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CHAPTER I

INTRODUCTION

A Statement of Purpose

The primary aim of my research is to investigate the pharmacological
actions of l-methyl-3-iscbutylxanthine (MIX) with regard to the sites and
mechanisms of its action upon neuromuscular transmission. An undertaking
such as this requires not only a knowledgeable utilization of precise and
sensitive electronic apparatus, but demands, at least, a basic under-
standing of neuromuscular physiology. Some aspects of neuromyal trans-—
mission encompass several specialized areas of research. For example,
one such area concerns biochemical and pharmacological aspgcts of neuro-
transmitter synthesis and storage. Cholinergic receptor studieé, local-
ization and function of cholinesterase or cyclic nucleotide research are
yet other specialized areas directly related to junctional physiology.
These areas, and other appropriate aspects of neuromuscular transmission
are discussed in the first part of this Introduction. These aspects of
nevrcemyal transmission are integrated so as to familiarize the reader
with normal nreuromyal transmission and to facilitate the understanding
of transmission altered by MIX.

An exhaustive description of any defined aspect relating to neuro-
muscular transmission is nearly impossible in this Introduction. The

reader is thus referred to the following reviews: Thesleff and Quastel



(1965), Katz (1966), Nastuk (1966), Karczmar (1967), Riker and Okamoto
(1969), Hubbard (1970) and Zaimis (1976). These authors have compiled
extensive and detailed documentation of physiological and pharmacological
aspects of neuromuscular transmission.

The second part of this Introduction deals with the pharmacology of
MIX and related xanthines. In this part, the effects of MIX at sites
other than nerve or striated muscle are reviewed since no information has
been published as to the neuromuscular actions of this drug. However,
junctional effects of other xanthines are presented; the pertinent review
provides additional support for proposed sites of MIX action at the neuro-
muscular junction.

Altogether, the purpose of this Introduction is to represent
xanthines as capable of affecting specific sites and/or biochemical
mechanisms at the neuromyal junction, resulting in the facilitation of
transmission. The Introduction also serves to provide scientific docu-

mentation or a basis for my investigations of MIX.

Membrane Concept

Early anatomical studies have shown that cell membranes in general
congsist of a bimolecular layer of lipid surrounded by protein (Davson
and Danielli, 1943). In excitable cells this membrane functions as an
insulator interposed between two conducting media, the extracellular
electrolyte and the intracellular cytoplasmic gel (Katz, 1966). Both
nerve and muscle cell may be visualized as cylindrical conductors whose
membranes consist of resistive (pore) components and capacitative areas

(ascribed to the lipoprotein membrane). This formulation underlies the



3
comparison of the excitable cell to a cable conductor (Cole and Hodgkin,
1939; Katz, 1948; Falk and Fatt, 1964). Conducted signals along ex-
citable membranes, however, become distorted due to the resistive and
capacitative leakages through the membrane and because of energy dis-
sipation in the fiber core (Katz, 1966). An awareness of cable prop-
erties is essential for the basic understanding of the membrane depen-
dent control of conducted potentials and on the maintenance of resting
membrane potentials.

In general, the resting membrane potentials (RMPs) range from
-60 to -90 mV in both nerve and muscle. RMPs are largely dependent on
the electrochemical forces controlling the ratios of intracellular and
extracellular Na+, Kt and C1~, and on the semipermeable nature of the
cell membrane. Bernstein (1902) erroneously suggested that resting cell
membranes were selectively permeable to potassium ions alone, and that
their efflux was opposed by extracellular Nat. He also proposed that
Kt was attracted by the presence of intracellular anions not capable
of moving across the cell membrane. Bernstein concluded that during
an action potential, a simple loss of ionic selectivity occurred; this
resulted in a neutralization of RMP.

Boyle and Conway (1941) subsequently observed that frog sartorius
muscle cells selectively accumulated K+ and C1~ while excluding practi-
cally all Nat. RMP was attributed to the balance of electrical and
osmotic forces acting on Nat, Kt and C1~. Distribution of the iomns
followed the law of Donnan equilibrium, as the large organic anions

synthesized intracellularly affected the distribution of the small Kt



and C1~ so that at equilibrium [Ki+]/[Ko+] = [c16]/[c1§]*.

Investigations of frog muscle fibers showed that the permeability
of the membrane to Nat amounted, under resting conditions, to 5% of that
of Kt (Hodgkin and Horowicz, 1959). Experiments with labeled ions con-
clusively demonstrated that inward and outward fluxes of both Nat and Xt
occur in resting muscle fibers (Ussing, 1947; Hodgkin and Horowicz, 1959).
Furthermore, the active Nat efflux was shown to be coupled to kt influx;
this process could be inhibited by metabolic inhibitors (Hodgkin and
Keynes, 1955).

Relative internal and external concentrations of ions in resting
nerve or muscle were noticeably different (Webb and Young, 1940). 1In
resting cells, extracellular Na¥ concentration is about ten times greater
than its intracellular concentration. In contrast, the concentration of
extracellular Kt is fifteen to thirty times less than its intracellular
concentration while external Cl™ concentration is from six to forty times
greater than internal Cl1~ concentration; actual ratios depend on cell
type. Finally, intracellular negativity is supplied largely by anions
such as organic phosphates, amino acids and polyelectrolyte proteinates
(Katz, 1966).

The pioneering investigations of Bernstein (1902) led to conclusive
theories of ionic distribution. On the basis of the biophysical prin-
ciples of Nernst and Ostwald ion distribution could be related to poten-
tial difference in terms of the Nernst Equation:

* The i and o subscripts designate intracellular and extracellular ionic
concentrations, respectively.



Ep = RT/F 1n 3ion A out ,
ion A in

This equation expresses the value of the potential difference across
the cell membrane at equilibrium (Ep) for the ionic species (A). By
substitution of Nat, Kt or C1~ for A, the equilibrium potentials

(E Eg+ or ECl—) for these ionic species can be easily calculated.

Na+’
In muscle cells, the RMP was found to be close to the equilibrium
potential for Kt (EK+). However, for nerve, none of the equilibrium
potential determinations for Nat, C1~ or K' coincided with the value
of the observed RMPs. This finding suggested that RMP of the nerve
membrane was not dependent on any single ionic species.

By combining flux equations for individual ions, Goldman (1943)
arrived at the axiom that at resting membrane potential there was no
net movement of charge across the cell membrane. Further ;alculations
by Hodgkin and Katz (1949) incorporated permeability factors info
individual current equations for each ionic species. Altogether,
the membrane potential could be described by the Goldman-Hodgkin-Katz
equation:

v = RT/F 1n PR [Kol + Py [Nag] + Py [C14]
Py [K;] + Py, [Naj] + Poy [CL]

where

V = the resting membrane potential

P = permeability of the ion designated by the subscript, and

i and o refer to intracellular and extracellular designations,
respectively (cf also p9).

* R is the universal gas constant
T is the absolute temperature
F is "Faraday" or the electric charge per gram equivalent
of univalent ions.
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Thus, RMP was shown to depend on the intracellular and extracellular

concentrations of Nat, Kt and C1- and their relative permeabilities.

Nerve Impulse Initiation

Evoked transmitter release at the myoneural junction is dependent
upon the arrival of a nerve action potential at the motor nerve terminal.
Furthermore, the ionic fluxes responsible for the nerve action potential
as well as the end plate potential are similar despite other contrasting
qualities of these potentials. Gradual physiclogical discoveries of
action potential mechanisms have preceded the more contemporary investi-
gations of neuromuscular transmission. Hence, some of the techniques
used to analyze action potentials have some relevance to the synaptic
potentials as well. For these reasons, a review of early nerve conduction
will precede the subsequent account of neuromuscular transmission.

Application of a local subthreshold current pulse to a resting
nerve results in a graded local depolarization or displacement of the
RMP (Rushton, 1932; Hodgkin, 1937; Katz, 1938). As a consequence of
cable properties the voltage signal fades in an exponential manner with
increasing distance from the stimulus (Katz, 1937). If the local de-
polarization reaches a critical threshold level in the course of a rapid
displacement of RMP from -80 to -50 mV, a spike or action potential en-
sues (Rushton, 1937; Katz, 1966). This signal is self propagated and is
non-decremental in its travel along any given length of the nerve. In-
active areas of the nerve adjacent to the action potential front are
activated by the spread of the action current resulting in nerve impulse

propagation (Hodgkin, 1937; Rushton, 1938).
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Results of early investigations of nerve impulse conduction sup-
ported the concept of ionic mechanisms being the underlying basis of
the action potential. For example, Bear and Schmitt (1939) and Webb
and Young (1940) demonstrated the presence of significant concentration
gradients for both Kt and C1~ between the axoplasm of squid giant axon
and either blood or sea water. Action potentials of these axons were
recorded as a function of extracellular K' concentrations; the potential
spike heights were inversely proportional to extracellular Kt levels
and action potentials were totally abolished at a K" concentration be-
tween 2.5 and 6 times normal (Curtis and Cole, 1942).

Axonal Nat and C1~ concentrations were observed by Steinbach and
Spiegelman (1943) to be one tenth of those in sea water. Subsequent
experiments by Hodgkin and Katz (1949) revealed that Na¥ was essential
for the integrity of the action potential and alteration of external
Nat concentration could affect action potential amplitude as well as
rate of rise and conduction velocity. However, an earlier finding was
that the replacement of all ions with isosmotic dextrose did not affect
the resting or action potential of squid axon (Curtis and Cole, 1942);
the idea that extracellular ions were unnecessary for nerve conduction
was later rejected following the discovery of an impermeable layer pre-
sent in perineurium which retained the ions (Hodgkin, 1976). Further-
more, in other experiments, crab axons placed in salt free media became
inexcitable (Katz, 1947) which agreed with the Nat hypothesis of Hodgkin
and Katz (1949).

