

Wwong, Sullivan and Wetstone (1975) suggested that the myocardial
depressant effect of morphine might be related to interference with
calcium transport. In thelr study, decreasing the calcium concentra-
tion of the perfusate to rabbit Langendorf preparations potentiated
the negative inotropic effect of morphine and inhibited the positive
inotropic effect of ouabain. Also, morphine snd ouabain were mutually

antagonistic. Arrhythmias caused by ouabain in normal calcium were

3
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Prevented or antagonised by morphine. Wong et al. suggested that
the antiarrhythaic effect of morphine aight be due to prevention of
lccl-ul'ltion of tissue calcium caused by the increase in trans-

membrane flux of celcium fons by ousbain. ¢

2.1.5 Nerve preparations. The results on the effects of

narcotics on nerve conduction vary with the concentrations Bf agonists
and antagonists employed.

Cairnie and Kosterlitz (1962) found no effect of 4 X 10-5 M .
worphine on parameters such as conduction velocity, threshold for
excitation or recovery of excitability in cat saphenous or rabbit
vagus nerves in situ. Similarly Kg;terlitz and Wallis (1964) found
neither morphine or nalorphine to be effective in the sympathetic
nerve to the cat nictitating membrane and hypogastric nerve in vivo
or in vitro, or on the action potential recorded from isolated rabbit
vagus. However, mgperidine 10-4 g/ml reduced action potential amp-
litude in A, B, and C fibers or rabbit vagus nerves. In a study by
Ritchie and Armett (1963), 5 x 10-3 M morphine or nalorphine had neo
effect on the action potential or membrane potential of desheathed
bundles of C fibers from rabbit vagus nerve, but antagonized the
depolarizing action of acetylcholine on the nerve axons.

Staiman and Seeman (1974) compared the effects of varioas
tertiary amines (e.g. procaine, enantiomers, haloperidol, methadone
and naloxone) on action potential amplitude in rat phrenic nerve and
frog or rat sciatic nerve. Reduction in amplitude occurred with
10-3 to 10_6 M concentrations of these drugs. Their potency cor-

related with their membrane/buffer partition coefficients. Also,
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smaller myelinated nerves vere more sensitive to depression.
Staiman and Seeman pointed out that smaller diesmeter fibers have a
lover safety factor for cable transaission and a smaller lemgth
constant. According to Seeman, Chau-Wong and Moyyen (1972), the
threshold concentration required to block impulse conduction in rat
phrenic nerve did not differ for dextro- and levo-methadone and was
only 1.5 to 2 times ;rcatcr.{or dextrorphan compared to levorphanol.
v

Narcotics also depress conduction in squid giant axon (Simon
and Rosenberg, 1970; Fraster, Murayama, Abbott and Narahashi, 1972;
Frazier, Ohta and Narahashi, 1973) and in axons from walking legs of
the spider crab and lobster (Simon and Rosenberg, 1970). Morphine
blocks both the peak transient (gNa) and the late steady-state (gK)
components of the ifonic conductance during an action potential. In
this respect narcotics ressemble local anaesthetics in action.

Frazier et al. (1972) observed that the onset of the action of
morphine was much faster wvhen the drug was applied directly to the
1nte;-al surface of the squid axon membrane. Thereforq, they conc-
luded that the receptor for the narcotics is on the inside surfdce
of the membrane. Simon and Rosenberg (1970) noted that levorphanol
was considerably more effective at pH 8 than pH 6. Also, penetration
of levorphanol into the membrane was greater at pH 8. This may have
been related to the higher concentration of uncharged free base mole-
cules at the more alkaline pH which would be expected to penetrate the
membrane because of their lipophilic nature.

Lower concentrations of levorphanol blocked repetit‘activity
in squid axons initiated by lowering the Cl++ and Hg++ concentrations.
Simon and Rosenberg (1970) suggested that levorphanol mpight substitute

for calcium to some extent.
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The sbove investigaters concluded that the action of narcotice
in netve is nonepecific and not mediated by oplate receptore; the
&ction (s not steTeocspecific, §{.e. levorphamol end dextrorphan are
equipotent (Simon and Rosemberg, 1970); eimilar comcentrstions

L ] '
3 M) of narcotic smtagonists levallorphan, nsloxone and M30%0

(10”
also depress action potentisl conduction by {nhidicing both ghs and
8K (Frasier g al., 1973); the actions of antagonists and agonists
at these concentrations are additive instesd of antagonistic.

In contrast, other investigators discovered that lower concent-
rations of santagonists would prevent the action of narcotic agonists
in nerve preparations. Krivoy (1960) found that various narcotics

)
{ncluding meperidine and morphine decreas he response of frog

scistic nerve in vitro to tetanic st A combination of

morphine and the antagoanist levallorph 1l concentrations
(10-‘ g/ml) was additive, but lower comcen ations of levallorphan
(10-7 g/al) antagonized the action of morphine. Recently, Hunter and
Frank (1979) have shown that meperidine reduces amplitude, the rate of .
rise and the rate of fall of the action potential recorded by the
sucrose gap technique from isolated frog sciatic nerve. Naloxone
3 Xx 10‘8 M antagonized the effect of meperidine on amplitude and rate 1
of rise and potentiated the Jcprclolon of rate of fall.
Jurna and Grossman (1937) also obtained evidence that the action
of narcotics on tb‘ action potential of nerve axons is mediated by
opiate receptors. In this study morphine increased the asplitude '
in A8 fibers and depressed the amplitude in AS and C fibers of cat

sural nerves in situ. A ten fold lower concentration of naloxone
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antagonized these effects. Naloxone also antagonized the increase
ip amplitude:of the afteréhypéipolarization and the 1ncr§ase in
refractory period induced by morphine in isolated surg} nerves and
rabbit and guinea pig vagus nerves.

Narcotics do not alter membrane potential in any of the nerves
studied (Kosterlitz and Wallis, 1964; Simon and Roseﬁberg, 1970;

Frazier et al., 1972; Jurna and Grossman, 1977; Hunter and Frank,

1979).

2.1.6 Skeletal muscle preparations. Pinsky and Frederickson

(1971) tested the effect of dorphine on isolated sKeletal nerve-
muscle preparations to determine whether the effect of narcottcs on
cholinergic synapses 1s universal and to look for a simpler synaptic
model for determining the mechanism of this action.

In both the rat phrenic nerve-diaphragm and frog sciatic nerve-
sartorius muscle preparations, morphine in concentrations greater than
5 X 10_5 M depressed the amplitude of muscle twitches induced by
nerve stimulatjon. Similar concentrations of nalorphine were also
depressant and augmented rather than antagonized the action of mor=-
phine. The depression of twitch amplitude by either drug was some-
times preceded.by an increase in twitch tension. This facilitation
was not due to an anticholinesterase action since it occurred in the
presence of high concentrations of physostigmine. vob

Since the evoked release of acetylcholine was reduced in the
presence of morphine, Frederickson and Pinsky (1971) concluded that
the decrease gg>indirectly stimulated twitch‘amplitude was due to

blockade of transmitter release. gv) el
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A postsynaptic action of morphine was not likely since morphine
potentiates the respomse of 1so1ated frog rectus abdominis to exo-
genous acetylcholine. On the other hand, meperidine depresses
tesponses of 'this tissue to acetylcholine (Hebb and Konzett, 1949).

In addition, Fréderickson and Pinsky '(1971) found that the graph-
~relating initial twitch tension te the logarithm of initial acetyl-
choline release was shifted to t;e left in the presence of morphine,
indicating that the action of acetyléholine with its receptors was
facilitated. Turlapaty, Rasmaswamy, Yayasunder and Ghosh (1977)
observed that incubation of frog rectus preparations with morphine,
for either 15 or 120 minutes, augumented contractions to exogenous
acetylcholine. That is, morphine decreased the ED50 o§ acetylcholine;
however, it also decreased the maximum contractile response to acetyl-
choline. In the presence of physostigmine, morphine caused no fur-
ther reduction in EDSO relative to physostigmine alone. They
concluded that the effect of morphine on ED5S0 for acetylcholine at 15
m;nntes was due to its anticholinesterase action. The effects on
nmximum_cop;tactile strength and ED50 at 120 minutes were antagonized
gyiincreasing the calcium concentration. Morphine also decreased
maximal copttactile responses to carbachol after 15 or 120 minutes,
but decreased the EDSOJ?Br carbachol only after 120 minutes.
The inhibition of twitch amplitudé observed by Pinsky and

-
FreSerickson was not likely due to an action on the muscle membrane

Y |
since responses to direct stimulation of chronically denervated frog
sartorii were not affected by the narcotic. According to Bell and

Rees (1974), only higher concentrations of oplate drugs depress

responses to direct muscle stimulation.

<
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The amplitude of the endplate potential in the presence of
morphine or nalorphine was depressed in a gradual manner with dose
(Pinsky and Frederickson, 1971). Therefore, they contluded that a
local anaesthetic-like action on the nerve was not likely the
mechanism of action of these drugs since this type of action would
at some point be all-or-none. Smaller dose; 6f morphine or nalor-
phine slightly increased endplate potential amplitude (Pinsky and
Frederickson, 1971). ’

The question remains,‘are these effects of narcotics on skeletal
nerve-muscle preparations just discussed mediated by true épiate
receptors? Bell and Rees (1974) concluded that they were not since
there was no significant difference in potency between dextro- and
levo-moramidine, and since naloxone did not antagonize morphine.
Instead, they found naloxone to be a more potent depressor lhan
morphine and to be synergistic with morphine in its action. However,
they do not state the concentrations of naloxone used in their study.
Bell and Rees also foﬁnd’that the potency rank of a variety of nar-
cotic drugs was different from the order in guinea pig ileum, but
their results agreed with those of Soteropoulos and Standaert (1973)
using the cat soleus muscle preparation in vivo. . 3

The in vivo cat soleus neuromgggular preparation has been used to
measure drug effects on motor nerve terminals, i.e. small, unmyelinated
nerves. The potentiation of.twitch'contrhctile strength following
nerve stimulation at tetanic frequencies (PTP) is caused by post-
tetanic repetitive flw‘ﬁx sole{xs nerve terminals (Standaert, 1964).
In the stu‘y by Soter0paﬂlos and Scan?aert (1973), morphine or nalo-

xone injected int% the popliteal artery diminished both the strength

£
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of the initial tetanus and PTP. Both drugs also depressed the
twitch height in the absence of tetanus. Smaller concentrations
produced depression followed by a slowly developing potentiation of
twitch tension similar to the actjon of other neuro-depressants such
as barbiturates. When a tetanic stimulus was appli@d while neuro-
muscular blockade still persisted, the tetanus was followed by
immediate recovery of transmission. Soteropoulos ard Standaert sug-

-

gested that morphine and naloxone depressed PTP by acting on the motor
nerve terminals to suppress th #"ntials of the unmyelinated
nerve endings and prevent the d‘aE:uéi:&E of generator potentials,
l.e. by stabilizing the nerve membrane.

Another interesting finding from their study was that lower

concentrations of naloxone administered intravenously, which had no

effect on PTP or twitch tension, partially antagonized the depression

~
FTP caused by morphine and shortened the duration of the depression

XE twitch amplitude after intraarterial injection of morphine. Thus,
' n‘skeletal muscle, naloxéne has both agonist and antagonist actions.
- Tﬁis dual action of naloxone was shown clearly by Frank (1975a)
and Frank and Buttar (1975), who found that morphine (lO-3 M), meper-
idine (lO-A‘M), and naloxone (10_3 M) depressed the amplitude of the

@
compound action potential recorded extracellularly from frog sartorius

muscles. However, much lower concentrations of naloxone (3 X 10-8 to
3 X 10-7 M) antagonized the depressant effects of morphine and meper-
idine on action potential production. A specific action on oplate
receptors was indicated since naloxone failed to antagonize the

*

depressant effects of procaine, tetrodotoxin or dextromethorphan

(Frank and Marwaha, 1978, 1979). These low concentrations of naloxone

©
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had no effect when administered Nlone.

In a study using intracellular electté‘iﬁ (Prank, 1975b), it was
shown that meperidine depresses the action potantial in frog sartorius
muscle fibers by two mechanisms; one, an inittal, nonspecific action
which is manifested by a decrease in both sodium and potassium con-
ductances, and a second, opilate receptor mediated mechanism causing
a specific depression of the sodium conductance. Only this second

mechanism'is antagonized by low concentrations of naloxone.

2.2 cCharacteristics of Synapses Sensitive to Inhibition by Narcotics.

"

Why are some synapses more sensitive to inhibition by nascotics?

As discussed in the previous sections, opiates are more effective 4
when low frequency, submaximal stimulation is employed. Also the

output of neurotransmitter (either choliﬁergic or adr@mergic) per

stimulus pulse differs at junctions wiich are very sensitive to these

drugs compared to synapses which yequire high concentrations of

opiates for manifestation of depr@!‘ion.

In the guinea pig ileum, the:output of acetylcholine per pulse
decreases considerable as frequency of stimulation is“i)ncreased, insu- o
ring a high output of the transmitter at low frequencies (Paton, 1957,
1963; Cowie et al., 1968). In the rabbit ileum, which is considered
an insensitive preparation, a similar relationship holds, but the
total amount of acetylcholine released per pulse is 10 times less than °
in guinea pig and the acetylcholine content per unit weight is only
152 of that of the guinea pig (Kosterlitz et al., 1973).

In the cat nictitating membrane, the output of noradrenaline per

pulse is almost constant, but high, at frequencies up to 15 Hz
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(Henderson et al., 1972; Henderson and Hughes, 1976). Henderson and
Hughes (1976) observed that in vas deferens of TO mice, which are

very sensitive to depression by morphine, the output of noradrenaline

per pulse is constant, but {n vas from C5}/BL ;1ce. vhich 1is lfll
sensitive, output per pulse increases with frequency. At adrenergic
synapses considered insensitive to depression by morphine such as v
in guinea pig ileum or rat vas deferens and portal vein, output of
noradrenaline per pulse increases agout ten times over frequencies of

0.5 to 16 Hz.

It has been suggested that there are multiple mechanisms for
transmitter release control at both cholinergic (Paton, 1963; Cowie
et gi., 1968) and adrenergic (Henderson et al., 1972) synapses. Cowie
et al. proposed that evoked output of transmitter in guinea pig ileum
is higher at low frequencies ;f stimulation because of a subsidiary,
booster mechanism which operates as low frequencies. This booster
mechanism is in addition to a basal component which leads to a constant
output per volley at all fréquencies. The booster component is
depressed by morphine, adrenaline, Mg++ and cooling the preparation.
Alternatively, Paton (1963) proposed that there are two independent
mechanisms involved in the release of acetylcholine: one is common to
both high and low stimulus frequencies and is morphine insensitive;
the other operates only at low frequencies to provide a constant out-
put of transmitter per unit time rather than per pulse.

However, in general it can be stated that morphine is more
effective at synapses in which the output of neurotransmitter is high

at low frequencies of stimulation.

e



44

Differences in receptor density or receptor characteristics also
might contribute to variation in the response of synapses to narcotics.
The main reason the action of narcotics oftea has been temmed non-
specific at'nany neuroeffector junctions is they are not antagonized
by high concentrations of naloxone. It often is assymed that if :AS
concentration of agonist must be increased to obtain an effect 1in
these preparations, the concentration of aniagonist must similarly be
increased. However, from the evidence discussed in section 2.1.6
above, 1t appears that although these'preparations are less sensitive
to agonists, they display a hﬁdh sensitivity to antagonists.

It is not certain whether opiate agonists, dual acting an-
tagonists (drugs which can behave either as agonists or antagoﬁists)
and narcotic antagonists interact with a single type of opiate
receptor or if there is more than one popufation of oplate receptors.
Martin (1967) proposed that there are two types of opiate drug
receptors. At one, full agonists act to produced an effect and
partial agonists such as nalorphine produce only antagonism; the
;ther only reacts to partial agonists. The more specific antagonists
such as.naloxone act at both sites. Smits and Takemori (1970),
Takemori, Hayashi and Smits (1972) and Takemori, Oka and Nishiyama :
(1973) proposed that narcotic and dual aéting narcotic antagonists have
different binding sites on the same receptor in addition to a common
site of attachment: the protonated nitrogen gr@up. Martin, Eades,
Thompson, Huppler and Gilbert (1976) proposed three types of receptor

which he termed u, k.and 0 on the basis of the actions of narcotic

agonists in the non-dependent and morphine-depsmdent spinal dog.

’ %
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Knoll, First and Makleit (1977) believe there are two types of
narcotic receptors. According to their theory, tholinergic, peri-
Pheral synapses are prototypes for A receptors and adrenergic synapses
are prototypes for B receptors. According to Creese and Snyder
(1975), there are two distinct populations of binding components

which have different affinities for dihydromorphine. At the moment

the question of how many receptor-types exist remains open.

2.3 Postulated Mechanisms of the Inhibitory Action of Narcotics on
T

Neurotransmission -

Although it is accepted that narcotics depress rei;ase of
transmitter to nerve stimulation by an actioﬁ on pre;ynaptic oplate
receptors, the exact mechanism of this inhibition remains obscure.
Morphine-like drugs may act either on action potential production in
the nerve terminals or directly on transmitter release mechanisms.

