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_ ABSTRACT _

Many CNS depressants Block excitability by inhibiting the specific
fncrease of Na* concuctance which normally follows depolarization of
the‘hembrane. Some drugs like generﬂl anesthetics (steroid anesthetics
exciuded), act phérma;o]ogica]]y by altering membrane function in a
diffuse, nonspecific fashion, as is suggeéted by the lack of rigorous
structural requirements fok their aétions. ‘Theré is also evideﬁce to
‘suggest’' that other deﬁ?essants 1ike the oﬁﬁates, act at cells that
Eontain specific 'receptors' for these drugs. The purposé of the
present investigation was to investigatg the nature, specificity and
sensitivity of the opiate receptor~0n fkdg'sart0r1u§ muscle by study-
ing the interactions of a variety of opiates and other depressants on
these proposed dpiate receptors. Isolated sartorius.muséles of Rana
pipiens were used to investigate the effectsAOf morphine, methadone,
propoxyphene, meperiéine, naloxone, naltrexone, dextromethofphan,
tetrodotoxin and procaine on certain features of the act1ve muscle
membrane, using extracellular electrode and 1ntrace1]u1ar microelect-
rode techniques. |

Studies with extracellular electrodes showed that app11cat1on of '
all the aforement1oned drugs decreased both the amp11tude of the com-
pound action potential and the excitabiiity of the muscle fibres. With;
all the drugs, the depressed responses were reversed to the control
lTevels when the preparation was returned to Ringer's solution.

The maximum rate of rjse of the action potential was detréased
by all the opiafe agonists. This effect was antagonized for all the

opiate agonists by having present concurrently in the bathing medium,

Tow concentrations of naloxone or naltrexone. The resting potential

jv



remained essentially uﬁchanged in thé drug-tested muscles.

Opiate antagonists'did not antagonize the non-specific action po-
tential depression produced by dextromethorphan, procaine, or tetro-
dotoxin.

Subsequent ;tudies with int%ace]]u]ar mickoe]ecgrodés showed that
methadone, morphine. and propox&phene HC1 block action potential pro-
duction by two mecﬁanisms,_f.e. there is a biphasic time course for
the decline in the maximum rate of rise of\thevaction potentials:

(i) a non—spécific mechanism in which the increaselin sodium conduct-
ance (§Na)-and in potaés{um conductance (@K) aré depressed and (i)
an opiate dvug'receptor-medigted mechanism, causind a specific depres-
sion of gNa. Low, antagopistic concentrations of opiate antagonists
could antagonize only the effécts produced'by the second mechanism
(ii). -

Ah'exp1anatién for the time course of the second pAISe of tHe bi-
phasic depﬁessjon, is that ¢he recepEor siteé for the~Qp1ates'uﬂﬁer
investigation are locCated on the inner surfagé of the plasma membrane
and that the opiate molecules attached to fhese_receptor sites are in
Aequi]ibriué‘with thé opiate concentration in the sarcoplasm.

Higher agonistic na]oxdﬁe and najtrexone concentrations (~10‘3M)
inhibited the maximum rate of rise in a manophasic fashion. Only the
depreséant effect of naloxone could be éntagonized by concomitantly
employing antagonfstic concentrations of'naltrexone.

3

External sodium acted in a competitive fashion to antégonize the

e
-

action potential depression produced by the drugs studied in fﬂis' '
{ .- : o ' » b
study. This investigation has furnished evidence that opiates exert

tHéir_effects on frog sartorius muscle via interaction with opiate



receptors. The results also suggest that in this system, naloxone
behaves as a partial agonist with a low intrinsic activity. However,
this does not invalidate thc concept that most CNS depre;sants act by
inhibiting the sodium conductivity becauge this %nhibition could occur
as a consequence of or subsequent to the interaction of opiates with
their "receptors".

The overall impression gained from the results of this investi-
gation is that there are opiate drug receptors located on the inner .
surface of the muscle membrane associated with the "sodium channels"
and that drug activation of these receptors interferes with the
opening of the "sodium channels" normally produced by sufficient

membrane depolarization.
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I. INTRODUCTION
To»understand the cellular mechanisms underlying excitability

depression in skeletal muscle produced by central nervous system (CNS)
depressants it is necessary to have an understanding of the events that
determine muscle impulse initiation and propagation. Hence this intro-
duction focuse$ first on muscle cellular electrophysiology and second
discusses those pertinent reports that have led to our pfesent concepts
of the electrophysiological mechanisms of action of some CNS depressants.

The Resting Potential

The cell membrane which exhibits gifferentia1 permeability (1) is
relatively impermeable to most organic compounds (particularly those of
high molecular weight, e.qg. proteins) and certain other inorganic ions.
' This differentia] permeabi]ifyv1eads-to'a charaqﬁeristic jon distribu-

t1on;;tHe inside of the cell contains a high concentration .of proteins
(wh1ch'cannot readily get out of the cell because of their large size)
and potassium (K+). The extracellular space, contains a high concen-
tration of sodiuh (Na+) and chioride (C17) dons (2, 3). This partic- -
ular distribution of K* and Na* is due, in part, to the differential
permeability of the cell membrane and in part to the presence in the
membrane of machinery (e.g. the Na-K pump) for activeiy‘trénsporting
lons across the membrane (4, 5).

The jon distribution just descrfbed and the properties of the mem-
brane itself produce an electrochemical gradient across the cell mem-
brane. This e]ecfrochemica],gradient creates an electrical potential

_difference between the‘inside and outside of the cell. This potential

is called the Resting Potential. It is approximately 85-95 mV for frog

skeletal muscle, with the inside-of the cell electrically negative with



respect to the outside. This transmembrane potential is largely the

result of a potassium ion concentration gradient maintained across the
cell membrane by active transport involving the enzyme sodium-potassium
activated A%Pase.

The resting membrane has a high electrical resistarce (6) and is
relatively impermeabfe to sodium and potassium jons. Since its low
jonic permeability is mainly accounted for by transmembrane -movement of
k* and C17, the resting membrane potential is relatively close tb the
equilibrium potential for these fons (3, 7). |

The Action Potential

Muscle cells and neurons exhibit additional properties that cause
them to be referred to as "excitable". The resting potential of such
cells is "unstable" under certain conditions. If such a cell is made
to depolarize (resting membrane potential décreased‘towards zero) to a
certain potential level, the so-called 'threshold pofentia]', a rapid
phase of depolarization occurs that ultimately reverses the electrical
potentia] across the cell membfane so that momentarily the interior of
the cell becomes positively charged with respect to the exterior sur-
face of the cell membrane. At the peak of this evént, the inter%or of
the cé]] has a positive electrical potential of approiimate]y 40 mV as
compared to the exterior of the cell in skeletal muscle fibres. This
is largely a passive process, because of the presence of transmembrane
electrical and concentration gradients. -Degrées of depolarization
lesser than the threshold potential result only in transient displace-
ment of ﬁémbrane potential ahd not in an action potential. After
- completion 6f the depolarization phase, repolarization begins and

during this time, the electrical potential within the cell again



becomes progressively more negative with respect to the exterior of the
cell until such time as the resting potential is re-established (9, 10).
This whole phenomenon (ji.e. depolarization and then repolarization) is

called the Action Potential and it is unique to excitable cells.

Once the action potential is initiated, it proceeds "automatical-
1¥" to completion, independently of the properties of the stimulus that

caused the membrane to depolarize. Thus, it is said to occur in an

or-none fashion. The membrane is inherently refractory for a per1od
time fo]]ow1ng an action potential and cannot be made to generate an-
other response during this refractory period. Thé action potential is
propagated oVver the entire hembrane without decrement and at a finife
(but high) velocity (8, 11, 12).

At Teast sinée the time of Bernstein (1) action potentials have
been thought to be associatea'with transient changes in the structure
of excitable membrane;‘that a]iow an increased movement of jons across
these membranes. The rate.and,direction of jon movements through ex-
citable membranes during an‘action potential are dependent upon the
electrochemical gradients present across the membranes. The jon move-
ments occur in milliseconds during action potentials and the net jon
flux per unit of surface area is higher than the resting Flux (12).
Most investigators, have interpreted data concerning these processes in
terms of diffusion ion movements through "channels" or pores rather
than in terms of carrier mechanisms (11, 13, 14, 20, 21, 25).

Thus, the current view 1§ that the action potential is generatea
by vo]tage—dependent Na—§ETecfive and K-selective channe]s in excit-
able membranes and that these channels are probaQ/y prote1n molecules

imbedded in’ the membrane whose configuration is dependent on the



voltage across the membrane. It is in this manner that the membrane's
ability to allow certain ions to pass through is altered by changes in
the membrane poteﬁtia] at any instant in time (11, 14, 21). Sodium
channels are probably composed of lipoproteins that span the thickness
"~ of the-nerve membrane (234). The inner end of the sodium channel is
thought to be the location of structures that open and close the chan-
nel, -the so-called "gating functions" (235). Studies with certain
toxins have given rise to thé contention that the resting sodiqm chan-
nel and the active sodium channel are distinct entities (236).

Upon excitation there is an initia]‘increage in the permeability
of the cell membrane to sodium 16n$ that resu]té in an influx of sodium
ions from the exterior of the cell membrane to the intérioé of the ex-
citable cell. The influx of Na* discharges the membrane capacity and
so increases depolarization, with a consequent further inérease in
sodium permeability (PNa). If a compensating outward current of k*
cannot prevent substantial depolarization, the entry of Nat becomes
se]f—regeherétive and within a millisecond the potential reaches a
peak of positivity, approaching the equilibrium level for Nat. This
inward movement of Na+‘accounts to a‘1arge extent for the upstroke or
the depo]arizatfon phase of the action potential (12).

During the rising phase of the action potential, as it approaches
its peak, the<permeabi1ity bf the cell membrane to Na* decreases and at
about the same time but independent]y, the membrane permeabifity to po-
tassium jons increases above its resting level. These two events com-
bine to bring the membrane potential back to the resting level rapidly.

The number of ions transported during one action potential is too small

to modify measurably the concentration difference across the membrane.



The spike draws current ferom adjacent resting areas of excitable mem-
brane, exciting them and so once initiated, the spike propagates itself
to the ends of the fibre fram the point of'initiatinn. The movement of
Na+ and K+ ions across the cell membrane durinquhe period of excita-
tion is a passive phenomenon, since both ions are moving down their
concentration gradients (11{ 12). Immediately after repolarization
there is a slight excess of sodium ions and a's]jght;deficiency of
potassium‘ions within the cell. Although the excitation process has
been completed and the cell is electrically quiescent, sodium ions must »
~ be extruded from the interior of the cell against a concentration gra-
" dient. This can only be accomplished by an active transport process
(sodium pump) requiring energy. The energy required to drive the so-
ca]]éd sodium pump is derived from the oxidative meEabo]ism of adeno-
sine triphosphate (ATP). It is believed that the metabolic pump re-
sponsible for the extrusion of intracellular sodium jons is also respon-
'sible for the transport of potassium ions from the extracellular space
to the interior of the cell to restore the norma]_(K)]./(K)o ratio across
the cell membrane (19, 22, 23). However, potassium ions may also return
to the interior of the cell down.an e]ectroéhemica] gradient caused by
the extrusion of Na© ions. This would not requi%e an energy expenditure.
On the basis of the above membrane theory (12) the action poten-
tial is explained by a cycle of permeability changes in the membrane.

o

Action Potential Propagation

The self-propagating nature of the impulse is due to circular cur-
i "~ 9w and successive electrotonic depolarizations to the firing
le che membrane ahead of the action potential. Once an action

pote- nccurs at a given site, currents flow from this site along



the inside of the fibre and across the membrane. Current trave]lihg
outward across the membrane in areas not yet excited reduces membrane
potential beyond threshold potential and results in régeneration of
the action potential. In a skeletal muscle fibre the impulse moves
along the surface in a nondecremental fashion, i.e. at a constant
amplitude and with a conduction velocity of 1-10 metres per. second.
.The conduction velocities (velocity of propagation) in excitable cel)s
are determined by several factors, including the radius of the cells,
"passive" electrical properties of the membrane (resisténce and capa-
citance), membrang potential, threshold potential and the maximum rate

of rise and amplitude of the action potential (237).

Sodium Hypothesis

While sfudying the effect of sodium jons on the electrical activ-
ity of squid giant axon, Hodgkin and Katz (219) demonstrated that:
(a) replacement of. external Na‘ by sucrose or cho]ine reversibly re-
duced the size of the action potential and abolished excitation; (b)
height of the overshoot of the action potential varied linearly with
the 1ogarithh of the external sodium concentration; and (c) a reduction
in sodium concentration caused a reversible decrease in the rate of
rise of the act%on potential. . |

Nastuk and Hodgkin (8) gnd Desmedt (15) have confirmed the valid-
ity of the sbdium hypothesis for the sartorius muéc]e of the frog.
Their results indicate that the magnitude of the action potential and
overshoot of the spike are.also Tﬁnear]y proportional to the logarithm
of the sodium concentration in the external fluid.

Hodgkin and Katz (219) predicted that the rate of fise of the

action potential should be determined by the rate of entrance of sodium



into the membraneband to rough approximation, the rate of rise should
be directly proportional to the external concentration of sodium. Re-
cently it has been found that about 1% of this 'sodium current' in squid
axon may be due to the entry of calcium ions (24). The experimental
findings of Nastuk and Hodgkin (8) and Desmedt (15) with frog skeletal
muscle showed that the rate of rise of the action potential is likewise
influenced by the sodium concentration in the bathing medium. This is
clearly consistent with the idea that the active depolarization of a
muscle fibre is due to entry of sodium. |

Although the action potential of excitable tissues is invarigb]y
accompanied by an increase in the conductivity of the membrane, it

“does not always depend on an influx of sodium in all tissues (17, 18).
? {

N\



I1. EFFECTS OF ANESTHETIC DRUGS ON THE NERVOUS SYSTEM N

"... an anesthetic is not a special poison for
the nervous system. It anesthetizes all the
cells, benumbing all the tissues and stopping
temporarily their frritability ... We can study
elsewhere than %%Nthe central nerve ce]]s; the
phenomenoﬁ which causes this stoppage of action
and ... It is permissible to assume that some-
thing similar happens in the nerve cell."

CLAUDE -BERNARD

Lecons sur les anesthesiques

et sur 1'asphyxie (1875)

An important implication of the sodium hypothesis, at least from
the pharmacological standpoint, is that any agent whfch 1nterferés with
the specific increase in sodium permeability of the excitable system,

- wWill lead to an impairment of excitability in this system.

The 'Excitability or Permeability Theory of Narcosis' (26), states
‘that 1n the presence of anesthetié drugs, the cell membrane is modified
in such a manner that stimulation canvﬁﬁt;produce the normal rapid in-
creasé in permeability required for the ioﬁié exchanges produc 7 the
action potential. Tﬁus, anesthetic drugs produce central nervous sys--
tem (CNS) depression because thef inteffere with the movement of ions
necessary for the transmission of the nervoué impulses. ’

The most general definition of an anesthetic (or more properly a
local anesthetic) is a drug which when applied directly to the nerve
or muscle ce]],,b]ocks the action potential in a reversib]e manner
without ar~ ~ciably affecting the resting membrane potential of the

cell (27, 28). According to this definition, a wide variety of



Tipophilic compounds Sgéranesthétics (i.e. block the sodium conductance
channel): 1local anesthetics (42, 44, 58), barbiturates (31, 238),
tranquilizers (58, 239, 240), alcohols (57, 241), anticonvulsants (242,
243, 244), antihistamines, sterQids, detergents, antiarrythmics, vaso-
dilators (67) and opiates (56, 194). There also exist irreversible

" anesthetics, such as the haloalkylamines, which give 5ustajned anes-
thetic action on nerves.

It continues to be generally assumed that the primary actions of
anesthetics are on the ceT] membrane (plasmalemma) rather than on
intracellular processes (29). This assumption is warranted by three
types of observations:

r (a) Perfused axons, devoid of fheir axnp]asm are still
- readily blocked by anesthétics (30, 31).°
(b) Nerve block and synaptic block occur at concentra-
- tions of anesthetic, which are lower than those
required to inhibit metabolism and oxygen consump- '
tion (32). |
(c) Action potent;a1s in artificial lipid bilayers are
blocked by anesthetics such as cocaine or chlor-
promazine (33). | . .
. Other studies, however, have provided some evidence indicating that
the primary anesthetic action is on the menbranés of intracellular organ-
elles such as microtubules (34,’35, 36) or mitochondria (37). These
1ntracé11u1ar actigﬁg, however, are obviously more difficult to étudy
and also snmetimes occur at anesthetic concentrations which are usually |

5 to 20 times higher than those required to block the action pdtentia]

(38, 39, 40).



Cole dnd Curfis (6) demonstrated that membrane resistance de-
creased during electrical activity and that the blockade of excit-
ability by most cellular depressants was due to a reduction in the
normal increase in permeability which\%s responsible for the upstroke
of the actiop potentia{.

Straub (41) suggested,that local anesthetics depress the increase
in membrane sodium conductance which occurs'simultaneous]; with, and

is responsible for the rising phase of the action potential in nerve

fibres. Also in 1956, as a consequence of his study of several general

anesthet1cs on intact frogs and on excitability processes in frog s
ske]eta] musc]e Thesleff (27) proposed the concept that General Anes-
‘thetics produce their CNS effect by inhibiting the specjfic increasev
in sodium conductivity responsible for action potential production in
excitable ce]]s He further demonstrated that the concentrations of
the various anesthetics requ1red to depress excitability in frog's
skeletal muscle fibres were well corre]ated with the doses required fo
produce general CNS depression in the frog.’

» Tay]or (82) and Shanes et a].'(43)lemp1oy1ng local anesthetics on
ﬁhe squid giant axon, obtained evidence supporting the mechanism of

LT .
excitability blockade suggested by Straub (41). Subsequently, when it

was discovered that local anesthet1cs had the same mechanism of action
on frog's skeletal musc]e fibres it was proposed by Frank and Sanders
(47) and Frank and‘Jhamandas (245) that a]] drugs which had this mech-
anism of action on excitable cells, would be able to produce general
CNS depression in intact animais under appropriate conditions;
‘X"“ Thus, a great variety of heterogenous groups of excitability

depressants, have one important property in common; i.e., they all
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produce a local anesthetic-1ike effect when applied to excitable cells.
In confirmation of this theory, it has been found that drugs which
produce local and general anesthesia affect thé bioelectrical signals
by increasing the threshold for exc{tation and by decreasing the‘
increase in sodium conductivity of the cell membrane following a
stimulus (27, 42, 44, 45, 46, 47, 51, 52, 53, 54). Of particular
importance in this regard was the demonstration that tetrodotoxin (TTX)
had general CNS;depressant properties (53), becaﬁse tetrodotoxin has
been shown to blo. excitability by a unique mechanism involving a
specific drug, receptor (378). '

Although numerous studies support the anesthetic blockade of the
sodium conductance, it has also been shown that they all to some
extent a]sb suppress the potassium conductance which is responsible
fof the repolarization of the cell membrane (42, 44, 55, 56). The
anesthetic concentration needed to depress the K éonductance of the
action potential is generally about ten times highék than that re-
quired to depress the Nat conductance channel (14, 57, 58,159).