Resting nerve exhibits significant permeability to K but very

little permeability to Nat. During the action potential rising phase,



somewhat the reverse of this situation occurred whereby normal selective
permeability was diminished resulting in a 500 fold increase in Na%t per-
meability with little initial change in kKt or C1- permeability (Hodgkin
and Katz, 1949). [Following Na® influx, the KT permeability increases in
a gradual but prolonged manner (Hodgkin and Huxley, 1952d)]. The rapid
decline of RMP to zero was at first explained by the Nat influx in
response to its concentration gradient in the presence of increased mem-
brane permeability. This concept of membrane potential neutralization
by an action potential was first advocated by Bernstein (1902). However,
several investigators revealed that the nerve was not merely neutralized
but actually underwent polarity reversal (Hodgkin and Huxley, 1939, 1945;
Huxley and Stampfli, 1951). This reversal, termed overshoot, contradicted
Bernstein's concept of membrane neutralization during an action poten-
tial. Overshoot was later explained by the depolarization-related
increase in Na' conductance (gNa) thereby moving towards Ena which
resulted in the cell interior becoming briefly positive with respect to
the extracellular environment (Hodgkin and Katz, 1949). Further con-
sideration of the driving forces for 8Ny 2S well as 8k with respect to
the active state are presented later in this review,

Additional support for the Nat hypothesis of Hodgkin and Katz was
provided by radioactive ion flux studies. For example, Keynes (1951)
and Keynes and Lewis (1951) demonstrated that net Nat entry and a net
Kt loss were associated with the action potential of Sepia axons. These
findings were explained on the basis of an increase in Na%t and Kt per-
meability during the action potential. Quantitatively, the observed

values of Nat and Kt fluxes were large enough to account for the action



potential in terms of the amount of electric charge transferred across
the membrane (Keynes, 1951).

The final precise and detailed explanation of the mechanism under-
lying the nerve action potential was presented in a series of classical
investigations by Hodgkin, Huxley and Katz (1952) and by Hodgkin and
Huxley (1952 a-d).

These investigations employed a technique appropriately termed
voltage clamp since the axon membrane potential was held or clamped at
any desired level by means of a feed-back amplifier. The additional
current needed to clamp the membrane potential at any desired level
during nerve stimulation could be separated into individual membrane
current components. Individual ionic species were associated with each
component. For example, depolarizations of 15-110 mV for 10-50 msec
duration resulted in a sudden capacity current* followed by an inward
current phase which changed direction rapidly into a large and pro-
longed outward current (Hodgkin et al., 1952). At normal RMP, the in-
wardly directed current component normally associated with depolariza-
tion could be abolished by replacing the external Nat with choline; the
outward current phase was not affected by this electrolyte modification
(Hodgkin and Huxley, 1952a). These results suggested that the direc-
tions of the observed currents could be attributed to the initial rise
in Nat conductance (inward current phase) followed by the prolonged in-
crease of Kkt conductance (outward current phase), these changes being
associated with an action potential. Subsequent experiements revealed

that Nat and kt conductances, gy, and gy, respectively, rise when the

* Capacity current refers to the brief flow of outward current caused
by the discharge of the membrane capacitance.
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membrane is depolarized and fall when it is repolarized, the changes in
8K being slower and more prolonged than fluxes in gy, (Hodgkin and
Huxley, 1952b). Furthermore gNg and gg were also observed to be a
function of RMP; low RMP or maintained depolarization caused an in-
activation of gy, which resembled a resting state as the latter is also
characterized by low gNa® Thus, at high membrane potentials, an in-
activation of gNg appears to be absent. This situation is characterized
by optimal BNa in response to supramaximal stimuli; at low RMP gy,
is diminished or its inactivation approaches completion (Hodgkin and
Huxley, 1952c).

During an action potential, increases in both gNa and gy occur as
a direct result of membrane permeability alterations. Individual ionic
species move across the membrane in response to their electrochemical
gradient; the driving force for each ionic species is dependent, at
least in part, on the equilibrium potential (E) for the ion under con-
sideration. Thus, Nat first moves into the cell in accordance with ENg-
As the rising phase of the action potential approaches, but never reaches,
Eyg the 8Na 1s progressively diminishing while gy is steadily increasing.
Throughout this period of inactivation of gy,, the membrane is maximally
depolarized and refractory to further stimuli. The increase in gy
causes a net Kt efflux and corresponds to membrane repolarization in
accordance with Ey (Hodgkin and Huxley, 1952d).

A series of equations have been derived to predict action potential
pattern and kinetics on the basis of ionic conductances and currents,
equilibrium and resting potentials, and various rate constants (Hodgkin

and Huxley, 19524d).
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In general, the action potential mechanisms described here for
squid axon are applicable to muscle cells. However, the RMP of muscle
is usually equivalent to Ex while nerve cell Ex is more negative than
its RMP (Katz, 1966). Hence, the greater driving force for repolariza-
tion of the nerve membrane accounts for the falling phase of the action
potential terminating in an after-hyperpolarization; in the case of the
muscle, the falling phase of the action potential terminates at a more
positive value (close to EK) than the falling phase of the nerve spike;
hence, the absence of after-hyperpolarization in the case of the muscle

action potential (Hodgkin, 1958).

Evidence for the Cholinergic
Nature of Junctional Transmission

The chemical mechanism of the transfer of impulse from nerve to
muscle has been approached from various investigative directioﬁs. For
example, neurophysiological experiments have revealed that junctional
transmission cannot be electrical; this finding adds indirect support
to the concept of neurotransmitter involvement. Radioactive tracer
techniques, on the other hand, were useful in following the movements
of transmitter precursors while electron microscopy revealed probable
neurotransmitter storage sites. Hence, this review section concerns
not merely the neurochemical evidence for cholinergic neuromyal trans-
mission. Rather, the following is an integration of anatomical, bio-
chemical, neurophysiological and pharmacological evidence which led to
the discovery and assertion that ACh was the neurotransmitter at the

neuromuscular junction.
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Since the early 1900's, overwhelming evidence implicated the
functional presence of a transmitter substance in several organs. In
1901, Hunt demonstrated that an aqueous extract of suprarenal glands
contained a compound which lowered blood pressure. This substance
yielded choline upon decomposition. Later experiments confirmed that
the acetate ester of choline was 1,000 times more effective as a vaso-
depressor than choline (Hunt and Taveau, 1906). These findings in-
dicated that ACh might be the active substance.

The concept of ACh as the transmitter at the neuromyal junction
evolved slowly as evidence of several investigators accumulated. Ex-
posure of skeletal muscle to the antagonistic actions of nicotine and

"chemical' binding sites

curare demonstrated the chemoceptive nature of
which initiated or prevented muscle contraction; in fact, Langley (1909)
proposed the presence of a 'receptive substance' at or on nerve ter-
minals and/or the muscle itself. Release of an active substance by
stimulating a nerve was demonstrated by the classical heart perfusion
experiments of Loewi (1921). He showed that vagal stimulation re-
leased into the perfusate a substance capable of slowing heart rate.

The active agent was later identified as ACh by Dale and Dudley (1929)
who first isolated ACh from spleen extracts. Dale et al. (1936) sub-
sequently demonstrated that the stimulation of motor nerve fibers to
perfused skeletal muscle caused the appearance of ACh in the venous
fluid. Furthermore, upon stimulation of denervated muscle, ACh did

not appear in the fluid. These and prior contributions enabled Dale

et al. (1936) to suggest that the functional link in the transmission

between nerve and muscle was indeed ACh. More recent investigations

demonstrated ACh release in the absence of nerve stimulation; thus,



there is spontaneous transmitter release at quiescent nerve-muscle
junctions (Fatt and Katz, 1950; del Castillo and Katz, 1956; Burke,
1957; Straughan, 1960; Krnjevic and Straughan, 1964).

The concept of cholinergic transmission was also supported by
the findings related to the presence of enzymes responsible for the
synthesis of ACh. Nachmansohn and Machado (1943) stated that ACh was
synthesized within the nerve terminal from choline and acetate in the
presence of the enzyme choline acetylase. Acetate from glucose metab-
olism and coenzyme A (CoA) were required for the synthesis of acetyl
coenzyme A; this substance served as the immediate source of acetate
for the synthesis of ACh (Berg, 1956 a-b). Choline sources included
plasma choline and choline derived from phospholipid breakdown, in
addition to choline derived from the enzymatic and extracellular de-
gradation of ACh following nerve terminal release (MacIntosh and
Collier, 1976). This degradation results in formation of choline and
the uptake of choline was shown to be carrier mediated. This mechanism
has been demonstrated in muscle cells (Renkin, 1961; Potter, 1970),
squid axons (Hodgkin and Martin, 1965), ganglia (Perry, 1953; Mac Intosh
et al. 1956, 1958) and at various other sites including CNS neurcns,
erythrocytes, etc. Pharmacological evidence supporting the concept of
the reuptake of choline for the synthesis of ACh includes the demon-
stration of the inhibitory actions of hemicholinium at the neuromuscular
junction. This competitive inhibitor of choline uptake caused delayed
muscle paralysis resulting from the depletion of nerve terminal ACh
following repetitive motor nerve stimulation (Schueler, 1960). The
hemicholinium structure was shown to contain two choline-like moieties

(Schueler, 1960).
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Specific molecular sites within the motor nerve terminal at which
the synthesis of ACh occurs have not as yet been defined. However,
synaptic vesicles are considered to be storage sites for ACh prior to
its release (Jones and Kwanbunbumpen, 1970b). The story of synaptic
vesicles begins with the demonstration by means of electron microscopy
of their presence in prejunctional terminals (De Robertis and Bennett,
1955); it was estimated that frog nerve terminals contained about 3 X 106
vesicles per terminal (Birks et al, 1960). Furthermore, vesicle-rich
fractions from cerebral synaptosomes and electric organ were shown to
contain high ACh concentrations (Whittaker and Dowdall, 1973). The in-
direct stimulation of the rat phrenic nerve preparation for 2-4 minutes
resulted in a significant reduction in the volume of synaptic vesicles
(Jones and Kwanbunbumpen, 1970 a-b). Heuser and Reese (1973) then pointed
out that the synaptic vesicles which normally lie close to the terminal
axolemmal membrane disappear during stimulation while pits or indenta-
tions in the membrane develop. Such changes are consistent with the con-
cept that ACh is discharged by the fusion of vesicles with the terminal
membrane and subsequent exocytosis.

Compartmentalization of ACh into several nerve terminal pools was
studied largely by cell fractionation procedures applied to brain homo-
genates (Crossland and Slater, 1968; Slater, 1971). 1In the case of
peripheral nervous tissue, radioactive tracer techniques and physiolog-
ical procedures which focus on ACh content and transmitter release from
intact neurons were applied. Potter (1970) demonstrated that following
the stimulation of rat nerve-diaphragm preparations in the presence of

labeled choline, [14c] ach appeared at a fast rate; however, some 207 of
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the ACh became labeled at a slower rate. This percentage of transmitter
termed 'depot store" continued being present within the terminal through-
out prolonged stimulation in the presence of hemicholinium; the other
80% of the transmitter, termed readily releasable store, originated from
newly synthesized transmitter (Potter, 1970). A similar situation was
observed in the superior cervical ganglion (Birks and MacIntosh, 1961).