The strongest evidence for an effect on action potential
production comes from the electrophysiological studies using Auer-
bach's plexus-longitudinal muscle pr.p!ta;ions of the guinea pig
ileum (section 2.1.1) in which nafcétics have been shown to block
comduction of action potentials and to hyperpolarize the membrane
potential of ganglion cells. However, these findings do not exclude
an additional action on transmitter release mechanisms from post-
ganglionic cell processes. It also is difficult Eo explain the
frequency dgpenden;; of narcotic drug effects on the depression of
transmitter relea;e or twitch height by a mechanism on nerve conduc-
tion (North ap@ Tonini, 1976). Also, the morphine-induced depression

of the intraeellularly recorded e.j.p. in vas deferens (Hem';on

and North, 1976) and the EPP in frog sartorius muscles (Pinsky and

s
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Frederickson, 1971) is smooth and gradual with time. If narcotics
vere blocking initiation of action potential production in the un-
dyelinated nerve terminal fibers, this depression would be all-or-
none at some point, capcéinlly in sartorius which has single
synaptic connections on each of the two end-plates on each muscle
fiber.

If narcotics act on a chemical process involved in transmitter
release, this mechan%tn\rust be common to all sensitive preparations
regardless of the identity of the transmitter. The importance of
calcium ions in a wide variety of secretory systems as a link in
stimulus-secretion coupling is well documented (Rubin, 1970). Thus
it has been postulated that narcotics affect calcium mobilization
resulting from nerve stimulation.

The sensitivity of peripheral preparations is inversely related
to the calcium concentration’of the Kreb's solution. In guinea pig
myenteric plexus-longitudinal muscle strips, lowering the calcium
concentration increases morphine's effect on the evoked twitch ampli-
tude (Heimans, 1975; Opmeer and Van Ree, 1979). Morphine is less
effective with high external calcium concentrations and adding calcium
to the bathing solution, after established blockade by morphine,
dose-dependently diminishes the response to morphine. This relation-
ship between morphine and calcium resgembles competitive antagonism
according to Lineweaver-Burk analysis (Opmeer and Van Ree, 1979), but
these authors state that not only an effect of calcium on the inter-
actions of morphine with 1its receptors, but all inhibitory actions of
calcium on any process between receptor activation and the measured

response which lead to an 'apparent affinity reduction' are classed



as competitive. They postulated that morphine inhibits transmitter
release by altering calcium ifon distribution in neurones.

In the study by Puig et al. (1978), the inhibition of twitch
height by endogenous endorphins, released by tetanic stimulation
of guinea pig ileum, displayed the same calcium dependency.

In a study of transmitter release in adrenergic systems, Hender-
son and Hughes (1974) observed that increasing the external calcium
concentration preferentielly increased noradrenaline output at low
rates of stimulation and decreasing the amount of calcium preferen-
tially decreased output at low frequencies. In preparations sensitive
to depression by narcolics, the mouse vas deferens and cat nictitating
membrane, in which the normal output of noradrenaline per pulse is
constant over a large frequency range, increasing the external calcium
results in a decrease in transmitter output per pulse with Increasing
frequency. In low calcium the output per pulse increased with
frequency, an effect which {s similar to the action of morphine.

In heart muscle, Wong et al. (1975) demonstyated that lowering
the external calcium concentration increased the negative inotropic
effect of morphine and morphine antagonized the action of ouabain,
which 18 believed to act on calcium fluxes. In frog rectus abdominis,
the decrease 1in congractile amplitude to exogenbus acetylcholine is
antagonized by increasing the external calcium concentration
.(Turlapaty et al. (1977).

In rabbit and guinea pig vagus nerve preparations in vitro,
decreasing the exfernal calcium slightly depolarizes the membrane per-
haps by increasing sodium permeability (Jurna and Grossman, 1977).
This effect was blocked by local anaesthetics, but not by morphine;

however, morphine was relatively more effective in depressing the
~
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action potential amplitude in calcium-free nedia (Jurna and Grossman,
1977).

In low calcium and magnesium -olutiogl. squid axons fire repeti-
tively to single stimuli, an action which is blocked by levorphanol
(Simon and Rosenberg, 1970). These authors suggested that levorphanol
might substitute to some extent for calcium and, in calcium containing
solutions compete for calcium binding sites. On the other hand,
Dingledine and Goldstein (1976) found morphine to be virtually as
effective in inhibiting extracellularly recorded spontaneous activity
in ganglion cells of Auerbach's plexus in calcium free Ringer's as in
normal calcium.

Evidence for an interaction between calcium and narcotics has
also emerged from studies of whole animals and brain tigsue. Eleva-
ting brain Ca++. Mg++ or Mn++ levels has been found to antagonize
analgesia produced by narcotic drugs (Kakunaga, Kaneto and Hano,

1966; Harris, Loh and Way, 1975b) and prevent the inhibition of
release of neocortical acetylcholine induced by morphine (Sanfacon,
Houdi-Depuis, Vanier and Labreque, 1977).

Acute administratiom of morphine or levorphanol reduces rat brain
calcium content (Ross, Medina and Cardenas, 1974; Cardenas and Ross,
1975; Yamamoto, Harris, Loh and Way, 1978) an action which is reduced
by naloxone and is stereospecific (Cardenas and Ross, 1975). Evidence
has been presented which indicates that this depletion of calcium is
observed in nerve ending synaptic vesicle fractions of brain homogena-
tes (Ross, Lynn and Cardenas, 1976; Harris, Yamamoto, Loh and Way,

1977; Yamomoto et al., 1978). This localization of the calcium

- -



depletion correlates with the localization of opiate receptor ’
binding material in brain homogenates (Tereniygs, 1973; Pert, Snowman )
and Snyder, 1974).
The analgesic effect of morphine is potentiated by the calcium

chelator EGTA but not by EDTA which cheldtes both calciun and magnes- - .

fum, indicating that calcium is more important than magnesius in the

action of opiates (Harris et al., 1975b). The kinetics of this action

also ressemble competitive inhibition. The ionophore X537A, which
increases the permeability of membranes to calcium and thus promotes
stimulus-secr@ion coupling, antagonizes analgesia to morphine in
mice. This implies that the antagonistic effect of calcium is
dependent upon the ion being able to penetrate the membrane and that
morphine might inhibit calcium fluxes across cell membranes (Harris,
Loh ald'way‘ 19}Sb).l In studies by Harris, Loh and Way (1976) and
Ivamoto, Harris, Loh and Way (1978), the calcium antagonist lantna&nam
potentiated morphine analgesia in mice and was antinociceptive ghen
administered alone. This analgesic action of lanthanum was reduced
by naloxone and the neuroagatomical distribution of lanthanum 1in the
brain was similar to morphine, i.e. the periaqueductal grey. Lantha-
num displayed partial but incomplete cross-tolerance with morphine
and suppressed withdrawal in dependent mice <o withholding morphine
or administration of aaloxone (Harris, Iwamoto, Loh and Way, 1975a).
Calcium and magnesium inhibit the stereospecific binding of nar-
cotics to rat brain homogenates (Pert and Snyder, 1973, 1974). In
addition, morphine alters the binding of calcium to neuronal phospho-
1ipids and gangliosides and to synaptosomal plasma membranes (Sanghvi

and Gershon, 1977). Morphine has also been shown to form complexes

~oa
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with calcium and II.nOliul.Lﬂ vitro (Lin, Sutherland and Way, 1973).

Calciua has higher affinity for morphinéd than does magnesium.

- .

These observations support s direct intersction between calcium .54
narcotics. .

Harris et al. (1977) and Yamsmeto et al. (1978) postwlated thify
acute administration of morphine depletes vesicular calcium by
inhibiting transmembrane fluxes of the ion and thus depressing trans-
mitter release. Yamomoto et al. (1978) suggestedjthat the eltes
involved should be localized on the inner surface of the nerve ending
membrane. This site would be ideally suited to function as part of a
"pump'' mechanism to maintain very low levels of free calcium insdde
the nerve endings. With chronic administration, the vesicular calcium

[ 4
would be replenished and eventually increased above control levels by
some homeostatic mechanism. This alteration in calcium balance could
explain cross-tolerance with lanthanum (Yamamoto et al., 1978).

Although many antagonistic interactions between calcium and
narcotics have been reported, this antagonism is sot complete. ~In
A

nerve and muscle fibers, decreasing the calcium concentration renders

the membranes hyperexcitable (section 1), whereas narcotics depress

a »

excitability in nerve and muscle. R
Ehrenpreis, Greenberg and Belman (1973), and Ehrenpreig Green-

berg 2nd Comaty (I975) have postulated that E proataglandin; ags An-

volved in the mechanism by which acetylchvline is released durin

electrioml grimulation and that the «fP¥8t of narcotics on neurot
. .i
1=

Using the guinea pig whole ileum and longitudinal muscle pt’h‘}a ’

- PR
and PGE. 2
284

Y o
T \
1 é ! )

mission is mediated by a prostaglandin receptor.

tions, Ehrenpreis et al. (1973) demonstrated that PGE,
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reverese the blockade of electrically induced twitch coatractions by
sorphine, methadone, leverphanol and seperidine. When low conceat-
rations of prostaglamdin were employed, this sntagonism wes cempetive,
but with higher cemcentrations of -prphtn' it became noncompetitive.
P(:l1 and Pﬂz 8lso emhenced the effectivenese of naloxone in reversing
ndrcotic-induced blockade (Ihrenpreis et al., 1975). These investt-
gators argued that this action of prostaglandins is specific to
narcotics since these agente did not antagonize twitch-blockade
imduced by catecholamines, local anaesthetics of barbiturates.
Altbough prostaglandins can contract smooth muscle E-type
prostaglanding do not likely antagonfse narcotics by a postsynaptic
action since responses to exogenous sletylcholine are little affected
(Ehrenpreis et al., 1975) .?d since PC!1 and PCE2 only variably and
minimally {ncrease the hci.h} of electrically induced twitches
(Ehrenpreis et al., 1973; Durhas, 1975). Durham (1975) found that

PGE1 v:ry cffcctlvely reversed tetrodotoxin blockade of electrically

induced twitches in Auerbach's plexus-longitudinal muscle preparations

of guinea pig ileum indicating a presynapsts action. Morphine .
(Jaques, 1969; Sanner, 1971) and met- and leusenkephalin (Jaques,

ﬁ‘t77) antagonize PGE-induced contractions in {leum and spontaneous

~cJH€iactlons and increases in tone when they occur. According to

—  Sanner (1971), prostaglandins stimulate the guinea pig ileum by both

neural and direct mechanissa.
oA
Prostaglandin antagonists were also found by Ehrenpreis et al.

(1973) to block contractions of guinea pig ileum. Both receptor
blockers such as SC19220 and oxa-l13-prostanoié acid and inhibitors

of prostaglandin syntbetase, i.e. indomethacin, block contractions
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induced by electrical stimulation, an effect which is reversed L

-

by,PGE,. Ehrenpreis et al . also state that these actions of PGE

and its inhibitors are confined to preparations which are sensitive

o

© acimitignaiioie SO g

to morphine.

Further evidence for an interaction between prostaglandins and
oplates was found by Ferri, Santagostini, Braga, and Galatuas (1974)
who reported that PGE1 antagonized morphine analgesia in rats.

The link between ﬁrostaglandins, morphine and calcium must also £
be considered. Guanidine behaves very much like prostaglandins in

the guinea pig ileum preéaration (Durham, 1975). One of the simila-

rities is that guanidine reversed morphine-induced blockade of twigches.

4
However, it was concluded that guanidine does not affect synthesis R H
and release of prostaglandin since the increase in twitch height in l
the presence of guanidine was not blocked by indomethacin. It

is also interesting that both guanidine and prostaglandins can %

reverse tetrodotoxin blockade and that calcium is important in

regulating responses to both agents (Northover, 1971; Durham, 1975).

Kirkland and Baum (1972) stated that prostaglandin activity coul
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be interpreted in terms of facilitation of movement of calcium ions
into or out of biological membranes. They found evidence for
marked facilitation of non-energized binding of calcium ions to
mitochondrial membranes in the presenee of PGEl.
Cyclic 3',5'-adenosine monophosphate (cAMP) has been implicated
as an intracellular mediator in both release of neurotransmitters
presynaptically and in regulating the response of the postsynaptic
membrane to stimulatfon (Clouet and Iwatsubo, 1975). Levels of cAMP

are increased by prostaglandins which stimulate adenylate cyclase,

the enzyme for its formation from ATP. Inhibition of PGE-sensitive
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adenylate cyclase has been postulated as the mechanism of action of

narcotics»(gpllier and Roy, 1974a, 1974b). These investigators
reported that PGEl or PGE2 stimulated the formation of cAMP
in rat brain homogenate and that morphine-like drugs inhibited this

stimulation without inhibiting the basal productio in the

absence of prostaglandins. They found the action otics was
sﬁereospecific and reversed by naloxone.

Neuroblastoma x glioma hybrid cells in culture also contain a

PGE-sensitive cyclase which is inhibited by morphine (Traber, Fischer,

Latzin and Hamprecht, 1974, 1975; Sharma, Nirenberg and Klee, 1975)

and by enkephalins (Brandt, Gullis, Fischer, Buchen, Hamprecht, Moroder

and Wumgch, 1976; Goldstein, Cox, Klee and Nirenberg, 1975) in a
noncompetitive manner. Morphine also increases cGMP levels in these

cells (Gullis , Traber and Hamprecht, 1975). These are all narcotic

~effects since they are stereospecific and antagonized by naloxone.

However, morphine does not affect norhdrenaline-sensitive cyclase
(Itabér et al., 1974).

In brain tissue, the effect of opiates on cAMP levels is not
clear cut. There is no agreehernt in the responses reported (see
Sawghvi and Gershon, 1977). Collier and Roy (1974ab) obgerved that
morphine depressed PGE-stimulated cyclase in rat striatal slices but
Kati and Catravas (1977) did not. Havemanniand Kuschinsky (1978)
suggested that under some éxperimental conditions such as with a
large amount of damaged surface as occurs in homogenated tissue,
endogenous activators of cAMP such as adenosine might mask the
inhibitory effect of opiates on cAMP synthesis by PGE.

Clouet and Iwatsubo point out that other aspecte of the regula-

"
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tion of adenylate cyclase activity should be’considered in relation
to opiates such as the role of calcium. Morphine may inhibit adenyl- ”
ate cyclase activity either independengly of its fg‘ion on calcium
transport or directly by reducing formation of calciuq;regulator
complex which may be essential for activation of cycla;‘ (Sanghvi
and Gershon, 1977).

Certain adenine nucleotides.mimic the effect of morphine in that
they inhibit twitch responses of electrically sélmulated guinea pig ‘
myenteric plexus-longitudinal muscle preparations (Takagi and i
Takayanagi, 1972; ‘Gintzler and Musacchio, 1975;.‘Sawynok and
Jhamandas, 1976). Gintzler and Musacchio sugggsted that: noradrenaline
induced inhibition of responses to field stimulation is mediated by
formation of cAMP. Since morphine, ATP and adenosine poténtiated the
effects of noradrenaline in their study, they suggested that these
agents might increase the ability of noradrenaline to stimulate
cyclase or interact with cyclase in a similar manner.

Sawynok ;nd Jhamandas' (1?76) found that theophylline, which
inhibits adenogime and phosphodiesterase, antagonized the depression
of twitches induced by adeposiﬁe, ATP, cAMP "F dibutyfyl—cAMP
and also morphine. However, naloxone did not'antagonize nucleotide- ’
induced depression indicat‘pg~iée nucleotide and naj!:!ic receptors
are sepgrate entities. These studies indicate opiates would increase,
" rather than decrease, cAMP levels, but as stated by Sawynok and
Jhamandas (1976), other consequences of opiate action such as altera-
tion in calcium fluxes haYe not been ruled out. At the moment the
role of cyclic nucleotides in the action of narcotics remains

controversial.
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2.4 Preparations Sensitive to the Exc1§:§0r§ Actions of Narcotics

In contrast to the numerous inhibitory actions of narcotics,

these are excitatory in some systéma and species. Although worphine
depresses motility of the small intestine in guinea pigs, it increases
both tone and motility.in the gastrointestinal tract of the d;g
and rat, and man resulting in delayed evacuation of the contents.
Spasm in the various sphincters such as the pyloric sphincter'
after administration of narcotic drugs also contributes ;o the
constipating effect (references cited in Clouet, 1971).

The effect of narcotics on intestinal motility has been extens-

fvely studied in the dog small intestine in vivo or in vitro by

" Burks and Long (1967ab), Burks (1973), De Oliviera and Bretas (1973)

and Burks and Grubb (1974). These investigators proposed that
morphine causes an increase in tone and rhythmic activity and loss
ef propulsive activity by releasing neuronal 5-HT. The S-HT would

act as a mediator for the effects of morphin€ by releasing acetyl-

2

‘ i
choline which 1s directly responsible for the contractile effect. i
|

This action of narcotics is mediat;d by opilate receptors since they

are significantly attenuated by naloxone (Burks and Long, 1974) and -

are stereospecific (Burks and Long, 1967b). Similar effects of

morphine were observed by Burks (1976) in rat intestine in vivo. .
Oplates can also cause constriction in vascular smooth muscle.

ﬁarcotics induce dose-related contractions of isolated rat aortic )
~
strips (Lee and Berkowitz, 1976). These authdrs concluded that the

-

contractions were not nediated by.adreneiarc,o”cholinergic mechan-
n

isms, histamine or prostaglandins. L—isﬁuers are 5 times more

potent than d-isomers and the effects of l-pentazocine are reversed
?

ki "‘
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by. p_aloxon"rb‘y high concentrations of either isomer Juthadonc
and also by the calcium antagonist verapamil. '

The relevant finding to this th;lis from these studies of the
excitatory effects of opiates is that the calcium dependency of
their gctions is opposite to the calcium dependency found in prepa-«

) rationiyin which the morphine-like drugs are inhibitory, i.e. dec~
reasingythe.calcium concentration antagonizes the excitatory actions
of narcétkcs, but potentiates their 1 ibito;y actions.