Electrophysiological studies have demoﬁstrated ;hag anesthetics
and sodium ions behave as competitive antagonists (44, 45, 46, 48, 49,
54, 56, 60, 61, 62). .Hille (58) suggesteq that a;ésthetics decrease
the magnitude of the sodium curient because they interacf with the
sodium channels and thus in turn decrease the available number of
channels for the sodium jons.

Weldmann (63), Thesleff (27) and Frank (189, 190), have made a
parallel suggestion in that anesthetics and other central depressants
cause a reduction in the availability of the "sodium carryihg" system

and thus'decrease the'conductance of sodium in the active cell ‘membrane.

-t
<
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The evidence pre;ented thus far strongly supports the hyppthesis
that the prime action of general CNS depressant drugs {s to reduce the
specific increase of Nat conductance in the membrane, the resting ﬁem—
branelpotentia1 remaining practically unchanged at b]ockihg concentra-
tions of the anes£hetics.

Probably the main reason why investigators havq/éought so long
'to demonstrate .a single common basic mechanism of action for general
CNS depressant drugs is the remarkably similar pattern of CNS depres-
sion produced by so many drugs:with differing chemical characteristics.
Nevertheless all have had to contend with thé fact tﬁat in addition to
producing this common pattern of general CNS dépression,%thege drug§

“also produce other effec£s' n the CNS which are unique to themselves or
~ to only a few drugs with closely related structures. Although differ-
ences in the membrane effects of these drugs have been observed, no "

attempt‘has been made to relate these differences to othe’ CNS effects

- of these drugs.

~

Opiate Drug Receptors
" The concept of selective receptors for drugs, hormones, and neuro-
transmitters is fundamental to bharmaco]ogy. Receptors. are thought to
be matromolecules, predominantly protein, located generally on the
membranes of cells (exceptibns exist e.g. steroid receptors) and unique-
ly affected by the drug, hormone or neurotransmitter. By interacting
with receptoré, often in minute doses, such agents can exert selective
effects. It is assumed that aft 1eést a portion of the macromolecular
receptor is present on the surface of the plasma membrane. An activa-
ting molecule, or agonist, interacts with ‘the activation site of the

réceptor. The drug-receptor interaction is a dynamic process involving

¥
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an interaction by intermolecular forces, mutually molding drug and re-
ceptor. Therewith, conformational changes in the receptor molecule are
induced that trigger the sequence of biophysica] and biochemical events
leading to the effect (246). The formation of this agonist-receptor
complex in excitable cells then affects conductance changes by activat-
ing or altering an.ion permeation mechanism.

' Agcomp1ication that arises is that membranes éxpose a variety.of
:itarget” structures with respect to an interaction with.drugs. Among
the interactions known so far are: (a) Direct or allosteric specifig
interactions with enzyme proteins (e.g. acetylcholinesterase), with
transport proteins (e;g. cardiac glycosides and Na-K-ATPase), with
proteins (e.g. tetrodotoxin with Na-pore), and with commonly known re-
ceptor proteins (e.g. acetylcholine-receptor). (b) Unspecific inter-
actions with proteins (e.g. of SH-group reactants). (c) Physiochemical
interactions with lipids (e.g. anesthetics, barbiturates, neuroleptic

agents). (d) Interactions with false constituents (e.g. substitution

of cholesterol by desmosterol or diazacho]estero]). -(e) -Alteration of .

fatty acid chain or 1ipid pattern by substitutional exchange;thh

different fatty acid residues or lipids. (g) Indirect influence upon

membrane properties by alteration of membrane dipole moment tirough

alterations of the transmembrane electric field by a vériety of drugs. -
More or less any of the interactions mentioned méy, because of

the intimate functional and structural interrelationship between mem-

brane constitﬁents, spread beyond the 'local event' and involve alter-

ations of a variety of other membrane properties (248).

Although the molecular sites of action form an ihdispensab]e
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concept iﬁ the understanding of drug qctign, their molecular character-
istics such as)chemica] properties, location and number are usually un-
known. To indfcate them they are termed receptors. They arehlocated
in or on target cells. There is a tight interrelation of receptor
molecules and their surrounding. A special problem which holds for
all receptoré is that with isolated receptors no measurable "pharmaco-
Togical" effect can be induced anymore, making their identificafion
extremely difficult in certain cases,

However, a difficulty with the above definition of receptors is
the situation in which a large number of structurally different chem-
ical substances all appear to act at the same site or sites in the
1iving organism to produce the same’'drug action. In ¢ 1 cases the
. existence of specific drug receptors is questionable. This is the
situation with respect tb the Tocal and general anesthetics and most
general CNS depressants. In many respects this whole area is the
despafr of the pharmacologist, leading some to question the very
existence of drug receptors for these drugs (230) and many others
simply to ignore the possibility of their existence (67).

In discussing the mode of action of membrane active drugs, én
important and central distinctjon”is that between so-called non-
specific and specific.action. The former-typified by the effects of

near]y all anesthetics and many analgesics - appears to be basicé]]y

T

.physica], depending entirely on the drug's capacity t e ‘er the
membrane structurg. The compouﬁd must be 1ipid soluble, but other-
wise its chemical structUré‘appears to Qe essentia]]yvirrel;want. In
specific action, by contrast, chemical structure is critical. In the

opiate narcotics for'example, only the levorotatory forms are

14



pharmacologically active; the mirror-image dextrorotatory forms have
1ittle or no effect, though their 1ipid solubility and other physical
properties (apart, of course from their optical activity) are identi-
cal. Specific action, though not yet well understood, probably in-
volves the triggering by the drug molecule of a distinctive chemical
receptor on the membrane surface, which in turn‘can set off changes

within the cell.

Of the many fundamental actions of psychoactive drugs on membranes

(67) there are four of outstanding importance. These are: (a) Mem-
brane Expansion, (b) Membrane Fluidization, (c) Effects on Membrane
Calcium, and (d) Blocking of Ionic Channels (e.g. TTX).

A1l the 1ipid soluble nerve b:ncning drugs are effective in ex-
panding membranes (220). The general evidence available indicates
that membrane expansion results in a distortion of the Na* conductance
channel, responsible for the nerve impulse, that is to say that mem-
»brane expansion produces an electrical stabilization of the membrane.
However, this is by no means to say that they are reacting exclusively
with the proteins. On the contrary, they may also alter the proper-
ties of membrane Tipids and it is these 1ipid interactions that prob-
ably éccount for many of the cTinica]]y\Significant differences be-
tween various anesthetics, analgesics, énd other centra]]y acting
drugs. |

A number of experiments have established that the membrane expan-
sion induced by nonspecific drugs is accompa" f“increase in
lipid fluidity (229). Perhaps an important effect of this increased
fluidity, at least so faf_as the CNS is concerned, is that it »ppar-

ently facilitates the release of neurohumors (379). ‘And there is
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reason to believe fhat the more fluid the membrane, the more readiiy R
the vesicles fuse with it. Thus thé capacity of the nonspecific d#ugs
to facilitate nerve discharge, by their fluidizing of membrane 1ipids,
-as well as to inhibit it, by blocking the protein sodium channels,
makes for all sorts of complications.

Another comp]exity'of nonspecific drug action concerns membrane
calcium. The psychoactive drugs absorb to the membrane” in very high
concentrations and by thié means displace the membrane bound Ca++ (67).
The neutrally chargéd psychoactive drugs, howeVer, either have no ef-
fect on the membrane bound ca’™ or cause it to increase. Ca++ is an
obligatory requirement for excitation-contraction coupling (249). It
is required for stimulus secretion coup]ing and may thus modulate the
release of ngurotransmitters (204, 205) and also affect neurotransmif-
ter receptor interéctions (250, 251): Ca++ plays a role in membrane
stabi]izétion (206, 207) and is probably 1nvo]ved_in.the initiation
and or conduction of nerve impulses (208, 209,)210) and in the post-
Synaptic action.of neurotransmitters (211, 212, 213). Ca++ is also
known at least in vitro to alter the activity of many enzymes (tryp-
tophan and tyrosine hydroxy1ase as well as adenyl and guany] cyc]ase)
of the nerve cell (214, 215, 252). Certain classes of nonspec1f1c

d}ugs e.g. tertiary amines (examples are procaine, ch]orpromaz1ne)
displace Ca++ from the membrane whilst the acidic anesthetics (e.g.
barb1tﬁ%§€;s) increase binding of Ca++ to membrane.lipid. There is
consiéerab]e evidence that calcium is involved in many functions,
many ;%Mhh1ch are also directly or 1nd1rect1y affected by opiate

treatment (253). Thus, Ca ** could antagonize the effects of morphine

by, alteration of one or more of these aspects of nerve function, or



17

by direct competition with morphine for the narcotic receptor as has
been suggested by several in vitro studies (110, 138, 216, 253).

Harris et al. (202, 203, 217) found that Ca'', Mg't and Mn™*
could antagonize the antinociceptive effects of morphine when injected
intraventricularly in mice and rats. These jons produced parallel
shifts of the morphine dose response curve, possibly indicating a com-
petitive antagonism of morphine. In addition agents which chelate ca*t
potentiate the effects of opiate drugs and have been reported tolhave
a weak antinociceptive effect of their own (202). Brain calcium
levels are decreased by acute administration of morphine and this
effect is blocked by naloxone (254). |

These investigations also indicated that elevation of brain Ca++
levels antdgoﬁized the analgesic effecté of morphihe. The antagonist
actions of ca*t appeared to involve increased penetration of ca™t
across cell membranes, because calcium antagonists appeared to block
these actions of Ca''. "Inasmuch as the effect of various cations on
morphine action did not parallel their effects on stimulus-secretion
coupling, it would appear that the narcotic antagonist action of catt
proba:z1: is not the result of a bresynaptic aﬁtion. However, a post-
.Ssynaptic s%te might be involved in this action\as postsynaptic a]ter-
ations in the binding and movement of ca™t Have'been shown to be in-
volved with the response to several nedrotransmitters (211, 212); and

’

it has recently been proposed (213) that the postsynaptic intracellu-

\
++ . . ' e c
lar Ca ~ concentration may serve to modulate synaptic transmission.

The results of these and other investigations indicate that al-

terations in the levels of intracellular Ca++, perhaps at a post-

~ .
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synaptic site; may be closely related to the actions of narcotic ago-
nists and antagonists. Recent reports indicate thet‘ lanthanum, a
well known ca’’ antagonist may have a neuroanatomical site of action
similar to morphine in %roduc1ng analgesia and in fact can substitute
for morph1ne in a cross-tolerance situation in produc1ng analgesia
(255, 256, 257).

Given all these complexities, beginning with the size of tﬁe
drug molecule, continuing with 1tsrre1at1ve affinity for various mem-
brane constituents, and concluding with ité capacity to bind Ca++ to
or release it from the membrane, the possible variations in terms of
drug action of a g1ven compound become virtually infinite.

This difficulty is further compounded when one notes that speci-
fic and nonspecific are not mutually exclusive terms. Certain drugs
appear to act in a "semispecific" manner, partaking of both modes,
while others comb1ne both specific and nonspecific actions, the dom-

- inance of one or the other often depending on the concentrat1on,of
the drug employed.

Drugs that appear to combine both specific and nonspecific effects
are the opiates e.g. morphine (56, 194, 258, 259). In low concentra-
tions morphine is specific, producing ana]gesia on]y'in its 1-rotatory
form, the d-form beingnfar less potent. In much higher c¢oncentrations,
however, it appears to obey nonspecific rules, wifh both forms pro- |
ducing anesthesia. According to é°recent.report, (65) indeed, a surgi-
cal group has been employing massive doses of opfates (around 10 mg/kg)
for anesthesia in cardiac surgery. ° Further high pressure which rever-

ses conduction blocks produced by inhalational anesthetics (260, 261),
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ethanol and local anesthetics (262), also reverses general anesthesia
elicited by ethanol (263), jnhalational aéents (264), barbiturates
(264, 265), opiates and neuroleptics (264). A high dose of morphine
produced tadpole narcosis, which could be reversed by pressure (380).
Pressure reversal was also demthtrated in this case for the sferoids
in althesin. '

However, a significant féature of the above findings is that
morphine and alphaxalone (a major component of althesin) produce most
of their effects via a receptor mediated brocess, because these ef- i
fects are antagonized by antagonists such as naloxone and al6-
alphaxalone respectively (56, 266). The problem that arises is
whether morphine and alphaxalone produce general anesthesia via a
receptor mediated process or through their nonspecific action. Such
a nonspecif1c-action of morphine ié known to occur at high concentra-
tiqps (56, 194, 258, 267, 268). In this regard opiate antagonists
have been shown to antagonjze general anesthesia produced by cyclo-

. propane, halothane (269) and nitrous oxide (270). Thus these investi-
gafors coﬁc]uded that either anesthetics release endoggnous anal-
gesics (i.e. all anesthetics may mediate anesthesia via re]ease of
endogenous opioid Tike substances) or. else narcotic antagonists’have
analgesic antagonist properties heretofore unappreciated (271).

It has been suggested (272) that there are three kinds of inter-
action between an opiate and membranes‘containing opiate receptors: ’
(1) a non-saturab]e‘interaction ("trapped and dissolved") consisting
.primarily of the physical solution of 1ipophilic opiate molecules in

‘the 1ipidic membranes; (%i) a nonspecific saturable binding, consist-

s
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ing primarily of interactions between the protonated nitrogen atom of
the opiate and anionic groups of membrane macromolecules (most opiates
at physio’ogica] pH are cationic); (iii) the stereospecific inter-
action of D (-) opiates with opiate receptors.

Other factors postulated (273) governing the degree of drug
activity aré: (i) the rate of penetration of the drug to thé receptor
site, (ii) a fit féctor between the drug and the receptor site, (iii)

. the rate of reaction or interdction between the drug and some component
or components of the receptor site, (iv) the rate of wastage (hydro-
lytic, oxidative, reductive and nonspecific binding) of the drug on

its way to the receptor site. A question that‘remains unanswered is
whether the re]atfonship between the logarithm of the partition co-
efficient of'the drug and its rate of penetration to the receptor site
still hnlds for the 1tefated proéess involving transfer of the drug
through many cells or across a mu]tip]itity of membranes (273).

A]though in most instances the existence of drug receptors for
general CNS depressant drugs remains questionable, the evidence for
the existence of specific opiate drug receptoré is most compelling.
This evidence can be summarized as follows:

(a) Despite some leeway, opiates conform to a particular
chemica]‘structure; i.e., theré are striking common-
a]jties in the chemical structures of most opiates
(Figure 1). - |

(b) Some opiates (e.g. etorphine) exert their effects in
extremely small doses.

(c) Some marked stereospecificity of opiate actions
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Figure 1: Minimal structural réquirements for narcotic -'nalr
activity (adapted from, 68).
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strongly favor highly selective stereospecific
receptor sites. For most opiates the D(-) isomer
contains essentia?]y all pharmacological activity
of the drug, the L(+) form being virtually inactive.

(d) The existence of opiate antagénists also argues for
a specific opiate receptor.

(e) Saturability implying that the number of‘binding-
sites (i.e. "receptors") is limited.

= (f) The recent discovery (73, 74, 75, 76) of endogenous

1igands fbr the opiate receptors, very strongly
argues for the existence of suchvreceptors.

Some Properties of Isolated Opiate Receptors

OneAapproach taken by some investigators, is to study opiate drug
binding to entities which they claim represent the "opiate receptors”
(77, 78, 79, 80, 81, 82, 83). Creese & Snyder (85), coppared the
pharmacological and binding potencies of a series of 6piate agonists
and antagonists in the guinea pig intestine because fhe ability of.
opiates to inhibit electrically induced contractions -of the guinea.pig
intestine is wé]] known to parallel closely analgesic activity (84).
In a1l cases examined by Creese & Snyder (85), the concentration of
drug occupying half the binding sites corresponded closely to theﬂ
concentration that produced half of the maximal pharmacological |
response, whether that be an agonist or an antagonist response. They
suggested that, for opiates, pharmacological responses can be explain-
ed without invoking "spare-recebtors".

Another well known theory holds that many variations in pharmaco-
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logical potency of drugs are determined both by the affinity with
which the drug binds to the receptor and its "intrinsic activity" to
transform receptor binding into pharmacological activity (86, 87, 88,
89). For all the opiates examined by Snyder et al. (100), pharmaco;
logical potency corresponded so well to binding potency; that they
stated that receptor affinity alone could suffice to account for the
potency of opiate agohist drugs.

The molecular structure and configuration o% opiate antagonists
is virtually identical to that of the opiate agonists. It must be
‘assumed that the aﬁtagonists can occupy the same‘receptor sites as
the agonists, and this is consonant with the frequently demonstrated
competitive nature of the antagonism (96, 97). It follows that sfte
 occupancy of the receptor itself, cannot produce opiate effects.‘ An
opiate agonist has to do more than occupy the appropriate receptor
site; it has to produce some positive change in the receptor. This
.change, which could be a conformational alteration, is evidently
brought about by an interaction in which the protonated nitrogen atom
plays an essential role. According to this view, an antagonist is a
compound that occupies thé receptor site without causing such a change
and thereby prevents agonists from interacting there.

It was discokered that sodium enhances receptor binding of antago-
nists, but decreases the binding of agonists to"isolated" obiate re-
ceptors (98, 99). Conversely high manganese ijon cohCentrations were
shown to enhance agonist binding (274). Snyder et al. (99) postulated
that thé jsolated opiate receptor can assume different confor&atibns:

one in the presence of sodjum which binds antagonists more efficiently
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and anothe. i~ the absence of ec i1, which binds agonists more
efficiently. Presumably sodidm allosterically, transforms the iso-
lated 'receptor' between the two conformations (99).

Since opiate agonists and antagonists are similar chemically and
compete with each otHer for receptor binding, Snyder gi.gl. (100)
postulated that both drugs\bind to the same receptor, but that the
opiate bjnding site can vary as the receptor is transformed between -
two cdnfe;ﬁéfions (99, 101).

The interconversion of the two forms of the isolated opiate re-
ceptor presumably involves folding, unfolding, aggregatfon; diéaggre—
gation or other modifications in protein structure, since the action
of proteolytic enzyﬁes on receptor binding (101) indicates that the
opiate receptor is proteinaceous and contains phospholipid components.