Neurophysiological evidence also supported the concept of separate
transmitter storage pools. High frequency stimulation of nerve-muscle
preparations resulted in an initial rapid step-wise decline ("'run down')
of the amplitudes of the first 3-7 endplate potentials (EPPs). The de-
cline was followed by a plateau, as uniform, lower amplitude EPPs ap-
peared (Elmqvist and Quastel, 1965b; Martin, 1966; Ginsborg and Jenkinson,
1976). This phenomenon suggests that as the readily releasable ACh store
is depleted, a second storage or 'depot" supply may be mobilized in order
to avert total transmitter depletion. Furthermore, EPP amplitude decline
following repetitive nerve stimulation (trains) could not be attributed
to diminished quantal size (Elmqvist and Quastel, 1965b), decreased post-
junctional receptor semnsitivity (Otsuka et al.,1962) or to a decrease in
presynaptic action potential amplitude (Takeuchi and Takeuchi, 1962).

All this evidence supports the notion of chemical cholinergic
mediation of neuromyal transmission. Several neurophysiological and
neuroanatomical observations also support the concept of neurotrans-
mitter release at the neuromyal junction by providing evidence which is
not consistent with the concept of electrical transmission. For
example, individual action potentials propagating through a motor nerve
fiber can also be recorded at the muscle fiber innervated by that nerve;

however, a consistent delay of 0.5 to 0.8 msec occurs in the transfer of
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signal from nerve terminal to muscle cell (Katz and Miledi, 1965 a-b).

In addition, electron micrographs revealed the presence of a synaptic
cleft at the neuromuscular junction (De Robertis and Bennett, 1955)

having an estimated width of 150-250 X. Subsequent calculations taking
into consideration muscle fiber diameters, current pulse, synaptic surface
resistance and synaptic gap distance revealed that electrical transmission
across a frog neuromuscular junction is not possible (Katz, 1966). As a
matter of fact, electrical transmission could account for an alteration of
muscle membrane potential by only a negligible subthreshold amount of

¢ 1 wV. The above observations taken collectively argue strongly in
favor of an electrical and anatomical discontinuity between nerve and
muscle.

Electrophysiological Aspects of
Neuromuscular Transmission

The electronegativity of the muscle endplate regions'resulting from
evoked liberation of nerve terminal ACh was initially recorded with crude
silver extracellular electrodes (Cowan, 1936; Eccles and O'Connor, 1939).
In subsequent experiments where preparations were immobilized by d-Tc
local depolarization of muscle fibers termed endplate potential acted as
local catelectrotonic potential with a decrement of about 50%-757 per mm
(Eccles et al.,1941). Katz (1942) added that a reduction of RMP at a
cathode situated at an endplate was associated with an increase in ion per-
meability observed as an impedance loss; the progressive depolarization
and hypothesized resistance breakdown was similar to that observed during
the initiation of a nerve action potential. Kuffler (1943) then reaffirmed
that ACh depolarized only the regions of the muscle fiber proximal to the
neuromyal junction. These findings in conjunction with the NaT requirement

for the integrity of neuromyal responses led Fatt (1950) to hypothesize
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that ACh induced depolarization was related to increased Na+ permeability
at the endplate.

The successful introduction of intracellular recording by means of
a glass microelectrode by Ling and Gerard (1949) led to more sensitive
and precise electrophysiological measurements of the transmission at the
neuromyal junction by Fatt and Katz (1951). This important procedural
contribution resulted in a dramatic increase in our knowledge of neuro-
muscular transmission. Investigators could now distinguish between two
forms of transmitter release at the neuromuscular junction. Spontaneous
release was unrelated to motor nerve stimulation while evoked release
occurred in response to induced nerve impulses. Both types of release

exhibited comparable as well as contrasting properties.

1) Spontaneous Release; General Properties.

Insertion of glass capillary tube microelectrodes into frog muscle
fiber endplate regions revealed spontaneous subthreshold electrical events
not present elsewhere within the muscle fiber (Fatt and Katz, 1950). These
events were random, each having a rapid rise and slow decay characteristic
of an endplate potential; hence, they were termed miniature endplate po-
tentials (MEPPs). The origin of MEPPs was attributed to the random re-
lease of discrete packets of ACh from the motor nerve terminal (Burke,
1957). According to the quantal hypothesis put forward by del Castillo
and Katz (1956) a MEPP or quantum was considered to be the smallest unit
of release; each quantum was estimated to contain approximately 104
molecules of ACh and each prejunctional synaptic vesicle was thought to
store an individual quantum (Hubbard and Jones, 1973). This hypothesis
was supported in part by earlier experiments which employed low Ca++/high

Mgtt concentrations in the extracellular medium (del Castillo and
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Engbaeck, 1954). Perfusion of the preparation with this modified Krebs
solution gradually reduced the quantity of ACh released from the nerve
terminal. As a result, the EPP amplitude declined in a series of steps
characteristic of the dropping out of quantal units; ultimately, with
release being sufficiently depressed, EPPs approximated MEPPs in ampli-
tude and duration. This finding suggested that EPPs were made up of a
large number of units (quanta), each unit being equivalent to a MEPP

(a single quantum).

MEPP amplitudes were shown to be normally distributed with a mean
between 0.1 to 0.5 mV; this value is 1/100 of the average EPP amplitude.
Katz and Thesleff (1957) stressed the constancy of quantal size and
assumed that discrete quantal units and accompanying conductance changes
were identical at the same endplate. However, these investigators ob-
served a 10 fold variation in MEPP amplitude when MEPPs were recorded
from different cells and concluded that input membrane resistance was
inversely proportional to fiber size; the smaller fibers having greater
input resistance exhibited MEPPs of larger amplitude (Katz and Thesleff,
1957). These conclusions were later supported by the results of the
voltage clamp investigations of Takeuchi and Takeuchi (1960a): in
accoraance with Ohms law, relatively small but similar endplate currents
corresponded to large EPPs in muscle fibers of high effective resistance
and to small EPPs in fibers of lower resistance. A similar relation
was presumed to exist between MEPP amplitudes, associated miniature end-
plate currents and muscle fiber resistance (Takeuchi and Takeuchi, 1960a).
Hence, variation in muscle fiber diameters account largely for the notice-
able range in MEPP amplitudes when data obtained from several different

cells are pooled.
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Significant variations of MEPP amplitude were also reported at
single endplates. Liley (1957) recorded giant MEPPs that were several
times the size of an average MEPP. Giant MEPPs, while few in number,
occurred more frequently than would be expected on the random release
concept. Giant MEPPs were postulated to arise by the 'release of pre-
formed multiquantal aggregates of transmitter substance" (Liley, 1957).

At the other extreme was the appearance of 0.3 to 0.6 mV sub-
miniature EPPs recorded from mouse diaphragm (Kriebel et al.,1976).

These minute potentials were not affected by temperature or ca*t con-
centration changes, contrary to MEPPs., Subminiature EPPs were thought
to arise from the release of a quantal subunit (Kriebel et al.,1976) or
from an abnormal packet of ACh (Kriebel and Gross, 1974). Alterations
of MEPP amplitude could be reflective of changes in the prejunctional
quantal size. However, post-junctional changes of postsynaptic membrane
resistance, capacitance, RMP or equilibrium potential were more commonly
associated with MEPP amplitude variation (Takeuchi and Takeuchi, 1960a;
Hubbard et al.,1969a).

From one cell to another, MEPP frequencies exhibited a variation of
even greater magnitude than the variation of amplitudes. The frequency
ranged from 0.1 to 100 H,; most frequencies ranged between 1 to 10 sec.”1
Any alteration of MEPP frequency always implicated a nerve terminal
mechanism (Katz, 1962; Hubbard et al, 1969a). First, nerve terminal
polarization alters spontaneous discharge rate whereas muscle cell
polarization was without effect on MEPP frequency (del Castillo and Katz,
1954b). Second, MEPPs disappear following motor nerve transection or

nerve terminal destruction. The same may be accomplished pharmacologically.
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Hemicholinium interferes with the uptake and synthesis of nerve ter-
minal ACh; hence, terminal depletion following repetitive stimulation
results in the elimination of MEPPs as well as EPPs (Elmqvist and Quastel,
1965a).

Several procedures or agents also exhibited selective actions on
spontaneous discharge rate with few or no effects on MEPP amplitude. For
example, MEPP frequency was significantly increased by: stretching the
muscle (Fatt and Katz, 1952), increasing temperature (Fatt and Katz,
1952; Hoffmann et al.,1966; Hubbard et al.,1971), elevating osmotic
pressure (Fatt and Katz, 1952; Liley, 1956a) or by depolarizing the nerve
terminal (del Castillo and Katz, 1954b; Liley, 1956a; Hubbard and Willis,
1962). 1Ion concentration adjustments also promoted a more rapid spon-
taneous discharge; a lowered Nat concentration in the presence of raised
Kt concentration significantly increased MEPP release. An increase in

*+ or the presence of compounds which elevate catt

exogenously applied Ca
levels consistently increased MEPP frequency (Mambrini and Benoit, 1963;
Hubbard et al. 1968a; Goldberg and Singer, 1969; Shinnick, 1974; Alnaes
and Rahamimoff, 1975; Kriebel and Gross, 1974; Kriebel et al.,1976).

Similarly, the effects of MIX on MEPP frequency suggest the involvement

of Cat™; this is further considered in the Discussion section.

2) The Statistical Aspects of Spontaneous Release.

In general, a series of random events reflect a Poisson or ex-
ponential distribution if each event is totally independent and thus un-
affected by the presence or absence of prior similar events. Further-

more, the events should not occur simultaneously but be distinctly separate
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from one another (Hubbard et al.,196%9a). 1In a Poisson distribution of
MEPP amplitudes, the probability of the occurrence of a MEPP of a given
amplitude should not change significantly over a period of time so long
as the data were obtained over similar non-overlapping time intervals.

Still another criterion for a Poisson distribution states that the
variance* of a number of events (or intervals) is equal to the mean of
all the events (or intervals) occurring over a given period of time
(Hubbard and Jones, 1973).

The statistical expression of probability for an event in accordance

with Poisson distribution is based upon the following formula:
P(k) = ™M mk/k! (Gage and Hubbard, 1965)

In this equation the probability (P) of k events occurring within a

specific time period is determined by the mean number of total events (m)

occurring over the total period of time under consideration. The in-

cidence (n) of a specific number of events (k) in a total population N is:
n=N.p(k)

From this equation the expected incidence of events reflecting a Poisson

distribution can be calculated and compared to the observed incidence of

events. A chi square test is employed to test the significance of agree-
ment between the observed distribution and the expected Poisson distribu-
tion.