In the brain, morphine decreases the spontaneous release of
‘ i

acetylcholine in species such as/the rat (Jhamandas and Sutak, 1974)
but increases release from cat cerebral cortex (Jhamandas, Phillis
and Pinsky, 1971). The %ncteaso in acetylcholine output is concomi-
tant with excited mocog'aéh behavioural responses in these animals

(Phillis, Mullin and "Pinsky, 1973).
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CHAPTER II, STATEMENT OF THE PROBLEM

As discussed in the introduction, many hypotheses have been o

proposed to explain narcotic analgesia and the effects of opiates

on synaptic transmission. These drugs may act by inhibiting

Py

action potential production in nerve terminal fibers or by

v .

inhibiting some stage of the transmitter release mechanism.

The purpose of this thesis was to study the action of a

narcotic (meperidine) on a more simply innervated preparation,

in which activity on the presynaptic nerve action potential, on the

tr

be

pr

Ry

1)

2)

ansmitter release mechanism and on the postsynaptic membrane can
studied separately; the frog sciatic perve-sartorius muscle
eparation. 4
The q;estions to be answered were:
Is there a true narcotic receptor at the skeletal neuromuscular
junction or is the depression of transmission nonspecific?
By what mechanism do narcotics depress neuromuscular transmission i
in this preparation: .
(1) by preventing the conduction of the action potential in
the fine, unmyelinated nerQe terminals,
(11) by depressing a phase of the acetylcholine release
mechanism,
or (i11) by preventing the action of acetylcholine on the sub-

L]
synaptic region of the muscle?

. »
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CHAPTER III1. MATERIALS AND METHODS

1. Biological Preparat ions

All experiments were performed on tissues isolated from frogs of

the species Rana %
'-. When the sartorius cle alone or with sciatic nerve attached

’ * w;a‘*o be empfoyed, animals were sacrificed by a sharp blow on the
. N .

i ?

head and then pithed. When, in addition, spinal roots were required,
the frogs were anaesthetized by intraperitoneal injection of 1 ml of
a 102 urethane solution. All frégc were stripped of the skin from
the trunk and hindlimbs. Tissues were dissected with the aid of a
Zeiss operating stereomicroscope. Usually two preparations were
removed from each frog.

Preparations were mounted at approximately resting lenéth in the
appropriate bath containing Ringer's solution at room temperature. g
Forty-five minutes to one hour were allowed for equilibration of the
tissues with the bath solution before experimental procedures were 1

commenced.

1.1 Sartorius Muscle Preparation. Using a sharp sc*pel, the

pelvic girdle was split along its midline from ventral to dorsal sur-
face. Care Was taken to maintain the integrity of the tendon-sartorius
attachmeng. The tendon at the distal end of the muscle was ligated and |
cut. Then the sartorius was dissected free by carefully cutting along
the connective tissue jhini‘ns it to the surrounding muscles. At the
pelvic origin a sliver of bone was let,ttt‘ached to the' tendon to give

support to the pzeparations

’ - : ' .
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1.2 Sciatic Nerve-Sartorius Muscle Preparation. To expose the

sciatic nerve on {its Jot\nl surface, an init' cut was made with a
pair of scissors along the outside edge of the coccygeo-ileacus muscles.
Then all dorsal muscles and the urostyle were reloQQd from the pelvic
girdle to the level of the spinal column. The sciatic nerve was severed
at its biéurcation and dissected free to its entrance into the h{ndlimb.
The sartorius was_rq,oved up to the point of entrance of the nerve into

the muscle by the method described ptcvgppoly. The remainder of the
innervation was exposed from the ventr;l;aide by blunt dissection and,
starting from the sciatic trunk, was éut free from surrounding tissue
to its entrance into the muscle. Then dissection of the sartorius
muscle was completed. :

. When electrical activity was to be recorded from the endplate

region, the connective tissue on the dorsal surface of the muscle was

gently teased away using extra fine jewelers forceps.

1.3 Véntral Root-Sartorius Muscle Preparation. The vertebral

column was exposed by removing the muscles on the dorsal surface of
‘the frog and removing the urostyle. The sharp point of a pair of
scissors was inserted into the spinal canal and a cut was made gradual-
ly along the midline of tlye spinal column. The bone on both sides of

this cut was chipped and cut away, exposing the spinal cord up to about

, the level of the fifth spinal nerves. The VIII vertebra was removed

further to expose the VIII spinal roots. These roots were cut at their
entrance to the spinal cord and carefully dissected from the caudal

vertebral notch. The IX spinal nerve was sectioned at the level of the

59

— - —— =

PRS



sciatic nerve bifurcation. Dissection proceeded as described for the

sciastic nerve-sartorius muscle preparation.

2. Solutions

All salts used in the Ringer's solution were A.C.S. or Analar
Standard Reggent Grade chemicals. They were dissolved in double dis-
tilled, deionized water. The basic Ringer's solution was composed of:
NaCl, 111.8 mM; KC1, 2.47 mM; CaCl;.2H,0, 1.08 oM; NaHZPOA.ZHZO, 0.44
mM; NaHC03. 2.38 mM; and, dextrose 1ll.1 mM. D-tubocurarine chloride
or MgClz.6H20 were added as indicated in the experimental methods.
The pH of the solution was measured at 7.1 to 7.3. Additiom .of drugs

to the hasic Ringer's altered the pH by less than 0.1 units.

3. Drugs

The drugs ul‘d in this investigation were:

(a) acetylcholine chloride, supplied by J]}. Baker Chemical Co.,
molecular weight 181.7.

(b) meperidine hydrochloride, supplied by Winthrop Laboratories,
molecular weight 283.8.

(c) nunaloxone hydrochloride, supplied by Endo Laboratories Inc.,
molecular weight 362.9.

(d) physostigmine sulphate, supplied by Sigma Chemical Co.,
molecular weight 648.8.

(e) .tetraethylammonium chloride, supplied by BDH Chemicals, 4
molecular weight 183.7. é?

i
(f£) d-tubocurarine chloride, supplied by Nutritional Bioc‘#hical-

Corp., molecular weight 785°%8.
i
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Throughout the text, concentrations of these drugs are expressed
in Molarity. A concentrated stock solution of each drug was made
using the bathing solution as solvent and was refrigerated.

This solution was diluted to the desired concentration during the

.xpori.nt .

4. Electrodes

Glass microelectrodes were drawn from open-ended capillary tubes
(1.5 mm outside diameter) using a PN-3 Narashige Scientific Instruments
horizontal electrode puller. For intracellular recording the electrodes
were made to have resistances of 10 to 30 MQ when filled with a filtered
3 M KCl solution. For extracellular recording use, the electrodes were
pulled in the same manner to have resistances of 5 to 10 M} and we;e
filled with 0.92 NaCl.

For filling,.the electrodes were mounted on glass slides using
elastic bands and placed in a covered Coplin staining dish containing
sufficient electrolyte to submerge the electrode tips. An electric
lamp placed directly over the container resulted in filling of the tips
overnight by capillary action. The following day filling was completed
using a tuberculin syringe with a long, small gauge needle attached.

For ventral root recording and sciatic nerve stimulation, bipolar
electrodes were constructed using platinum wire.

Iontophoresis of acetylcholine onto the endplate required con-
struction of double-barrelled micropipettes. To facilitate filling of
these electrodes, glass tubing containing a thread of fiberglass along

its length was employed. Two pileces of glass, approximately 5 cm in

LSS
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length, were joined together at their ends with wax., They were held
Over a small flame gas burner and twisted around each other {in the
middle approximately 360° as the glass began to melt. Electrodes vere
drawn using the Narashige electrode puller to have a resistance in each
barrel of approximately 100 Mi when filled with the appropriate solu-
tion. One barrel was filled with 0.9 NaCl and the other with a 1 M
acetylcholine solution using a tuberculin syringe with a long, small
8auge needle attached. The electrode tips filled by capillary action

along the thread of fiberglass.

5. Experimental Technigques

5.1 Recording of Muscle Tension Elicited by Sciatic Nerve
Stimulation. The sciatic nerve-aartoriua'proparation was mounted in a
double compartment bath as shown diagramatically in Figure 1(A). The
muscle was bathed in Ringer's solution. The nerve was led into a
second ;hauber filled with mineral oil and.relted across a pair of
platinum stimulating electrodes. The nerve was stimulated at supra-
maximal voltage with one msec pulse duration at a rate of two pulses
per minute using a Grass S44 stimulator. Muscle tension was measured
isone;rically using a Grass force transducer (model no. FTO03C) and
‘recorded by a Brush Oscillograph (model 16-2308-00). Approximately

10 minutes were allowed to establish stable control responses before

testing with drug-containing solutfons.

5.2 Recording of Tension Elicited by Direct Muscle Stimulation.

The sartorius muscle preparation was mounted in the bath shown in
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Figure 13. The ol‘ctrodo arrangesent consisted of a circular platinum
ring surrounding each end of the muscle. These electrodes were connec-
ted to the output of a Grass S44 stimulator which &olivorod pulses of
supramaximsl voltage and one msec durstion at the rate of two per min-
ute. Resulting muscle contractions were recorded as described in
section 3.1.

These experiments were performed with the muscles in solutions
containing 1.3 X 1of‘ M d-tubocurarine which was shown previously to

abolish responses to nerve stimulation.

3.3 Recording of the Spontaneous Muscle Activity Induced by TEA.

Mounting of the sartorius muscle preparation and the recording method
- were as described in section 5.2. However, the bathing fluid was

Ringers's solution without d-tubocurarine.

5.4 Recording of Vcntra} Root Electrical Activity. The ventral
root-sartorius preparation was mounted in a double compartment bath
(Figure 1A). The muscle was bathed in Ringer's solution, and the nerve
compartment contained nine:al oil. The sciatic trunk was placed over

a bipolar stimulating electrode and a ground eleotrode. A second bi-

polar electrode, which could be used for either stimulating or recording,

was placed on the ventral root (Figure 2). The viability of the
preparation was tested by showing that stimulation of the ventral root
elicited muscle contraction. Nerve activity caused by stimulation of
the sciatic trunk or by the presence of tetraethylammonium (TEA) in the
. muscle co-p;rt-ent could be recorded antidromically from the ventral
root.

In experiments utilizing nerve stimulatiomn, the .q‘,tic trunk was
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stimulated with supramaximal voltage and one msec duration at a ratd
of four per minute duriag recording periods only. The nerve vas not L “4
stimulated between racording periods.

Recordings of either spontaneous or nerve-slicited potentials
were nade ct s, 10, 13, nnd 30 minutes after placing the muscle in

solutions with TEA and at 1O minute intervals throughout tho remainder

of the experiment. Only one experiment vas performed on each auscle.
Ventral root action potentials were amplified by an Argonaut LRA 045
differential preamplifier apd displayed on & Tektronix 502 oscillo-
scope. Input to the oscilloscope was AC differential in an attempt to
reduce the electrical noise level. Permanent records were made on
film by a Nihon Kohden camera (model PC-2A) mounted over the oscillo-

L]
scope screen.

5.5 Extracellular Recording of the Nerve Terminal Action Poten-

. tial snd the Endplate Potential. Im these experiments (Figure 3) the

austle bath was a 5.5 cm diameter petri dish with a layer of clear

Sylgard resin in the bottom. The sclatic nerve-sartorius preparation
was mounted by pinning the connective tissue on the outer edge of the i
muscle to the Sylgard layer with small insect pins (size 0.20). The
nerve was supported above the Ringer's solution by stimulating elec-
trodes and kept moist by cotton wool soaked in mineral oil.
‘Uoin. the method of Katz and Miledi (1965), both the nerve
terminal poteantisl and the endplate potential (EPP) were recorded
extracellularly using NaCl-filled glass microelectrodes. The electrode
vas -inserted into a WPI Instrument probe clamped to a Leitz micro-
manipulator. The probe was connected to the input of a WP1 Instrument L

-
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-’.1 1 sicroprobe oyotou amplifier. The u!uronco olc.od
vas a silver chlortdo-cnnd -tlnr wire in the bath cmocud to the
ground put of the amplifier. Tha’y?! output sigffle were -.uu.a

y ""md displayed by a 3502 Tektrontix oscilloscope and the potentiale were .

photographed for amalysis. P ‘,

The sciatic nerw was stimulated at supramaximal voltage and 1.5 '

wsec duration &t a rate of 12 pulses per minute throughout the expest-

ment. The endplate region vas located by following a Aerve to 1its .. )

>,
-

_ondtng visBally with a microscope and mancevering the electrode across
the surface of the suscle until suitsble records were obtained upon

nerve stimulation.

The muscle bath was constantly perfused with the appropriate
Ringer's solution at : ;atc of about one ml per minute by means of the
'
flow-through system. ro cxghangc the solution in the bath the perfusion
utt '..- incrcalod't‘b'lpprd'kintcly 10 ml per minute and at least 40 ml
3

of .plution 'a !J.uhod through the seven ml volume bath. During the

recotding pcriodd the flov was stopped if there was electrical inter-
. ‘

-

: . '
ference l;mkho suction. N‘cithor interfhrence or altering the flow
I
Yate affoctod up Mltu‘u of the potentials.

Tbcu experiuatl vere perfot‘h.d with solutions conulntng 3 X106
to 4 X 10 -6 detubocutltin. which \u- sufficient to prevent msuscle
contra,ction \é;mrv'o .t'imlation. but not to abolish the EPP.

Mnty‘fo 25 potentials were recorded durdng each test period and

e 1
tests vere made at 10 minute ihtervals for one hour. When muscles were

- , »
exposed to meperidine, recordings were also taken at 2.5 and 5 minutes

following introduction of the drug. The potentials recorded on the
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photographic film were magnified using a Porst viewer and the following
19} -

parameters were measured: nerve terminal potential amplitude, nerve

~i

terminal pote3t131 duration and EPP amplitude.

'5.6 Intracellular Recording of Miniature ng;g Potentjigls.

: 'l'hé sartorius muscle preparation was employed for.vthese experimerits
(see Fig\;re 4 for schematic diagram). Mounting in the bath and the
recording set up were as described in section 5.5 except that intra-
cellular,' 3 M KCl-filled electrodes were inserted into _the endplate
région for recording of miniéfuré endpl;tc potentials (mepp).. The
resting membrane potenpjal was monitored on a second oscilloscope and
used as an index of cell‘viability and to confirm that the electtode
.was sti]ll inserted in the cell properly and had not damaged the mem-
.brane excessively.

. .
To measufe mepp frequency, the signal was magnified by a Tektronix

3A3 differentigl . 'f.ier of a 565 oscilloscoée’and fed into a Hewlitt
Packard 520 IL Sc:"'riner; The number of m;ppa occurring in each of
three two minute intervals was uei:aged and then div‘j.dec'l by two to
| obtain a mean frequency value for each test period. .
Tegqts were made every 10 minutes for 60 mim.'cn and the amplitude
of 50 to 100 potentials was uuured from each t;-t period. ™
' The muscle was constantly petfuud with the apprOprute Ringer's
)\oolution (mo d-tubocurarine) and drug oolutions were addcd by the
pcrfuaion systen, Altcrin. thq flow rate of the system for a fast *
ur.h-.. of the bathing -diu- resulted in a temporary alteration of.

mapp frequemcy. Therefore, for tbou oxporinnncl»cnly, the flow rate

- ]
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" constant throughout the experihent and the slower achievement
of final drug concentration (7 to 10 minutes) was considered in inter»

f 3
preting the results.

5.7 Intracellular Recording of Miniature Endplate and Endplate

Potentials and Derivation of Quantal Content. To determine the effect

of meperidine on quantal content, miniature endplate potentials and

endplate potentials were recorded simultaneously from the sciat{c nerve-

-

sartorius preparation. - » B 4
e ’ o.

Mounting of the preparation, stimulating and recording apparel’.‘ ’. "

and exchange ‘of solutions were as described in section 5.5 except that
. -

3 M‘KCI filled electrodes inserted in the endplate region were employed

/

for intracellular recording of potentials. As in all intracellular
studies, the resting membrane potentiel was monitored.
Muscle eontraétions vere prevented by including 9 to 10 mM MgCl2

in the perfusing Ripger's. to depress neuromuscular transmission. 50

to 100 mepps and :15 to éi% vere rw during each ;’et period. v

To estimate quantal content, mean EPP u‘itude was divided by mean
mepp auplitude for each recprding peri (EPP/mepp). The results in

the presence of drugs were expressed ‘as percentages of the control

' <

eatimate. Sigee we vere interested on'ly in percemtage change in > -
quangnl content caused by drug treatment, some factore common .to both

conditions which are ususlly used in quantal content deternimtic’:nl, /

A

3

were not included in the celculetione. -
5.8 nmww Recording of rmgu;- Induced Wy Robto-
. «’ \’ g, Ay
Ms___mwl——-m To test for & postsynaptic .cgun oW

e > ¢

* . k . . . i Y .)\?*@k
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of meperidine, its effects on the endplate potential jnduced by ionto-

phoretically applied acetylcholine was studied.

A Medical Systems Corp. iontophoreiis unit was employed in these
experiments. Its output was connected to a silver wire inserted into

eacﬂ"nrrel of the double-barrelled micropipette. One barral contained

-
a 1 M acetylcholine golution and served as theg ifontophoretic barrel.
’u’ .

Negative current passed through this bgrrel caused the positive acetyl-
choline ions to nigr;te out the tip of the pipette onto the endplate
region where tﬁcy combined with the postsynaptic receptors and induced
a potential change. A retention current, op;osite in sign (d.e
posigive), was _continuously passed through the i&ntbphoretic barrel to
prevent leayage of acetylcholiﬁe onto the endplate between stimuli.

Q

This was important to prevent desensitization. Th%; current was

i
adjusted from zero to +50 nA so that no depolarization or hyperpolar-

" 1zation of the membrane potential occurred over time. .-

The second barrel of the electrode contained 0.92 NaCl and was
used for current neutralization. Thc balance -odule of the iontophor-
etic ‘1: automatically. passed a ‘current through this barrel equal in
magnitude but q.pocitc in direction to the sum pf all currents passing

through the 1ohtophoret1c barrel. This prevents current from going

'through the preparatﬁyé/to ground.