Since the opiate receptor would normally be largely in the antag--
onist state, agents interfering with‘the interconversion of receptor
conformations wou]d selectively reduce agonist binding (100). Consis-
tent with these predictions is the observat1on of Snyder et al. (100)
that a variety of protein modifying reagents and proteo]yt1c enzymes
in low concentrations do selectively reduce opiate agonist binding,
with neg]igib]e:effects on antagonist binding (106, 107).‘

The fact that several different ways of influencing protein struc-
ture, differentfate agonist and entagonisﬁs argues that these agents
‘affect a variety of sites relavant to the interconversion of the tWo
conformations of the opiafe reéeptbr. If there were separate agonist
and antagon1st receptors, as has been suggested by pharmaco]og1ca1
evidence (108), one wou]d have to assume that the agonist receptor

" possesses several aminoacid residues that are critical for receptor
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binding and none which are companents of the antagonist receptor.
Jacobson (68) noted that a few compounds appear to contradict the
data of Pert and Snyder (99) in that they are predicted to be antago-

nists by their sodium:no-sodium ratio, but ig_vao studies with monkeys

show that they are not. Birdsall (275) has pointed out further dis-
crepancies with the sodium response ratio. Although in their studies
the binding properties of certain endorphins resembled those of fhe
alkaloid antagonists, the endorphin (C-fragment) ig question is a
“potent central analgesic (381) and acts as a full agonist on the
guinea pig ileum (111). An alternative explanation for reqgulation of
opiate ligand binding offered by Cardenas and Ross (276) views the
opiafe receptor in a Ca++ associated conférmation. The binding of
mbrphine induces Ca++ displacement shifting“tﬁe membrane to a Ca++—

dissociated state which may be reversed by naloxone.

Endogenous Opiate Ligands

The receptor for a foreign drug is really the receptor for a
humoral substance, with.which the foreign molecule also interacts ....
H.0.J. Collier (277).

A question posed, once the existepcé of specific obiate receptors
had been demonstrated, was "Why are tﬁere opiate receptors?" Clearly,
opiates are not normally consumed by most animals and clearly a]so{
therefore, the opiate receptor must or&{:;;i]y interact yith substances
other than opiates{ as Collier (277) had pointed ouf. More important
the intrinsic activity of na]oxoné in various systems further supports
the postulation of the existence of endogenous 1igands. It has been

observed that naloxone (a) increases acetylcholine rélease in the in

vitro preparation of guinea pig ileum (278); (b) enhances the
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nociéeptive response in rats and mice (279); and (c) reverses electro-
analgesia in rats (280). This led many investigators over the past
few years, to iﬁitiate a search for the endogenous opiates. |

In 1975, reports from the 1aboratofies of Hughes (111) and of
Terenijus and Wahlstrom (79) claimed ghat opiate-1ike peptides could be
identified in extracts from porcine brqin (111) and from human cerebro-
spinal f]ufd (79). This was confirmed in other laboratories for many
vertebrate species (282, 283, 284), and provided a possibie explana-
tion for the presence of the stereospecific opiate receptors. Since
then numerous investigators using bioassays in mouse vas deferens,
guinea pig ileum, stereospecific binding to.purified brain extracts,
and radioimmunoassays have reported the isolation of opiate-1ike pep-
tides from blood, brain, pituitary and the guinea pig ileum (111, 272,
290, 291, 300). These endogenous opiate like ligands have collective-
1y been named endorphiﬁs (?92). The term 'endorphin' refers to any
opioid-like substance (274). Natural endorphins (also called morphine-
like factors) haVe now been extracted from all mammalian species
studied, including pig, cow, rat, mouse,.gU1nea pig, rabbit and man
(293, 294, 295).

In December 1975, Hughes & coworkers‘(111) identified two ﬁenta;
peptides (endorphins) from porcine prain that exhibited morphinomimetic
activity. These pentapeptides have been called methionine-enkephalin
(H-Tyr-G1y-Gly-Phe-Met-OH) and leucine-enképha]in (H-Tyr-Gly-Gly-Phe-
Leu—OH) respectively. In this report‘(111), Hughes and his collabor-
ators also called attention to the remarkable fact that the aminoacid
sequence of Mets—enkephalin Qas jdentical to that of ‘the fragment

Tyrs] to Met65 of g -1ipotropin. The latter is a minor component of -



pituitary extracts for wnich no function has been determined since its
isolation and characterization in 1964 by Li (296). The molecular
Structure of «, 3 (c-fragment), Sand vy end..phins, all isolated and
characterized from the Hypotha]amus—neurohypophysia] tract, have re-
spectively the same amino acid sequence as the fragments of 3-Tipotropin
corresponding to residues 61-76, 61-91, 61-77, 61-87. It has been pro-
posed that 3-1ip .ropin, with no opiate-like activity of its own, would
be the pro—hormone for all the endorphins and Mets—enkepha1in (297). So
far no precursor for Leus—enkephalin has been either discovered or pro-
posed. Thus, a large number of different degradation products of 8-iip-
otropin have opiate actfvity; Furthermore, the stability and therefore
the durafion of action of these peptides varies widely, from the very
short half-1ife of the enkephalins to the very 1ong.ha]f41ife of the
complete 61-91 fragment (302). Day et al. (299) have proposed that the
‘active' endogenous peptideé all contain the N-terminal sequence H-Tyr-
Gly-Gly-Phe OH. It has also been shown that enkeph ns or peptides
containingthis structure are in fact natura] levo-isomers, contain

the basic nitrogen‘functionTgnd aromatic ring structures and thus pos-
sess all specific features of the opiate agonists (303). Klee (302)

has suggested that when enkepha]in binds to the receptof, it as§umes a
morphine-1ike conformation with the tyrosine moiety corresponding to

the tyramine portion of the mdrbhine molecule and thé side chains of
residue 5 and perhabs 4 as well interacting by hydrophobic forces with
portions of the receptor that also interact with the C and D rings of
_opiates. IE wouldiappear‘fﬁdtzopiate.receptors are in fact peptide
1(1.e. endorphin) receptors and that because of structural simi]afities,

opiates only mimic the effect of theée natural endogenous ligands.
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To date the enkephalins have not been characterized in extracts of the
pituitary gland, although the 1argef endorphins have hieen shown to be
present.in the brain (297, 298). Other morphinominet ic compounds have
been iso]aged from the blood of various animals viz: anodynin (300)
and fast moving material (FMM) and slow moving material (SMM) (290).
Anodynir.  _pears to derive from the pituitary gland, because it vanish-
es from the blood of ﬁypophysectomized rats (274). An endogenous
antagonist 'antendorphin' has been shown to be present in extracts of
rat brain (301).

The endorphins Tlike the opiates have been shown to have numerous
actions in various test/systems.

In synaptosomal opiate-binding assays, on application to single
neurons by microiontophoresis (297), in ana]gesia studies (304, 305),
in the isolated guinea-pig ileum, in the mouse vas deferens(306), as a
stimulus for groWth hormone release (307), in inhibiting adenylate
cyelase in neurpblastoma x gl%oma cell homogenates (308), in producing
euphoria (304)5 in producing physical dependence (297, 309, 310), and
in many other exPeriments, the pharmacological profile of the endor-
phins has been shown to resembie that of the opiate agonists.

It is believed that~some'er'a11 of the endogenous 1ligands may
have a neuromodu]ator Or neurotransmitter role and the following is
the information available regarding the status of enkepha11ns as puta-
tive neurotransm1tters (295): - |

(a) - The pentapeptides are present in brain (16-21).
furthermore,bthey are presen£~in specific areas of

brain in association with stereospecific receptors

(311, 312, 313, 314) and are apparently localized in



(b)

(c)

(e)

nerve terminals (311, 315, 316).

The enzymatic machinery has not been identified but
synthesis from labelled precursor has been observed
in brain (317).

While specific synaptically located enzymes have not
yet been jdentified, a highly effective system for
inactivation of enkephalin exists in brain (318, 319
320, 321, 322, 323). .

Evidence, most]&'indjrect has been obtained for re-

lease both from 1so1afed guinea pig ileum (324, 325,

326) and from brain in vitro and in vivo (79, 279,

280, 311, 315, 327, 328, 329, 330, 331, 332, 333).
The enkephalins have a.predominantiy depressant
action, apparently at a postsynaptic site,ioh single
neurons in iie particular brain areas.where they and

opiate receptors occur and this can be antagonized

by naloxone (334-341).

It seems both unnecessary and unwise to argue from such facts

that one or the other type of peptide representé the physiologically

significant principle. Both short—aéting peptides, serving as classic

neurotransmitters, and longer-acting ones, serving as modulators of

neural pathways, can be physiologically important (302).

If the endorphins are neurotransmitters, how might they affect

postsynaptic cells? Morphine and other opiates applied iontophoret-

\\\\\\ ically to single cerebral cortex cells, inhibit firing in proportion to

-

\\their pharmacological potency with marked stereospecific actions and

- ant?gonism by naloxone, suggesting that the morphinelike féctor may
\
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be an inhibitory transmitter (22).

There are three possibilities of control of an {inhibitory mech-
anism by enkephalin (Figure 2).

The inhibition could be postsynaptic, presynaptic or could be due
to a modulatory effect on the nerve terminaljin which both enkephalin
and the compound responsible for 1nterneuroha1 transmission are pre-
sent. In the first two circumstances, two neurones would be involved,
while in the third circumstance, enkephalin would be released from the
nerve terminal on which it acts by 1nhib%t1ng the release of the neuro-
transmitter.

Chemical Composition, Location, and Distribution of Opiate Receptors

In plexus-free strips’of intestinal longitudinal muscle of guinea
pig ileum, all opiate receptor binding was, abolished indicating that
the opiate receptor is confined to nervous tissue (118).

The opiate receptor distribution has been determined within
neurons, throughout the various regions of the vertebrate brain and
across phyla. The isolated receptors are highly enriched in synaptic
membranes of some class of neurons which are heterogeneously scattered
through most regions of the primate CNS, particularly in the limbic
system. Since all of the putative neurotransmitters fail tb inhibit
_ opiate receptor binding and no good correlation with any known neuro-
transmitter specific system in the brain is apparent, it is un]ike1y
that the opiate receptor is closely and exclusively associated with
one of the known neurotransmitter systems (85, 121, 226).

Lesioning experiments (85, 119, 120, 121) indicate that the opiate
réceptor is not a unique component of axons dr nerve endings of any one

of the known neurotransmitter tracts.
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The apparent absence of "opiate receptors" in brains of inverte-
brates, suggests that these drugs do not elicit specific pharmaco]oéi—
cal responses in invertebrates (109). . "\\

- Opiates may exert their actions primarily in the synaptic region
between neurons. However, such a conclusion must be drawn with cau-
'tion, because fracfions obtained in these subcellular fractionation
procedures are rarely "pure". Moreover, in synaptic membrane fractions,
one cannot discriminate between presynaptic and postsynaptic membranes,
therefore it is not poss%b]e to determine by these techniques at which
side of the synapse aopiates act. Using.recent1y identified receptor
binding for several neurotransmitters in the brain as postsynaptic
;_markers, some investigators (123, 124) have attempted to develop tech-
niques for séparating presynaptic and postsynaptic membranes and by
using these techniques to localize the opiate receptor with greater
precision.

Lowney et al. (127) described fhe so]ugilization and purification
of a lipid-rich brain substance that binds levorphanol stereospecificF
ally and saturably. LohAgﬁjglf (128), showed that this bfndjng could
be accounted for by cerebrosides, which m;y or may not be related to
the opiate receptor. Loh (129) also emphasized the complementary
structure of cerebrosides to opiafes. If cerebroside sulfate binds
morphine, the question arises conéerhing the relationship of this ef-
fect to thé pharmacological actions of bpiates. Jimpy mice have a Tow
brain content of cerebroéide sulfate (129). .In these mice the cere-
broside sulfate concentration in the brain is only 60% of control-mice.
Thesp’ﬁ?zé are very resistantvto the pharmacological actions of mor-

phine, requiring siXtimes more morphine to produce analgesia than
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normal mice. This insensitivity tb.morphine cannot be accounted for‘by
penetration of morphine into the bra¥ﬁ. Because cerebroside sulfate |
does bind opiates with high affinity and the binding shows some cor-
relation with pharmaco]ggica] potency; it may be related in some way

» to the opiate receptors (129). Cerebrosides might be prosthetic groups
of the opiate receptor, as heme is related to g]qbinhin hemoglobin
function (130).

Pert (132), poinfed out ‘that there is a positive correlation be-
tween the effective ana1gesic'sites jh the brain and those areas found
to be rich in opiate receptor binding sites by Kuﬁar and co-workers
(121) and by Hiller et al. (120). Thus, the regions of the medial
thalamus, periaqueductal and periventricular gray matter and hypothal-
amus .that are rich in opiate receptor binding sites appear to be most
effective in producing analgesia when injécted with morphine. The
major discrepancy appears to be in the amygdala, an area rich in opiate
pinding in which morphine was found to;be ineffective, in prdducing
ana]gesia. ‘Nauta (131) also suggested that opiate receptors in the
amygdala might not be related to the analgesic properties, but to
other pharhaco]ogica] actions of morphine. |

A nuq&er of investigators have speculated that the devé]opment .3
tolerance and bhysica1 dependence are mediated by changes in opiate
receptors (134, 135, 136, 137), i.e: these theories have been based
upon postulated changes in the number of opiafe receptors. However,
Pert et al. (138) could detect no change in the number of isolated
opiate receptors which could b construéd as relevant to the develop-
ment of tolerance or physical{ dependence. They proposed an alternative

hypothesis, which is that a gradda] shift .in the equilibrium between

33



the two postulated conformations of the opiate receptor occurs, which
would progressively favor the "antagonist" conformation over the
“agonist“\conformation. This postulated change in the receptor equi-
_]ibrium to favor the antagonist conformation could occur by a grédua]
migration of receptors through membranes to regions having a higher
sodijum concentratibhx\perhqps"from inside to outside of the cell, or
merely by a re—organizétion of receptor protomers within the membrane
which would alter the cooperativity to favor the anfagonist confor-
mation.

Perhaps, the development of an irreversible label for the recep-
tor would shed 11§ht on this problem of addicfion and physical depen-
dence. One ‘would then be able to measure the rate of turnover of the
opiate receptor molecule itself. Pérhaps alterations in'the rate of
receptor turnover, underlie the process of addfction, although it is
quite conééﬁvaﬁle that long term changes of some other, as yet obscure
nature are {hvolved. |

The actions of sodium on obiatg binding described by Snyder's.
group.(IOO) suggest that these reczgtors may be located on the ex-

- ternal sﬁrfaces of cells where they would horma]]y be exposed to
relatively high sodium ion concentrations. Hitzemann & Loh (140) <
showed that their stereospecific narcétic binding material is prob—““\ 
ab]y Tocated on the external surface of the nerve ending partic1es
("synaptosomes"). They showed that after tryptic digestion -of nerve
.ending particles, the stereospecific hércotic binding is eliminated.
This is keeping in Tine with the fact that trypsin does not pene-

trate through the membrane and thus only those proteins which are

partially or completely located on the external surface of'the-mehbrane
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will be susceptible to tryptic activity (222).

Opiate Receptors and Sodium Conductance

Several drugs and toxins are known to interfere‘with sodium move-
ments through biological membranes and the opiate receptor could be
involved in the control of these sodium mo§ements.

Tetrodotoxin had no effect on naltrexone .binding and TTX did not
b1oék the sodium enhancement of naltrexone binding (141) These find-
ings indicate that the opiate receptor does not have any TTX binding

site.

Some local anesthetics carry a catﬁon{c charge and act at a "re-
ceptor site" on the axoplasmic end of the sodium channel (142). 1In
addition, non-ionic Tlocal anestheticsz‘gfgﬂ benzocaine, are thought
to block nerve conduction by disorganiz%ngvthe membrane structure
| around the sodium channels and in this way block sodium conductance
(67).
The existence of certain similarities between the oniate and theF
local anesthetic receptor is suggested by the followi: - ngs (141):
(a) there is a direct competition between local anesthetics an$7
opiqids for binding to the isolated "opiate receptors”.
(b) this competition takes place with concentrations of local
anesthetics that produce nerve block.
(c) the more potent 1oca1 anesthetics are also more potenf in-
hibitors of oﬁiate stereospecific binding, and
(d) ofher drugs such as antihistamines, antiarrhythmic drugs,
tranquilizers, etc., that have local anesthetic effects in

high concentrations also interfere with sterebspecific

opiate binding.



The finding that cationic local anesthetics act competitively with opi-
oids suggests that the cationic group of local anesthetics interacts
with a specific anionic binding site on the opiate receptor. That the
inhibition of naltrexone binding by. benzocaine is non-competitive is
consistent with the disrupting effect that non-cationic local anes-
thetics are thought to have on membranes (141, 228).

Despite certain similarities between the opiate and the local
anesthetic "receptor", it is evident that they are two distinct struc-
tures. Regional distribution studies indicate that the opiate recep-
tor is not uniformly distributed (120, 121), in nervous tissue, while
all nérves are susceptible to the effects of’ioca1 anesthetics. The
cellular localization of both "receptors" also seems to be different.
The Tocal anesthetic "receptor" is intracellular (142) whi]e'the
opiate receptor should be extracellular in order to be accessible to
the endogenous 1igand, wﬁich is known to be a polypeptide of relative-
1y large size (143,144) and therefore not expected to pass through
cell membranes UA?:;S there is a specia11ied uptake system.

Receptor-Composition -

Despite numerous experiments (108, 164, 342, 343, 344) the exact
composition of the receptor unit(s) and the hatufe of the intefaction
of opiate drugs and receptors remains elusive. The problem that re-
mains u:resolved is whether these»drugs act and interact on a single
‘type of opiate drug receptor', ipteract by altering the conformational
characteristics of the receptor molecules at this s{ng1e site, or act
on and interact by uniting with two or more different but closely
associated receptor sites. 3

Initially it was believed that narcotic analgesics and antagonists



acted competively at the same receptor site because of the structural
similarities between active compounds (69, 145, 146, 147) and because
of pharmacological observations (148, 149, 150, 151).

Wikler (152), emphasized that the high degree of pharmacological
specif{city which characterized the antagonism of opiates must be a ‘
consequence of mb]ecu]ar competition between opiate antagonists and
agonists at cellular receptor sites. Thus, it was speculated that ‘
opiate antagonists must éct at the same receptor sites of morphine
action. Moreover, since opia?g<agonists and antagonists are so struc-
turally similar, it was difficult to envision how they could have dif-
ferent receptor‘sités (151, 153). Consisfent with this idea, evidence
accrued that antagonists do not prevent the drugs from entering the
brain of the intact animal (154, 155).

Initial observations with drugs, e.g. nalorphine fed to the con-
clusion that these drﬂgs were partial agonists and interacted with
full agonists at the same receptor site according to the principles of
"Competitive Dualism in Action" as describgd by Ariens et al. (156).