* The variance (V) of a population is a statistical measure of variability
equal to the standard deviation squared (SD)2. Variance can be computed
by obtaining the deviation of each item from the mean (x-w ), squaring
them (x-;l)z, summing up all the squared deviations in the population
T (x-M )2, and dividing by the total number of items N. Thus,

V= g(x-4)2/N. x is the value of each item and / is the mean value
of the items.
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Fatt and Katz (1952) first demonstrated that both amplitude and fre-
quency distributions of an 800 MEPP histogram fit an exponential distribu-
tion curve characteristic of a random series of events. This observation
agreed with a subsequent statistical analysis which characterized MEPP
release as closely fitting a Poisson distribution (Gage and Hubbard, 1965;
Hubbard et al.;1969a; Rothshenker and Rahamimoff, 1970).

The alterations of experimental conditions by nerve terminal de-
polarization (Auerbach, 1971) or by increasing the bathing medium Catt
concentration from 2.8 mM to 15.0 mM (Rothschenker and Rahamimoff, 1970)
have resulted in MEPP frequency distributions differing from Poisson dis-
tribution. However, Cohen et al. (1974b) demonstrated no change in
release statistics following a comparable Catt increase. On the other
hand, recent evidence has shown that MEPPs recorded in some experiments in
which physiological conditions are duplicated do not reflect a Poisson
distribution. While spontaneous release generally meets some of the cri-
teria for a Poisson distribution, other criteria may not be met (Hubbard
and Jones, 1973). There may be a deviation from the equality of the
variance of the interval between MEPPs and the mean of this interval.
Hubbard and Jones (1973) stated that:

The observed transmitter release may be the pooled output of a

finite number of transmitter release sites, each of which re-

lease quanta in a random phasic manner or in a manner more

ordered than Poisson.
Several procedures and observations led Cohen et al. (1974 a, b, c) to
consider Poisson distribution of MEPPs as inappropriate. They used much
larger MEPP samples than those included in previous studies. Statistical

methods more sensitive to deviations from Poisson were also incorporated

and they reported the occurrence of simultaneous events or giant MEPPs.
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Altogether, they found evidence indicating that release of one quantum
enhances the release of a second one (drag effect), although Hubbard and
Jones (1973) found no evidence for the drag effect. Further evidence
against non-Poisson distribution of MEPPs included the observation of
accentuated MEPP bursts in some preparations (Kriebel et al.,1975; Cohen
et al. 1974 a-c). Kriebel et al. (1976) also reported that manipulation
of experimental conditions did not affect synchronously released sub-
miniature EPPs whereas normal MEPP distributions were altered.

Current evidence regarding the nature of spontaneous release is,
thus, gradually accumulating in favor of a more ordered or perhaps
synchronous process which is contrary to a Poisson distribution. The
application of more refined investigative and statistical techniques
have contributed to the re-evaluation of MEPPs. However, a non-Poisson
MEPP distribution may yet be considered as the exception to the rule and
resolution of this controversy appears, at this point, to rely on future

investigations.

3) Evoked Release; Electrical Properties and Ionic Aspects.

An endplate potential (EPP) is a local depolarization generated at
the endplate when a nerve action potential and subsequent ca™™ influx
(Katz and Miledi, 1965c) invading the nerve terminal triggers a synchronous
multiquantal release of transmitter. The free diffusible transmitter com-
bines with the postjunctional receptor sites and the ensuing increase in
Nat and K+, but not Cl~, conductance, initiates the ionic currents respon-
sible for the endplate potential itself (Takeuchi and Takeuchi, 1960b).
Should this depolarization reach a certain critical threshold, a non-

decremental muscle fiber action potential is initiated and propagated,
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resulting in muscle contraction. Consequently, the EPP originating pre-
junctionally and recorded at the subsynaptic endplate region reflects

the "chemical"” continuity of impulse transmission between the pre and post-
junctional elements separated by the synaptic cleft.

Successful intracellular recording of potentials resulting from
evoked release at the neuromuscular junction requires that muscle move-
ment be eliminated or greatly reduced. Four methods are commonly em-
ployed to achieve this end. The competitive blockade of postjunctional
ACh receptors by the addition of sufficient d-tubocurarine reduced EPP
amplitudes below the threshold for muscle spike activation (Eccles et al.,
1941). Addition of a high Mgtt/low Catt salt concentration to the bath-
ing medium results in a reduction of ACh release causing a decline of EPP
amplitude or a failure of release altogether (del Castillo and Engbaeck,
1954); the amount of ACh liberated in the modified, high ﬁg++/iow Catt
Krebs solution varies directly with the Ca*t and inversely with Mg++
concentration (del Castillo and Katz, 1954a), and can be regulated so as
to provide a recordable EPP. The cut fiber technique of Barstad and
Lilleheil (1968) requires the transection of muscle fibers along with
contractile filaments on each side of the endplate. This procedure de-
polarizes the fibers by -20 to -35 mV and prevents the conduction of
muscle action potentials. Finally, the exposure of muscle to hypertonic
ethylene glycol (Sevcik and Narahashi, 1972) results in the destruction
of the sarcoplasmic T tubule system; consequently, excitation-contraction
uncoupling is achieved.

Following pharmacological, mechanical or toxic immobilization of

muscle movement, EPPs could be easily recorded intracellularly. The
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potentials were displayed as monophasic waves which were rapidly
attenuated as the depolarization moved away from the endplate. When
recorded from a "focally" placed electrode, a single EPP usually ex-
hibits a rise time of 1 msec or less and declines to one half its
amplitude in 2 msec, or less (Fatt and Katz, 1951).

The relation Q = CV, where C is the capacitance and V the voltage
across the capacitance, denotes the quantity of electric charge (Q) re-
moved from the fiber surface (Hubbard et al. 196%9a). Charge transfer is
useful in the determination of transmitter depolarizing power and net
transport of univalent ions across the endplate. The number of moles of
the ion moved across the membrane (n) is derived using a modification of
the above equation. Thus:

n = CV/F
where F is Faraday's constant (103). Hence, 3.2 x 10-3 volts cm passed
through a 1 cm fiber having a capacity of 2.45 x 10~7 F/sz was shown to
have a charge transfer for a subthreshold EPP of 8 x 10710 coulombs.
This charge corresponds to a net ionic flux of at least 8 x 10715 moles
(Fatt and Katz, 1951).

By using the voltage clamp technique, individual ionic currents of
an EPP could be explained in a manner similar to that previously described
for the nerve action potential. From the Nernst equation, the Ey, and
Ex were calculated at +50 mV and -99 mV, respectively. Takeuchi and
Takeuchi (1959) determined the membrane potential at which the EPP was
nullified. This value was -15 mV for frog sartorious muscle and was
termed the equilibrium potential of the EPP (EEPP)' More precisely, Egpp

represented the "'membrane potential at which ACh caused neither
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hyperpolarization nor depolarization since the sums of currents carried
by the ions affected by ACh became zero" (Ginsborg and Jenkinson, 1976).
The ionic current, in the case of Na (INa), was dependent on the conduct-
ance of Na© (8 gyy) multiplied by the driving force for that particular
ion designated as RMP - Egs- Thus, INa = 1§gNa (RMP - ENa)' Similarly
for K, Iy = Dy (RMP - EK). The total current (EPC) representing an

activated endplate is:
Iyt Ig = Agy, (RP -E )+ Ag, (RMP - Ep)

At E =0

EPP’ INa + Ix

By algebraic manipulation [;gNa/ NAsg = (EK,_ EEPP)/(EEPP - ENa)

Substitution of experimentally determined values for EEPP’ EK’ and ENa
revealed that A gNa/ Degg = 1.29 (Takeuchi and Takeuchi, 1960b). Ionic
conductances could be altered by the presence of either ACh or d-Tc at
the endplate. However, the ratio of A.gNa/ Agg remained constant
(Takeuchi and Takeuchi, 1960b).

In addition to Nat and K+, ca*t is also involved postjunctionally.
Although Nat and Kt fluxes represent the ionic basis of the EPP, ca™t is
known as a modulating influence on the EPP., Although this divalent cation

++

contributes insignificantly to EPC, an increase in Ca concentration

from 2 mM to 30 mM selectively reduced gy, change produced by ACh. As a
result, EPC amplitude was reduced to 72% of control at a membrane poten-

tial of -100 mV (Takeuchi, 1963). This selective influence of catt

on
8Ny Suggests that the postjunctional membrane consists of separate

Nat and Kt channels.
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Additional pharmacological evidence supporting the concept of such
channels were made possible by the use of toxins and a blocking agent;
tetrodotoxin and saxitoxin were observed to prevent voltage dependent
changes in gy, while tetraethylammonium blocked gx (Adrian et al. 1970;

Hille, 1970; Kao, 1966; Stanfield, 1970).

4) Evoked Release: Quantal Aspects.

del Castillo and Katz (1954a) demonstrated that endplate potentials
can be reduced to a unit identical in size and shape to a MEPP; this can
be accomplished by raising the Mg++ or lowering the Cat* concentration of
the perfusate. An analysis of such reduced EPPs indicated that the vari-
ation in the number of units in a long series of EPP responses followed
a Poisson distribution. This finding is predictable since the sum of
any number of Poisson variates is also a Poisson variate: the Poisson
variate being MEPPs or quanta and the sum being the total number of MEPPs
(quanta) contained in several EPPs. Consequently, the number of quanta
contained in several EPPs during any defined interval should fit a
Poisson distribution (Hubbard et al. 1969a).