Mounting of the sartorius propntctioﬁ in the bath, recording
Ippatatui and exchange of solutions was described for other electro-

hﬁgiological studies. The Rin;ot’- solution was prepared without
. F 4

,ﬂcﬁﬂp.nocular-blqg?cra. Potentials were recorded intracellularly

uninq_eﬁlvunttcn;I?B K'lcl;fllgpd electrodes imserted into the.gndplate
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region. Electrode placement was verified by the monitoring of resting
membrane potential and the presence of miniature endplate'bqscntiala.
The fontophoretic pipette was placed extgacellularly as CIOI;QII'
possible to the recording electrode using a modified Prior mtcro-
u'nipulator vhich }:ad fin; adjustment controls in all directions. Its
" position was adjusted to obtain acceptable potential recordings upon
passage of the stimulus current through:the iontophoretic barrel.
Pulses of 50 msec duration and -100 to -300 nA current at 12 pulses
per minute wefe used effectively throughout the experiments.

Initially control experiments were performed to ensure that the

potentials retained their initial amplitudes throughout the 30 minute

experih!nts./-iaﬁqi:fr experiments, tests wWere made at 5, 10, 20, and

. Y N

30 minutes after exposure of the les to solutions containing

<. _
meperidine 1.6 X 1074 M, or me e1l.6 X10 LI plus naloxone
3x10°8 M. N~y (-

- 4

Y )
1 / -

6. Data Analysis °_

Actien potentials were recorded on 35 1 photograpﬁip film and
their amplitudes or durations measured in millimetets with the aid of
a Porst film viewer. A mean value vas calculated\frdﬁ the numbers
obtained in each recording period. Each mean obtained in the presence
of drug ttc;t-en; wvas exprered as a pércentaze of ~the mean value
calculated for the test period before treatment in order to convert
the responses measured in millimeters to percent of control.’

The results obtained from all muscles exposed to the same experi-

‘mental conditigghy were pooled and the mean and standard error of the

s "
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mesn (S.E.M.) was calculated for each recording time.
’
The student's t-test was used to analyze the significance of the
difference between two means. If the p value was less than 0.05, the

difference was considered significant.




CHAPTER IV. RESULTS

1. Experiments Yith Muscle Twitch Tension

1.1 The Effect oi Meperidine and Naloxone on Twitches Elicited.

by Nerve Stimulation. These experiments were performed to determine

the sensitivity of the sartorius mulc}es to mepegidine ‘and to see if

4
reversal of its effects by naloxone could be produced.
’
Meperidine, in concentrations of 5 X 10 “5Mto2X 10"’& 1‘
q

hibited muscle contractions to sciatic nerve stimulatio
shows recordings from a uscle treated with 2 X 1074 M

The deptessi‘on was ‘idén onset’ and imal afteg o

The response to a particular'concent meperidine was quite
. 4

variable in different preparations; ee muscles were tested
with 5 X 107 M meperidime, the perc dgpressibn of gwitch
amp. rénged from no depression to 542 with a mean * S.E.M. of
23 t 16X. The effect of '10"“ M meperidine was te’atfci‘in two muscles
i

- and caused depressions of 28% and 462 with a ?bﬁ.ﬁ. of 37 * 9%.
2 X104 M meperidine produced a 771 ¢ 7X mean d.ewlion of twitch
amplitude. Individual .values obtained in‘!vc different muscles
ranged from 52% to 96X.

To Wr-i‘if. this depression of tvi;ch height ipwlved an‘

», 4

’actlig::x on narcotic receptors, the effect of 2 X 10 4 M meperidine was
test'cd. in the presenes of naloxone (Figure 6). ﬁuscleq vere pre-

treated for one-half “ vitjenaloxons in concentrations of 3 X 10 8 M,
3X1077 Mor 1026 M. . Rhree ms::lol‘ pretreated with 3 X 108 M |
naloxone, meperidine d..ptl'td the twitch amplitude by 34, 531 snd

n
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8% with a mean ¢ S.E.M. of 52 t 17X after one-half hour. In the
presence of 3 X 10”7 M naloxone, the Dean gopionlion produced by
meperidine was’SO t 17X witE individual values ranging from }62.§o
85% after 30 minutes exposure to 2 X 10 4 M nepetidine (n=4). In '
ons muscle pnm up-ao‘@ ‘H nalomage, the depregsion of tvitch“
amplitude in the presence of 2 X 10 4 M meperidine was 951.

In the concentrations employed,naloxone by itself had no obvious

effect o twitch amplitude during the one'alf hour pretreatment

‘ periods (Figure 7). B | 7

A

’.2 The Effect of Meperidine on Twitches Elicjted by Direct

Muscle Stimulation. To determine {f the depressio f\crve-induced

twuchea‘*'uperidm was due entirely or in pért 'a direct action

on the nucch fidber uirnne, its effect on mechanical responses to

- direct muscle stimulation was investigated. i Figuwe 8‘111usttates'

recordings from one of tighfive muscles tested with 2 X 1074 M *-
2 J
dine. This ceéncentration of meperidine gradually increased ‘Ehe twitch

L ]
height to direct stimudetion. The potentiation observed after one-
talf hour of treatment ranged from 62 to 681 above control anplitude

The mean value * S.E.M. calculated from all experiments was 37 ¢ 102’

1.3 The Effect of Méperidine on TEA-igduced Muscle Contractions.

The effect of TEA on the sartorius muscle pfeparation was tested to.

establish effective concentrations to produte muscle twitching and to
A Y &

determine if meperidine would antagonize this effect of TRA.

Es¢h muscle (n-% was tdsted with TEA in concentrations of 1, 3,

@, n*" si. The muacles were bathed in Ringer's solution vghbut_

.
. ’
* -
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TEA for fifteen minutes between each do‘ All concentratgons of TEA

.f’-ployed induced spontaneous contractions of the sartorius muscles.

@ € o

.

o

ok P

Figure 9A shows a recording from e muscle during exposure to 3 mM TEA.
Tﬁc time from introduction of TEA to the onset of 1tc‘h’. vas invegpsély
related to the concgntration used and the effects hm.r;iblc wvhen
the muscles were returned to normal Ringer's. Neithe? the amplitude

or frequency of these contractions ?uld ybe related %o efffective TEA

concent 8.
oncentugggen .

" After control _tesponses had been obtained to TEA as described

.pbqrthe Md?ﬁ}ore treated for one-half hour with 2 x 104 ¥

uperidina. The nartm‘ii were then retested with 1, 3, "and 27 mM
. - . ) " i ci“. - oﬁ‘

in the presence of meperidine. No twitching was elfcited by any of
» *

&
these concentrations of TEA. Figure 9‘0&3 records from an experiment.

1.4 The Effect bf Mfferidine on Ventral Root Electrical Activity'

Induced by TEA. As mentioned in the introduction, Beaulieu and Frank
(1967) demonstrated that TEAiinducu action potential firing in the
nerve terminal which can be recorded from the ventral root innervating
the -u'a.cle. I examined the effect of meperidine on this firing to
‘tClt the hypothesis that narcotics act by inhibiting action potential
production in fine nerve endings.

TEA-induced activity was observed under two conditions: repetitive
firing ﬁl%oving a single nerve stimulus or spontaneous firing without

a prior electrical stimulus (Figure 10). In general, TEA-induced after-

discharges to electrical stimulation coulf be a_cl'xiavod ‘fni lower con-

’ . :
centrations than could TEA-induced spontanesus activity (Section 1.4.1
. .

. and 1.4.2),
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1.4.1 Experiments on spontaneous TEA-induced activity. Since

9 mM TEA vas effective in only one of three muscles tested, 27 wM TEA
was used to elicit spontaneous electrical activity in the nerve termin-
als. Four out of 27 muscles tested were resistant to even this high

M *
concentration. When effective, 27 mM TEA caused. action potential

firipg within 10 minutes. In all of three coatrol muscles exposed
continuously to 27 mM TEA, spontaneous activity persisted throughout !
theg 3 hour exper . t’ ('l"isutc 11A). It was visually observed th.at . '
spontaneous muscle c"trlctidn. in th; presence of TEA commenced before
ventral root activiﬁ.‘co.uld gc rccorded. Both nerve and muscle had *
giesccnt periods Mﬁ pulcnce of TEA in which no activity could be

oA Yo »
‘dbsetved. Therefor®, the sbsence of action potentials was not attribut-

ed to a drug troat-ﬁleu no activity was recorded for at least a
15 minute period.-'\

Iln .xper“:’t detersine if meperidine could block responses
" wo TEA, npulu- ware' ‘expoded first to TEA. Upon the onset of activity
. meperidine vas added to tha bathing solution. This me thod ia‘surod that

-

.the muscles were sensitivepto TEA.
N .
Spontaneous activity induced by 27 =M TEA was blocked by concen-
trations of meperliifa reaging from 10 6 M to 2 X 10 4 M. The onset

of blockade was rchﬂ‘t‘é to u'pcridine concentration. 2 X 1074 M was

- e hd

tuted in two mclu and blocked nerve terminal activity in about 15
minuges; 10 KR up'ctidinc was effective in approximately 30 minutes
(n=3); 5 X 10°5 M abolished TEA activity within 60 minutes of being
added to the muscle bath (n=2); 10 6 M meperidine blocked the effects
of TEA in 1.5 to 2.5 hours in six out of eight muscles tested. Record-

o
ings from a sensitive muscle are shown in Pigure 11B. 1In four




experiments in which 10 6 M meperidine cénplntoly blocked TEA-induced
activity, the muscles were returned to RiAgsY's solution containing
TEA as the only drug to determine i{f this action of meperidine was
reversible. In two muscles no recovery of action potential firing
was observed; in the other two muscles only minimal recovery of

*

spontaneous firing éas recevevred.

" To aomno 1f this .cuo:; of meperidine was mediated by an
action on opiate receptors, the effect of naloxone on meperid - I
induced depression was investigated.

In each of t“i.wctiunti described above using 1004 M and 2 X
1075 M meperidine, 3 X 10°8 M naloxone was added to the bath after
spontaneous activity elicited by 27 mM TEA had been abolished by
meperidine. Although the 'gxpcziunt. vere continued for one hour, no
return of spéntancous firing was observed.

Since the preparations did no® or only partially recover from the
depression of TEA activity induced by meperidine as report\od above,
naloxone 3 X 10 8 M was‘added to the bath at the same time as )
meperidine (1076 M) in the next experiments to determine if the antago-
nist would prevent manifeststiom of meperidine's effects. When the
concentration of.upcridinc vas reduced to 10 6 M, mloxone. 3x108

e
M prevented complete blockade of TEA activity by lc.pcridili in two
out of three cxpctila!tl (Figure 12). When s‘ii.-ilar expu;imt- vere
performed in the presence of 10 / M naloxone, meperidine 10 6 M
failed to abolish spontameous firzng in two of four experiments. The
criterion for acknewledging protection by naloxone was the presence

of lpontanoouo/,puvity 3.5 hours after addition of meperidine and

naloxone &8 thc q’élo bath.

15
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riments on TEA-induced lft.r.-dildml e, SBimilar

results wvere obtained in experiments utilizing nerve lthulation.”
6.8 aM TEA caused after-discharge in six out of suscles
tested within 13 minutes of being added to the musclé bath. Fifteen
sinutes after initiation ®f *t-duchauo. meperidine 10 ¢ M vas
added to the bathing ungct'l.‘ In three experiments, meperidine
completely blocked TEA-ind tivity 1n‘?n¢ hour. In one muscle

after-discharging still occurred even after 2 hours exposure to

meperidine and in the other experiments only a few small potentials

could be recorded follqwing the stimulus after a ono-lfllf hou;; exposure

to neperidtnos'_b SR 9

-

In experiments with sartorii sensitive to meperidine, naloxone

@ X 20 ¥ M vas then added to the bath Ringer's in addttion to the TEA
u
and meperidine. In the muscles which had been blocked compl

meperidine, aftd'r‘-dilchargc did not reappear in the prc.cnco'

naloxone although the experiments were continuéd for 2 houre. Two of

these muscles vere then reimmersed in Ringer's containing only TEA,
but only a minimal after-discharge could b; recovered.

The muscle in which meperidine did not completely block the TEA
after-dischargé was sensitive td maloxone. When tested ome-half hour
after addition of naloxone to the bath, the amount of ¥epetitive
acéivity had imscreased and vas still present one hour later.

TEA 6..5 M produced after-discharge in 6 out of eight muscles
tested. 2 X 10 4 M meperidine failed to dtc'r TEA-induced activity {n
three of these experiments, completely abolished after-discharge in

tvo muscles one-half hour after being sdded to the bath, and partially
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blocked after-discharge in one muscle (Figure 13B). When this last
suscle was treated with 3 X 10 8 M naloxone as described above, the
repetitive activity following the stimulus was increased (rigure 13C).
As in experiments using 6.8 mM TEA, nalonoas was ineffective when
added to the ‘(th after complete blockade of after-discharge by’

meperidine (n=2). In one of these experiments, reimmersing the mus-

cle in Ringer's containing TEA ss the only drug S 1.5 hours did not \
result in recovery of aftcr-diochltgc.'QStnco this muscle contracted

to nerve stimulation, it was still viable. |

1.5 The Action of Meperidine on the Exgracellularly Recorded

Nerve Terminal Action Potential and the Endplate Potential. Although

the previous experiments indicated that meperidine could inhibit nerve
electrical activity, it was important to:?etcrnine if this mechanisa
was responsible for the decrease in nuogic twitch tension produced by
indirect nerve stimulation observed in the presence of meperidine.
Thefeforc. the presynaptic action potential from the terminal, un-

myelinated portion of the nerve and the postsynaptic response, 1i.e.

L) -

" the endplate potential, were recorded simultameously from the region

of the endplate. A sample recosding is shown in FPigure 14. f‘c nerve
terminal potential is followed by the EPP with a delay of about one
msec.

In three preliminary experiments, increasing the d-tubocurarine
concentration from 4 X 16_6 Mto 1.3 X 104 M abolished the EPP, but
tdid not affect the nerve action potential (Figure 15).

In a separate coantrol study, the a-pl%tudc and shape gf bdoth :

potentials were maintained throughout the dae hour experiments.

\ )
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locordn from such an experiment are shown in Figure 16. The control
dats 1s summarized graphically in Figure 17 and tabulsted in Table 1.
| To investigate the action of u}o’rldtno on these potentialsy two h
separate studies were carried out. * This was secessary because ‘-

ferent shipments of frogs froa the supply house waried ia their sea-

sitivity to meperidine. Animals obtained in the spring vere less

sensitive than frogs received in the fall. This has been noted by .‘

other investigators (Frank, 1957; Gibbs et al., 1971; Kosterlitz et L

al., 1971). ' g ’
In the first atudy, addition of meperidine 8 X 105 M to the bath

solution at time O produced a §radull dcﬁyc.-ion of the EPP amplitude

which reached a maximum within ten minutes (Pigure 18, Table 2);

- W S

!}wov.t. maperidine Jid not reduce the amplitude of the nerve action
potential sufﬂém to account for the depression of EPP amplitude.
‘*  To determine 1f the reduction in EPP amplitude was mediated by

opiate receptors or“was nonspecific in nature, the .'cxp-criunts were
repntcd,i_npo pruﬂco\,, nalquweme 3'X 10 8 M. Naloxone wvas added (D)
to the bath at the same tine as meperidine. In Figure 18 and Tablo‘)
;2 1t can be seen that naloxone during the first ten minutes signifi-
cantly antagonised the initial phase of the depression of EPP ampli-
tude induced by meperidine. In other control experiments, naloxone by
iteelf had no significant effect on nerve potential or EPP amplitude
(Tigure 19, Table 1).

R ) Aftortho studies on miniature endplate potentials (section 1.6)

YU o~ ~hd M mletcd. the above oxp‘ri-.um Tepasted in the spring
e R SRRV I 5
% uwg* sbipment of frogs. .Agatn ugnxuu. 8X 1075 M depressed ;

‘e -




. .
the EPP amplitude vithout signifftantly affecting the nerve terminal

potential (Pigure 20A, r_.n. 3 hov:ut. zﬂ:’opuutm wvas slowver
in onset and less in sagnitude than ia thz firet ptudy. Hhoa ‘r
experimants were repeated in t{u presence of Iﬁpm J Xx 10-. M,
no sigaificent difference vas.fBAnd (Figure 208, Table ).

When the coucont'mlon of meperidine vas increaséd to 1074 M, the
pcrcutn.; depression of EPP amplitude was increased and vas faster
in onset. When these experiments were repested {n the presence of
naloxones the mean depressicd of EPP amplitude induced by 10”4 u
-o.pcridlno vas slightly reduced, especially durigg the first l:all.
hour, but this difference was not significant (Figure 21, Table 4).

Exposure of the preparations to meperidine 1.6 X 10 & M resulted
in a similar profile to that obtained with § X 10”3 M in the first
study. The EPP amplitude was reduced by about 60X, wvhereas the nerve
tcr‘nxnul potential ves not sigaificantly affgected (Pigure 24, Table
5). Tigure 22 shows recordimgs from a preparation exposed to 1.6 X :
10™4 M meperidine. The progrsssive inhibition of EPP amplitude 1s
1llustrated. It was noted also that the shape of the recoveyy phase
of the eddplate potential was altered by meperidine. Aa iaftial fast
phase was folloved by a slower return to baselise.