Iq/196], Martin concluded that 'Competitive Dualism in Action' at
a single receptor site could not account for the results obtained in
several agonist-antagonisE druéiinteraction studies. Thus, Martin
proposed a theory of 'Receptor-Dualism', which stated tRat there are
i1, fact two types of opiate drug receptors; aE one type full agon%sté
act to produce an effect and partial agonists act to produce only
antagonism and another type at which only partial agonisfs act to
produce an effect. A "pure" antagonist, e.g. naloxone has antagonis-
tic effects at both sites. |

From their experiments Takemori et al. (157, 158) concluded that
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the narcotic and narcotic antagonist analgesics interact either with
“two different receptor populations or wif@ the same receptor in a
d1fferent>mannef. Thus an extension of the suggestion of Portoghese
(QQ, 160) was formulated in which different narcotic analgesics are
vi%wed as binding wfth a single specfies of receptors but having dif-
ferent positions of molecular binding (Figure 3). The protonated
‘nitrogen (N+) is assumed to be the common site of attachment to the
receptor. Both the full ggqnists and partial agonisfs unite with
site "Nf to produce an appareht competitive antagonism at site "N".
Chronic interaction at the "N" site densensitizes the site resulting
in tolerance and simu]taneéﬁs1y increasing the binding constants of
the antagonisis.for site "NA" resulting in an increased sensitivity -
fo antagonism (161, 162,.163). )

The observations of Smith gg_éi: (345), suggested that the
analgesic, reSp{ratory dep"ssién,_cataractogenic and growth-inhibit-
1n§ responses to opiate drugs are each mediated by receptors differ-
1ﬁg on the basis of éhe degfee of to]grance deve]opmént in each of
‘the four parameters. Gullemin (297) showed that each of the endor-
phins,‘has.unmistakable effects of its own, in addition to some com-
mon properfies ggfﬂ39n~thé different endorphins. Thus the pqssibi]ity
has been raised that the various endorphins are more or less specific
to particular opiate receptors (298). This in turn, would imply a
heterogeneity of opiate receptors that hgs been proposed (346) on the .
Basié of pharmacological data. Martin (346) proposed three types of
receptor, designated u,« and o, based upon differential effects of
various c1as§es'of opiate agqnists and mixed'agonist-antagdnists,

Lord g;_gls (348) proposed another class of receptors (s -receptors)



Figure 3:

Hypothetical interactions between narcotic analgesics

or antagonists and the analgesic receptor. N=narcotic
analgesic site, A=antagonist site, NA=narcotic antagonist
analgesic site (adapted from, 164).
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for the mouse vas deferens. Hutchinson et al. (347) showed ‘' * the
receptors in quinea pig myenteric b1exus and in the mouse vua. deferens
behaved differently with respect to relative affinities for agonists
and éntagonists. Direct binding studies with [ | leu-enkephalin also
indicate the existence of multiple receptor sites in brain (348).
These observations on the heterogeneity\of the opiate receptors
are strongly reinforced by the behaviour of the endorphins. No cor-

relation (i.e. the rank order potency did not vary in parallel) be-

tween two in vitro assay models (mouse vas deferens and the guinea pig

ileum) was found for the enkephalins by Lord et al. (348).

To add to the ébove confusion Puig and co-workers (349), showed
that the reversal by opiate antagonists of the inhibition by opiate
agonists of the é1ectrfca]1y evoked contractions of the guinea pig
ileum, was independent of the general structure of the antagonists,

~implying that a heterogeneous group of opiate_receptbrs, did not
exist. o

Furthermore, the evidence available at present is insufficient

o

“to attempt to allocate different receptors to different physiological

] y
functions.

Problems with Receptor Isolation Studies | Ko

Advances in {solating membrane bound receptors have been rela-
tively slow. First, the well developed methods of fractionating and
purifying water-soluble proteins are often inapp]fZab1e. Second, drugs
that act in the CNS,.since they have to penetrate the Blood Brain
Barrier {BBB), are’qecessari1y Tﬁpophi]ic. This complicates receptor

binding studies, because the membrane receptors are imbedded in a
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11pid matrix, with which such drugs will interact through nonspecific
hydrophobic forces. Thus, the non-specific binding of the opiates
obscures the specific binding which 1s,bé1ieved to be responsible for
the actué] narcotic effect. bThird, the reversibility of most drug-
receptor binding 1mb]ies that significant binding s{tes may be over-
Tooked because of dissociation of drug molecules from the receptors
during work-up procedures. Goldstein et al. (165) pointed out that
the opiates contain a protonated nitrogen atom at bhysio]ogic pH, \
suggesting the likelihood of non—specific’1nteract10ns with numerous
anionic groups in tissues; and that they are also lipophilic, passing
readily through the BBB and presumably associatjng nonspecifically
with neurona]'membranes and myelin. They suggested, however, that

‘ stereospeéificity might provide the key to receptor isolation in this
drug family.

' Howevgf, stereospecific binding, while necessary, is not a suf-
ffcient criterion for the opiate receptor. Pasternqk & Snyder (166)
demonstrated that filters themselves were capable of binding opiates
in a stereospecific fashion. Since glass filters can bind opiates
stereospecifica]]y, certain macromo]ecu]ér brain or othe} constituents
probably also exhibit stereospecific opiate binding whiph; like the
glass filters is not related td the pharmacological actions of opiates.
~Various lipids also displace stereospecific binding of opiates with
the levo-isomer more active than the dextro-isomer (128, 350). Further
more often than not, the mefhods employed by most "binding" investiga-
tors lend themselves to the study of only high affinity sites; because

the tissue fragmenté'are washed before radioactive counting, thus

removing much or ?]1 of the more loosely bound drug. To what extent
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the drug that dissociates and is lost was also stereospecifica]]y*‘"'m

bound 1s unknown.

The main reason however that receptors have proved difficult to
characterize and iéb]ate lTies to a large degree in the absence of cri-
teria for demonstrating that one has a receptor after it has been re-

moved from its normal functional connections in vivo.

\

One must be cautious about equéting'tissue binding with receptor
function even if 'the binding examined 1sisaturab1e at Tow concentra-
tions. Hollenberg and Cuatrecasas‘(167) observed that insulin bind-
ing to glass saturates at extremely low concentrations, similar to

the affinity of the true insulin receptor for insulin. Additional

problems with in vivo studies of drug-receptor interactions are éhe
efferts of distribution and metabolism on the proportion bf the ad-
ministered drug that actually reaches the receptor site, the effects
of compensatory physiological and biochemical processes on the re-

sponses recorded, and the possibility that the response recorded is

so far removed from the site of the drug-receptor interaction that the,

response is limited or otherwise modified by intervening physiological
or biochemical processes (e.g. if a response is dependent upon the
reTeése of a neurotransmitter, it will be limited by the amount of
transmitter évai1ab1e‘for release).

Further, the number of typeé of opiate receptors haé not been
established. Is there only one kind of opiate receptor or are there
diffe}ent réceptors mediating the various actions of opiatés? Do‘
the receptors exist in several conformational states a-' 4o they have
several different binding sites? Finally, it still re s to be

demonstrated that the binding of narcotics to the putative opiate
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‘receptor material initiates a pharmacological response. e
Some investigators have attempted to isolate material wh®  will
specifically bind opiates but not inactive sterioisomers (66, 80, &2,
(\\jﬁibjw, 165, 170, 171). It is concluded from such studies that this
isolated specific binding mater1a1 is in fact the opiate drug receptor.
Attempts are then made to re]ate the phys1o1og1ca1 effects of opiate
drugs and the interaction of these drugs to their binding properties
with this material. Inherent in such studies is the assumption that
receptor binding is sufficient to explain drug response and that drug
properties such as efficacy or intrinsic act1v1ty are of no importance
and that spare receptors, e1ther do not exist or have propert1es ident-
jcal to the true receptors, but in any event do not modify the inter-
pretation of the results obtained inbinding studies (118, 173). How-
ever, there seem§ to be 1ittle vé]id_justification for these assump-
tions.t'Another problem with these studies is that differént‘investiga—
tors often differ as to the cellular fraction in which the material is
found and,its amount. |
Although it is clear that there are binding sites with intriguing
specifirity, there is not yet proof “that the binding site-opiate com-
plex is biologically active. Stereospecificity, may not be a suffi-
cient condition for biological activity, as pointed out above. The
-high affinity of the binding site is also not proof of functional ac-
tivity; the binding constant should be appropr{éte to the bio]og$%51

concentration in the neighbourhood of the in vivor receptor.

In Vivo Studies of Opiate Receptors on Excitable Membranes in the CNS

Many such experiments are conducted under acute surgical conditions

with anesthetized animals. The use of anesthetic agents can be expécted b



to alter the evoked response to noxious input and interéct with mor-
phine action by either potentiating its effects or masking them.
Several microiontophoretic studies employing opiates and endor-
phins have been conducted in the CNS. Microinjection studies provide
one of the critical tests of the identity of a substance as a trans—.
mitter as the putatijve transmitter\1s placed close to the cells pre-
sumed fo be excited or inhibited by it, while the firing activity of
the cells is monitored continuously. .
The effécts of‘micfoiontophoretically applied morphine and

levorphanol on, the spontaneous firing of neurons in the locus

coeruleus .of rats were investigated, by Korf et al. (177) and Bird &

Kuhar (351). Both groups of investigetors reported that opiate ago-
nists depressed spontaneous activity, and this depression could be
antagonized by naloxone and levallorphan. Studies in other areas of
the CNS namely the cerebral cortex, thalamus, dorsal medu]]a (337,
352), @audafé nucleus, periaqueddcta] grey matter (340, 352), sub-
stantia.gelatinosa (353), brainstem neurones (534,.335, 336, 352),
spinal neurones (338, 339), nucleus accumbens (354), trigeminal
_nuc]eus caudalis (355), with either opiate agonists, or endorphins or
both have shown that by and Targe these agents cause a depreésion of
spontaneous, or evoked activity. In most cases this depression could
be prevented or antagonized by opiate aﬁ%agonigigi In very few cases
when application of opiate agonists orvendorphins caused excitation,
this excitation was either not naloxone antagor zable or not stereo-

specific. - A striking feature of the abcve exprriments is that this

inhibitory effect of opiates and endogenous 1igands occurs whether

thevneurones are firing spontaneously (brain stem: 334, 335); firing’
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spontaneously orefiring in response to npxious stimuli (locus
coeruleus: 177, 351); fiFing spontaneously or excited by glutamate
or acetylcholine (cortex: 201); or firin§ in response to aspartate,
or glutamate (spinal sensory interneurones: 356). It seems
Tikely that the effect of morphine at these sites is not related to
an antagonism of any specific excitatory stimulus, but rather repre-
sents an opiate receptor mediated‘membrane stabilization.

Some investigators have reported (341, 352, 357) excitation of
eifher Renshaw cells or the hippocampus on application of morphine,
endorphins or substance P. These investigations showed that in
contrast to other areas of the CNS, such excitation could be pre-
vented or antagonized by app]icafion of opiate antagonists.

These’microiontophoretic studies sﬁggest that opiates and endor-
phins may exert at least part of their activity through'aiteration of
impulse flow in certain areas of the CNS.

In Vitro Isolated Tissue Studies of Opiate Receptors

Efforts have been made to conduct opiate drug receptor studies on
.an isolated in vitro preparation. One of the problems encountered are
the findings that the same tissue or breparation from different species
differed qualitatively:in their sensitiCity to opiate agonists (182).

In most of such studies, narcotic antagonists when employed are
used mainly to distinguish between a non-specific or an opiate drug
receptor mediated effect. In some preparations, opiates inhibit the
release of neurotransmitters from presynaptic nerve endings. This Has
been shown for the guinea pig ileum (84, 94, 183), fhe superior cervical
ganglion of the cat (184, 185), the nictitating membrane of the éat

(184, 186), the neuromuscular junction of the frog (187), etc.
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The most comprehensive investigation of narcotic drug yctions and
interactions on an isolated preparation has been conducted b\Koster-
141tz and his co-workers, on the inhibition of the response to coaxial
stimulation of the guinea pig ileum (182, 188). '

The results they obtained using this preparation wefe well &qr—’
related with the analgesic effects of these drugs and showed also that

this preparation was useful for drug-interaction studies. Although

this preparation has obvious advantages over in vivo studies, it still

has the problem that the response’recorded is only secondarily related
to the physiological changes produced by the action of the opiate drug
on its receptor.

Some 1nvesf}gators prefer to think ‘that CNS drugs produce depres-
sion by interfering with Synapticvtransmission processes, even though

this would mean that a variety of mechanisms are involved to correspond

&

to the variety of effecté produced by these drugs on synaptic trans-
mission processes (190, 360, 361).

With several peripheral preparations, notably the guinea pig ileum,
the mouse vas deferens and tﬁe frog neuromuscular junction, it has been
shown that opiates disrupt synaptic transmission by suppressing the
neurotransmitter release. However, despite the general concensus that
opiates inhibit neurotransmittek release, there is considerable contro-
versy regarding the mechanisms underlying the éuppression of neuro-
transmitter release by these drugs. | '

Schaumann (183) and Paton (84) demongtrated that morphine and its
su?rogafés afé powerfully effective in blocking the contraction of‘
e]ectriéa]]y stimulatéd ileum strips. Paton (84) showed, further, that

this effect is c1ose1y Tinked to the reduction of acetylcholine release



into the bath following each stimulus. It has been sthn by others
(111, 290, 3625 that endogenous ligands are not only bresent in the
guinea pig ileum but also like the.opiates inhibit acetylcholine
release.

Dingledine and Goldstein (200) suggested that opiates probably
act to block impulse invésion into the terminal varicosities of the
cholinergic neuron. Intracellular studies by North and colleagues
(363-367) showed that neurones in the isolated myenteric plexus of the
guinea pig 11eum responded with membrane hyperpo]ar1zat1on on expo-
sure to opiates and enkephalins. This hyperpolarization was prevented
by naloxone. The hyperpo]arizafion was usually associated with a fall
in membrane resistance: These effects they concluded were sufficient
to prevent excitation of a population of myenteric neurones. This
they suggested would reduce the output ‘of acetylcholine when the pre-
paration was.field stimulated. These findings lend some support to
| the hypothesi§ that the central inhibitory actions of opiates and
endogenous 1igands may be mediated by a membrane hyperpo]arizétion
associated w1th a conductance increase.

Henderson and Hughes (368) quoted reports stating that the motor
innervation of the mouse vas. deferens is adrenergic. They also dem-
onstrated that opiétes'and enkephalins inhibit the release of nor-
adrenaline from the motor nervé‘terminals and. thus prevent electrical-
1y induced contractions of the vas deferens.. These inhibitory effects
could be antagonized'by naloxone.

Henderson and North-(369) made intracellular recordings from

single smooth muscle cells of the mouse vas deferens. Opiates and

-
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enkephalin depressed the ampliitude of the excitétory junction poten-
tials. These drugs did not affect the reﬁting membrane potential of
the smooth muscle cells. Their action was antagonized by naloxone.
These workers concluded that opiates and enkephalins act directly
upon the transmitter release sites, to reduce the amount of noradren-
aline liberated by nerve impulses.

Frederickson et al. (370) and Frederickson and Pinsky (371) found
that acetylcholine release in the rat phrenic nerve-diaphragm and frog .
sartorius preparations was reduced by morphine. Bell and Rees (372) .
exam1ned this question using a rat diaphragm preparation and found
no antagonism by naloxche of .the depressant effects of agonists on
neuromuscular transmission. They concluded that these effects on the
neuromuscular junction were not due to a receptor mediated process.

From all the above studfes on the effeéts of opiates and endogen-
ous ligands on synaptic transmission the fo]iowihg conclusions can be
drawn: (a) It is quite probable that opiates have synapticAactiéns;
and it is also probable that the identity of the transmitters con-
tained at the synapse is not a critical factor in determining whether
a given synapse 1s or is not affected by these drugs; (b) It is
1ikely that interference with regu]atory events. at the subsynapt1c
level, such as those controlling second messengers, could account for
opiate effects just as effective]y as interference with presynaptic
- events such as transmit= release and reuptake. The potential inter-
actions betweeh éhe drugs and divalent cations (espeﬁia11y Ca++)
binding sités may'be extremely important, since\synaptic events are

strongly dependent on the availability of these elements.
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There 1s considerable evidence to show that drugs with general
CNS depressant properties also depress excitability and action poten-
tial production in isolated cells (67), and when tested they are
found to act by depreésing the specific increase in Na+ conductivity
which normally results from an adequate stimulus (189, 190).
Hasbrouck (65) reported that naloxone, a narcotic analgesic
antagonist could antagonize the general CNS depression produced by
mdrphine in man. This was a surprising observation, because among
other possibilities it would suggest that there are opiate drug re-
ceptors on excitable cells.

Ritchie and Armett (358) reported that.high concentrations of
morphine and nalorphine applied topically antagonized the depolariz-
" ation of vagal C fibres by acetylcholine, but without blocking action
potential conduction by themselves. Kosterlitz and Wallis (191) found
that morphine had no effect on conduction by mamma]iaﬁ peripheral
nerve. Simon and Rosenberg (193) used 1nvertebf§te (squid and crus-
tacean) axons. Relatively high concenfrations of morphine and 1evor;
phanol decreased spike amplitude and even biocked conduction. These
drugs also reduced or b1ocke§ repetitive firing in squid axons in
media with low divalent cation_content. Agonists (horphine,Alevor-
phanol), antagonist (levallorphan) and the inactive isomer of levor-
phanol (dextrorphan) had similar effects, suggesting to them that
‘1oca1 anesthesia by membrane stabjlization was responsible for the
block. Frazier and his colleagues (194, 359) injected morphine inside
previously evacuated squid axons and found that it blocked axonal cen-
duction not by changing the resting membrane potential but by depfes-

sing transient ionic,(Na+ and K+) conductance changes, very much 1ike
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local anesthetj¢s and the aliphatic alcohols. In their second paper
(359), Frazier et al. showed that two antagonists naloxone and M5050,
as well as etorphine, a potent agonist had qualitatively and quantita-
tively the same effects as morphine. Frazier et al. (194), therefore
concluded that the depressant égfects of narcotic analgesics on

. excitability were not due to an action on an opiate drug receptor
having properties comparable to the opiate receptors found in the CNS
or in smooth muscle. Seeman et al. (192) reported that the minimal
blocking concentrationé on rat phrenic nerve did not differ for D-
and L-methadone and was only slightly higher for dextrorphan than for
levorphanol. These results were assumed to show that stereospecific
binding sites for-opiate drugs do not exist‘oh excitable membranes.