A single EPP has been estimated to contain between 100 to 200 quanta
of ACh (Hubbard and Wilson, 1973) and this accumulation of quanta per EPP
was appropriately termed the quantal content (m) of the EPP. The quantal
content may vary considerably from one EPP to the next even at the same
endplate. The concept of m value means that each nerve action potential
is capable of releasing several quanta, each one being identical to an
average MEPP in size, from a fixed population of n number of units.  Hence,

n was designated as the readily releasable store. However, the average
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probability (p) of any single quantum being released upon stimulation is
also partially responsible for the determination of m. In order for re-
lease to comply with a Poisson distribution, p must remain constant from
one stimulus to the next and should have a value of £ 0.2 (Johnson and
Wernig, 1971). However,

It is not unreasonable to suppose that from stimulus to stimulus

n would itself be replenished according to Poissonian statistics,

and then even for large values of p the release would also follow

a Poisson distribution. (Vere-Jones, 1966)
The relation of p and n to quantal content is expressed as m = n X p, m
being quantal content, n - readily releasable stores and p - probability
of release. Three commonly used experimental procedures are currently
employed in the calculation of m.
Direct Method:

The direct method for measuring m is based on the assumption that

an evoked multiquantal release (EPP) is composed of individual quanta

equivalent in size to the mean MEPP. Hence:

EPP amplitude
MEPP amplitude

m:

Direct determination of m is valid only when MEPP and EPP amplitudes are
recorded from the same endplate. Although this method has proven to be
accurate in the measurement of m, its application to d-tubocurarine
treated preparations is difficult since MEPP amplitudes are usually de-
pressed and cannot be readily distinguished from the level of baseline

noise.
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Variance Method:

The variance method of quantal analysis relies on the application
of high frequency (50-200/sec) supramaximal stimuli delivered to the
motor nerve for 0.5 to 2 seconds. This procedure results in a "train"
of EPPs characterized by the head (first 5-7 EPPs) and the tail
(remaining EPPs) of the train. The head EPPs show a gradual amplitude
reduction attributed to transmitter depletion. The tail EPPs on the
other hand indicate a "leveling off" of amplitudes explained by neuro-
transmitter mobilization keeping pace with release. Although tail EPPs
reveal a random amplitude fluctuation, the train tail represents a
steady or constant state. Under such constant conditions the numbers of
quanta per EPP vary according to Poisson statistics. Since quantal
analysis equations, in this case, are based upon events which fit a
Poisson distribution curve, any events characterized by a progressive
change are not suitable for variance analysis. For example, the 'non-
constant" condition characterized by the regression of the train head
amplitudes cannot be used in the estimation of m. The progressive de-
cline of these EPPs reflects the initial depletion of transmitter and is
not due to the statistical variation in the release process. Consequently,
only EPP amplitudes of the train tail are suitable for variance analysis.

In accordance with Poisson statistics the variance of the EPP = EPP =
SD2, where EPP is the mean EPP amplitude and SD is the standard deviation.

Thus,

SD = J variance EPP
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Accordingly, the coefficient of variation (CV):

_ Jvariance EPP

EPP

and by substitution of SD for J—Qariance EPP:
cv = SD/EPP
By definition the quantal content of the EPP is:
m = 1/cv? (del Castillo and Katz,1954c)

The variance method is an indirect means of estimation and is
subject to more error than the direct measurement. However, its
accuracy can be improved if a large number of EPPs (about 200) are used
in the estimate. Boyd and Martin (1956) employed the variance method in
the analysis of two junctions of cat tenuissimus muscle; m value esti-
mates were 220 and 310 quanta, respectively.

Failure Method:

The failure method of estimating m is restricted to experiments in
which transmitter release has been inhibited by decreasing Catt and/or
raising the Mg"'+ concentration of the Krebs perfusate. This method of
estimation makes use of extremely small EPPs (1 to 3 quanta) since EPP
failures occur only after extensive depression of release.

Calculation of m is based on the property of Poisson statistics that
a sample variate, in this case m, having a value equal to 0, 1, 2, 3,
etc., occurs as an expected proportion of the total number of events.
More precisely, the probability of occurrence of an EPP with x quanta

is given by the equation:
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e M pX

Px = x!

where m is the mean number of quanta liberated by an impulse or:

EPP amplitude
MEPP amplitude

The probability of occurrence of an EPP with 0 quanta (a failure) is
given by the relation:

P = ™
In agreement with Poisson theorem the quantal content can be estimated

as:

number of impulses
number of failures

m = In
This calculation was described by del Castillo and Katz (1954b). Assum-
ing a Poisson distribution, the determination of m by the failure method

demonstrates good agreement with the variance estimate of m so that:

EPP amplitude number of impulses

™= MEPP amplitude = In  Jumber of failures

In 1971, Johnson and Wernig described the criteria for a Poisson
versus binomial distribution and the means of distinguishing between the
two. Their approach was applicable to EPP failures. Hence, the use of
their logic was also applied to EPP failure experiments reported in this
dissertation; a binomial distribution was confirmed. For the purpose of
avoiding repetition the reader is referred to the Results section for a
detailed analysis and summary of distribution type and the application
of appropriate equations necessary to calculate quantal parameters on

the basis of binomial distribution.
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The Endplate Acetylcholine Receptor

To deliver ACh to the muscle endplate the neurotransmitter can be
ejected from a micropipette by iontopheresis. ACh can also be released
from the nerve terminal whether by spontaneous release, electrical stim-
ulation of the nerve or by artificial depolaration of the nerve terminal.
By whatever means sufficient, ACh is subsequently brought in contact with
the subsynaptic area, the ensuing depolarization is directly attributable
to the combination of neurotransmitter with postjunctional receptor sites.

In general, a:

Receptor is a specialized component of a cell possibly a

macromolecule, with which an endogenous molecule or pharm-

acological agent interacts to initiate a chain of events

leading to a response. (Shirachi et al. 1973),
Receptors possess chemorecognitive properties making them highly specific
for certain agonists or antagonists; thus, receptors have little affinity
for non-specific agents.

The concept of a neurotransmitter receptor developed at the begin-
ning of the 20th Century in conjunction with the idea of chemical trans-
mission. Langley (1909) demonstrated that neither nicotine nor curare,
at various concentrations were able to prevent the contraction of muscle
induced by direct stimulation. Yet, both compounds were mutually antag-
onistic in the absence of stimulation; nicotine evoked muscle contraction
and curare blocked these actions of nicotine. Langley reasoned that the
mutual antagonism of nicotine and curare suggested a competition by each
for a specific site since the contractile mechanism in muscle was not in-
volved. This site was termed the receptive substance since its occupation

could initiate or inhibit the contractile response (Langley, 1909).
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Neurotransmitter receptors at the neuromuscular junction are appropri~-
ately termed nicotinic since they can be activated by nicotine as well
as ACh. The chemical specificity of these receptors are thus charac-
terized through the actions of antagonists (d-Tc, gallamine, pancuronium,
succinylcholine, decamethonium).

Since the formulation of the receptor concept, many aspects of
receptor investigation have become highly technical and specialized areas
of endeavor. For example, contemporary pharmacological evidence for
receptor distribution and sensitivity of the muscle is largely the result
of ACh iontophoresis investigation. Initial experiments employing micro-
iontophoretic techniques revealed that ACh was most effective in depolar-
izing muscle cells when applied to the endplate region (Nastuk, 1953).
del Castillo and Katz (1955b) later indicated that intracellular injec-
tion of ACh was ineffective and concluded that transmitter receptors were
extracellularly located.

A subsequent study expressed the sensitivity of ACh potential as
the ratio of the amplitude response in mV to the amount of ejection charge
passed through the micropipette in nC (10‘9 coulomb) (Peper and McMahan,
1972). These investigators employed Nomarski optics for optimal endplate
localization agd quantified endplate sensitivity relative to non-endplate
regions. Thus, while the endplate revealed a peak chemosensitivity up
to 1900 mV/nC, a ten fold decline was noted 5 to 10 #m from the ter-
minal's edge. To make receptors even more accessible, snake muscles were
treated with collagenase to allow the separation of motor nerve synaptic
boutons from underlying endplates (Kuffler and Yoshikami, 1975). Ex-

posed subsynaptic membrane craters directly beneath removed terminals
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exhibited sensitivities as high as 500 mV/nC while 2 wm away the sensi-
tivity was 50 times lower. Additionally, potential time courses induced
by ACh iontophoresis at subsynaptic craters approaches those of the
synaptic potentials set up by ACh released by the nerve. Enzymatic
removal of connective tissue and motor nerve endings thus permitted
positioning of the micropipette at the site normally occupied by prejunc-
tional membranes; furthermore, the findings illustrated the striking con-
trast in endplate versus non-endplate ACh sensitivity. The highest sen-
sitivity, reflective of the highest concentration, of heretofore unreach-
able ACh receptors was located directly beneath the motor nerve terminal
with the postjunctional indentations.

The location and distribution of muscle ACh receptors were in-
vestigated by means of radioactively labeled neuromuscular blocking drugs.
Tagged receptors could be easily quantified by the use of serial section
autoradiography (Waser, 1960, 1967). These studies employed labeled
d-Tc and related blocking drugs. However, the use of such reversible
and relatively non-specific antagonists resulted in marked inconsis-
tencies due to non-specific binding and to the difficulty in determining
when binding saturation was reached. The discovery of irreversible
antagonists including polypeptide toxins or snake venoms eliminated much
of the experimental error previously encountered.

Snake venom toxins, isolated and purified by Chang and Lee (1963)
are currently popular in receptor isolation studies. Both g -bungaro-
toxin and cobra venom toxins are examples of antagonists which irrever-
sibly block neuromyal transmission by combining with and inactivating,

ACh receptors (Lee, 1972). Several investigators have supported the



concept of the toxin-receptor binding by pointing out that toxin binding
is more concentrated at the endplate region than elsewhere (Miledi and
Potter, 1971; Barnard et al.)l97l; Berg et al. 1972; Porter et al.,1973;
Anderson and Cohen, 1974). Denervation experiments yielded additional
pertinent data. Skeletal muscle denervation resulted in increased ACh
sensitivity along the entire lengths of muscle fibers which was parallel
with the increased spread in the number of ACh receptors (Lunt et al.,
1971); thus following denervation «-bungarotoxin was no longer bound
mainly to the endplate region of denervated preparations, and its up-
take by the whole muscle was 30 fold as compared to the uptake by in-
nervated muscle (Hartzell and Fambrough, 1972; Chang et al.,1973;
Colquhoun et al., 1974).

In yet other experiments, d-Tc was shown to be incapable of com-
petitively reducing by more than 507 the amount of »¢ -bungarotoxin bound
after a given time (Porter et al., 1973; Albuquerque et al. 1973).
Albuquerque et al. (1973) further demonstrated that perhydrohistrio-
nicotoxin (from the Columbia arrow-poison frog) blocks neuromuscular
transmission but also prevents the binding of &L -bungarotoxin only par-
tially. Yet the combination of d-tubocurarine and perhydrohistrionico-
toxin given together prevented the binding of oL -bungarotoxin almost
completely. These results suggested that the ACh receptor contained two
independent binding sites, one being sensitive to d-tubocurarine and
the other to perhydrohistrionicotoxin. The latter site was considered
to be the ionic conductance modulator or ionophore which mediates per-
meability change in response to receptor activation (Albuquerque et al.,

1973; Barnard et al., 1975).

35
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ot~Bungarotoxin was also used for the isolation and identification of
the receptor substance from muscle and receptor dense electric organ
tissue. Various separative techniques including labeled toxin receptor
combination, affinity chromatography and density gradient centrifugation
were employed to this end (Changeaux et al.,1970; Miledi et al., 1971;
Miledi and Potter, 1971).