When these experiments :nu tcmfod 1‘1 the mu.co of saloxome
3x 16’. Pi. the depression of EFPP qlttd; ves sigaificeantly less tham '

vith meperidine alone (Figure 22;. Table %) ‘h. aalomone v:- woet

R
[ v e

1L 4
effective as an antagonist during the fnttt”phau of meperidine~ \
l
induced depression. Records from sn esperimeat are shown ia Pigure 2).
*, th“o‘utv‘t: seosnd study of the o'!fo_ct of maperidise oa narve

14 4




terminal pocﬁatial and endplate potential, the nerve terminal potential
défation was measured also. TheJ‘ results tabulated in Table 6 show

)
that n@ concentration of meperidine tested altered the nerve potential

duration relative to control.

-

1.6 The Effect of Meperidine on Miniature Endplate Potentials

Recorded Intracellularly. The action of meperidine on miniature end-

\]

plate potentials was investigated to determine if the narcotic could -

affect the spontaneous release of acetylcholine from nerve terminals
or alter the responsiveness of the postsynaptic mgmbrane to the
transmitter,

Figure 25 and Table 7A exhibit the data obtained from control
experiments., Mepp mean -amplitude and frequency_ were qﬁinzained near
their initial control levels 1if the resting membrane potential was
maintained. If the resting potential became less negative by more than
10% of the value obtained in the initial recording period, the experi-
ment was terminated.

Meperidine 8 X 1075 M (Figure 27, Table 8A) and 1.6 X 10 %4 M
(Figure 28, Table 9A) produced a gradual decrease in m¥pe amplitude
during the one hour recording period, but had no significant effect on
mepp frequency or resting membrane potential. Records from an experi-
ment are shown in Figure 26. _

en these experiments were repeated in the presence of naloxone
3 X 10 8 M (added to the bath at the same time as meperidine) there was

no antagonism of the depression of mepp amplitude elicited by either

8 X 1073 M (Figure 29 and 30, Table 8B) or 1.6 X 10 % M meperidine

80
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(Figure 28, Table 9B). » )

When preparations were exposed .to naloxone 3 X IO_P M for'omne

hoyr, there was no significaﬁt cﬂange' in resting membrane pbdtential, \

: \
mepp amplifhde or mapp frequency T?igure 31, Table 7B).

1.7 The Effect of Meperidine on Quantal Content./ To test for
meperidine-induced debression of ace£§1choline release f?om‘tﬁe pre-
synaptic termingl in response to a nerve impulse, the effect of
meperidine on quantal ‘tontent was investigated.

Figure 32 and Table 10 summarize the data from control experiments
in which resting membrane potential, EPP amplitude and mepp amplitude’
were recorded intracellularly f;om sartorius éndplates. These para-
meters and the calculated quantal content were well maintained through-
out the one-half hour experiments. The concentration of MgCl2 in the
basic Ringer's was adjusted from 8‘to 10 wM to obgain EPPs approximately
ten times larger in amplitude than the‘mepps.

When these experiments were performed in the presence of meperi-
dine 1.6 X 10°% M there was no change in resting membrane potential,
but both mepp and EPP amplitudes were depressed by about 35%. There
was no significant percentage change in quantal content (Figure 33, -
Table 11A). In other experiments naloxone failed to antagonize sig-
nificantly the depression of EPP amplitude induced by 1.6 X 1074 M
meperidine (Figure 34, Table 11B), although the mean depression was
less during the first 10 minutes in the presence of naloxone.

This problem was ;eminiscené of the extracellular studies of nerve

‘

potential and EPP amplitude in which the sensitivity of the frogs to



meperidine was changeable. The percentage depression of EPP amplitude
‘1ﬁduced by 1.6 Xklo-é M meperidine in the quantal content studies was
" less than observed 1n‘the experiments using:extracellular recording
techniqucsl Therefore, additfonal quantal content experiments were

performed using higher‘concentrations of meperidine.

' Meperidine 4.2 X~10 %4 M elicited a 60% reduction in mepp and EPP

amplitude, but there was still no change in quantal content (Figure 35,
Table 12A). When experiments were repeated in the presence of naloxone
3X 10-.8 M, it was agatn ineffective as an antagonist (Figure 36, Table

12B), i.9. its presence A1d not alter significantly the effect of

meperjdine on any of the parameters measured. .

To test the possibility that magmesium was antagonizing the pri;

_synaptic narcotic action, the effect of 4.2 X 1074 M meperidine on the’

-

intracellularly recorded EPP was investigated using d-tubocurarine

.

-

instead of MgCl2 to prevent muscle contractions. ‘The depression of
EPP amplitude was 72% by this method (Figure 38A, Table 13A). Figure
37 exhibits records from an experiment. The means from each test
period were significantly different from the mean obtained in the
presence of MgCl,. When the experiments were repeated in the presence
of naloxone, the depression of PPP amplitude was partially antagonized
(Figure 38B, Table 13B).

A summary of all the data in Figure 39 reveals that the graph of

7

EPP amplitude depression by 4.2 X 1004 M meperidine in the presence of

MgCl., resembles the graph 1llustrating partial antagonism by naloxone

2

of the depression of EPP amplitude caused by meperidine in the presence

of d-tubocurarine; indeed, there was no significant difference. Thus,
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the narcotic .tor ud{ntcd action of meperidine is not manifested

in the prélencc of H;Clz.

1.8 The Effect of Physostigiine on_ the Depression of EPP_Ampli-

tude Induced by Meperidine. Since some narcotics are knewn to havwe

slight antiéﬁolinesterase activity, experiments were performed in the
'.? -

presence of the anticholinesterase physostigmine 1.3 X 10-5 M which
wigld theoretically reduce the amount of substrate available to
meperidine. D—tubogurarins was used to deprfas neuromuscular trans-
mission. The concentration of d—tubocurari;; was increased from 2 X
‘10‘6 to 9 X 10—6 M to counteract the facilitatory action of bhysostig—
mine on neuromuscular transmission. The duration of the EPP was
increasea in the presence of physogtigmine.

Depression of the intracellularly recorded EPP by meperidine
4.2 X 10_6 M was not sigpificantly different from experiments per-
formed in the absence of rhysostigmine (Fiugre 40, Table 14). If
anything, physostigmine potentiated the effect of meperidine on EPP -

amplitude.

1.9 The Effect of Mepidine on the Endplate Potential Induced
by lontophoretically Applied Acetylcholine. To test for a non-oplate,
postsynaptic action of meperidine, its effect on the intracellularly

/,'V

recorded endplate potential induced by iontophoretically applied
acetylcholine (EPPI) was investigated. In control experiments, resting
membrane potential and EPPI amplitude were maintained throughout the
one-half hour experiments (Figure 41, Table 15A). At the end of this

period the d-tubocurarine concentration was increased to 1.3 X 10—4 M

\

a3

- e



vhich abolished the IPP and verified that the uuurcd potential
was due to acotylcholinc boin. sjected onto the ondphto.
Other muscles vere oxpoud to upoudiu 146 X 10~ H (Figure 43,
Table 15B) which resulted in a ;udul depression of mean EPP L ampli-
tude to 35X of the control value. Potmd’l‘ t?ocord‘od before and after
exposure of one muscle to meperidine are Adi.playod in Pigure 42.
Naloxone 3 X 104 M failed to anfa.onin the depression of !PPI

amplitude induced by meperidfle (Figure 43, Table 15C).
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CHAPTER V. DISCUSSION \

The advadtage of ul‘u & frog's skeletil nerve-muscle preparation
_1in nvuttqttn. tilo‘ sschanisa ‘o! oct.m of narcotics on synaptic ‘
transaission {s that cho‘ variouvs otuo‘. of neurcmugcular trsansaiasion /
.un be moni ored anantdy. Although the .ujox:tty ‘;!' qtudin on

the periphe \ nct@ of narcotics have bedn performed using the

gutqqg Pig 13eum, s method of measuring electrical activity in these

3 S

nerve terminals and the respomse of the poctnynapuc. membrane to the ~
transmitter concomitantly has not been developed. Also, the Question
of how conduction o} the action potential in Ayerbach's plexus is
modulated by various lgancnigtorl is unrooolvca. The main disadvan-
tage in éhe use of frog pteparatipn, is the seasonal vnriation'}n the
availtpility of these oxpcr‘igntnl Anillln from suppliers, ;:d
in 9‘; senaifivity of their sartorii to drugs. The problem with
va{&ation in sensitivity can be overcome by performing adequate
control experiments. Another main disadvantage 1s the high concent-
rations of opiates required to pxoduée an effect on frog sartorius
preparations and the ppasibiliéy of non-apiate actions.

The first step in this investigation was to show that meperidine
depressed twitch Fesponses to sciatic nerve stimulation, an action
shown for morphine by Pingky and Frederickson (1971). Although the
depression of twitch tension by ; partifular concentration of meper-
idine was quite variable, this variayion in regsponses to narcotic
drugs also occurs between preparations of ileum from different

guinea pigs (Cox and Weinstock, 1966).

Frank (1975 a,b) showed that meperidine depresses the action
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.ntntul of frog@artecius .auqcle .fibory in 01-.11" f.oncontuuono
to those employed in this study. The observation that meperidine
uzrmod the tension developed to' direct muscle stimulation ia the
asence of sufficient curare to block synaptic trsnemission comple-
tely ute;m'chat &inuu. of action pocontul’emhu ia the
;tuelo fibu: membrane was not the main cause of the docunc- in
contraction amplitude td nerve stimulation observed im other experi-
ments. This potentiation of the response to direct muscle stimulation
is similar to that observed by Pinsky and Frederickson (1971) that
the threshold concentration of morphine potentiated both twitch and
EPP amplitudes before the onset of depression. These potentiating
effects of narcotics are not likely due to their anticholinesterase
action since the effects observed by Pinsky and Frederickson occurred
in Ehe presence of high concentrations of neostigmine and, in this
study, the acetylcholine receptors were blocked by d-tubocurarine,
eliminating the contribution of acetylcholine in production of the
twvitches to direct stimulation of the muscles. Frederickson and
Pinsky concluded that morphine facilitates the action of acetyl-
choline on its receptors. In the present study, meperidine depressed
the response to iontophoretically applied acetylcholine. The results
in the present study suggest that narcotics potentiate the contractile
mechanism in the muscle fibers, ﬁut this requires furth;r investigation.
As discussed in the introduction, there are two major theories of
the mechanism of action of narcotics on neuromuscular tramsmission;
1) 1inhibition of :ction potential production in nerve endings by

hyperpolarizing or stabilizing the membrane potential or 2) the

suppression of the acetylcholine release mechanism.
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The observation that ln;otldtno blocked TEA-induced repetitive
firing following a gingle nerve ottiulua and lpontlnoou; activity
vithout a prior electrical stimulus is consistent with the hypothesis
that nnrézklco depreps neuromuscular transsission by affecting action
potential production in the nerve endings. Lower conéentrations of
meperidine were required to block TEA-induced activity than vere
roquircd to reduce the amplitude of twitch responses to supramaximal .
nerve stimulgtion. Th‘. i{s similar to the findings in other narcotic
sensitive prcpnuuon# opiates are more effective when submaximal

stimulation i{s employed.

Beaulieu et al. (1967) found that TEA increased the exc

— —

of the nerve terminal membrane and increased the release of acetyl-
choline from the nerve endings resulting in muscle twitching. They
proposed that TEA displaces bound calcium from membrane sites, thus
making the nerve endings hyperexcitable. Meperidine could prevent or
antagonize the action potential firing induced by TEA in the nerve
terminals by affecting cagfiuﬁ disposition in the membrane or by
stabilizing the membrane by some other action. Narcotics have been
shown to decrease the action potential amplitude in squid giant axon
(Simon and Rosenberg, 1970; Frazier et al., 1972, 1973), in frog
sciatic nerves (Hunter and Frank, 1979) and in frog sartorius muscle
fibers (Frank, 1975 a,b) by depressing both the sodium de potassium
conductance, but these drugs do not alter the resting ‘uenbrane poten-
tial (Kosterlitz and Wallis, 1964; Simon and Rosenberg, 1970;
Frazier et al., 1972; Prank; 1975b). In the study by Simon and

Rosenberg, levorphanol blocked repetitive activity in squid axons

A
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induced by lowering the Cn” and H.“ concentrations. These
investigators oug'gutod that levorphanol msight substitute for calcium
to sode extent. Calcium ions also affect the membrane persesability. ,
Lowering the external calcium concentration depolarises nerve fiber
mesbranes by increasing the sodium permaability (Schaide, 1960) .
However, Jurna and Grossman {1977) found that morphine did not
reverse the dcpollrti;tion of rabbit and guinea pig vagus nerves
.caused by lowering the extracellular Cn*+ concentration, but morphine
was moré effective in depressing action potential amplitude in a :
calcium-free medium than in a solution with calcium. It also has
been suggested that the inflow of calcium may be the natural
activator of the potassium channel i{n nerve (Much, 1971).

To determine if the anta;Jnill of TEA-induced firing by meperidine
is mediated by opiate receptors or i{s non-opiate, experiments wvere
repeated in the presence of naloxone. Since complete depression of
TEA responses by meperidine was often ir;evctnible. it is not
surprising that naloxone fajled to antagonize blockade of spontaneous
firing or after-discharge by meperidine when added to the bath after
the complete cessation of activity. Naloxone 3 X 10—8 M prevented
complete depression in about 50% of all experiments when added to the
bath before meperidine (spontaneous firing experiments) or before
complete blockade of after-discharge by meperidine. This finding
strongly suggests, but does not conclusively prove, that «he action
of meperidine on TEA-firing {s mediated in part by combination with
narggtic receptors as has been shown for morphine blockade of post-

tetanic repetitiomn in cat soleus nerve fibers (Soteropoulos and

Standaert, 1964). Unfortunately, tQg amplitude or frequency of

L
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optiu varies over the tm'ewuo of exposure to m and there
no correlation batween qlitn‘c or frequeancy and the TRA eencentrs~
tiom. 'l'h.on!on.‘oaly. .tho complete blockade of firing by meperidine
coul@”be constdered to bd a definitive repponse. If a partial
blechade by seperjding could be msasured, & nalomsas-eensitive
componegp might be dct;ctod more readily. As will be discussed
la'tcr. the narcotic uco'tor-ud.htod depression of EPP amplitude by
meperidine i{s evident only at certain concentrations and can be
partially masked by the non-opiate. 'loc;l snesthetic-like' action
of the drug.

The experiments with TEA showed that meperidine can depress
electrical activity in nerve endings, but it remained to be determined
1f this mechanism wvas resgponsible for the decrease in amplitude of
indirectly elicited twitches observed in the presence of meperidine.
Therefore, the presynaptic action botential from the terminal,
unmyelinated portion of the nerve and the EPP were measured con- .
currently. A simultaneous decrease in both the nerve potential and
EPP amplitudes would support the nerve terminal action potential
blockade hypothesis. A decrease only in the EPP amplitude would
indicate an action on the acetylcholine release mechanism and/or on
the postsynaptic endplate r?jion.

Since meperidine had no significant effect on the nerve termiyal ,
action potential amplitude or duration, but reduced the EPP amplitude,
an effect on presynaptic action potential production cannot account
for the depression of twitch tension developed to nerve stimulation
in this preparation in the absence of TEA. The observation that

depression of the EPP amplitude developed gradually with the time
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of expesure to maperidine, alee argues agatinmet the actiom petemtial

productiod hypethesis ’-‘ supporte am action on the ttememitter
release mechanisa. )

The experiments vith nalenene sheoved tut‘ the depression of EP?
,qx‘uuo»mumuw» both an astien ou episte Teseptere
and by a .m..”-“; effect. The emset of the narcotic receptor P
®ediated depression is rapid and resches & maximum asfter approximately
10 ainutes of exposure of the praperation to msperidine. The non-oplate
effect occurs vith lower concentrations of meperidine than does the -
narcotic receptor-msdiated effect. This is shown by the results of
the second study using 8 X 10-5 M meperidine (Figure 20) and in the
experiments using 10-"l seperidine (Figure 21), in vhich seloxone
failed to sntagomisze significantly the EPP amplitude depression induced
by meper{dine. |

Although the narcotic receptor mediated effect occurred at
different concentrations in sartorii from different batches of frogs,
these different concentrations Broducod approximately the same percent-
age depression of EPP amplitude. In Figures 18, 24, and 38, wvhich
f1llustrate the narcotic .receptor-medidted effect of meperidine, the
depressiom of EPP amplitude after )0 minutes was 60X or greater. 1In
Figures 20 and 21, which {llustrate only a non-opiate effect, the
maximum depression of EPP amplitude by meperidine was only 40X to 50X
of control. ’

The fact that low conceatrations of naloxone (3 X 10‘8 M)
antagonized the effects of luch‘highcr concentrations of meperidine

5

(8X10 ° to 4.2 X 10-‘ M) suppotts the conclusion discussed in the



introduction that preperetiens éisplaying lev sensitivity te asrcotic
ageniste, are highly sensitive te asrcetis smtagsaists. This ceuld
reflest ostrustural differences botveen nareetic reseptess at eites
d“!uxﬂ fa their sensitivities to agemnists ;l' a difference ia
unu‘htyﬁ.a&uuﬁona‘q«n. ™e latter ts walibely
in the preseat studly since the omset of meperidine's action vas less
then one mipwte. These Fesults with aslomsae support the cemclusiom
that the n‘qtu of narcetics om many less eensitive preparations
has been tcrﬁ nonspecific becauss too high concemtratioms of
narcotic antagoaists were employed ia sttempts to amtagounise the
depressant effects of nmsrcotic snalgesics. The results of this
investigat {ion shov that the action of narcotic anslgesics in sciatic
nerve-sartorius suscle preparations is not entirely non-opiate as
other investigators have concluded (Bell and Rees, 1974). The
reason for their conclusion was that they used naloxone in high
concentrations at which naloxone either has no effect or acts {1ke
an agonist. It is possible that the actiom of narcotics in other
preparations such as the squid axon, so far considered to be
non-opiate, msy have a narcotic receptor mediated component. This
statement is oupporto)\by the demonstratioa by Hunter and Prank
(19’9) of a component of meperidine's action on the action potential
of frog sciatic nerve vhich is sensitive to low concentrations of
naloxone.