Frank (196) studied the effects oflmorphine, meperidine and
naloxone applied externally to frog's sartorius muscles. Thus when
applied at a concentration of 10° -3 M both naloxone and morphine re-
duced the maximum amplitude of the extracellularly recorded compound
action potential by about the same amount (30%).

In contrast to the agonist effects of high naloxone concentra-
tions, it was found in this study (196) that lTow naloxone concentra-
tions (e.g. 3 x 10-7 M) antagonized the depressant effects of mqrphine
or meperidine on action potential production in frog's sartorius
muscles. These results demonstrated that there were opiate drug re- @\‘\
ceptors on sartorius ‘muscle fibre membranes and that drug activation o
of these receptors inhibits action potential production.

In the above study, there was nevef any sign that at low, antago-

nistic doses, naloxone could produce effects Opposite to those of

morphine or meperidine. Therefore, a physioiogica] type of antagonism

<
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could be  led out. Neither did naloxone at any dose antagonize the
effects of phenobarbital on intact mice. Thus, there was no indication
of any non-competitive antagonism. These results indicated that nal-
oxone is a partial agonist (or antagonist) with a very low intrinsic
~activity (196). Results supporting the contention that opiate antago-
nists do not induce a physiological type of antagonism to the depres-
sant effects of opiates on excitable membranes have been obtained by
Jhamandas (374) and Frank and Buttar (373).

?nt study with intracellular microelectrodes (56) it

IR N
was_ show idine blocked action potential production by two

on-specifié mechanism in which the increase in
hf;éd.i_y Ae“(gNii and jn potassium conductance (gK) produced
By stimu}étﬁbﬁ&afe.depresged and (b) an opiate drug receptor mediated
mechanism, causing a specific depkession of gNa. Low, antagonistic
concéntrations of naloxone cou’ 1ntagonize only the effects produced
by the second mechanism (b). These results also indiéated that there
are opiate drug receptors located probably on the inner surface of
the muscle membrane aésociated with the "sodium channels" and that
‘drug activation of these receptors by either meperidine or high nal-
oxone concentrations interferes with the opening of the “sodiuﬁ chan~
nels" normally produced by membrane depolarization.

The inability of Kosterlitz and Wallis (191) to demonstrate an
inhibitory effect of morphine and some related drugs on action poten-
~ tial production in mammalian nerves was probably due to their use of
low opiate concentrations. | ‘

For studying the effects on nerves in situ in the caf, Koster’iit:

and Wallis (191) used a 3mg/kg dose of morphine equivalent to the 1-6



mg)kg dose of morphine sulfate (M. Wt. 758.8) requireg to produce gen-
eral anesthesia in man (64, 65). Since the function of peripheral
nerves is generally unaffected by drug concentrations which produce
general anesthesia (190), the lack of effect on peripheral nerves re-
porfed by Kosterlitz and Wallis (191) 1in their in situ studies is not
surprising. Thus, despite the potential error always inherent in com-
paring drug dosages in different species, it seems reasonable to con-
clude that they failed to demonstrate the depression of action poten-
tial producxion by narcotic drugé, because the drug doses they employ-
ed were too low (195). I't is also probab]e'that under the conditions
‘of their experiments, Seeman et al. (67) and Frazier et al. (194) ob-
served only the non-specific blocking effects of opiates. The pos-
s1bﬂ1ity that opiates ﬁay alter membrane excitability by affecting
membrane permeabi]ity has been supported in studies conducted by
Zieglgansberger and colleagues (201, 338, 339, 376, 377). These
workers initially showed that the depolarizing action of L-Glutamate
upon spinal neurones was associated wiph a marked incrgasg;in postsyn-
aptic permeability for Na* ions. They subsequently demonstrated that
opiates block L-Glutamate-induced depolarizations by impairing the Na*
influx and by slowing the rate of risé of excitatory postsynaptic po-

tentials (EPSP's) in a naloxone-antagonizable fashion. Further, higher

doses of opiate agonists (e.g. morphine) and antagonists (e.g. Tevallor-

phan) and inactive stereoisomers (e.g. dextrorphan) produced & non-.
specific local anesthetic-Tike action. Where morphine was applied
1ntracé11u]ar1y while glutamate was applied extracellularly, the block-

ing action of morphine was no longer demonstrable indicating that

opiate receptors in'this area of the brain were located extracellularly.
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Haloperidol has been shown to antagonize withdrawal symptoms in
morphine dependent rats and to compare favoraply with methadone in
blocking heroin withdrawal symptoms in man (198). Haloperidol is a
chemical derivative of meperidine (199) and it is possib]é that its
effecté'in this regard, aré due to an action on opiate drug repeptor;.
Findings in our laboratory indicate that haloperidol has an agonistic -
effect on opiate drug receptors on excitable membranes and par£ of
this effect 1ike that of meperidine can be antagonized by employing
concomitantly low concentrations of opiate antagonists (375).

Although a reduction in membrane permeability may accpunt for
the ability of narcotics to block excitability, the exact mechanism by :
which the permeability is affected remains speculative. One thing\js
certain that most depressant drugs.depress gNa, but whether they re-
duce gNa by the same mechanism is uncertain (206). It may be that
some of the effects of depressant drugs that reduce @Na are not
mediated via the c1a§siéa1 pharmacological receptors, because a
chemically heterogenous group of érugs appears to. be having the samé
final effect.

In summary opiate receptors are hypothetical cellular consti-
‘tuents, which have been invoked as the most parsimonious explanation

to account for an abundance of pharmacological phenomena, produced

by the opiate drugs.



IT1. STATEMENT OF THE PROBLEM

The aim of this thesis was to carry out.-an electrophysiological
analysis of the gtabi]izing action of diffeMent opiate drugs and
l6cal anesthetics on action potential production in frog's sartorius
muscte in order to clarify the mechanism of action by which these
drugs “exert their effects. An fmportant objectivé was to determine
the nature, specificity and sensitivity of the opiate receptors on
this muscle by studying the interaction effects of the above drugs.
Another objectiQe was to test the hyp@thesis that suppression of
sodium conductance plays a role in the membrane action of narcotic

drugs, and in fact, that this is the main mechanism by which such

drugs depress membrane excitability.
. q;‘\‘ 4



IV. MATFRIALS AND METHODS

A. Muscle Preparations

The sartorius musc]e\of the leopard frog (Rana pipiens), was
used throughout this investigation. Each frog was killed by a blow
‘on the head and thé muscle dissected and removed with a portion of
| the pelvic g1rd1@'attached After removal, the muscle wus placed in
a Lucite bath and with the aid of a dissection microscope (w11d -
Heerbrigg, Switzerland) it was freed from connect1ve tissue and
fascial membranes. Occasionally the sartor1us muscle from the frog
Rana temporaria was used.

A1l experiments were performed at room temperature (21-22° C.).
The muscles were usually allowed to equilibrate in Ringer's solution
for about 60 minutes before any recordings were conducted.

B. Solutions g

EIT)

®  The Ringer's soiution we orepared in distilled water. The
composition was as follcws (mhi,: NaCl - 111.8; KC1 - 2.47; CaC122H20,—
11.08 (1.80 for Rana tem-oraria): NaHpPOgq - 0.087; NaHCO3 - 2.38; and
dextrage - 11.1. This so.ution had a pd o% aBEUt 7.4 ~7.6, and:con—.

tained also d-tubocurarine (ICN Pharmaceuticals Inc., Cleveland, Ohio)

15, .
ant i
“ra

in-a concentration 01",10'4 g/ml. Tubocurarine was emp]oyédvib elim-
inate bbssib1e neuromusc@lar_effects. Certain solutions were made up
with excess or reduced sodium chloride, the latter by substituting

sucrose to maintain osmolarity.

C. Drugs

o .
2

Drugs emp]oyed in this study were: :i?,k
(a), Morphine hydrochloride - May & Baker
(b) Methadone hydroch]or]deVQ May & Baker

-

y !
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(h)
(1)
The
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Propoxyphene hydrochloride - E1i Lilly & Co.
Meperidine hydrochloride - Winthrop Labs.
Naloxone hydrﬁchioride‘- Endo Labs Inc. )

Naltrexone hydrochloride - Endo Labs Inc.

Dextrometxbrphan hydrobromide - Hoffman - La Roche Ltd. ~

Procaine hydrochloride - Matheson Coleman & Bell

Tetrodotoxin - Sankyo Co.

desired drug concentrations ware : .de with Ringer's solution.

.‘All concentrations refer to the final bath concentration and are ex-

\;pre%sedva§ wM or' M. Al so]utf@hs were millipore filtered thruugh

il ipore filter (0.22 uM) before use.
Bt “-‘ . . "

a2

~=D. . Electrodes

v
¢

Electrodes were made from open ended capillaries (Fisher Scienti-

fic'Co.)
drawn by

strument

having 1.5-2 mm outside diameter. The microélectrodes were
a glass microelectrode puller @%N-S Narishige Scientific In-

Lab. Ltd., Japan). These microelectrodes were then mounted on

a microscope slide with a rubber band around them_andn£1aced into a

Coplin Staining dish with their tips downward. The electrodes were

filled using the method described below. The.Cdplin dish was filled

with me

lowed to

anol and placed in a vacuum dessicator. The methanol was al-

boil for about five minutes by reducing the pressure in the

dessicator. With this procedure, most of the electrodes were completely

filled wi

th methanol. The electrodes attached to this slide were then
AR w L

transferred to another Cdplin dish containing distilled water and they

wérek1ef£ there overnight. After 24 hours, the e]éctrodes'WereAp]aced

in-mtlliporg filtered 3 MKC1 and left there for at least 24 hours be-

fore use.

d
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E. Extracellular Recording

Usually the jsolated sartorius muscle was further dissected with
the aid of the dissection microscopé, until a bundle of fibres from
the central portion (max. diameter < 1 m.m.) remained. These muscle
bundles were mounted horizontally on bipolar platinum sfimu]ating and
bipolar platinum recording electrodes in a Lucite box bath. A ground
_electrode tou . the m.scle in between (Figure 4).

In some casc~ when very small sartorii muscles weregysed, the
" \\v A .

. 0
, L
PR

whole muscle w. sunted for testing without dissectish,
: . ‘,‘;ig(.
For each test of the electrical responses of the.muscle strips,

the bath was cohp]ete]y drained by suction and the intefélectrode
o N3
spaces carefully blotted with filter paper to eliminate short cir- Qa>““

_ , s

L

s

cuiting. _The muscle was stimulated with 2 msec square wave pulses..”
First, thé strength of stimulation was gradually increased to detér-
mine the smallest stimulus needed to produce a measurable action
pb%@ptia]. This was considered to be theé threshold. This threshq@d
cur#ént was measured by recording the voltage drop across a,}O K_)
resistor in series in the stimulating circuit, on‘oneybeam‘of a buble

beam oscilloscope (Textronix 502). Next, records Qere made of the

maximum compound action pbtentia] produced by supermaximal st{mu11

and this bipolar extrace}]u]ati??monitored action potential was re-

corded on the other beam of the‘oscf1]oscogg“‘zhis entire procedure

took about 3 minutes and then the miscle'bundle was_reimmersed in

solution, The amplitude of the inif;gT/;;QHtive spfke of the bipolar -
action potential was used as the measﬁre of the ‘maximum amplitude of ‘

the compound action potential. The horizontal time between the end

- of the current pulse in the top beam and‘the initial peak of the



Figure 4:
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Block diagram of assembly us or extracellular studies.

S, Stimulating electrodes; R,"REcording electrodes.

&
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bipolar action potential was used as a measure of the coruction
' velocity (after taking the distanée between the recording and stip-
ulating electrodes into account).

The excitability was calculated as the inverse of the threshold
~ current and expressed as a percentage of the control‘response.

fn these extracellular studies three types of experiments were
conducted:

(1) For testing the effects of a range of concentrations: After

obtaining controls the muscle bund]eé were exposed for 30

miputes to each drug concentration and then tested. Eacq

muscle wa§“Q§pgé§d to a sequentially increasing drug con-

centration.

(2) For testing drug antagonism: The muscle was exposed for 30
minutes to each of 3 concentrations“of the drug. The elec-
trical responses of the muscle were tested at the start of
the experiment (control) and immediately following each
drug exposure. After each test the musclé was placed in the
next highest drug concentration. Following this the muscle
was allowed to recover, for about 90 minutes in drug-fre?
Ringer's solution. Next another control wifs obtained and
the muscle was exposed to solutions with the same drug con-
ceﬁtrations plus a small concentration of an opiate antago-
nist and the responses tested as before.

(3) For determining the time course of drug effects: After the

- congfol responses had been obtained, the mu&cle bundles were

kept in a single Tow concentration of the drug for up to-

o

:‘""f:- B

E}"- T

-

- 300 minutes and the electrical responses tested at 30 minute_.
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interVa]&. For comparison other muscle bundles were ex-
posed to the same drug concentration for 90 minutes and
then placed in a solution with the drug plus an opiate
antagonist.

In all extracellular experiments, the initial contrd] responses
were obtained about 90 minutes after completion of dissection. This
was the first response recorded in any experimentiand drug additions
were made subsequentbto these recordings. The 90ﬁmihute wait before
commencement of experiﬁents was found to be essentia]tizr two reasons:

(a) . Control experiments (muscles maintained in Ringer's for‘up

to 300 minutes and tested at 30 minute intervals) indicated
that the effect of damage introduced by dissection took up
to 90 minutes fo:' recovery. |

(b) Muscles occassionally were infested by trematode parasites.

The responses of such‘muscles are known to recover in 60-
( 75 minutes if left in Ringer's (227).

F.r Extracellular Stimulation and Intracellular Recording

In these experiments @éé%ﬁ muscles yere mounted’horizonta11y, with
their inner surface uppérmo§£, iﬁ Ringer's solution_ in a_[ucite bath.
This was done becauze the superficial §urface_is cbvened with a dense
layer of’connective tissue which hinders the insertion of microelec-
trodes (8). For final mounting, thé.musc]és were stretched>appr0x1-
méte]y 10% of slack 1ehgfh over a glass post and then a;tached firmly

“to the hooks at the fwo ends in the Lucite bath (Figure 5).

The stretch subserved the fo]]owing.functions: ‘eés
(a) prevented damage to microe]eétrode tips and myofibre membrane

upon movement of the muscle.
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Figure 5: Diagrammatic i]]uétf&tion of the assembly used for'
extracellular stimulation and intracellular recording.
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(b) minimized movemént artifacts. .

The Lucite bath containing the musc1e§ was then placed on a Lucite
stand underneath w?ich there was a light source. This procedure al-
Towed one to illuminate the muscles from below and view them from above
with the aid of a binocular microscope (Wild-Heerbrugg, Switzerland).

Groups of fibres were stimulated by an extrace]TL]ar bibo]ar
wire fiiled pore clectrode connected to the "stimulator". On bringing
the electrode in coﬁtact with a portion of the surface of the musc]é
(with the aid of a micrdmanipu]ator), the fibres being stimulated
could be 1dentified by their movemenf in response to stimuli. The re-
cdrding microelectrode was then lowered into one of these fibres for
:‘the purpose of recording the various electrical parameters of the
mydfibre. Two msec square-wave pulses were .used thro&ghout for stim-
~ulation of the fibres.

The recording e]ectrode-had an é;terna] tip diameter of less than
0.5 microns "and was ‘filled with 3M KC1. Only microelectrodes having
resistances of about 15-35 MQ were used. A so]id state volt-ohm-
microamp mete} (Danameter, Dana Labs Inc., Irviné, California) was used
to measure the resistance of the m%croe]ectrodes. -

" Movement of the recording.mﬁé;oe]ectrode s contro11ed by a
Prior micromanipulator. The electrode was held to a plastic arm at-
tached to thé manipulator by a chlorided silver wire used to connect
the §ﬂgctrode to the amplifier. . A small piece of rubber tubing around
) the s%]ver wire held the shaft of the e1ectrode,_thus maintaining firm.
contact between the 3M KCi in the e]ectrdde?and the‘wireb The refer-
ence electrode consisted of a ch]oridéd silver wire, formed into a

spiral, and placed in the solution bathing the muscle.

-
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The maximal rafe of riseof the action potential was determined
by electrical differentiation. This was achieved by introducing a
capacftance (20 pico farads) into the output of the D.C. amplifier.
‘This differentiating curcu%t had a time constcnt of approximately 20

pusec and provided an output voltage proportional to the rate of change i
ety
of the input (219). Calibration was achieved by feeding a sawtooth R

wave into the input of the differentiatihg circuit. The bath fluid
was not removed -during experimental testing, whicH took about 10 min-
utes. Several myofibres were impaled at random and the resting mem-
brane potentials, the normal and differentiated ;ction potentials
recorded. Oscilloscope records were captured on 35 mm film with a
continuous recording camera and ana]yzed\with the aid of a program-
mable calculator. Action potentials énq;the{c first derivatives
(dV/dt) were.cecorded from severa];fibﬁes over' limited time periods
(usually 5-15 min) throughout the course‘cf an exp ment. In over‘
80% of the periods recordings were from five to twe]vé fibres. Oh1y
when no excitable fibres were found was a value of 0 recorded for

the time period. Otherwise inexcitable fibres were ignored in ~b-

taining means.

G. Anglysis | -
‘ The positive jonic current (Ii) leaving the fibre duf%ﬁg the

falling phase of. the action potential was ca1601atg?‘from the max-
imum rate of fall times the membraﬁe capacitance (382). In making
this calculation a specific ﬁbmbrane'capacicance of 2.5'pF/cm2 was
used. The slope and intercépt was calculated for each set of data
assuming a Tinear regression model (Figuce 44) and from this informa-

tion a maximum rate of fall calculated at a constant action potential



size of 130 mV. For the calculations with-morphine or propoxyphene
alone the results obtained in the 90 and 120 minute recording per-
jods (Table 1) were used and for methadone thé results from the 30
and 60 minute'recording periods were used. In all cases the results
from the last 2 recording periods with agonist plus antagonist were
used for the results in Table lc. |

Where necessa;y, the significance of the difference between two
means was assessed with Student's t-test; a level of significance of
P = 0.05 was used. |

In the course of this work the criteria Tisted by Kao and
Nishiyama (218) for intracellular penetrafions were adopted. These
are:

.(a) sharp deflection on penetration to new d-c potential level

(in the negative direction).
b) "tiean]iness" of shift on reaching the new d-c level.

(
(c) persistence of the new d-c Tevel.
(

d) return to original baseline after withdrawing the electrede.
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V. RESULTS

Typical recordings made with extracellular bipolar stimulating
and recording eleetrodes are shown in Figure 6. The top figure re-
presents a voltage drop across a 50K resistor and such a trace was
used to calculate the thrésho]d current. The bottom figure repre-
sents a compound action potential. The distance between the stimu-
lus artifact and the peak of the action potential was used in cal-
culating the conduction velocity. r

Figure 7-rep§esents a typical action potential recorded with
intracellular microelectrodes. The action potential was.e]ectricai]y
differentiated. Recordings such as this were used in obtaining vafues
for the resting membrane potentiaT, the actiov,gutkntié1, the over-
shoot potential, the maximum rate 7 riée and the ~axjmum rate of
fall.