Molecular characterization of the ACh receptor from Torpedo tis-
sue was derived from extensive binding, separation and purification pro-
cedures (Miledi et al.,1971; Meunier et al.,1972). These authors de-
scribed the ACh receptor as a protein subunit of low density owing to its
association with lipid molecules; the estimated molecular weight of each
subunit was calculated to be about 48,000. A separate analysis of the
receptor dense electric organ from the ray Torpedo characterized the ACh
receptor as a complex protein composed of six macromoleculér subunits
each having a molecular weight of 40,000 (Raftery, 1973). Additional in-
formation concerning ACh receptors and their isolation and characteriza-
tion was reviewed by O'Brien et al. (1972), Landowne et al. (1975), Rang
(1975) and Triggle and Triggle (1976).

The Localization and Function of
Acetylcholinesterase at the Neuromuscular Junction

In the aftermath of his identification of '"Vagustoff' as ACh, Loewi
(1921), noted that following release, transmitter action was quite rapidly
terminated. This occurrence suggested the involvement of a hydrolyzing
enzyme; this was suggested independently by Dale. A cholinesterase
enzyme or enzymes were subsequently implicated in the biochemical de-

gradation of transmitter since the presence of these enzymes was
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demonstrated in almost all animal tissues (Plattner and Hinter, 1930).
Later studies revealed that cholinesterase activity, determined mano-
metrically, was maximal in the muscle region containing nerve endings
(Marnay and Nachmansohn, 1938) and that following denervation cholines-
terase activity at the endplates persisted (Couteau and Nachmansohn, 1940);
this activity gradually dissipated with time (Snell and McIntyre, 1956;
Elias, 1972).

Initial histochemical studies of acetylcholinesterase by Koelle
and Friedenwald (1949), Koelle (1950, 1951) and Couteaux and Taxi (1951,
1952) also localized the highest concentrations of enzyme in the zone of
motor innervation. More recent investigations in which histochemical
techniques were combined with electron microscopy revealed that more in-
tense staining for AChE occurs in the secondary subneural membrane folds
of sarcoplasmic origin (Koelle, 1963; Csillik and Knyihar, 1968). These
findings reinforce the concept that the highest concentration of AChE is
present postjunctionally in contrast to prejunctional loci.

The Koelle method relied on the following series of reactions for

enzyme visualization:

Acetylthiocholine (substrate) > thiocholine + citt

> copperthiocholine > CuS¥

7

However, histochemical studies of cholinesterase were made difficult by
the presence of several esterases. Besides AChE located primarily in
nervous tissue, endplates and red blood cells, there is butyryl cholines-
terase (BuChE or pseudocholinesterase) found mainly in serum and viscera
but also at the muscle; other forms of the enzyme were also distinguished

(Usdin, 1970). Consequently, discriminative techniques to distinguish
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between both types became necessary.

In one case selective staining for AChE involved a modification
of the Koelle method requiring pH manipulation (Lewis, 1961). Another
method called for the incubation of sections with selective BuChE in-
hibitors such as a low 0.1 _J mol/l concentration of diisopropyl-
flourophosphate (DFP) which inhibited BuChE more readily than AChE.
Koelle (1963) used differential BuChE-AChE inhibiters and substrates;
altogether, information as to AChE was obtained by comparing staining
of sections incubated with substrate, sections treated before and after
the addition of DFP to eliminate BuChE, and sections treated, before
addition of substrate, with the anticholinesterase physostigmine which
inhibits both AChE and BuChE (cf. Hobbiger, 1976). More detailed informa-
tion concerning histochemical localization of AChE can be found in re-
views by Couteau (1955), Koelle (1963) and Koelle et al. (i967).

The results of pharmacological experiments have supported the sig-
nificant role of AChE in relation to neuromuscular transmission. EPPs
and MEPPs recorded from skeletal muscle were increased in amplitude and
duration following cholinesterase inhibition by various drugs such as
neostigmine (Eccles et al._ 1942; Fatt and Katz, 1951, 1952; Magleby and
Stevens, 1972; Katz and Miledi, 1973b). The observed alterations of
junctional potentials were not related to increased release of trans-
mitter since the anti ChE edrophonium, 5 x 10~3 M did not significantly
increase quantal content (Ferry and Marshall, 1971). A method for es-
timating AChE inhibition could be derived on the basis of the magnitude
of EPP prolongation by anti ChE's (Ferry and Marshall, 1971). The

non~competitive organophosphorus inhibitor echothiopate shows pseudo
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first order reaction kinetics for AChE inhibition. Maximum inhibi-
tion was assumed when 997 of the physiologically active AChE was
inhibited. The degree of inhibition at intermediate EPP prolongation
times was consequently calculated from the pseudo first order reaction
kinetic equation.

The iontophoresis or perfusion of ACh or analogues at concen-~
trations subeffective for transient depolarizations are not totally
without effect. For example, Katz and Miledi (1970, 1971, 1973 a,

b, ¢) have shown that the level of baseline fluctuation termed
acetylcholine '"noise" resulted from cholinergic agonist-receptor inter-
action. More precisely, such noise was defined as contributing to
the:
seemingly steady depolarization and was made up of an enormous
number of components each resulting from the transient opening
of an 'elementary' ion channel; the noise thus results from
the fluctuations in the number of channels open from moment
to moment. (Ginsborg and Jenkinson, 1976).
The analysis of noise fluctuation allows an estimate to be made of
the elementary (current/voltage) conductance changes in terms of
the "life-time of the ion channels' (Ginsborg and Jenkinson, 1976).
Hence, time constant decays for various cholinergic agonists may
provide some criteria for determining efficacy of drugs acting at
the same level of receptor occupancy. Katz and Miledi (1973b)
stated that AChE did not alter the magnitude or duration of the
elementary voltage change resulting from ACh receptor combination.
Their experiments indicated that AChE did not hydrolyze ACh already com-

bined with the receptor; rather the enzyme acts to hydrolyze the free

transmitter. Thus, following significant enzyme inhibition, the
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potentiation of transmission was attributable to repeated collisions of
ACh with receptors. In the presence of AChE inhibition, such repeated
transmitter collisions also impeded the simple diffusion of ACh out of
the synaptic cleft (Katz and Miledi, 1973b) contributing to the charac-
teristic EPP amplitude and time course facilitation.

These results indicate clearly that the role of AChE is to cleave
ACh at the neuromyal junction enzymatically, thus terminating its action,
in order to check excessive receptor activation following release. Some
choline is formed via the action of ChE. Of the choline thus formed more
than one half is eventually taken up by the nerve terminal for resyn-
thesis, storage and subsequent release (Potter, 1970).

Actions of Methylxanthines and
Methylisobutylxanthine on Neuromuscular Transmission

1) Molecular Structure of Xanthines.

In general, references to methylxanthines commonly pertain to five
compounds. Caffeine is described as 1,3,7- trimethylxanthine. The 1,3-
dimethyl and 1,7~ dimethyl xanthines are more commonly distinguished as
theophylline and theobromine, respectively. In addition, two molecules
of theophylline have been combined with one molecule of ethylenediamine
in the synthesis of aminophylline<:> (Searle). Aminophylline is often
substituted for theophylline in experiments as the former is more soluble
than theophylline. Another xanthine, oxtriphylline is the theophylline
salt of choline.

The structure of the recently synthesized compound, l-methyl-3-
isobutylxanthine (MIX), the subject of this dissertation, differs from
theophylline only in the substitution of an isobutyl group at the 3-methyl

position (Figure 1).
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METHYL ISOBUTYL XANTHINE

Figure 1. Chemical structure of l-methyl-3-~isobutyl xanthine.
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2) Methylxanthines (other than MIX).

Xanthines act on most systems of the living organism. For example,
xanthines have been shown to: enhance the strength of skeletal muscle
contraction; relax smooth muscle; stimulate the CNS cortex and the
respiratory, vasomotor and vagal centers; exhibit positive inotropic and
chronotropic actions at the heart; augment gastric secretions; increase
basal metabolism, and cause diuretic action (Goodman and Gilman, 1975).
However, the following review of methylxanthines will be limited to their
effects on neuromuscular transmission.

Initial investigations of methylxanthine actions lacked the preci-
sion and technical capabilities to demonstrate specific neuromyal sites
of drug actions. Hence, the effects of methylxanthines were first
reported with respect to muscle contraction. In 1945 Torda and Wolf
indicated that at concentrations of 1.1 to 5.5 mM caffeine, theophylline
or theobromine increased the magnitude of frog rectus muscle contraction
when excitation was induced by either ACh, 50 wg/100cc or K+, 20 mM.

The same compounds were also shown to be effective against fatigue* or
partial curarization of the cat quadriceps muscle (Huidobro, 1945).

Later experiments confirmed a weak anticurare action of theophylline

and also revealed that muscle contraction in response to direct stimula-
tion was potentiated by theophylline following total curarization
(Goutier, 1949). A review by Sandow (1965) provided a detailed explana-
tion for the caffeine related increase of the force of muscle contraction.

This phenomenon was explained as a caffeine induced lowering of the

* Fatigue was demonstrated as decreasing muscle twitch response to
indirect stimulation at high frequencies (60-400 Hz).
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threshold for mechanical activation due to enhanced Catt release from
the sarcoplasmic reticulum.

Caffeine was also reported to slightly prolong the muscle action
potential; this prolonged the time during which the membrane potential
was above the threshold for the mechanical response (Sandow et al.,1964).
The area under the action potential curve and above the threshold for
mechanical activation was shown to be proportional to the duration of
the mechanically effective period. Thus, an increase in the area under
the action potential curve resulted from a lowered threshold for the
mechanical response and from an increase in the duration of the action
potential itself. Hence, a prolonged active state or prolonged
mechanically effective period resulted. Sandow (1965) proposed such a
dual effect as a basis for caffeine action on muscle contraction.

Walther (1962) found that caffeine and theophylline were more
effective in raising the force of contraction of muscle fatigued by
high frequency stimulation (8 H;) of the phrenic nerve-diaphragm and
less effective in reversing fatigue due to low frequency stimulation
(0.3 Hz) over several hours. Increased Kt levels potentiated methyl-
xanthine actions (Walther, 1961). These and prior observations allowed
Walther (1962) to suggest that caffeine and theophylline increased the
sensitivity of the motor endplate.