The results of experiments measuring the nerve terminal action
potential and the EPP amplitude simultaneously indicate that

ssperidine depresses the mechanisa for acetylcholine release and/or

)’
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1ahibite the respense of the posteyneptic usiboene te scetylcheline.
Mepetidine d1d net affect spontancous relesce oo usasurdf by sepp

oncy ot frog sartoltius endplates (Piguse 27, 20). This resuit
‘:::lu to the ftading of Nendeveen “"0) theg asither motusrphine
nwuwﬁmyd “h” -m
and Lo consiotent with the senclusien of de la Lande end hnu (19¢7)
that ia wnetimulated guines pig Lioulr enly sugnentatien of speatasnceus .
release of scetylcholine by ongoing mewral segivity ia Auerbach'e
plesus {s blocked by morphinme-1ike drugs.

In thie study, although the frequency of seppe vas mot altered .

sigatficantly by seperidine, the sepp amplitude was consideraedly
reduced in g gradual manner ressembliag the depression of EPP amplitude
recorded either extracellularly or intracellularly in the presence
of sggeridine. Vbou;o the ‘depression of EPP amplitude vas partly
natcotic receptor mediated, the depression of sepp smplitude appeared
to be completely non-opiate. Nalozone failed to antagonize the
depression of mepp amplitude by any concentration of meperidine tested
(Pigure’ 28, 29), including 1.6 X XO-‘ M which prodeced a nalomone-
sensitive depression ot. EIPP emplitude ia the same batch of frogs
(Pigure 24). The only mechanisms which can sccoumt for a depression
of mepp amplitude without any chamge ia frequency are: 1) a chamge ia
the postsynaptic sction of the transmitter such as might be caused by
acetylcholine receptor blockade or a change in the electrical properties
of the postsynaptic membrane and 2) s reductiom of the smoumt of
transsitter packaged in esch vesicle (quantal sise); e.g. by decreasing
acetylcholine synthesis as happens in the presence of hemicholinium.

These experimeats on the effect of meperidine ca mspp amplitude

L 4
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indicated that the narcotic receptor-mediated component of meperidine's
action was not manifested im alteratlon of quantal size since the
nmeperidine-induced depression of mepp amplitude w;a pot antagonized by
naloxone.

The most likely explanation of meperidine's effect on mepp amplitude
is a postsynaptic mechanism. This hypothe:is was supported by the
observation that meperidine also depressed the amplitude of the EPP

.
resulting from iontophoresis of acetylcholine onto the endplate

I

.region. This_postsynaptic action of meperidine is completely non-
oplate since the depression of EPPI and mepp amplitudes by meperidine
was npt sensitive to naloxone antagonism. This postsynaptic, non-
opiate action of meperidine explains the naloxone-insensitive component
of the depression of EPP amplitude recorded both extracellularly and
intracellularly. '

The observation that the depression of EPPI amplitude by meperidine
did not have a narcotic receptor-mediated component, whereas depression
of the EPP elicited by nerve stimulation did, ;uggests that the
narcotic receptors in the frog sciatic nerve-sartorius preparation
are located presynatically. Since meperidine did not affect the nerve
terminal action potential,:this narcotic must depress a stage in the
release mechanism for acetylcholine.

If meperidine acts presynaptically to prevent the release of acetyl-
choline in addition to 1its postsynaptic effect, this should be reflected
in the quantal content of the endplate potential. A decrease in

quantal content would mean that meperidine affects release in response

to nerve stimulation although not spontaneous release. When the



effect of 1.6 X 10—4 M meperidine on quantal content was tested, there
was no change, i.e. the EPP and mepp amplitudes were depresged to the
same extent, indicating that only a postsynaptic effect of meperidine
was manifested in these experiments. In addition, the depression of
EPP amplitude by this concentration of meperidine was not antagonized
by naloxone. Since it was possib*,.&hat the frogs used in these
experiments displayed a low gsensitivity to meperidine (note in Figure
33 and Table 1llA that the maximum depression of EPP amplitude is only
38% of control) the concentration was increased to 4.2 X 10-4 M which
produced approximately 60% reduction in EPP amplitude. However, there
wa;\;till no change in quantal content and no antagonism by naloxone.
The only other experimental cqnditions which differed from previous
experiments was that EPPs were recorded ;ntracellularly instead of
extracellularly and that MgCl2 was used to blo?k partially synaptic
transmission and prevent muscle contractions instead of d-tubocurarine.
Wwhen EPPs were recorded intracellularly in the presence of d-tubo-
curarine, meperidine 4.2 X 10_4 M produced a greater percentage depres-
sion of EPP amplitude than it did in the presence of MgC12 and this
depression was partially and significantly prevented by naloxone.

These results suggest that Mg++ as well as naloxone antagonized the
narcotic receptor-mediated effects of meperiding on frog sciatic nerve-
gartorius preparations. There was no significant difference in the
antagonism exerted by Mg++ and naloxone in these experiments (Figure
39). It is interesting that Mg++ also antagonizes narcotic analgesia
(Kakunaga gg_gl,,’1966; Harris et al., 1975a) and prevents the
inhibition of neocortical acetylcholine release induced by morphine
(Sanfacon et al., f577). This is an unusual effect of Mg++ since

P S
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++
s/both Mg = and morphine depress neuromuscular transmission when admini-

stered separately.

The alternative explanation of the opiate action of meperidine
is that the narcotic receptors are located postsynaptically, but an
action of meperidine on these receptors is manifested only in the
presence of curare. A naloxone-sensitive component of meperidine's
action was not observed in the presence of Mg++ (q;antal content
experiments) or in the absence of a neuromuscular blocker (studies on
mepps and acetylcholine potentials). An opiate action of meperidine
was observed when EPPs were measured in the presence of curare.
Investigation of meperidine's action on cut muscle fibers or on the
acetylcholine potential in the presence of curagg would test this
hypothesis.

Unfortunately, quantal content cannot be measured by the direct
method in the presence of d-tubocurarine since mepps are blocked by
concentrations of d-tubocurarine which deprsss the EPP amplitude to
below threshold for production of muscle fiber action potentials.
Other methods of preventing muscle ;ontraction in order to determine
the quantal content of the EPP, such as using cut muscle fiber prepara-

tions, or use of the varignce method for determining quantal content

might reveal a decrease in quantal content by meperidine. 1'-

Thus the evidence for a presynaptic, narcotic receptor-mediated
action of meperidine on the transmitter release mechanism is at this

time indirect.

The depression of EPP amplitude recorded intracellularly or
extracellularly was partially prevented by naloxone indicating that

meperidine has both opiate receptor-mediated and non-opiate effects

Y
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on saftoriu.. Since the depression of mepp amplitude by meperidine
was not antagonized by naloxone, the narcotic receptors are not
likely situated postsynaptically nor }s the narcotic receptor-
mediated effect of meperidine due to a change in quantal size. The
obsérvation that the meperidine-induced depression of the EPPI due

to iontophoresis of acetylﬁholine onto the endplate was not naloxone
sensitive 1is further proof that the narcotic receptors are located
presynaptically. Since meperidine did not affect either the amplitude
or dffation of the nerve terminal action potential, blockade gf
action potential production in the nerve terminal fibers does not
account for the actioq of meperidine on neuromuscular transmission.
By elimination, the opiate receptor-mediated effect of meperidine
should be on the acetylcholine release mechanism. Indeed,
Frederickson and Pinsky (1971) showed that morphine depressed acetyl-
choline release in this preparation. »

The only mechanism which would account for the narcotic receptors
being located on the postsynaptic membrane 1is that the‘opiate action
of meperidine 1is only manifested in the presence of curare.

When EPPs were measured extracellularly in the presence of
meperidine, the rate of decay of the endplate current (epc) was
often biphasic %ith a fast initial component and a slow, secondary
component. Inhalation anaesthetics and ﬁarbiturates produce a similar
action at the skeletal neuromuscular junction (Gage, 1965; Gage
and Hamill, 1976; Torda and Gage, 1977). Gage and Hamill reported
that at low anaesthetic concentrations, these agents increased the

rate of decay of miniature endplate currents (mepc) and reduced the

amplitude of mepps, perhaps by decreasing the life-time of 'open'
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synaptic channels . At higher concentrations, the anaesthetics

caused a reduction in the amplitude of both mepcs and mepps, and a
decrease in the rate of decay of the currents. With halothane,
enflurane and ethanol, the delay in the rate of decay sometimes was
biphasic as reported in thillth.lil for meperidine. Torda apd Gage
(1977) suggested that halothane affected the fluidity of lipid l;yerl
of the postsynaptic membrane, ordering them at low concentrarions, but
increasing their fluidity at high concentrations, and that the state
of the membrane might control the life-time of synaptic channels.
Adams (1976) suggeaéed that barbiturates may block 'open' receptor
channels more rapidly than they can relax. Ruff (1977) concludgd that
the lidocaine derivative QX222 modified endplate currents by altering
endplate channel gating and that the iocal anaesthetic interacted witg
the acetylcholine receptor both before and after the agonist binds to

the receptor.

This non-opiate, anaesthetic-like action of meperidine on the

’
t

endplate*is the major action of meperidine on the frog sclatic nerve-
_sartori;s muscle preparation: This'is the first demonstration that
aﬂ opiate anaesthetic has similar actions to local and general
anaesthetics at skeletal muscle endplates. It is interesting that both
meperidine and barbiturates can potentiate twitch tension in response
to direct muscle stimulation in frog skeletal muscle (Foulks, Perry,
Sanders and Washio, 1973).

It remains to be determined if narcotic analgesics other than

meperidine have a non-oplate action at endplates of frog sartorius

muscle. Turlapaty et al. (1977) concluded that 2.5 X 10’4 M morphine
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facilitates, rather than depresses, the response of frog rectus
abdominis muscle to emogenous ncotylcholinc; Meperidine, on the other
; hand, depresses responses of frogs's rectus abdominis to exogenous
acetylcholine (Hebb and Konzett, 1949). Tﬁorcforc, ic 1s p&l.iblo that
notphino. in concentrations which depress ncuroguccular transaission

in frog sciatic nerve-sartorius preparations, Idy not have a non-opiate

action on the endplate whereas meperidine does.

) 'S
Turlapaty et al. concluded that part of the facilitiation of the

response to acetylcholine by morphine was due to the drug's anti-

cholinesterase action. Meperidine also blocks cholinesterase (He&y and

.
Konzett, 1950). However, in this study, the presence of sufficient~

physostigmine to block cholinesterases did not significantly alter the
depression of EPP amplitude induced by meperidine (Figure 40). Thid
finding indiéates that the anticholinesterase action of meperidine did
not significantly mask its depressant effects.

Another original contribution of this thesis {s the demanstration
of opiate receptors in a skeletal nerve-muscle preparation as indicated
by the partial reversal of meperidine-induced depression of EPP
amplitude. Further studies are'suggested to determine the st;reo-

. specificity of this action‘of narcotics by comparing the effects of
levorphanol and dextrophan in sciatic nerve-sartorius preparations.
Furtheé study also is suggested to test the hypothesis that the
receptors are located presynaptically and to determine the m§§Eanism
by which meperidine's binding to presynaptic narcotic receptors might
cause inhipyition of écetylcholine release. An action on calcium
disposition is attractive in the light of previously reported inter-

actions between calcium and narcotics and the analgesic property of

N
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lanthanum discussed in the introduction. Although morphine has been
shown to chelate calcium (Lin et al., 1973), s similar action of
meperidine would not explain fuily the effects of meperidine reported
in this thesis. A reduction 1nicxtrucollu1|t free Ca’ might explain
the inhibition of ncotylcholin: release induced by lopcrldino by
reduction of the amount Jf free extracellular Ca*+ availnbla\!or
1nf1u; during nerve terminal depolarization, but does not explain the
nerve membrane stabilisation actiom. lnduct?bn of extracellular ca’
would increase rather than decrease l.lb?iqcﬁcxcitabllity. No} would
it explain the antagonism by nalo;onc. In other organ systems chelation
of calcium by 10-8 Q of a narcotic should not significantly llt#r

the normal calcium concentration which is in the millimolar range.

Further studies on the effects of narcotics on calcium disposition

‘are required to elucidate the role of calcium in narcotic action.

The major conclusion of this thesis is that there are three
mechanisms of action of meperidine operant in the frog sciatic
nerve-sartorius muscle preparation: one is probably on the transmitter
release mechanism under comiitions of nerve stimulation which 1is
partly, if not completely, opiate receptor pediated, a second, non-
opiate, anaesthetic-like action on the poi‘.yn‘ptic membrane, and a

tMrd effect on action potential conduction in the nerve fibers which

~ C
'-Af'De partly opiate receptor mediated, but is not responsible for

_--inhibition of neuromuscular transmission under conditions of nerve

stimulation.
The demonstration of opiate action on sciatic nerve conduction
(Hunter and Frafnk, 1979), on transmitter release mechanisms (suggested

by the present study), and on muscle fiber action potentials (Frank,
T @
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1975 a,b) in frog sciatic nerve-sartorius muscles suggests that
narcotics have multiple sites of action which are mediated by opiate
receptor binding. This theory is consistent with the findimge in the
guinea pig ileum that opiate actions are demonstrable on pregengliomic
nerve endingg (Ehrempreis nﬂ:. 1976), on the electrical properties
of ganglion cells (Dingledine and Goldstein, 1976; North, 1976;
North and Toqini. 1977), snd on the mechanisms involved in release

of transaitter followiag & nerve action potential (Paton, 1937;

Cowie et al., 1968).°
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CHAPTER V1. SUMMARY

1) The action of the narcotic analgesic meperidine on neuromuscular
transmission {n the frog sciatic nerve-sartorius muscle preparation

was investigated.

2) Meperidine (3 X 10-s to 2 X 10-‘ M) depressed the amplitude of
twitch responses induced by supramaximal, sciatic nerve stimulation.
This {nhibition was not due to depression of conduction of the action

potential in the muscle fibers since responses to direct muscle

stimulation were potentiated by meperidine.

3) Meperidine prevented muscle twitching induced by TEA. In the

presence of TEA, both spontaneous action potential firing and after-
discharge following a single sciatic nerve stimulus were induced in
the region of the nerve terminals and recorded from the ventral root

innervating the muscle. Both types of TEA-induced firing were

antagonized by meperidine (10-6 to 2 X 10-“ M). Naloxone (3 X 10—8 M)

prevented compleje blockade of TEA-induced spontaneous firing or
after-discharge in about 50% of experiments, but this narcotic
antagonist did not reverse complete blockade {nduced by meperidine.
These results suggest that there are opiate receptors on the
terminal, nerve fibers innervating frog sartorius muscle fibers, and
that meperidine can affect action potential production in these

fine, unmyelinated nerve endings.

4) An action meperidine on the .receptors described in (3) does not
account for the meperidine-induced depression of muscle twitch

amplitude to supramaximal sciatic nerve stimulation since neither

101



the amplitude or duration of the extracellularly recorded nerve
terminal action potential following -clattc‘.ocvo stimulation was
4

altered by meperidine in concentrations up to 1.6 X 10-‘ M,

3 to 4.2 X 10-6 M depressed the amplitude

S) Meperidine (8 X 10~

of the EPP recorded extracellularly or intracellularly from -art*rlul

endplates. This depression was partially antagonized by a low

concentration of nalexone (3 X 10-8 M) which itself had no effec

on nourom; ular ¢ uﬁnl!o“on .

[N ‘4
\
6) Meperidine depressed mepp amplitude, but did not signif{cant

alter mepp frequency. The depression of mepp amplitu

antagonized by naloxone, {ndicating that this effect was not

medisted by oplate receptors:

7) Meperidine depressed the amplitude of the EPPI due to {onto-

phoretic application of acetylcholine directly to the endplate
region. This action of meperidine was not antagonized by naloxone
These results prove that the depression of mepp amplitude and

part of the depression of EPP amplitude by meperidine was due to

a non-opiate, postsynaptic effect of the narcotic on the endplate,

and that the naloxone-sensitive depression of EPP amplitude was due

to a presynaptic action of meperidine.

8) Meperidine did not alter the quantal content of the EPP measured
in the presence of HgClz, nor did naloxone antagonize meperidine-

induced depression of EPP amplitude in the presence of MgCl It

2"
++
is suggested that Mg , as well as naloxone, antagonizes the oplate

receptor-mediated effects of meperidine.
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9) Meperidine had no significant effect on the resting meabrane
poton‘l of the endplate region.

10) The anticholinesterase action of meperidine did not influence .

significantly the effect of this narcotic on the EPP amplitude since

meperidine was equally active in the presence aad absence of

physostigmine.

11) The major conclusion of this thesis is that there are three
mechanisms of action of meperidine operant in the frog sciatic nerve-
sartorius muscle preparation; one {s likely on the transnittet release
mechanism under conditions of nerve stimulation, which is partly if

not completely, opiate receptor medisted; a second, non-oplate, g
anaesthetic-like action on the postsynaptic membrane; ana a third
effect on action potential conduction in the nerve fibers which may -
be partly opiate receptor mediated, but 1is not responsible for
inhibition of neuromuscular transmission under conditions of supra-

maximal nerve stimulation.

.

12) The non-opiate action of meperidine on the endplate is the pre-
dominant effect of this drug in the frog sclatic nerve-sartorius
and is similar to the action of local and general anaesthetics on

skeletal muscle endplates.




Table 1.