Control Experiments

(a) Studies with Extracellular Electrodes

On exposure of the muscle strips to Ringer's solution, there was
practically no change in excitabf]ity with,Periods up to 7 hours (Fig-
ure 8). The excitability of these muscle strips was tested immediately
after dissection and at every thirty‘minutes thergéfter. Uéua]ly é to
4 control responses of the "excitability" and ‘the maximum amplitude of :
'the compound action potential in Ringer's were obtained during each
test. The mean of the initial control resppn;es for each musc]e'pré-
paration was used to calculate the per cent of control for the exci-

tability and for the size of the cohpound action pdfentia] during - sub-

sequent treatment.



‘ Figure 6: Typical recordings made with extracellular electrodes
from frog sartorius muscle strips. Top figure repre-
sents a voltage drop across a 50K resistor. Bottom
figure shows stimulus artifact and compound action
potential. .



Figure 7: Typical electrically differentiated action potential
recorded from frog sartorius muscle with inside-the-
cell microelectrodes.
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It can be seen that the size .of the compound action potential

decreased for the first 60 minutes aften,dissection. Concurrently, .

the threshold current needed to elicit this @ction potential increased.

Thereafter, on continued exposure to Ringer's solution the magnitude:
of the compound action potential and the thresho]d currents returned

to the initial level and remained retatively steady.

Thus, for all drug experiments, employing extracel]u]ar e]ec—r o

trodes we adopted 90 minutes after dissection as a necessary wa1tang |
N2

per1od before commencement of experimentation.

(b) Studies with Intracellular E]ectrodes

" In these experiments, we utilized extrace11uiar stimulation and
intracellular microelectrode'necording Control extrace]]u]ar studies
had 1nd1cated that after d1ssect1on a wait of 90 minutes was necessary
before commencement of experimentation. However, in “1ntrace11u]ar
studies who]e sartorii muscaes rathe n mu§c1e~bund1es were en-

S

p]oyed and thus prgsumab]y any disse Jury(was.refatively sma]]

Thus, a 60 m1nute wa1t was adopted as be1ng a suff1c1ent recovery t1

'

before start1ng 1ntrace11u1ar exper1meﬁts ,;' R ' 5;‘~‘;

:’ A
o

Figure 9 dep1cts the effect .on the rest1ng membrane potent1a]

o

when the musc]es_were exposed to R1nger S so]utﬂon The excitability

of ; these musc]es wasutested 60 minutes after d1ssect1on and for. every

30 minutes theré%fter Usual]y 5-12 contro], responses of Ringer's

‘were obta1ned dur1ng each ‘test. The mean of the initial control re-

sponSes for each musc]e preparation was used to calculate the pen
-4

cent change‘1n the exc1tab111ty, during subsequent treatment.- As seen

i
from Figure 9, on exposure to Ringer so]ut1on the resting membrane

.-.\v . o . . R . .
’ [ 4
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potential (RMP) remained steady and relatively unaltered. This in-

dicates that the experimenfal conditions emplbyed did no}iplter or

[

affect the RMP with time.

As shown in Figure 10, there was no significant change in the

exposure

action potential maximum rate of rise duri o Ringer's for

"resultsvpresented in Figur 11 show

up to 6 hours Similar

that there was no s1gn17 ta]} E o
‘dur1ng exposure to R1nger s so]ut1on We thus conclude that “the
exper1menta1 conditions. employed in this study, do not by themsglves
alter ekcitabi]ity parameters in frog sartorius musc]es;

Extracellular Studies

(a) Propoxyphene - HC1

_ Exposure to iﬁcreasing"concentrations of (30 minutes at any con-

. At grx&:

~ centration) propoxyphene =~ HC] 1ncreased the threshold current and
v

decreased the act1en pd%entwai mp11tude and conductﬂa;ve]oc1ty

(F1gure 12). This effect 1ncreased w1th 1ncreas1ng concentrat1ons of .

pnopoxyphene.

u F1gure 13(a) shows the effect of increasing concentratdons of . -

propoxyphene on the max1mum amp11tude of the compound act1on poten-
o -

t1a1. ‘When the muscles were allowed to recover in Ringer's after
treatment with the highest concentration of propoxyp?ene onksub—
wequent exposure to the same concentrations of propﬂxyphene plus

a low concentrat1on of naloxone there wa§ a significant increase
) in the compound action potential. .Thus, na]dxone at concentration\
4‘ »
3 x‘]O M antagonized the depressant effects of propoxyphene HCT.

The effects on-the threshold current ‘and conduct1on ve]oc1ty from

-

,.a

. . - . R . ”rq?,;_n o
/ . ) . . ) -:;} .*;’ ?JV‘«":Z 5
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Figure/}gf/ANaloxone (3 x- 10 7M) antagonism of the depressant effects
) - of propoxyphene on.the extracellularly recorded action
. potential of frog;s sartorius muscle strips. In A, mean
" + S.E.M.: e—e,.propoxyphene (P) alone;O----0, P plus
 naloxone {N). In.B, mean + S.E.M.: 0—o0, thresh&ld cur-
. rent - R alone; e—--e, threshold current - P + N; -
—/\, conduction velocity - P algne; &-—--4, conduc-
tion velocity - P + N. *, means with and without nal-
oxone significantly different at p = 0.05. Results from .
experiments with 5 muscle strips all expased to the 6 drug
combinations. A paired tytest was conducted. '
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the same experiments are shown in Figure 13(b).  Naloxone antagonized
the effect; of propoxyphene, but under the conditions of these experi-
ments this antagonism was statistica]]ydsignificant only at the two
higher propoxyphene concentrations.

It was found that duking a prolonged exposure to a sing]evlow

|

concentration of propoxyphene there was a progressive decline in the o

maximum amplitude of_the"bmppund'action potential with time (Figure
14). In similar expertm nts, it was found that when a low concentna}"
t%gn of naltrexone was added to the bathing medium at abbut 120 min-
utes, the depress1on in the maximum amplitude of the comﬁﬁ%nd action
potentia] elicited by propoxyphene HC1, was s1gn1f1cant1y antagon1zed;
As shown in Figure 15va prolonged exposure to a single low con-
centration of prgpoxyphene produced a progressive decline in the max-
imum amplitude of the compound action potential. A Tow concentrat1on
//““fi0'7M) of meperidine‘added to the bathing medium at 60 minutes‘did'
(ﬁ;;ngg antagonize the_depression in .the m&gimum amplitude of the com--
pound actton potentia1 e]icited by prenexyphene. |

(b) Methadone - HC]

As shown in Figure 16 ‘methadone elevated the thresho]d current

and concurrent]y depressed the action potent1e1, the exc1tab111ty ‘and

conduit1on velocity.’ This effect became more r-snotinced with increas-

1ng‘concentrat1ons of methadone. .. - ‘ o *

-

i ' Figure 17 i]]ustrates the effect of methadone dn-the conduction .

14

ve10c1t_yZ As 1nd1catedrabove thérezwas an 1ncreas1ng depress1on in

conduct1on velocity with 1ncreas1ng concentrat1ons of methadone How-.

ever, when these same musc]e strips were allowed to recover in Ringer's

4
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Figure 14: Effect of a low Propoxyphene concentration (3 X 10'5M)~

hg's sarto muscIe Strips and the antagonistic

8L naltr 10 7M Results from experiments
Tess 3 w1th propquphene aloney(®) and 3
yphene plus naltrexone (F ). Al muscles ex-
posed %o propoxyphene at time 0. Naltrexbne added be-
tween 100-120 minutes. The results obtained and plotted
g8s in Figure 8. Means + S.E.M. *, means with and '
without naltrexone significantly different at p = 0.05.
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and then re-exposed to the same concentration of methadone, it was ob-
served that naloxone- significantly antagonized the depressant effect

'
of methadone.

Nhen muscles were exposed to a s1nq]e Tow concentration of metha-
done (Figure.18), the maximum amplitude of the compound act1on poten-

tial was increasingly depressed with time. However, in similar ex-

)
&‘”\psriments, on addition of naltrexone (10-7M) at approximately 90\minst

to the bathing medium, we found that this Tow coneentration of nal-
trexone could significantly antagonize the depressant effect of metha-

done on the compound act1on potent1a1
J

\?

In%%enera1 the effects produced by mgthadong\on the various
ex%ﬁ%ab1]1ty‘parameters of the, frog ske]eta] muscle Were qua11tat1ve1y
] ‘

very similar to those produced - by propoxyphene when using the extra-

')

ce11u1ar electrode techniques

(c) - Morph1ne - HCl

Figure 192illustrates the effects of morph1ne on the thresh01d

current, the action potent1a1 and the conduct10n ve]oc1ty in the frog g

sartor1us muscle. - The thresho]d current 1ncreased»and the action po-

tential and conduct1on ve1£c1ty decreased upon exposure to morph1ne

"This effect became more pronouneed with 1ncreas1ng concentrat1ons of

A~

morph1ne HCT. ” . : » \\

The effect of morph1ne on the conduct1on ve10c1ty is shown 1n

LEJgure 20.. There was a marked depress1oq'1n the conduct1on ve]oc1ty

. w1th 1ncrea51ng concentrat1ons of morph1ne HCI.. when these same

musc1es were a1lowed to recover ‘in drug “free- anger s and then exposed

" to the same concentrat1ons of morph1ne plus -a sma]] concentration of

ws
"

p
[
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Max. Amplitude (% of Control)

Figure 18:

20
4 .VoHrexone(xICf7M)
. * * *x X Xk X
|
60| ‘
40 1 A 1 1 1 i
0 120 240 360
Exposure 10-3xI0 M Methadone (min)
Effect of a low methadone concentration (3 x 107 °M) on

the maximum amplitude of the compound action potential of
frog's sartorius muscle strips and the antaconistic effect of
naltrexone (1077M). Results from experiments with 6

muscles; 3 with methadone alone (®) and 3 with methadone

and methadone plus naltrexone (L ). A1l muscles exposed

to methadone at time 0. Naltrexone added between 100-120
minutes. The results obtainedand plotted as in

Figure 8. Means + S.E.M. *, means with and

without naltrexone significantly different at

p = 0.05. An unpaired t-test was conducted.
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means + S.E.M. Results obtained and plotted as in Figure
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Conduction Velocity (% of Control)
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1

-

Figure 20:

1
1.25 25 3 375 5
Morphine HCI (x10 M)

Naloxone (3 x 107 7M) antagonism of the depressant effects
of morphine hydrochloride on the compound action potential
of frog's sartorius muscle strips. Meanw + S.E.M. o,
morphine alone;d , morphine plus naloxone. n =3
A1l 3 muscles exposed to the 6 drug combinations. *,
means with and without naloxone, siagnificantly different
at p = 0.05. A paired t-test was conducted.

muscles.
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naloxone, the addition of naloxone significant]y»antngonized the de-
pressant effects of morphine on the conduction velocity.

Figure 21 shcws the effect produced by a single concentration of
morphine on the compound action potential. With time, the maximum
amp11tude»ai the compound action potential became increasingly de-
pressed. Whén a <mall concentration of naltrexone was added at ap-
proximately 90 minutes to the bathing medium, it sfgnificant1y antago-
nized the depressant c¢ffects of morphine on the compound action po-
tential. In contrast to the results observed with propoxyphene and
methadone the antagonistic effect only became apparent 120 minutes
after the addition of the antagonist.

(d) Meperidine - HCI

The effects of 3 meperidine cohgentrations (Figure 22) were
tested by themselves and in the presence of naltrexone. With increas-
 ing concentrations the effect of meperidine became more pronounced.-
Naltrexone antagonized the effects of the 2 lower doses but not those
of the largest dose of meperidine.

In another type of experiment muscle bund]es were centinuously
exposed to.a low concentration of meperidine (10_4M) either with or

7

without naltrexone (10 'M), Figure 23. In all tests, after the initial

control responses were obtained, the muscles were placed in a solution
with only meperidine at time 0. In 4 experiments the muscles remained
in this solution except when testing the electrical response. In the
rest of the experiments the’muscles were placed in a solution cgntain-

ing the same meperidine concentration plus naltrexone at time 60 min-

utes and remained in thic solution. With this meperidine concentration



Max. Amplitude (% of Controt)

Figure 21:

20
v +50Hrexone(|0_7M)
‘ B % *
100 { ¥ k% *
80
60
40 1 1 It i 1 e
0 120 _ 240 - 360
Exposure to 1.25x10 "M Morphine (min)
Effect of a single morphine HC1 concentration (1.25 x

1073M) on the maximum amplitude of the compound action
potential of frog's sartorius muscle strips and the
antagonistic effect of naltrexone (107"M). Results from
experiments with 6 muscles; 3 with morphine algne (g))
and 3 with morphine and morphine plus naltrexone (8).
A1l muscles exposed to morphine at time 0. Naltrexone

added between 70 to 90 minutes. The results obtained

and plotted as in Figure 8. Means z S.E.M. *, mears

with and without naltrexone significantly different
at p = 0.05. An unpaired t-test was conducted.
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Figure 22:

|
2 3 4

AN

‘Meperidine HCI(x10 M)

Naltrexone (10 7M) antagonism of the meperidine depression
of the maximum amplitide of the compoundsisstion potential
of frog's sartorius muscles. Means + S.E.M.: o, meperidine
alone; o, meperidine plus naltrexone (n = 3). Muscles all
exposed to ‘the 6 drug combinations. *, means with and
without naltrexone significantly different at p = 0.05.

A paired t-test was conducted.



120

80
60

40

Max. amplitude (% of controt)

Figure 23:

-7
Naltrexone 10 M 0—©0 . )

1

60 120 (80 240
Time {min) ‘

Effect of a relatively lTow meperidine concentration (1074M) .

on the maximum amplitide of the compound action potential
of frog's sartorius muscles and the antagonistic effect
of naltrexone. Results from experiments with 6 muscles;
means + S.E.M. 3 with meperidine alone (o) and 3 with
meperidine plus naltrexone (0). A1l muscles exposed to
meperidine at time 0. Naltrexone added at 60 minutes.

* means with and without naltrexone significantly dif-

b

ferent at p = 0.05. An unpaired t-test was conducted.

89



90

(10’4M) there was a slow but gradual decrease in the compou- i ac’ on
pofential. When naltrexonc was added to the bathing solution at 60
minutes, the depression in the amplitude of the compound action po-
tential due to meperidine was significantly antagonized.

Similar experiments conducted with meperidine and dextromethorphan:
.and meperidine and propoxyphene are shown in Figures 24 and 25 respec-
tively. 1In both cases single low concentrations (10‘4 or 2 x 10'4M)
of mepeéidine produced a progressive decline in the maximum amplitude
of the compound action potential, which could not be antagonized by
adding at 60 minutes either dextromethorphan (10‘7M) or propoxyphene

(10-7M) to the solution bathing the muscles.

(e) Naloxone - HCI

The effects bf various concentrations of naloxone on excitability
are shown in Figure 26. |

With 30 minute exposures up to a concentration of 3 X 10-7M, nal-
oxone did not produce any observable depressant effects. However, with-
higher concentrations, there was an elevation in the threshold current
and a concurrent decrease in the conduction velocity and the maximum
amplitude of the compound action potenfia]. This indicated that nal-
oxone is a partial agonist with a very iow intrinsic activity, in this,
preparation.. ‘

The effects of .a low concentration of naltrexone (another opiate
antagonist) on the agonist effects of hfgh na1oxone‘concentrations wefe
investfgated. The results of this study are shown in Figure 27. MWith
increasing concentrations of naloxone, there was an increasing eleva-

tion in the threshold current and a decrease in the maximum amplitude

of the compound action potential. When these muscles were allowed to
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Figure 24: Effect of low meperidine concentrations, (e, 10 “M; and

m, 2 x 1074M, respectively) on the maximum amplitide of
the compound action potential-of frog's sartorius muscles
and the lack of antagonistic effect of dextromethorphan

(DMHBr) on the depression elicited by 107"M meperidine (o).

n = 9muscles; 3 with meperidine 10°%M (o), 3 with
meperidine 2 x 107“M (W) and 3 with meperidine (1074M)
and meperidine plus DMHBr (o). A1l muscles exposed to
meperidine at time 0. DMHBr added at 60 minutes; means
+ S.E.M.. An unpaired t-test was conducted.
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Lack of an antagonistic effect of propoxyphene on the

depressant effects of meperidine (107%M) on the extra-

cellularly recorded compound action potential of frog's
sartorius muscle strips. Means + S.E.M. e, meperidine
alone (n =3). o, meperidine plus propoxyphene (n = 3).
A1l muscles exposed to meperidine at time 9.
added at 60 minutes. An unpaired t-test was conducted.-
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Effects of various naloxone concentrations on extra-
celiularly recorded compound action potentials of frog
sartorius muscle strips. n = 3, means + S.E.M. Results
obtained and plotted as.in Figure 8. e....e, threshold
current; e——e, maximum amplitude of compound action
potential; e---e, conduction velocity.

Figure 26:
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Antagonistic effect of a low concentration (1077M) of
naltrexone on the action potential depression produced
by high concentrations of naloxone, in frog sartorius
muscle strips. Extracellular recordings. o—o0, nal-
oxone alone;[J----0), naloxone plus naltrexone (10-7M).
Means + S.E.M. ,n =3 . Al13 muscles exposed to the 6
drug combinations. *, means with and without naltrixone
significantly different at p = 0.05. A paired t-test
was conducted. :



recover in drug-free Ringer's and subsequently exposed to the same con-

cent -tions uf naloxone plus a low concentration of naltrexone (10‘7M),
naltrexone significantly antagnnized the depressant effec . of high

concentrations of naloxone.