In addition to the methylxanthine induced increase of spontaneous
release in frog sartorius (Mambrini and Benoit, 1963; Onodera, 1973),
frog cutaneous pectoris (Duncan and Statham, 1977), rat diaphragm

(Elmqvist and Feldman, 1965; Goldberg and Singer, 1969; Hofmann, 1969)
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and cat tenuissimus (Shinnick, 1974). A number of additional findings also
support a prejunctional site of action. Hofmann (1969) demonstrated that
caffeine (2 mM) stimulated transmitter replenishment (mobilization) but
quantal content of the first few EPPs was not increased in the rat
diaphragm. Wilson (1973) found that 1.0 mM caffeine not only increased
mobilization rate but also increased quantal content and probability of
release in the isolated cut fiber rat diaphragm preparation. Similar
rat diaphragm data were also obtained with 1.0 mM concentrations of
theophylline and aminophylline although the latter compound did not
significantly increase readily releasable stores (Wilson, 1974a).
However, Shinnick (1974) reported no change of releasable stores in d-Tc
blocked cat muscle; a significant decrease in releasable stores occurred
in cut fiber preparations in response to 0.9 mM aminophylline.

Further signs of prejunctional facilitation by aminophylline 0.9 mM,
included the elevation of quantal content which may also contribute, at
least in part, to the observed increase in EPP amplitude (Shinnick,
1974).

The earlier consideration of xanthine related increase in receptor
sensitivity (Walther, 1962) was re-examined by Shinnick et al. (1976)
on the basis of her studies of aminophylline action at the neuromyal
junction. Her findings were as follows. Aminophylline potentiated the
responses to iontophoretically applied ACh. Cholinesterase inhibition
may have been involved since a carbachol depolarization response was
potentiated to a lesser degree than the ACh response. Aminophylline
also decreased membrane resistance due to an increase in the ionic

permeability; this was consistent with aminophylline-induced resting
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membrane depolarization. A shift of the Eppp to a more positive level

was also recorded in the presence of aminophylline; the shift contributed
to an increased driving force for the EPP, RMP-Egpp, which would account,
at least in part, for the subsequent increase in EPP amplitude (Shinnick,

1974; Shinnick-Gallagher and Jacobs, 1976).

3) The Methylxanthine-Cyclic Nucleotide Link.

Experiments by Butcher and Sutherland (1962) and Sutherland et al.
(1968) resulted in the definition of cyclic nucleotides as metabolic
mediators or second messengers following their discovery in a wide range
of cell types. cAMP is synthesized from ATP in the presence of the enzyme
adenyl cyclase while the enzyme phosphodiesterase is responsible for the

degradation of cAMP to physiologically inactive 5' AMP:

Cyclase Phosphodiesterase

There is considerable evidence supporting the involvement of cAMP in

neuromuscular transmission as a result of these findings:

a. Both epinephrine and methylxanthines elevate cAMP by two dif-
ferent pathways: epinephrine activates adenyl cyclase to facilitate the
production of cAMP from ATP (Jenkinson et al.,1968), while methyl-

‘ xanthines inhibit phosphodiesterase to prevent enzymatic degradation of
cAMP (Breckenridge, 1970). The common effect of both facilitators at

the neuromuscular junction results in both an augmentation of transmitter
release (Goldberg and Singer, 1969) and an increase in the force of
muscle contraction (Breckenridge et al.,1967). Similar findings by

others support the concept of a xanthine related increase in cAMP as



46
the basis for enhanced junctional transmission (Wilson and DeVilley,
1973; Wilson, 1974a). Furthermore, -adrenergic blocking agents such
as propranolol, which inhibit an increase in cAMP levels also block
epinephrine induced increase in twitch tension (Breckenridge et al., 1967;
Varagic and Zugic, 1971). However, propranolocl does not block the
xanthine facilitation presumably because xanthines act beyond the adenyl

cyclase step (8 -receptor site) (Haugarrd and Hess, 1966).

b. In the presence of ATP, cAMP activates a phosphorylase which
in turn catalyzes the breakdown of glycogen to glucose-6-phosphate
(Hornbrook and Brody, 1963 a, b). Addition of 125-500 /g of exogenous
glucose—6-phosphate to each ml. of perfusate produced exactly the same
effects on the isolated nerve-diaphragm preparation as xanthine deriva-
tives and catecholamines, that is, it potentiated the response of the
diaphragm to indirect and direct stimulation and it exhibited an anti-

curare action (Varagic and Zugic, 1971).

c. Presumably, because of an inability of cAMP to enter cells, the
perfusion of this compound alone demonstrated little or no effect
(Varagic and Zugic, 1971). 1In contrast, the application of dibutyryl
cAMP mimicked the actions of either epinephrine or various methyl-
xanthines on neuromuscular transmission (Goldberg and Singer, 1969).

The increased effectiveness of the dibutyryl derivative accounted for
the actions characteristic of elevated cAMP concentrations including
increases in EPP amplitude, quantal content, and MEPP frequency

(Goldberg and Singer, 1969; Wilson, 1974a).
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d. Sodium flouride, an activator of adenylate cyclase, and
dibutyryl cAMP both increased stimulus bound repetitive activity (SBR)
recorded from the cat tibial nerve which innervates the soleus muscle
(Dretchen et al., 1976; Standaert et al., 1976 a, b). In addition,
these investigators stated that theophylline (100 _4/g/kg) induced SBR
in the motor axons and potentiated and prolonged the effects of dibutyryl

cAMP and sodium fluoride.

e. Dibutyryl cAMP (0.25 mM) in conjunction with theophylline
(0.5 mM) potentiated the depolarization caused by iontophoretic

application of ACh to rat diaphragm muscle (Ewald, 1976 a, b).

f. It was postulated that cAMP is involved in the generation of
ganglionic potentials. In the superior cervical ganglion, post-
ganglionic levels of cAMP were increased in response to preganglionic
stimulation (Greengard and Kebabian, 1974). This increase in cyclic
nucleotide was postulated to be triggered by the release of dopamine
from ganglionic interneurons; dopamine was stated to activate adenylate
cyclase which in turn enhanced synthesis of cAMP. In turn, increased
cAMP levels were responsible for a hyperpolarization of the postganglionic
membrane resulting in the slow inhibitory post synaptic potential
(sIPSP). Greengard and Kebabian further hypothesized that a concomitant
but undefined ionic permeability change was linked to cAMP related
activation of protein kinase which caused phosphorylation of a specific
substrate protein in the membrane; the phosphorylated protein was
thought to result in the alteration of membrane permeability and the

observed sIPSP (Greengard and Kebabian, 1974). Additionally, Greengard
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reported that phosphodiesterase inhibitors, including theophylline,
potentiated both cAMP accumulation and the sIPSP following either pre-
ganglionic stimulation or incubation of the preparation with dopamine
(McAfee and Greengard, 1972; Kalix et al., 1974; Greengard and Kebabian,
1974). 1In the present context, these results provide a mechanism for
the action of methylxanthines via the cyclic nucleotide related effects.
However, insofar as the ganglion is concerned, other workers could not
duplicate Greengard's results (Dun and Karczmar 1977, 1978; Gallagher

and Shinnick-Gallagher, 1977; Kuba and Nishi, 1976).

g. Although cAMP enhanced 45catt efflux from the fly salivary
gland (Prince, 1972), a cAMP-Catt functional link was less likely in
the nerve terminal; Wilson (1974a) indicated that elevating Catt resulted
in increased probability of release whereas elevating dibutyryl cAMP
did not. Regardless of their relationship, both Ca*t and CAMP mechanisms
must be considered in any xanthine investigation. Possible functional
links between xanthines, Catt and/or cAMP in terms of neuromuscular
transmission are presented in more detail in the Discussion Section.
The connection between Ca'tt and cAMP in various tissues is also the

subject of a review by Berridge (1975).

4) Methylxanthines and Myasthenia Gravis.

The use of methylxanthines in the management of myasthenia gravis
is pertinent in the present context. This condition was described as
a failure of the muscle to respond to indirect stimulation but not to
direct stimulation (Jolly, 1895). 1Initially, a defect in neuro-

muscular transmission was implicated. Evidence in support of this
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defect theory was presented by Elmgvist et al. (1964) who demonstrated
MEPPs of depressed amplitude in myasthenic muscle. The reduced quantal
units were suggested to result from diminished synthesis of ACh.
However, the mechanism was not related to a hemicholinium~like block of
choline uptake since the addition of choline to the perfusate did not
restore MEPP amplitude to normal. More recently, studies employing
labeled eX-bungarotoxin revealed that myasthenic muscle showed a 70%
to 89% reduction in acetylcholine receptors per neuromuscular junction
as compared with control muscles (Drachman et al. 1976, Drachman 1978 a,
b). This receptor deficit may be explained by an auto immune reaction
as a result of the discovery that many myasthenic patients produced
serum antibodies directed against skeletal muscle (Strauss et al.,

1960) or against the acetylcholine receptor itself (Mittag et al.,
1976).

Myasthenic muscle weakness is generally alleviated by anticholines-
terase therapy (Flacke,1934). However, a muscle biopsy preparation from
one patient, refractory to several anticholinesterases showed a marked
reduction of weakness after application of aminophylline. The compound
"restored strength to near normal; muscle contractions fused into
tetanus at a frequency of 30/sec, whereas, during the control period,
the muscle failed to respond to 3/sec stimuli' (Jacobs et al.,1971).
Subsequent experiments on myasthenic muscle biopsy preparations re-
affirmed that aminophylline augmented twitch height and that it possessed
anti-fatigue actions (Jacobs et al.,1973). Clinical use of aminophyl-
line resulted in prohibitive side effects. On the basis of the

aminophylline findings by Jacobs et al. (1971, 1973) and in an effort
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to diminish side effects, oxtriphylline, a choline salt of theophylline,
was administered to five patients (Brumlik et al.,1973). 1In general,
oxtriphylline not only increased the level of muscle strength when used
alone, but it potentiated the effect of anticholinesterases and aug-
mented the beneficial effect of corticotropin. Oxtriphylline was
generally effective in patients resistant to anticholinesterase medica-
tion even though the compound alleviated the symptoms of myasthenia

gravis only partially (Brumlik et al.,1973).

5) 1-methyl-3-isobutylxanthine (MIX).

The majority of investigators employing MIX were primarily in-
terested in the potent phosphodiesterase inhibitory action of the
compound. Beavo et al. (1970) compared the biochemical effectiveness
of 64 xanthine derivatives, including MIX. 1In this investigation MIX
exhibited a potency fifteen times greater than theophylline in its
lipolytic effects on epididymal fat cells and by its ability to
inhibit the enzyme phosphodiesterase. Collier et al. (1976) noted a
ten fold difference in the potencies of MIX and theophylline in various
tissues. For example, approximate mM values for 25% inhibition
(IC 25) of cAMP phosphodiesterase from rat brain homogenates were 1.5
mM for theophylline but only 0.15 mM for MIX: for the human lung, the
IC 25 values were 0.14 mM for theophylline and 0.024 mM for MIX. 1In
another investigation, MIX was two hundred times more potent than
aminophylline in the cAMP mediated secretion of alpha-ecdysome, a
secretion from the prothoracic glands of the tobacco hornworm
(Vedeckis et al.,1976). The inhibition of phosphodiesterase by MIX

results in increased tissue levels of cAMP (Beavo et al.,1970). The
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cyclic nucleotide acts as a mediator or regulator of metabolic pro-
cesses (Sutherland et al. 1968).