A

Tine gltaz

10
20
Yo

40

50
60

T ime (ninz

10
20
30
40
50
60

Maintenance of the mesn qlt’u«o of A. the nerve terminal

action potential and B. the endplate

tential recorded

extracellularly from frog sartorius aE:eloo in the sbeence

of a narcotic drug (control) or fn ¢

X _control nerve terminal potentisl emplitude t S.B.M.

control (ne$)

106.1
103.7
108.1

103

98.
103,

4

8
2

e re e M re re

presence of nalomene.

naloxome 3 X+10~% M (ned)

9.7
93.6
9.6
99.8
96.93
9.1

e e 10 PO Pe e

T control endplate potential amplitude ¢t S.E .M.

control (n=9%)

97.
94.
93.
96.
97.
96.

“w rSO e

1. e e e
Ll - WV N e

(2 % 4

P WO W~

naloxone 3

x 1078 u (n=4)

99.53
94.1
97.2
96.1
95.9
93.3

t 4.9
+ 4.5
t 9.7
t 5.6
t 10.2
+ 12.3

Means in the presente of naloxone were not significantly different from
mean of control experiments at the same drug exposure time (unpaired
t-test, p>0.08).
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Table 2.
A.
Time g-uz
)
)
. 10
20
Yo
3.
Time (min
B )
S
10
20
30

" gignificantly different from corresponding mean of control

-

Firet study of meperidine 8 X 10" N on the nean amplitude of
the extracellularly recorded A. nerve terminal action
potential and B. endplate peteatisl of !‘o. sartorive tn the
abeance and presence of naleneme 3 X 10 W M.

% coattol n te ont uwde t S.E. M.
" mepertdine 8 % 1g°° 4
Seperidine 8 X 10 M (se)) & nplomoge ) X 107 M lme))
100.6 3 6.1 93.2: 8.7
100.3 ¢+ 7.3 90.9: 9.4
5.9 ¢+ 12.2 90.3 ¢+ 9.4
9.5 1.7 99.0: 9.3
9.9 7.1 9.3+ 12,0
T control endplate potential amplitude ¢+ S.F.M.

_s meperidine 8 X 19'5 M
seperidine 8 X 10 " M (n=3) & naloxone 3} X 10 M (n=4)
68.1 2 6.7 ° 7.7 + 4.8

VOs8.1 7.9 8l.1 ¢+ 3.8 e
435.4 £ 4.8 » 76.2 2 6.4 %o
47.0 ¢+ 8.0 # 48.5 ¢ 4.)
40.9 ¢t 7.9 » 48.5 ¢ 4.3

periments

by an unpaired t-test, p<0.0S

** significantly different from mean of meperidine experiments.
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Teble 3. Secemd study of the effect of mepertdine 0 X 10™ M em the
wean amplitude of the extracellularly reqprded A. nerve
teruinal action petential and B. endplate potential of frog
sartoriue and the lachk of antageniem by naleneme.

» -

‘t
Iime (min) 2 control nerve terminel potentisl ampligude * §.L.NM.
seperidine 8 X 10.s N (w=3) .
b} 9.0 ¢+ 2.7 i
10 8.6 ¢ 1,7
20 104.0 ¢ 3.9
30 101.9 ¢+ 2.8
40 . 9.0 ¢ 3.}
%0 98.4 ¢ 3.0 .
60 92.4 ¢ ).4
B.
Time (min) T control emdplate potentisl amplitude : S.E.M.
-3 meperidine § X w-s n
meperidine 8 X 10 " M (n=3) & nalomone 3 X 10 M (ae))
S 84.8 ¢« 5.1 ¢
10 82.9 ¢+ 6.6 & 91.9 = 10.0
20 78.6 ¢+ 4.7 * , 71.0 ¢ 9.0
30 71.2 £ ).1 09 2.6 ¢ 6.0
40 70.3 ¢ 4.6 * 62.1 ¢+ 6.0
50 68.4 ¢ 3.4 * 5%.0 ¢ 11.2
60 59.3 ¢+ 7.9 ¢
|
* means significantly diffegent from the msan of coatrol experimeats ‘t j.
the same drug exposure tipe (unpaired t-test, p<0.03). ) ~.
1

Naloxone di1d not significantly alter the response to meperidine. L/



Table 4..

The effects of meperidine 10-

8

M on the mean amplitudes of the

extraaellularly recorded A. nerve terminal action potential and
B. endplate potential of frog sartorius in the absence and
presence of naloxone.

.Time (min) ~

10
20
30
40
50
60

B.

Time (min)

10
20
30
40
50
60

s

% control nerve terminal potential amplitude + S.E.M.
-4 meperidine 10 g
meperidine 10 M (n=4) & naloxene 3 X 10 ~ M (n=3)

100.
98.
96.
94.
93
86.
81.
87.

7
8
5
8
3
8
9

I+ 1+ 0+ 1+ 1+ i+ 1+ i+

-

WNH&OBVONO O
o o o o

. P
(Vo RRVo RNV, BN e \WRVe BN (L IR

93.
94.
90.
84.
87.
83.
86.
82.

SRR OPN W

4o+ I+ I+ I 4+

SfOHHBSBSLNO
NP WEHENPNOW

% _control endplate potential amplitude + S.E.M,

meperidine 10

-4

geperidine 104
& naloxone 3 X 10

M (n=4)

M
M (n=3)

-8

65.5
61.1
55.9
53.5
50.2
54..3
49.5
51.6

I+ 14+ 0+ 14+ I+ 4+

wWwunsoouvmoowm

HNWWOUNOUES

* % ¥ ¥ * * % *

71.1
66.2
61.5
59.6
59.2
52.8
61.2
53.5

MO+ I 1+ 4+ 14

WWwunneN &~
SfOPNMNOTWNVMW

* means significantly different from the mean of control experiments at

the same drug

exposure time (unpaired t-test,

p<0.05) .

Naloxone did not significantly alter the response to meperidine.
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The effect of meperidine 1.6 x 107

Table 5. M on the mean amplitude
’ of the extracellularly recorded A. nerve terminal action
.potential and B. endplate potential of frog sartorius and
partial antagonism by naloxone.
¥
A,
Time (min) 2 control nerve terminal potential amplitude * S.E.M.
meperidine 1.6 X 1074w meperidine 1.6 X 1074
{(n=6) & naloxone g X 10 M (n=4)
3 100.0 * 3.4 95.6 + 4.3
5 93.6 * 5.7 95.3 + 5.5
10 92.7 * 5.6 *90.7 + 4.4
20 87.5 £+ 4.8 90.8 + 4.1
30 89.0 £+ 4.1 91.6 + 8.3
40 85. + 6.8 96.5 + 13.9
50 861 + 3.9 95.9 + 13.5
60 85.5 * 10.6 95.9 + 12.5
B.
2
Time (min % control endplate potential amplitude * S.E.M. o
meperidine 1.6 X 10 M meperidine 1.6 5810"“ M
(n=6) & naloxone 3 X 10 M (n=5)
3 62.4 * 2,9 * 79.2 * 2.4 %%
5 50.0 *+ 3.2 * 65.9 * 3.5 **
10 45.9 + 2.6 * 59.5 * 2.7 %%
20 41.1 + 4.0 * 55.2 * 4.5
30 39.7 £ 2.2 * 52.7 £ 2.9
40 36.2 ¢+ 4.3 * 51,2 + 3,0 **
50 35.0 £ 3.9 * 48.9 * 3.5 *x%
60 37.5 £ 1.4 * 48.5 *+ 5.6

k%

significantly different from corresponding mean of control experiments

by an unpaired t-test, p<0.05.

means significantly different from the mean of meperidine experiments
at the same drug exposure time.
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Table. 7. Maintenance of mean resting membrane potential (RMP),
miniature endplate potential (mepp) amplitude and mepp frequency
recorded 1ncrace11u1ar1y from frog sartorius in A. the ngence
of drug (n=5) and B. in the presence of naloxone 3 X 10 " M

(n=3).
°
A.
Time (min) % control t S.E.M.
RMP mepp amplitude mepp frequency
10 98.7 + 0.8 99.0 + 1.8 98,0 + 2.2
20 95.4 + 2.3 100.1 *+ 2.7 87.2 + 5.4
30 94.7 + 2.9 103.7 + 1.8 85.0 *+ 4.8
40 95.3 + 3.4 100.8 + 3.9 87.0 + 6.3
50 92.0 + 2.8 100.1 + 1.6 91.3 + 4.5
60 95.0 + 3.9 98.3 + 2.3 92.5 + 6.0 )
!
3
’ . fz
. 3
Time (min) % control * S.E.M. o
RMP mepp amplitude mepp frequency i
4
10 ' 98.7 + 0.7 98.9 + 2.1 114.0 + 3.2 é
20 98.7 + 0.7 98.0 *+ 3.9 109.3 + 5.5 *
30 99.0 + 1.5 96.3 + 1.2 104.7 + 1.8 *
50 95.3 + 2.3 95.1 + 3.2 108.7 + 7.7
60 93,3 + 2.6 90.0 *+ 5.8 96.3 + 2.3

* means significantly different from mean of cpntrol experiments in
A at the same drug exposure time (unpaired t-test, p<0.05).



Table 8.

A.

Time (min)

10
20
30
40
50
60

B.

Time (min)

10
20
30
40
50
60

L

A. The effect of mepegidine 8 X 10—5 M on the mean resting
membrane potential (RMP), miniature endplate potential (mepp)
amplitude and mepp frequency recorded intracellularly from
frog sartorius (n=7) and B. lack of antagonism by naloxone

(n=5).

% control * S.E.M.
RMP mepp amplitude mepp frequency

98.7 + 1.0 89.2 * 2.4 * 101.1 + 2.7
98.0 *+ 1.9 79.4 + 3.2 * 105.1 + 3.5 *
93.1 + 2.6 68.3 + 3.0 *» 101.7 + 5.9
93.8 + 2.0 62.8 + 5.5 * 110.6 + 2.6 *
92.2 *+ 2.3 59.7 + 5.5 * 102.6 + 5.0
94.3 + 3.7 56.4 + 12.6 * 109.0 + 15.0

% control + S.E.M.

RMP mepp amplitude mepp frequency
99.2 + 1.1 86.3 *+ 2.2 99.2 *.10.1
97.4 + 1.2 76.1 + 1.3 104.2 + 10.7
96.2 * 1.6 68.0 + 2.5 88.6 + 3.0
93.2 + 2.8 63.8 + 2.1 95.6 + 3.8 e**
92.6 + 2.8 50.5 + 2.6 98.8 + 6.7
93.0 *+ 3.6 58.8 + 3.2 107.0 + 3.6

* significantly different from corresponding mean of control experiments

by an unpaired t-test, p<0.05.

** gignificantly different when means in B were compared to the mean of
the corresponding time period in A.
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Table 9. A. The effect of meperidine 1.6 X 10—4 M on the mean resting:
membrane potential (RMP), miniature endplate potential
(mepp) amplitude and mepp frequency recorded intracellul"ly
from frog sartorius (n=3) and 8

B. lack of antagonism by naloxone 3 X 10 = M (n=3).
A.
Time (min) % control ¢ S.E.M.
RMP mepp amplitude mepp frequency
10 * 96.0 * 4.4 82.1 *+ 4.8 * 94.7 + 5.7
20 94.7 *+ 4.2 64.7 + 1.4 * 85.0 + 8.1
30 90.7 ¢+ 6.3 51.5 + 2.9 * 96.3 + 9.0
B.
Time (min) % control + S.E,M.
RMP mepp amplitude
10 96.5 + 0.5 67.3 t 5.9 *=*
20 98.0 + 2.0 63.2 + 1.4
30 : 98.0 + 2.0 54.4 + 1.6

* gignificeantly different from corresponding mean in control experiments
by an unpaired t-test, p<0.05.

** means in B were compared to the mean of the corresponding time period
in A by an unpaired t-test and found significantly different (p<0.05).
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Table 10. Control study of the mean resting membrane potential (RMP),
endplate potential (EPP) amplitude, and miniature endplate
potantial Pp) amplitude, and the derived quantal content
(EPD/mepp) recorded intracellularly from frog sartorius in the

. presence of 9 to 10 =M MgCl, (n=9).
h -
\ t
Time
(min) X _control ¢ S.E.M.
RMP EPP amplitude ®epp amplitude quantal content
10 98.5 ¢ 1.4 103.0 t 1.2 100.3 ¢+ 3.1 102.1 * 2.0 ‘
20 98.4 + 1.9 92.6 + 6.3 99.1 ¢ 4.9 93.1 ¢t 4.1
30 97.7‘1 2.0 107.3 ¢+ 7.7 97.0 * 4.5 110.8 ¢+ 6.4




Table 11. A.
content in frog sartorius.

Lack of effect of meperidine 1.
Resting membrane

(RMP), endplate potential (EPP)

114

6 X 10°° M on quantal
potential

amplitude and miniature

endplate potential (mepp) smplitude were measured

{ntracellularly in the presence of § to 10 mM MgCl
B. Experiments vcrosrcyoatod in the additional prCIO?%Q of

naloxone 3 X 10 M (n=3).

(n=4).

A.
Time
(min) % control * S.E.M.
RMP EPP amplitude mepp amplitude quantal content
9 95.7 * 1.1 68.4 + 2.3 * 73.6 + 2.0 * 93.3 + 1.8
10 94.3 * 2.9 61.9 *+ 4.6 * 71.0 £+ 5.2 * 87.7 + 4.5 *
20 92.5 * 3.2 62.8 + 3.2 * 62.0 + 4.8 * 93.1 + 4.8
30 91.8 * 3.7 63.3 + 7.3 % 64.5 *+ 4.5 * 98.5 + 7.9
B.
,
Time
(min) % control ¢t S.E.M.
RMP EPP amplitude mepp amplitude quantal content
5 96.9 * 1.6 80.1 + 5.2 72.9 + 3.5 107.4 + 2.3 **
10 93.4 + 2.8 72.8 + 4.3 70.5 + 2.8 102.7 + 10.6
20 94.1 + 2.7 66.5 ¢+ 9.2 64.7 + 1.3 102.9 + 13.9 ’
30 94.1 + 2.7 62.0 + 6.7 63.2 + 1.1 97.3 + 12.8 !

* gignificantly different from corresponding
by an unpaired t-test, p<0.05.

»* gignificantly different from corresponding
t-test, p<0.05.

mean of control experiments

mean in A. by an unpaired



Table 12. A. The effect of meperidine 4.2 X 10-‘ M on mean quantal
content in frog sartorius., Resting membrane potential
(RMP), endplate potential (EPP) amplitude, and miniature
endplate potential (mepp) amplitude were recorded

{ntracellularly in the presence of 8 to 10 mM MgCl, (n=3).

B. Experimeants vnrgsropontcd in the additional preocngc of
naloxone 3 X 10 = M (n=4).

A.
Time
(min) 2 control * S.E.M.
RMP EPP amplitude mepp amplitude quantal content
5 100.0 + 1.0 52.9 + 2.4 * 52.4 ¢+ 3.2 * 101.6 * 2.0
10 95.1 + 1.5 47.1 + 2.3 * 46.6 + 1.6 * 101.9 ¢+ 5.7
20 93.5 ¢+ 2.6 40.3 ¢+ 4.2 * 46.6 + 2.5 * 85.9 + 5.0
30 94.2 + 3.2 39.1 + 4.2 * 43.4 + 5.2 * 89.9 + 0.6
B.
Time
(min) % control *+ S.E.M. t
RMP EPP amplitude mepp amplitude quantal content
5 98.1 *+ 0.9 53.6 ¢+ 4.9 55.9 + 2.9 96.3 ¢+ 8.8
10 97.9 + 2.1 51.2 + 5.5 52.3 + 2.7 98.3 + 10.8
20 96.3 + 3.1 45.1 *+ 5.4 44.2 + 1.4 101.6 + 11.6
30 99.4 + 0.6 43.6 *+ 5.7 48.2 ¢+ 3.5 92.4 + 17.1

* gignificantly different from corresponding mean of control experiments
by an unpaired t-test, p<0.05.

+ There <a@*-no significant difference between corresponding means in A
and B.
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Table 13. A. The effect of meperidine 4.2 X 10°4 M on resting membrane
potential (RMP) and endplate potential (EPP) amplitude
of frog sartorius recorded intracellularly {n the
presence of d-tubocurarine 2 to 4 X 1076 M (n=7).
B. Partial reversal by naloxone } X 1078 M (n=5).

A,
Time (min) % control * S.E.M.
RMP EPP amplitude
5 102.4 + 2.3 36.2 + 2.6 *
10 101.9 + 1.9 4.0 »+ 2.3 *
20 99.6 + 1.7 30.5 * 1.5 *
30 97.6 + 2.6 28.9 + 1.4 *
B.
Time (min 2 control *+ S.E.M. .
RMP EPP amplitude
5 97.6 + 1.8 47.3 + 2.8 *%
10 97.1 + 1.9 41.9 + 3.1
20 97.1 + 1.9 41.3 + 3.3 *»
30 97.1 + 1.9 40.0 + 7.0 **

* gignificantly different from mean depresg&on of EPP amplitude in the
presence of MgCl2 by meperidine 4.2 X 10 °~ M. (unpaired t-test, p<0.05)

** gignificantly different from the corresponding mean in A.
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Table 14. The effect of meperidine 4.2 X 1074 M on resting membrane
potential (RMP) and endplate potential (EPP) amplitude in
the presence of physostigmine 1.3 X 1074 M and d-tubocurarine
9 X 1076 M (n=3).