(f) Ng]trexoné - HC1

Figure 28 shows "the eifects of a i'ange of naltrexone oncentra-
tions on cgnduction velocity. Up to a concentration of 1075M, nal-
trexone (30 minute exposures) was wichout any marked eftects on con-

duct1on velocity. Howevery ﬁt‘n\gher concentrat1ons, na]trexone pro—

duced excitability depres# ﬁhus? naltrexone l1ke na]oxone was i
' - 2

found to be a partial ‘aggnist with a\Tow 1ntr1ns1c actgv1ty.
The depressant éffgcts of high concentrations of ‘naltrexone could

not be antagonized by emiploying antagonistic concentrations of nal-

oxone. This is shown *\\:igure 29. MWith increasing concentrations ofi

na]trexone there was an elévation in the thresho]d current and a con-
current decrease in the maximum amp11tude of the compound act1on po—
tential. When these muscles were allowed .to.recover in drug-free.
Ringer''s salution and then reeXposed td"tne same’concentrations o%
naltrexone plus an ‘antagonistic concentretion of na]pxone,»jt'wds ob-
served that naloxone did not antagonﬁze the ‘epressant'eftects of

high concentrations of naltrexone. o

(g) Procaine.—'HC14\

In Figure‘30'are'shown the effects of procaine 6n'éxcitabi]itu’1n

the frog sartorius muscle. With increasing concentrat]ons, proca1ne s
depressant effects became more pronounced
F1gure 31, shows the effects of three concentrat1ons of procaine ”

withcand without antagon1st1c concentrat1ons of naloxone on the maximum

SN
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Effect of various naltrexone concentrations on the
conduction velocity of frog's sartorius muscle strips.
n = 6 muscles, means + S.E.M. Means obtained as

f’“) described in Figure 8.
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Lack of an antagonistic effect of naloxone (1077M) on
the depresscnt effects of naltrexone, on the extracellu-
larly recorded compound action potential of frog's
sartorius muscle strips. Means * S.E.M. Threshold
current: M , naltrexone alone; O , naltrexone plus
naloxone. ~Compound action potential: e, naltrexone
alone; o, naltrexone plus naloxone. n = 3. Al

muscles exposed to the 6 drug combinations. A paired

t-test was conducted.
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Effects of various concentrations of procaine hydro-
chloride on extracellularly recorded maximum ampli-
tude of compound action potentials in frog sartorius

muscle strips.

n =6, means + S.E.M. Results obtained

and plotted as in Figure 8.
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Lack of an antagonistic effect of naloxone (3 x 10°7M),
on the depressant effectc of procaine on the extracellu-
larly recorded compound action potential of frog's
sartorius muscle strips. Means + S.E.M. e, procaine
alone; o, procaine plus naloxone. n =3 . Although

not indicated in the figure, the means with and with-

aut naloxone are not significantly different at p = 0.05.

A paired t-test was conducted.
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amplitude of the compound ection potentiél. The addition of 3 X 107 7M
naloxone, neither augmented nor antagonized the effects produced by
procaine. Similar results were obtained for the conduction velocity
(Figure 32).

Similar experiments were conducted using a low antagonistic con-
centration of naltrexone. As shown in Figure 33(a) and (b), naltrexone
(10"7M) did not antagonize the depression.in the conduction velocity
the threshold current or the maximum amplitude of the compound action
potential, produced by procaine HCI. ‘

(h) Dextromethorphan - HBr

When sartorius musc]e bundles were exposgd to dextremethorphan
" concentrations of 107 6M or higher the maximum amplitude of the com-
pound action potential was depressed. The dose-response curve ob-
tained with 60 minute expdsuree to dextromethorphan-is shown in
Figure 34.

The effects of 3 dextromefhorphan concentrations (Fiqure 35) were
tested by themselves and in the presence of naloxone. Dextremethor—
phan in increasing concentrations progressively increased the thres-
hold current and decreased the maximum amplitude of the compound
action petentia1 respectively. Neloxone (10‘7M) could not antagonize
the depressant effects of dextromethorphan on either the threshold
current or the maximum amplitude of the compound action potential.

| (i) Tetrodotoxin ~
\ The effects of various concentrations of tetrodotoxin on the
' maiﬁmum amplitude of the compound action potential are shown in Figure

36. Concentrations of tetrodotoxin, 5 X 10-9M or higher produced a
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Lack of an antagonistic effect of naloxone (3 x 1077M),
on the depressant effects of procaine on the conduction

velocity of frog's sartorius muscle strips. Means *

S.E.M. e, procaine alone; o, procaine plus naloxone.

n= 3. A113 muscles exposed to the 6 drug combinations.
Although not indicated in the figure, the means with

and without naloxone are not significantly different

at p = 0.05. A paired t-test was conducted.



Figure 33:

Lack of an antagonistic effect of naltrexone (10’7M) on )
the depressant effects of procaine on the extracellularly
recorded action potential of frog's sartorius muscle
strips. In A, conduction velocity, mean + S.E.M.: e --o,
Procaine (Pro) alone; e—+e, Pro + Naltrexone (N). In B,
Mean - S.E.M.: upper lines, threshold current; Jower lines
action potential maximum amplitude; e—e, Pro only,0d---7,
Pro + N. Results from experiments withG muscle strips

all exposed to the 6 drug combinations. In no case did the
addition of Naltrexone significantly change the mean at

p = 0.05. A paired t-test was conducted.
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E#ﬁeeté of various concentrations of dextromethorphan on
the maximum size of the compound action potential of frog
sartorius muscle strips. Each mean and standard error was
calculated from the mean responses of each of 3 prepar-
atiaons.
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Figure 35: Lack of an -antagonistic effect of naloxone (10'7M) on the
depressant effects of dextromethorphan (DMP) on the extra-
cellularly recorded compound action potential of frog's
sartorius muscle strips. Means ¢ S.E.M. Threshold current:
/\, DMP alone; A, DMP plus naloxone. Compound action poten-
tial: o, OMP alone; e, DMP plus naloxone. n =3 . A1l mus-
cles exposed to the 6 drug combinations. A paired t-test
was conducted. ‘
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Figure 36: Effects of various concentrations of tetrodotoxin on the
maximum size of the compound action potential of frog
sartorius muscle strips. Each mean and standard error
was calculated from the mean responses of each ofthree
preparations.
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Effect of a relatively Tow tetrodotoxin (TTX) concentra-
tion (7.5 x 107 M) on the maximum amplitude of the com-
pound action potential of the frog's sartorius muscles

and the antagonistic effect of Na (170 mM) and Naltrexone
(10-8M) respectively. Results from experiments with 9
muscles; means + S.E.M.: 3 with TTX alone (o), 3 with TTX
plus Na (A) and 3 with TTX plus naltrexone. Na or nal-
trexone added between 60-90 minutes. *, means with and
without Na significantly different at p = 0.05. An unpaired

t-test was conducted. .
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Figure 38:

» The number of muscles

Antagonism by naloxone or naltrexone of the second phase
of the biphasic depression of the action potential maxi-
mum rate of rise in frog sartorils muscle fibres produced
by some opiate agonists. e, agonist alone (107 3M morphine
in A; 107%M methadone in B; and 10-°M propoxyphene in C)s

O, agonist + 1077M naloxone; o, aganist + 3 X 10°7M

naloxone: OJ , agonist + 1077M naltrexone; 2>, agonist +
10°" naltrexone. Agonist added to the solution bathing
the nuscle at time 0 and antagonist added immediately
following the recording period indicated by the arrows.

: %ng for the agonist alone: 8 in A;
7 in B to 60 minutes and 3 thereafter; and 9 in C. In A:
O and o, two muscles each; in B:O and/\, 2 muscles
each; and in C: o and 3 , 1 muscle each; and & , 2 muscles.
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progressive decline in the amplitude of the action potential. -

In another series of experiments muscle bundles were continuously
exposed to a low concentration of tetrodotoxin (7.5 x 1079 M) either
with naltrexone (1078 M) or excess sodium (170 mM) or without any of
the latter two drugs. The results obtained with exposures up to 300
minutes are presented in Figureu37. In all tests, after the initial
control responses were obtained, the muscles were placed in a solu-
tion with only tetrodotoxin at t{me 0. In 5 of the experiments the
muscles remained in this solution exéept when testing the electrical
response. In the rest of the ekperiments the muscles were placed in
a solution containing the same tetrodotoxin cbncentrationfp1us either
sodium or naltrexone at time 60 minutes and remained in this solution.

With this tetrodotoxin concentration (7.5Ax 10‘9-M) there was a
progressive decrease in the maximum amplitude of the compound action
potential. Naltrexone (108 M) when added at 60 minutes did not
antagonize this decrease in the amélitude of the action‘potential.
Sodium (170 mM) added at 60 minutes significantly aﬁtagonized the

depréssion in the compound action potential Qip]itude.

Concentrations Required to Produce 50% Chdnge
The concentrations of some drugs required/to produce a 50% change
are shown in Table 2. -

Intracellular Studies

(a) ,Morphine,'Methadone, Propoxyphene and Sodium Conductance

Several experiments were conducted using 1073 M morphine (Figure
38a); 10™4 M methadone (Figure 38b); 1075 M propoxyphene (Figure 38c);
ejther with or without the addition of naloxone or naltrexone. The

effects produced on the maximum rate of rise of the action potential



* by these drugs are summarized graphically in Figure 38. With each
of the three opiate agonists used in these experiments a concentration
was found which produced a biphasic decline in the action potential
maximum rate of rise (Figure 38). When naloxone or naltrexone was.
édded at the points indicated by the arrows, its effect was to antago-
nize only tge second phase of the agonist depressjon (Figure 38), in-
dicating a fundamental difference in the mechanisms producing the two
phases. The opiate agonist§ differed only in the concentrations re-
quired to demonstrate this biphasic -decline and in the time course of
their effects.
(b) Naloxone
The effects of a single low antagonistic concentration of nal-
oxone (3 x 10’7M) on the maximum rate of rise were investigated. As
shown in Figure 39, naloxone at a concentration of 3 x 10°/M produced
a progressive decrease in the maximum rate of rise. )
Figure 40 shows the effect produced by a high concentration
(10-3M) of naloxbne on the action potential maximum rate of rise.
With increased exposure time the maximum rate of rise was increasingly
depressed. In contrast to the effects observed with opiate agonists,
the depre;Zioﬁ in the maximum rate of rise appeared to be monophasic.
When a low concentration (10‘7M) of naltrexone was present in the
bathing medium with the naloxone at the start ~ cthe experiments,
naltrexone significﬁnt]y reduced the depression in the maximum rate
of rise.
‘ (c) Naltrexone
Figuré‘41 shows the effects of a single low antagonistic concen-

tration of naltrexone (3 x 10'8M) on the action potential maximum rate
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Table 2 The concentrations of some drugs required to produce a 50%
decrease in the conduction velocity (Cond Vel) and maximum
amplitude (Max Ampl) and a 50% increase in the threshold
current (Thres Cur) for extracellularly recorded, compound
action potentials in frog's sartorius muscle strips. n,

number of muscle strips tested.

CONCENTRATION (M) REQUIRED TO PRODUCE 50% CHANGE

Drug Max_ Amp] Cond Vel Thres Cur n
Morphine HCI 4.3+0.9x1 3.8+0.9x1073 1.620.7x1073 6
Methadone HC1 >6.0 x10 ° 5.6+1.0x107° 3.6:0.8x107° 6
“Propoxyphene HC1 4.7+0.6x107° 4.1+0.8x107° 2.2+0.6x107° 5
Meperidine HCI 4.6+ x107% — —_— 5

(from Frank, 196)
Dextromethorphan  >1.0 x107" >1.0 x107" 0.5:0.4x107"% 3

Naloxone 7.5+1.7x1073 2.3+0.2x1073 1.5+0.1x1073 3
Naltrexone >1.0 - x1073 8.7+.0.6x10°*  >1.0 x1073 6
Procaine HC1 . 4.8+1.9x107" 6.3+1.4x107" 5.8+1.3x107% 6

Tetrodotoxin - . 1.6+0.4x1078 =~ >2.0 x1078 >1.9 x10°8 3
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Figure 39: Effects of a single low antagonistic concentration

(3 x 10°7M) of naloxone on the action potential max-
imum rate of rise of frog's sartorius muscle fibres.
Means + S.E.M. Curves plotted as described in Figure

8. n = 3.
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Figure 40: Antagonistic effect of a low concentration (1077M) of

: naltrexone on the decrease in the intracellularly re-
corded action potential maximum rate of rise produced
by a high concentration (1073M) of naloxone. Means *
S.E.M. Results from experiments with 6 muscles, 3 ex-
posed to naloxone_alone (@), and 3 exposed to naloxone
plus naltrexone (R). *, means with and without naltrexone,
significantly different at p = 0.05. An unpeired t-test
was conducted.
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Figure 41: Effects of a single low antagonistic concentration of

naltrexone (3 x 1078M) on the action potential maximum
rate of rise of frog's sartorius muscle fibres. n =3,
means * S.E.M. Results obtained and plotted as in Fig-

ure 8.
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of rise. As can be seen from Figure 41, there was a progressive de-
cline in the maximum rate of rise of the action potential, on exposure
to naltrexone (3 x 10-8M).

In another type offexperiment muscles were continuously exposed
to a single concentration of naltrexone (5 x 107M) either with or
without naloxone'(10‘7M). The results obtained with exposures to 240
minutes are presented in Figure 42. With this naltrexone concentra-
tion (5 xv10‘4M) there was a progressive and a monophasic decrease in
the maximum rate of rise. In experiments in which naloxone (10'7M)
was pre;ent also, the decrease in the maximum rate of rise due to

naltrexone could not be antagonized or be-prevented.'

Extracellular Sodium and Sodium Conductance

Figure 43 shows the effect of extracellular sodjum conggntration
on the depressant effects of various drugs on the maximum rate of
‘rise of the action potential. .In every case in ngure 43 the drug
appears to depress the ﬁaximum rate of rise, this effect becoming
more pronounced with decreasing sodium concentrations. Also in every
case in Figure 43 increas{ng the extracellular sodium appears to
antagonize the depressant effect of the drug on the m&ximum rate of
rise, again this effect becomes more pronounced with incréasing
extracellular sodium concentration. There also appearé to be ‘a linear
relationship between the extracellular sodium concentration and the
maximum rate of rise, of the action poténtia].

Effects on the Potassium Conductance

It has been shown that there is a linear relation between the
action potential size and the action pbtentia] maximum rate of fall

(56). When a drug reduced gK it displaces this linear relation to
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higher action potential values without <ignificantly changing the
slope of the line. An effect of this type produced by methadone is
i1lustrated in Figure 44. Antagonistic concentrations cf naloxone
(10'7M) did not appear to have any effect on the depression in gK
produced by methadone. | ‘

In order to compare’fhe effects produced by the various drugs and
drug combinations, linear regression curves‘were ca];u]ated for each
experiment and condition. From these curves a maximum rate of fall
was determined at a standard action potential size of 130 mV. The
values fhus obtained were used to calculate the change in inward
current (al3). Results obtained in the present study are listed in
Table 1. The three’agonists, employed in the concentrations required
tn produce a biphésic decline in gNa, produced about fhe same re-
duction in gk (35—37%).

The addition of antaéonistic concentrations of naloxone or nal-
trexone pfoduced inconsistent ;hanges 1h §K; Thus gK was further
reduced when the antagonist was added to methadone, it was increased
when the antagonist was added to propoxyphene, and it was uncﬁanged

in the tests with morphine.
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Figure 42: Lack of an antagonistic effect of naloxone 10 1) on the

depressant effects of naltrexone (5 x 107*M) =n e action
potential maximum rate of rise. Means + S.E.M. . nal-

trexone alone (n = 3); o, naltrexone plus naloxone (n = 3);

An unpaired t-test was conducted.
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Figure 43:

Effect of extracellular sodium concentration and of
various CNS depressant drugs on the maximum rate of
rise of intracellularly recorded action potentials
from the frog's sartorius muscle fibres. In each
case, upper curve, Ringer's solution without drug;
lower curve, with drug. Drug concentrations indicated
on the right for each graph. In every case, mean and
standard error derived from the mean values obtained
in each of 3 separate preparations. The maximum
rate of rise is expressed as a percentage of control

- for all graphs. A paired t-test was conducted.
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Methadone and methadone plus naloxone effects on the
action potential maximum rate of fall. Methadone.
107%M placed in the solution bathing the muscle at
time 0-and naloxone, 10-7M at 65 minutes. e, pre-drug
controls; O , 25-35 minutes and 55-65 minutes; @,
145-155 minutes and 175-185 minutes. Slopes signifi-
cantly different from 0 at p = 0.05.
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VI. DISCUSSION

Direct electrophysiological investigations of the electrical
properties of the iﬂjxijrg_preparation have considerable advantages
over jg_!ixg_studies, in that the modification of the electro-
physiological measurements following treatment with depressant drugs,
allows not only more precise COmpar%sons of the potencies, efficacfés
and affinities of a variety of different compoﬁnds, but can also help
to e]uéidate the mechanism involved in the excifabi]ﬁty block at the
~cellular level.

Studies with extracellular electrodes shbwed that increasing
concentrations of propéxyphene, methadone, morphine, meperidine,
dextromethorphah, naloxone, na]trexone,\tetrodotoxin and procaine,
caused a progressive depression of the maximum amplitude of the com-
pound action potential and the excitability of the muscle fibres:
Intracellular recordings from individual cells showed that all these
drugs produced a depression in the membrane excitability, as indicated
by the decrease 1in thé maximdm rate of rise. The resting membrane
potential, however, remained unchanged.

The 1hcrease in membrane sodium conductance which follows an
‘adequate depolarization of the fibre membrane is a major factor in
determining the'rate of rise of the action potential and the maximum
amplitude of the actionvpotentia1 (10, 28). This is consistent with
the two rﬂ]at1onsh1ps pointed out by Hodgkin and Katz (219, equations
34&8.1) aﬁj’%hgs the assumpt1on has been made here that the maximum
‘rate of rise of tﬁé action potential is proport1ona] to the sodium
permeability of the membrane during the rising phase of the action

potential.



The results discussed above, interpreted in terms of the ionic
hypothesis, suggest that the sodium conductance in the active membrane
is reduced in the drug treated muscles. Thus, the suppreséfon of the
excitation and the gmplitude of.the action potential by the drygs
‘tésted appears to be related to a depression of the sodium ion per-
meability of the active membrane of the muscle fibre. According.to
the “sodium hypothesis" in a sodium-deficient medium the depressant
action of the anesthetics would be intensified, whereas such an effect
should be antagonized by raising the concentration of sodium jons in
the bathing medium. In the present investigation it has been shown
that addition of excess sodium (17Q_mM) into the extracellular medium
antagonized the depressant action of g]] the drugs tested on the rate
of rise of the action potential (used as a measure for sodium inward
current). The§e findings not only lend further support to the mech-
anism of action (i.e. sodium depressant effect) proposed here for the
drugs used in this study, but also substantiate the proposals made
previously by some investigators for general CNS depressant drugs
(44, 45, 46, 195). -Nevertheless all have had to contend with the
fact that in addition to producing!this éommon pattern of genéra] CNS
depression, these drugs also produce other effects on the CNS which
are uniqoe to themse]ves or to only a few drugs with closely related
structures. -Thus even though a reductioq in membrane permeability
may account for the ability of anesthetics to block excitability, the
exact mechanism.by which the permeability is affected remains in many
cases unknown.

Consistent with_thé above discussion, are the findings-of this

. f’ -
study which Showqthat the drugs investigated‘appear to deprégs gNa

./



124

in the active membrane through a variety of mechanisms. Thus drugs
such as propoxyphene, methadone, morphine and meperidine appear to
depress §Na via two mechanisms. Dextromethorphan, naltrexone, pro-
caine and tetrodotoxin all decrease by a mechanism not involving
opiate rcceptors. However, it is well established that tetrodotoxin
blocks sodium channels from the external aspect of plasma membranes \
(378) by an effect‘on a specific drug receptor and that procaine de-
creases the sodium conductance by acting at the inner aspect of the
plasma membrane (30, 31). Further local anesthetics in addition to
“their above site of actigh also expand membranes and “increase mem-
brane fluidity (42, 44, 58). Thus despite the fact-that the final
action of tetrodotoxin and procaine appear to be identica], the re-
spective mechanisms of action of these two drugs obviously differ.
Sihi]ar arguments hold for the other drugs i..ted. Naloxone in high
concentrations decrégses §Na and this depression in excitability can
be antagonized by hgitrexone. This indicates that naloxone is not a
- "pure" antagonist but rather a partial agonist because 1t can have at
different {concentrations, either an agonist (stimulating), or an
antagonist effect by acting on a siﬁg]é type of drug.receptor.
In addition in the éresent study it was shown that the depressant

-effects produced by procaine, tetrodotoxin and dextromethorphan can
not be antagonized by Tow concentrétions of opiaté antagonists. Fur-
tﬁer.dexfgomethorph;h‘fn Tow concentrafions dqgé not antagonize the
depressant effects of opiate agonists. This indicates that opiate
antagonists do not produce a non-specific antagonistic effect to all’

excitability depressant drugs. These results.are consistent with the

view that there are opiate drug "receptors", on sartorius muscle fibre



membranes and drug activation of these £Eceptor- inhibits action
potentié] production.

The drugs studied in this investigation could chée reduction of
the sndium current by one or several of the following: (a) Membrane
Expaiision, (b) Membraée Fluidization, {c) Receptor-Mediated Process,
and (d) Displacement of Membrane Calcium. Most Tikely all these
effects occur simultaneously, and one or the other of these mechan-
isms may dominate in a particular system. _

.Many investigators (55, 66, 68, 69, 74, 75,‘76, 77, 78, 79, 80,
82, 97, 98, 101, 116, 118, 155, 164, 168, 172, 182, 193, 194, 195,
196) have demonstrated that opiates exert their effects via inter-
action with opiate receptors. This investigation has .furnished simi-
lar evidence. Extracellular studies showed that propoxyphéne, metha-
done, morphine and meperidire produced excitability depressions that
can be aﬁtagonized by lJow concentrations of naloxone or naltrexone.
It was also shown that antagonistic concentrations of naltrexone can
“antagonize the agonistic effects of high concentrations of naloxone
but that antagonistic concentrations of naloxone can not antagonize °
the agonistié effects of high conceﬁtrations of naltrexone. Theseé
results indicate that naloxone is a drug with both agonist and antago-
nist effects whereas naTtre*one appears to have only an antagonistic
effect on the 'opiate receptor' in frog's. sartorius muscle membrane.

Studies with 1ntrace11u]ar m1croe1ectrodes indicated that mor-
phine, methadone and propoxyphene b]ock\act1on potential production

by. two mechanisms, (i) a non-specific mechanism in which the increase

in sodium conductance (gNa) and in potassfum conductance (gK) are
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x\\\) In contrast to the biphasic depression p?oducéd by opiate ago-

126

Aepressed and, (ii) an opiate drug receptor-mediated mechanism, caus-
ing a specific depression of gNa. Low, antagonistic concentrations
of opiate antagonists antagonize only the effects produced by the
second mechanism (ii). These results confirm the pattern of diphasic
block first proposed for meperidine by Frank (56). These findings
also confirm the previous contentipn (56, 194, 258, 259) that opiates
produce their actions by both specific and non-spgcific effects. A
possibility arises that if the muscles had been previously preincuba-
ted with a low concentration (v 1077M) of opiate antagonists that it
would have been also possible to antagonize the initial phase of the
biphasic depression, on addition of the agonists. Several such ex-
periments were conduétgd by Frank (personal communication) for
meperidine (3.5 x 1074 M) and naloxone (3 x 1077 M). Frank found
that the decreases in the maximum rate of rise induced by meperidine
were similar whether the muscles were preincubated by.na1bxone

or not. As shown in Figure 39, even at antagonist doses naloxone
depresses the maximum rate of rise and préincubating with naltc. ™
would have further confused the issue. Further as shown in Figures
21 and 38, the antagonistic effect of opiate antagonists does not
become apparent until 90 minutes (Figure 2[) and 30 minutes (Figure
38) aftér the antagonists are added. This antagonism occurs at a
time when the second phase of the biphasic depreésion in the maximum
rate of rise is deve]oping and is consistent with the conclusion that
the antagonists only antagonize the receptor mediated depression

(phase II of the biphasic depression).
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nists it was found that high concéntrations of naloxone (1073M) or
naltrexone (~1074M) inhibit the maximum rate of rise in a monophasic
fashion. Only the effects of naloxone can be antagonized by concom-
itantly employing low concentrations of the other opiate antagonist.
This confirms the results of the extracellular technique and gives
support to the possibility that naloxone is a partial agonist. Such
a possibility might coincide with the findings of other 1nveétigator5
(383). The definition of a partial agonist according to Ariens
theory of "competitive dualism in action" is thaf suChvcompounds
possess intermediate intrinsic.activity. On addition of a partial
agonist to an organ which is in contact with a dose of a related
compound, with a higher intrinsic activity, the partial agonist should
compétitive]y displace the full agonist from the receptors. When the
partial agonist is added in a high enough concentration all receptors
will be occupied by it and the effect becomes equal to the maximum
effect of the partial agonist.

However our results with naloxone are at variance with this
definijtion. Na]oxone in low doses (m10'7M) antagonized opiate agonist
effects, yet at high doses acted as an agon%st. Further increases in
the concentration of naloxone se}ved to increase its agonistic effects.
At high concentrations (in'3M) the agonistic effects of naloxone
paralleled those of opiate agonists. Earlier studies by Frank ({96f
and Frazier et al. (194, 359) had shown that the effects of opiate
antagonists in high concentrations added on to the effects of opiate
agonists. The results of this thesis and those of Frank and Frazier

t al. are cﬁear]y in disagreement with the above theory of Ariens.
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These results are more in agreement with Martin's theory of Receptor
Dua]jsm (155). This theory states that there are two "analgesic"
recéptors, one Qhere full agonists act and partial agonists act as
competitive antagonists and the other where agonists are inactive
and partial agonists are agonists. Although these receptors are
distinguishable they must have very similar stereochemical configura-
tions. ’

As stated earlier opiate agonists produce a biphasic decline iﬁ
the maximum rate of rise of the action potential in frog sartorius
muscle. In this study, of the two inhibitory effects on gNa pro-
duced by opiate agonists only the second phase can be antagonized by
Tow concentrations of opiafe antagonists. Thus during the initial
phase opiate agonists produce a. non-specific local anestheticlike
effect on the active electric characteristics of the membrane. An
obvious explanation for the time course of the sécbnd_phase is that
the receptor sites for this mechanism are located on the inner sur-
face of the p]ésma membrane and that the agonist molecules attached
to these récegfor sités.are in equi]ibriumfwith the drdg Concentration
in the myoplasm. Thus the proportion of receptor sites occupied by
agonist mo]ecu]es would be - determined by the sarcoﬁ‘i&mic concentra-
tion of the opiate agonists. There would be no effect produced by
this mechanism pnti] a 'threshon'\sarcop]asmic concentration 1is
reached. Characteristically, drug dose-response curves are S-shaped
and so even after the threshold concentration is obtained, only a -
small effect would be produced until thé steep bortion of the dose-
response curve is reached. Thereafter thére would be a large in-

crease in effect for each small increase in sarcoplasmic drug con-
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centration.

In different studies, on exposuré of the muscles to single "low
antagonistié” concentrations of naloxone or naltrexone, the antago-
nistic effect changes to an agonistic effect. This presumably is due
to the fact that the intracellular concentration of these drﬁgs is
"building up" during this time. This also suggests that the opiate
receptors are located on the intracellular surface of the muscle
mefibrane. Intracellular locations of opiate receptors have also been
proposed by other investigators (56, 193, 194, 384). |

However, alternative exp]éﬁations for the Tocation of the opiate

"fécepfor' in this study are possible. Thus it is conceivable that
the biphasic pattern observed in the present studies is due to the
”m1gration of feéeptors from intracellular to extracellular loci.
Alternatively, the biphasic pattern may be due to conformational
changes or increased coopefativity.that could be developing between
"receptor protomers”. Some workers (76) have indicated that the

opiate receptor shbu]d be extracellular in order to be accessible to

w

the endogenous 119ahd$} which are‘knOWn to be peptides of relatively
Targe size and therefore not expected 'to pass throdgh cell membranes,
unless there 1s a spec}alized'uptake system. Subpdrting this conclu-
sion are the results of Hitzeméh and Loh (140), who showed that after
tryptic digestion of nerve ending particles, the stereospecific opiate
binding is e]imfnated, This indicates that the stereoépecific opiate
binding site is probably 1ocateq on the external surface of the nerve
ending particles.
'This»diQhotomy regarding the cellular distribution of opiate

receptors may be resolved by proposing that the opiate receptor

2
~
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could conceivably be a "transmémbrane stud”. However, it is more
likely that the conflicting conclusions exist because of species or
t1ssue differences. Further,'the opiate receptors being stud1ed by
d1fferent 1nvest1gators may not all ‘be identical; i.e. there may
exist a heterogeneous group of opiate receptors each mediating the
different effects of opiates in different tissues under different
conditions. - Such .an idea is currently betng entertained by an ever
increasing number of investigators (297, 298, 345, 346, 347, 348,
386) .

The fact that opiates mediate their effects by interaction with
opiate receptors does not invalidate the concept that CNS depressants'
act by inhibiting mainly the sodium conductance because this inhibi-
tion could occur as a consequence of or subsequent to the inter-
action of opjates with their "receptors". The receptors may be
closely associated with or be part of the ionic channels. The precise
relationships between these receptors and the jonic channels remains
elusive at the present time. It is possible that opiatesvinduce a
conformational change in the receptors and this in some way effects
the "ion conductance modulator" and thus the permeating channel.

The common denominator between all the drugs studied in thiz ¢
investigation is that they all inhibit the Na® conductance in vitro,
yet many of these drugs have different pharmacological profiles in
vivo. It,is possible that the different categories of drugs may
reflect different memorane sites of attachment or action (some drugs
may even act by several different mechanisms) resulting in different
final pharmacological efficacies or intrinsic activities. For example,

the opiates may act deep within the substance of the cell membrane
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affecting the Na+ channel relatively slowly or inefficiently, pro-
caine may not only act deep inside the membrane but a]sb act at the
outer aspect and also within the membrane and tetrodotoxin conceivably
attaches directly to the Na+ channel and so has the highest efficacy.
Supporting such a concept is the work of Craviso and Musacchio (141)
who showed that the opiate receétor,is not related to or part'of the
TTX or local anesthetic ”receﬁtors“.

The résu]ts of this study indicate that there are opiate drug
receptors located on the inner surface of the muscle membrane,
associjated with the 'sodium channels' and that drug activation of
these receptérs interferes with the opening of the 'sodium channels'
normally produced by membrane depolarization. |

A technical difficulty encountered is the 1ack‘of a clear cut
distinction between the local anesthétic]ike and opiate receptor
effects of. the drugs studied. A1l opiate agonists studied exhibited
these dual properties.. This problem was further compounded by the
~ finding that the local aﬁggtheticlike effect preceded the opiate
receptor effect. If high doses of opiate agonists were employed the
Tocal anesthetic effect complietely blocked excitability before the
‘opiate receptor effect occurred. If low congentrations were employed
the local anestheticlike and opiate receptor effects merged and both
appeared to develop at the same rate. Also the time course of the
latter study was greatly prolonged. |

The findings of this thesis that there are opiate receptors on
skeletal muscle contradict the reports of Pert et al. (118) whe found

that opiate receptors were confined only to nervous tissue. As
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outlined in the introduction, binding studies have many drawbacks.
For instance in many binding studies involving the brain, the cere-
bellum 1s-routine1y discarded becéuse it possesses no binding sites
(100). Yet studies with other techniques e.g. microiontophoresis,
and local application have shown that the cerebellum does possess
opiate receptors {(352). Also, the amygdala has been shown to possess
one of the highest density of binding sites in the brain, yet it is
insensitive to local application of opiates (132). Further a recent
report (386) has shown that enkephalins are present in the cerebellum
of rats. Another group of investigators (387) has demonstrated that
enkephalins act directly at or within smooth muscle cells. Such dis-
crepancies cast serious dqubts on the conclusions of some binding
studies and provide caution to future investigators who may attempt
to reach conclusions, with results derived from such studies.

~The lack of corfesbondence between the concent " ‘~ns of opiates
~employed in this study and those employed clinica id be due the
existence of different groups of opiate receptors. Martin (346) and
Lord et al. (348) have demonstrated thé existence of heterogeneous
opiate receptors on various tissues. The lack of correspondénce
could also be attributed to the differencés in pharmacokinetics that

exist in vivo and in vitro.

Finally it should be pointed out that the greater than 100% of
maximum control compound actionipotential amplitude observed here.in
some of the extracellular experiments was probably an artifact of the
bipolar extracellular recording system. - Since the amp]ifierArecords

the difference in the electrical potential occurring at the two
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recording electrodes 2 mm apart, a decrease in conduction velocity
will tend to increase the potential recorded and if simu]tanegus]y
the amplitudes of the action pdtentia]s in the individual muscle
fibres are at or near control values the maximum amplitude of the
extracellularly recorded compound action potential would be greater
than the control (196). This explanation is supported by subsequent
results obtained using intracellular microelectrodes. None of the
drugs studiéd, either alone or fn combination, ever increases the
amplitude of the intracellularly recorded action potentials in

individual muscle fibres.



VII. SUMMARY AND CONCLUSIONS

1. The effects of some central depressants (morphine, methadone,
propoxyphene, meperidine, naltrexone, naloxone, dextromethorphan,
tetrodotoxin and oncaine) on certain features of the active membrane .
related to sodium conductance in skeletal muscle were examined.

2. Studies with extracellular electrodes showed that increasing
concentrations of these drugs caused a progressive depression of

both the amplitude of the compound action potential and the.excit-
ability of the muscle fibres.

3. With all the drugs studied, the depressed responses were rever-
sed to the control level when the preparation was brought back to the
normal Ringer's fluid.

4. Intracellular recordings showed that the resting membrane poten--
tial rémained essentially unchanged in the drug treated muscles.

5. The maximum rate of rise of the éction potential was decreaséd

by all the drugs. For propoxyphene, methadone, morphine and meperidine
this effect was antagonized by increasing the “extracellular sodium
céncentration or by having present in the bathing medium, low con:
centrations of opiate antagonists (e.q. nalgxone or naltrexone). High
concentrations of naloxone and naltrexone also depressed the maximum
rate of rise. This effect could be antagonize: for naloxone only by
having present in the bathing medium, low concentrations of thesother
opiate antagonist (naltrexone). The depressant effect of procaine,
tetrodotoxin and dextromethorphan on these parameters could not be
antagonized by low concentrations of opiate antagonists but cou]d'bg
antagonjzed by increasing the extracellular sodium concentration.

6. The results of this study suggest that the central depressqnp

134
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agents studied, block electrica1‘exditabi1ity o% the sartorius muscle
of the frog, by suppressing:fhe specific. increase of sodium conduc-
tance, which normally follows aepo1arization of the fibre membrane.‘
7. Naioxone and naltrexone behaved as antagonists at low concentra-
tions (1078 - 1077M) but as agonists at high concentrations (10'4 -
10-3M). The latter contradicts reports in the literature (108) which
suggest that th%;e opiates are 'pure' antagoﬁists. Our results
indicate that b.th naloxone and naltrexone are probably partial ago-
nists with a vefy ow intrinsic activity.

8. Opiate agonists (e.g. morphine, methadone and propoxyphene) pro-
duced a biphasic debréssion in the ﬁéximum rate of rise, similar to
that of meperidine (56). Only thé second component of this bipha31C'
depressjon, which is probably due to a specific depréssion in gNa
could be antagonized by Tow concentrations of opiate antagonists.

The first component which also is elecited by procaine, could not be
antagonized by oupiate dntagohistsT . |
9. It is suggested that although the dep?éssant effects of opiates
and proéaine appear to be identical, they are in fact mediated by two
different mechanisms. Opiates mediate some of their depressant g}-
~fects via interaction at specific opiéte "receptors", whereas pro-
cainé, tetrodotoxin and dextromethorphan probably mediate their

effects through other means.

10. The physiological role of the opiate receptors on frog sartorius

muscle:membrane, remains elusive.



11. Results of this investigation suggest that the 'receptor' sites
for the opiates under investigation are located on the inner surface
of the plasma membrane.

12. An overall impression gained from the results of this investiga-
tion is that there are opiate drug 'receptors' located on the inner
surface of the muscle membrane associated with the 'sodium channels'

and th t drug activation of these receptors jnterferes with the oben—
ing of the "sodium channels"” normai]y produced by membrane depolar-

jzation.
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FUTURE CONSIDERATIONS

The results of this study suggest several aveni or future
research.
Since the conclusion of this thesi_. = that the opiate receptors

on frog sartorius muscle are intracellular, quaternary opiates could
be émp]oyed to test  this contentian. Such studies may be supple-
mented with microiont;phoretic appl{cation of opiates to either side
of the plasma membrane. Another possibility that cpula be explored
is the use of immunoflourescence. Immunohistochemical studies have
been employed in the CNS to determine the cellular location of opiate
receptors. .

Lanthanum (La+++) has been shown tS substitute for, and calcium
(Ca+¥) tQ’antagonize the effects of opiates in the CNS. It would thus
be interesting to seé Whefher these effects also occur in the sartorius
muscle. If so, then other 1mportéht studies,'like the interaction
between na}oxone and'La+++, Ca++ and La” " and Ca++ and naloxone will
have to be conducted. ‘

Endorphins haye been shown in the CNS to substitute for and mimic
theweffects of opiates. These drugs should be studied in the sartorius
muscle particularly their interaction effecEs-with opiate agonists,
antagonists, Ca++ and La++4. |

Another approach that merits investigation is.to study the effecfs
of pairs of optical isomers of both opiate agonists and antagonisfs.
This should shed hore 1ight on the stereospecifity of the opiate re-
ceptor on frog sartorius muéC]e.

Sjnce calcium is known to be intimately involved in some of the

effects of ohiates another interaction worth studying would be that
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between opiates, calcium, calcium antagonists and calcium ionophores.
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