Time (min) 2 control *+ S.E.M. .
RMP EPP amplitude
5 100.9 + 0.9 . 64,2 + 2.1 ;
10 100.9 + 0.9 39.4 ¢+ 0.9
20 101.3 + 1.9 36.0 + 0.9
30 101.3 + 1.9 3.1 ¢ 1.7

* not significantly different from corresponding mean depression in the
presence of meperidine 4.2 X 10-4 M and d-tubocurarine 2 to &4 X 1076 M
by an unpaired t-test, p<0.05.
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Table 15. A. Control study of the mean resting potential (RMP) and
the amplitude of the endplate potential evoked by
iontophoretic application of scetylcholine (EPP.)

recorded intracellularly from frog,sartorius (n=4).
B. Thefaffect of meperidine 1.6 X 10 M_gn RMP and IPPI (n=4)
C. ck of effect of naloxone 3 X 10 M on the
dep¥esiog of !PPx amplitude induced by meperidine
1.6 X 10 M. 3
A. Il!!;ﬁ!iﬂl 2 control ¢+ S.E.M.
RMP EPP, amplitude
5 99.9 ¢+ 3.1 105.6 + 7.7
10 102.6 ¢+ 3.6 92.6 + 10.7 .
20 105.1 ¢+ 5.8 94.0 ¢+ 6.0
30 106.5 ¢+ S.2 91.4 + 7.3
B. Time (min) X control ¢+ S.E.M.
RMP EPPI amplitude
) 92.8 + 7.7 55.4 + 7.6 *
10 96.7 + 7.5 50.2 + 8.5 *
20 97.9 + 9.5 40.2 + 6.0 *
30 101.9 + 4.4 35.0 + 5.7 »
!
C. 31:5_12122 X control + S.E.M.
RMP EPPi amplitude
5 98.2 + 2.5 52.7 + 3.6
10 97.3 + 1.6 52.3 + 3.6
20 94.6 + 1.4 38.6 + 5.0
30 89.9 + 3.3 27.5 + 5.3

* significantly different from corresponding mean in A by an unpaired
t-test, p<0.0S.

+ no significant difference between means of B and C.

P



119

stimuietor
JL .
{
-1
u’ oil
A _— N
Ringer's tronsducer recorder
]
JL
e ammn N\
transducer recorder
;
§

Figure 1. Schematic diagrams of apparatus used for recording muscle
twitch responses: A. to sciatic nerve stimulation and
B. to direct muscle stimulation.



Figure 2.

emphifier

dorse! roo!
ventral root!

sciethic
nerve
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Experimental set up for recording motor nerve action
potentials from the eighth spinal nerve. In the presence
of TEA, repetitive electrical activity wvas generated (n
nerve terminals either spentaneously or after sciatic
nerve stimulation. These sction potentials were con-
ducted antidromically and recorded from the ventral

root using platinum, extracellular electrodes. Signals
were amplified and recorded differentially on the
oscilloscope.
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Figure 3. Schematic diagram of recording and stimulating ‘circuits
for recording simultaneously the nerve action potential
and endplate potential from frog sartorius muscle using
extracellular electrodes.
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Figure 4. Schematic diagram of apparatus used far recording miniature
endplate potentials intracellularly from frog sartorius

muscles.

122



123

et

1

_meperidineg
| -4 =
2X107%M 5 min

-Figure 5. The action of meperidine on the response of frog sartorius

muscle to sciatic nerve stimulation. The nerve was stimu-

lated every 30 seconds by pulses of one msec duration and
supramaximal voltage.
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naloxone 3XI10°8M 5 min
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Figure 6. The action of the narcotic antaggnist naloxone '
meperidine-induced depression of twitch responses
to sciatic nerve stimulation in frog sartorius
muscle.
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Figure 7.

The action of naloxone (3 X 10 8 M) on the response of
frog sartorius muscle to sciatic nerve stimulation. The
nerve was stimulated every 30 seconds by pulses of one
msec duration and supramaximal voltage.
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Figure 8.

!

meperidine . —_—
2X10°% M 5 min

&

The potentiation by meperidine of frog sartorius muscle
twitches elicited by direct muscle stimulation. The
muscle was stimulated every 30 seconds by pulses of one
msec duration and supramaximal voltage delivered to
platinum rings surrounding each end of the muscle.
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>TEA 3XI03M R R TEA 3XI03 M
&
meperidine 2X10"4M

g

—
5 min

Tetraethylammonium chloride (TEA)-induced contractions
in frog sartorius muscle (tracings from oscillograph
records). At R the muscle was washed with Ringer's

solution without TEA.
B. Prevention of TEA-induced contractions by meperidine

in the same muscle.

Figure 9. A,
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Qlmv 0.lmV

50 msec 0.2 sec

Figure 10. Frog sartorjius motor nerve terminal firing during treatment
with tetraethylammonium recorded extracellularly from the
ventral root of the eighth spinal nerve.

A. Repetitive activity following a single sciatic nerve
stimulation of supramaximal voltage, one msec duration.
The nerve was being stimulated at a rate of four per
minute after 20 minutes of treatment with 6.8 X 1073 M
TEA.

B. Spontaneous activity in the absence of electrical
stimulation after 10 minutes treatment with 27 X
1073 M TEA.
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TEA 27 x 1073 M TEA 27x10° M

RS

TEA 27x 1073 M TEA 27x10°°M & meperidine 10 °M

> "

. 02mV
O4sec

,Figure 11. A. Recordings from the ventral root during a control

* experiment showing maintenance of tetraethylammonium
(TEA)-induced spontaneous firing.
upper trace: after 10 minutes éaxposure of the muscle

to 27 X 1073 M TEA —
lower trace: after 2 hours exposure toO 27 X 10”3 M TEA
B. Blockade by meperidine of TEA-induced spentaneous
activity in another preparation.
upper trace: nerve electrical activity recorded from
the ventral root after 10 minutes exposure
of the muscle to 27 X 1073 M TEA
lower trace: 2 hours after inclusion of 1076 M
meperidine to the TEA-Ringer's. Meperi-
dine was added 10 minutes aQer initiation
of spontaneous firing.



Figure 12.

>

02mV

TEA 27 x 10> M
0.4sec

TEA27x1073M & meperidine 10-8M
& naloxone 3xI0° M j

Recordings from an experiment in which maloxone prevented

complete abolition of TEA-induced spontaneous activity by

meperidine.

A. Nerve electrical activity recorded 10 min after placing
the muscle in 27 X 1073 M TEA.

B. Two hours after addition of 1076 M meperidine and 3 X
10-8 M naloxone to the TEA-Ringer's.
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Figure 13.

TEA 4510 M _
& reperidine 2x10 M

TEA45xI0°M
& meperidine 2x10 M

& naloxone 3xI10 M

Meperidine blockade of tetraethylammonium (TEA)-induced

activity evoked by electrical stimulation of the sciatic

nerve and reversal by naloxone. The sciatic trunk was

stimulated with supramaximal voltage and one msec pulse

duration at a rate of four per minute. Potentials were

recorded from the ventral root.

A. Recording made one-half hour after placing the muscle
in 4.5 X 1073 M TEA.

B. Recording made one hour after addition of 2 X 10 6 M
meperidine to the bathing solution. Meperidine was
added to the bath 15 minutes after A.

C. Recording made one-half hour after addition of 3 X 1078

M naloxone to the bathing solution. Naloxone was added
5 minutes after B.
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Figure 1l4.

132

Representative recording of the nerve terminal action
potential and endplate potential from frog's sartorius
recorded extracellularly with a single electrode. The
nerve terminal action potential occurred about 2 msec
after the initial stimulus artifact and the endplate
potential follows the nerve action potential with a
delay of approximately one msec. Experiments were
performed in the presence of 2 to 4 X 1076 M d-
tubocurarine.
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d-tubocurarine 4X10°6 M d-tubocurarine |.3X|10"¢ M

Figure 15. The effect of increasing d-tubocurarine concentration on
the extracellularly recorded nerve terminal action poten-
tial and the endplate potential. -
Raising the concentration of d-tubocurarine from 4 X 10 6
M to 1.3 X 1074 M abolished the endplate potentials within
5 minutes, but had no effect on the nerve potential. Both
recordings are from the same endplate.
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Figure 16. Representative recordings {llustrating maintenance of the
amplitude and time course of the extracellularly recorded
nerve terminal potential and endplate potential in a
control experiment: A. during the first 2 minutes of
stimulation, B. 60 minutes later. The sciatic nerve was
stimulated by pulses of supramaximal voltage and 1.5 msec
duration at a rate of 12 per minute.
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Figure 17. Control study of the amplitude of the extracellularly

recorded endplate potential and nerve terminal action
potential from frog sartorius muscles perfused with
Ringer's solution containing 2 to 4 X 1076 M g-
tubocurarine (n=5).

Means * S.E.M. were calculated from the means obtained
in each experiment expressed as percentage of the

initial control values. a
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Figure 18. A. First study of the action of meperidine 8 X 1072 M on
the amplitud@ of the extracellularly recorded nerve
terminal action potential and endplate potential (n=3).

B. Partial antagonism by naloxone 3 X 1078 M of the
depression of endplate potential amplitude induced by
meperidine,

Drugs were added at time O.

Means * S.E.M. were calculated from pooled results of all

experiments expressed as percent of control (absence of

drug) response.
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Figure 19. The action of naloxone 3 X 1078 M on the amplitude of the

extracellularly recorded endplate potential and neiwe
terminal action potential (n=4). ’

Naloxone was added at time O.

Means * S.E.M. were calculated from pooled results of all

-~
experiments expressed as percent of control response.
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nerve terminal potentiol - — — —
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The action of meperidine 8 X 10°° M on the amplitude

of the extracellularly recorded nerve terminal poten-

tial and endplate potential (n=5).

B. Effect of 8 X 105 M meperidine and 3 X 1078 M
mnaloxone on the endplate potential amplitude (n=3).

Means * S.E.M. were calculated from pooled results of

all experiments expressed as percent of control response.
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Figure 21. A. The action of meperidine 10 4 M on the amplitude of the

extracellularly recorded nerve terminal potential and
endplate potential (ned) .

B. The effect of naloxone 3 X 10"8 M and mep&Ptidine 1074
M on endplate potential and nerve terminal action
potential amplitudes (n=3).

Means * S.E.M. were calculated from pooled results of all

experiments expressed as percent of control responses.
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Figure 22. Recordings of extracellularly recorded nerve terminal
potential and endplate potential before and during
eéxposure to meperidine 1.6 X 1074 M showing the gradual
depression of EPP amplitude and alteration in its time

course.
A. Control

B. Three minutes after exposure to meperidine
C. Two potentials at 10 minutes

D. At 60 minutes
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Figure 23. Recordings of the extracellularly recorded nerve terminal
® action potential and endplate ngential before and durin
exposure to meperidine 1.6 X 10 * M and naloxone 3 X 107° M.
A. Control
B. Three minutes after exposure to meperidine and naloxone -
C. At 10 minutes
D. At 60 minutes
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A meperidine 1.6 XI10%N 8 wmepeniding 16 X 10 8
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Figure 24. A. The action of meper{dime 1.6 X 10°%4 M on the amplitude
of the extracellularly recorded flerve terminal potential
and eadplate potential (n=6).

B. The effect of naloxone 3 X 108 M on the depression of
endplate potential and nerve terminal action potential
amplitude induced by meperidine 1.6 X 1074 M (n=5).

Means * S.E.M. were calculated from pooled results of all

experiments expressed as percent of control response.
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'Figure 25.
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Control study of resting membrane potential, miniature
endplate potential (mepp) amplitude and mepp frequency
recorded intracellularly from frog sartorius (n=5).
Means * S.E.M. were calculated from the means obtained
in each experiment expressed as percentage of the
i{nitial control value.
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Figure 26.
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0.2 sec

Miniature endplate potentials recorded intracellularly
from frog sartorius A. in Ringer's solution and B. after
60 minutes exposure to meperidine 8 X 10 2 M.
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Figur?’ﬁ. The action of meperidine 8 X 1079 M on the resting membrane
potential and miniature endplate potential (mepp) amplitude
and frequency recorded intracellularly from frog sartorius
(n=7).

Means * S.E.M. were calculated from pooled results of all
experiments expressed as percent of control (absence of
drug) response.
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Figure 28. The effect of meperidine 1.6 X 104 M on resting membrane
potential and wminiature endplate potential (mepp) amplitude
and frequency recorded intracellularly from frog sartorius
(n=3) and the lack of antagonism exerted by naloxone 3 X
10°8 M on the depression of mepp amplitude (n=3).

Means * S.E.M. were calculated from pooled results of all
experiments expressed as percent of control (absence of
drug) response.
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Figure 30.
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Susmary graph showing the lack of antagonism by naloxone
3 X 1078 M of the depression of miniature endplate _
potential (mepp) amplitude induced by meperidine 8 X 10 3
M.

Means * S.E.M. were calculated from pooled results of all
experiments expressed as percent of control response.
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The effect of naloxone 3 X 1078 M on resting membrane
potential or miniature endplate potential (mepp) ampli-
tude and frequency recorded intracellularly from frog
sartorius (n=3).

Means t+ S.E.M. were calculated from pooled results of
all experiments expressed as percent of control
response.
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Figure 32. Control study of the resting membrane potential (RMP), end-
plate potential (EPP) amplitude, miniature endplate poten-
tial (mepp) amplitude and the derived quantal content (EPP/
mepp) recorded intracellularly in the presence of MgCl2 8 to
10 mM (n=5).

Means * S.E.M. were calculated from the means obtained in

each experiment expressed as percent of the initial control
value.
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Figure 33. The effect of meperidine 1.6 X 10 4 M on quantal content
in frog sartorius. Resting membrane potential, endplate
potentials (EPP) and miniature endplate potentials (mepp)
were recorded intracellularly from frog sartorius in the
presence of MgCl, 8 to 10 mM (n=4). A
Means * S.E.M. were calculated from pooled results of all
experiments expressed as percent of control response.
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Figure 34.

4.

wd

The effect of meperidine 1.6 X 1074 M on quantal content
in the presence (n=3) and absence (n=4) of naloxone 3 X
10-8 M. Resting membrane potentials, endplate potentials
(EPP) and miniature endplate potentials (mepp) were
recorded intracellularly from frog sartorius in the
presence of MgCly 8 to 10 mM.

Means * S.E.M. were calculated from pooled results of

all experiments expressed as percent of control response.
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Figure 35. The effect of meperidine 4.2 X 104 M on quantal content

in' frog sartorius. Resting membrane potentials, endplate
potentials (EPP) and miniature endplate potentials (mepp)

were recorded intracellularly in the presence of MgClz 8

to 10 mM (n=5). £
Means * S.E.M. were calculated from pooled results of all
experiments expressed as percent of control response.
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Figure 36. The effect of meperidine 4.2 X 1074 M on quantal content
in the presence (n=4) and absence (n=5) of naloxone 3X
10°8 M. Resting membrane potentials, endplate potentials
(EPP) and miniature endplate potentials (mepp) were
recorded intracellularly in the presence of MgCly 8 to 10
mM.

Means * S.E.M. were calculated from pooled results of all -
experiments expressed as percent of control response.
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2 mV

20 msec

Endplate potentials recorded intracellularly from frog
sartorius in A. Ringgr's solution containing d-
tubocurarine 3 X 107° M and B. after 30 minutes
exposure to meperidine 4.2 X 1074 M.

Figure 37.
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Figure 38.

A. The effect of meperidine 4.2 X 1074 M on resting
membrane potential and endplate potential (EPP)
amplitude recorded intracellularly in the presence
of d-tubocurarine 2 X 1076 M. (n=7).

B. Experiments in A were repeated in the additional
presence of naloxone 3 X 1078 M (n=5). Note the
antagonism of EPP amplitude depression.

Means * S.E.M. calculated from pooled results of all

experiments expressed as percent of control response.
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Figure 39.
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Summary graph comparing the depression of EPP amplitude by
meperidine 4.2 X 1074 M using two methods of inhibiting
neuromuscular transmission and illustrating the antagonism

of narcotic effect by naloxone with the d-tubocurarine
method.
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Figure 40.

The lack of effect of physostigmine 1.3 X 10°4 M on the

depression of ondplnte_gotential (EPP) amplitude induced

by meperidine 4.2 X 10 M. All solutions contained 9 X

1076 M d-tubocurarine.

A. Resting membrane potential and EPP amplitude recorded
intracellularly in the presence of physostigmine and
meperidine (n=3).

B. Summary graph comparing meperidine induced depression
of EPP amplitude in the presence (—) and absence (---)
of physostigmine.

Means t S.E.M. were calculated from pooled results of all

experiments expressed as percent of control response.
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in edch experiment expressed as percent of the initial
coatrol response. . ’

A 4

T_,nooj—-{/{/*H 100
s, C 3
g 2
® 80+ “"
: i
H
: 3
£ e
- -
e 3
-— o
,:g 407 = 40 .
®
& e :
t . 4
g 20 o
&
2
L) LN L4 LS A AS
10 20 2 10 20 30
Time (min) Time (min)
Figure 41. Control study of the resting i rane potential and
a-plitudg of the éndplate potential evoked by ionto-
phoretic application of acetylcholine (EPP1) recorded
intracellularly from frog sartorius (g=4).
Means * S.E.M. vere calculated frog the means obtained '
]
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Figure 42.

I
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Endplate potﬁntial induce& by iontophoretically applied
acetylcholine recorded intracellularly from frog sartorius
in A. Ringer's solution and B. after 30 minutes exposure

to meperidine 1.6 X 1074 M.
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Figu;;ﬂ. Depression by meperidine L6 X 1074 M of EPP] amplitude
. (endplate potential evokad by iontophoreticglly applied
acetylcholine) (n=4) and comparable ue;sure-ents in the

presence of naloxone 3 X 1079 M (n=3).
Resting membrane potentials and EPP; were recorded intra-
cellularly from frog sartorius.
Means t S,E.M. were calculated from pooled results of all
experimexts expressed as percent of the initial control X
value.
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