Exposure of isolated pancreatic islet cells to 0.1-10 mM MIX
caused consistent increase in cAMP levels (Montague and Cook, 1971;
Rabinovitch et al., 1976; Kempen et al., 1977 a, b). A 0.1 mM MIX
concentration not only increased cAMP levels, but potentiated a glucose
related increase of insulin release from the pancreatic islets of normal
and diabetic Chinese hamsters (Rabinovitch et al.;1976). This effect
on insulin suggests possible clinical relevance to diabetics.

Exposure of rat liver preparations to MIX resulted in a more
rapid, greater and sustained increase in cAMP than the exposure to
aminophylline (Costa et al.,1975). This effect was associated with
enhanced protein kinase activation and a significant potentiation of
phenylephrine induction of glycogenolysis and gluconeogeneéis
(Cherrington et al. 1976).

Numerous investigations have demonstrated that MIX is not cell
type selective in its enzyme inhibitory actions since this xanthine
elevated cAMP levels in rat pituitaries (Schofield and McPherson,

1974; Schofield et al. 1974; Azhar and Menon, 1977), quartered rat
adrenal glands (Peytremann et al. 1973), rat heart (Keely et al. 1975;
Corbin et al. 1977), rabbit intestinal smooth muscle (Schubert et al.
1975; McKenzie et al. 1977b), transitional epithelium of the rabbit
urinary bladder (Chalapowski, 1975), and various reproduction system
cells including sea urchin sperm (Garbers and Hardman, 1976), rat
testis interstitial cells (Williams et al., 1976; Cooke et al.,1976a,

1976b), and ovarian tissue of the chick embryo (Teng and Teng, 1977).



In addition, MIX~related increases in cAMP levels were observed
in several tumor cells; these included human epidermoid carcinoma
(HEp-2) cells (Kelly and Butcher, 1975) and cultured neuroblastoma
cells (Schultz and Hamprecht, 1973) which also exhibited an elevated

rate of glycogenolysis (Passonneau and Crites, 1976). MIX also

52

potentiated prostaglandin E; induced elevation of cAMP levels in neuro-

blastoma cells (Hamprecht, 1973), and enhanced the augmentation by
arachidonic acid of the cAMP levels in cell cultures obtained from
C3H mouse mammary tumors (Burnstein, 1977). Leichtling et al. (1976)
observed that following incubation of human astrocytoma cells in low
concentrations of prostaglandin Ej (0.003-0.1 mM) the ability of
the cells to increase cAMP was lost following more than one challenge
of catecholamines or prostaglandin Ej; this phenomenon was totally
reversed by MIX, and it was suggested that MIX alleviated desensiti-
zation of the cell to prostaglandin E;.

Cyclic guanosine 3', 5'-monophosphate (cGMP) levels are also

influenced by MIX. Thus, MIX further increased cGMP concentration dif-

ferences between the relatively high levels of the cyclic nucleotide

in rat liver hepatomas compared to lower levels in surrounding control

liver slices (DeRubertis and Craven, 1977). MIX also inhibited hydro-

lysis of cGMP by fraction II (a cGMP phosphodiesterase) with an Igg
value of SILIM for heart and liver and 50 uM for cerebrum (Kakiuchi,
1975). 1In rat parotid tissue slices MIX enhanced the ability of low
(otherwise ineffective) concentrations of carbachol to increase cGMP
accumulation (Butcher et al.,l976), and several xanthines including

MIX inhibited both cAMP and cGMP related phosphodiesterase of the rat
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anterior pituitary (Azhor and Menon, 1977). 1In the thyroid glands of
the horse and dog MIX blocked the activation of cAMP hydrolysis by cGMP, as
cGMP was thought to facilitate cAMP breakdown through a direct activa-
tion of phosphodiesterase in the absence of MIX (Ernmeaux et al.,1977).
An earlier study also demonstrated that MIX and tri-iodothyronine have
similar phosphodiesterase inhibitory activity (Van Inwegan et al.,1975).
Thus, in addition to direct cAMP and cGMP phosphodiesterase inhibition,
MIX may also function to prevent cGMP activation of cAMP phosphodiesterase,
at least in some endocrine cells.

In addition to inhibition, MIX has effects that may not be related
to the elevation of cyclic nucleotides. The sporulation of Clostridium
perfringens was increased in the presence of MIX (Sacks and Thompson,
1975). Application of MIX to B-16 melanoma cells stimulated maturation,
retarded the release of sialoglycoproteins and elevated melanin content
(Banks et al.,1975). MIX was also reported to inhibit the activity of
Poly (ADP ribose) polymerase, an agent suggested to be involved with
the repression of DNA synthesis and cell proliferation in differentiating
cardiac muscle (Claycomb, 1976). In another study MIX induced
o< —aminoisobutyric acid transport in rat liver parenchymal cell
cultures that had been treated with dexamethasone (Pariza et al.,1976).

Additional endocrine interactions include the following: MIX
significantly increased insulin secretion and cAMP levels in rat and
mouse pancreatic islets of Langerhans which may suggest an insulin
related effect on cAMP turnover (Montague and Cook, 1971; Grill et al.,
1975; Hellman, 1975, 1976; Hahn and Gottschling, 1976; Haring et al.,

1976). 1In rat anterior pituitary cells MIX stimulated the release of
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growth hormone (Mira-Moser, 1976). However, colchicine inhibited
the release of growth hormone in bovine anterior pituitary slices
(Sheterline et al. 1975) in the presence of MIX (0.1 mM). Prolactin
release was also observed in rat pituitary (GH) cells in culture
following MIX, 0.03 mM (Dannies et al. 1976). In other investiga-
tions MIX doubled testosterone production (Cooke et al., 1976a) and
stimulated the release of amylase from rat parotid acinar cells
(Kanagasuntheram and Randle, 1976). Corticosterone production by
rat adrenals in the absence of ACTH was increased by MIX (Peytremann
et al., 1973).

Two distinct actions of MIX in the central nervous system have
been reported thus far. 1In rats treated with several xanthines
including MIX, a small dose of naloxone precipitated a quasi-morphine
abstinence syndrome (QMAS) that was difficult to distinguish from
the true morphine abstinence syndrome (TMAS) evoked by the same dose
of naloxone in rats made dependent on morphine (Collier, 1974;
Collier et al.,1974; Francis et al., 1975; Collier and Francis, 1976;
Collier et al., 1976). Furthermore, the general nature of both TMAS
and QMAS may be similar because xanthines also intensify the TMAS
(Collier and Francis, 1975; Francis et al., 1975). Collier et al.
(1976) found that MIX and naloxone act synergistically and, hence,
assumed that each acts at a difference part of a related mechanism.
On the basis of the powerful phosphodiesterase inhibitory action of
MIX, it may be suggested that the xanthine sensitizes the cyclic
nucleotide apparatus to an endogenous substance acting in the same

direction as naloxone (Collier et al., 1975, 1976).
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Another action of MIX in the CNS is on catecholamine systems.

MIX alone or in combination with papaverine potentiated the attenuation
of electrical activity responses of the rat caudate nucleus induced by
dopamine or cAMP applied microiontophoretically (Siggins et al.,1974).
Furthermore, support for the idea that cAMP is the mediator of the
increased release of dopamine after nerve stimulation is afforded by
the fact that MIX by itself caused a potentiation of the induced
release of 3H—dopamine from rat neostriatum brain slices (Westfall

et al.,1976).

MIX, when compared to other xanthines, was the most potent com-
pound in potentiating the norepinephrine induced activation of phosphor-
ylase in isolated guinea pig heart (McNeill et al.,1973); MIX increased
the overflow of norepinephrine elicited by nerve stimulation and
caused a concentration dependent inhibition of splenic perfﬁsion
pressure responses to nerve stimulation in the isolated perfused cat
spleen (Cubeddu et al., 1975). This latter effect was attributed to
the smooth muscle relaxant properties of phosphodiesterase inhibitors
and in this case resulted in decreased splenic vascular resistance
(Cubeddu et al., 1975). Other smooth muscle investigations indicated
that MIX was able to reduce the tone of rabbit duodenal muscle and
negated the tone enhancing effect of the hormone analog, 13-norleucine
motilin (Schubert et al., 1975).

The ability of MIX to antagonize adenosine actions was dependent
on the type of tissue used in the study. For example, MIX was able to
antagnonize the adenosine induced accumulation of cAMP levels in brain

slices as determined from studies which traced the formation of cAMP
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from labeled adenine (Huang et al., 1972). However, at MIX concentra-
tions subeffective for the relaxation of smooth muscle (100 _¢'M), the
xanthine was unable to inhibit adenosine induced relaxation of the
isolated longitudinal muscle of rabbit small intestine; the same
100 wyM dose of theophylline inhibited the adenosine induced relaxation
(McKenzie et al.,1977a).

There are no investigations concerning the action of MIX on the
skeletal muscle or neuromuscular junction. In contrast to most of the
studies cited which employ MIX as a biochemical tool, my investigation
deals with MIX related alterations of transmission at the mammalian

neuromyal junction.
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METHODS

Surgical Procedure

Adult male and non-pregnant female cats weighing 2-5 kg were
selected for use in all microelectrode experiments. Animals were
anesthetized with intraperitoneal injection of a mixture of
ok —chloralose, (60 mg/kg) and pentobarbital sodium (5 mg/kg).

The hind leg of the cat was shaved and the skin was incised
between the Achilles tendon and the sacral vertebrae to uncover the popli-
teal space. The skin immediately surrounding the incision was cauter-
ized free from adjoining blood vessels and connective tissue, thus ex=-
posing the biceps muscle. This muscle was carefully elevated, bisected
with the cautery and folded back in order to expose the underlying
tenuissimus muscle. A segment of the tenuissimus muscle, containing a
branch of the sciatic nerve inervating it, was ligated proximally and
distally and carefully freed from the surrounding connective tissue.
The attached bifurcating nerve was also trimmed free of connective tis-
sue; extreme care was exercised in order to prevent severing or
damaging the distal segment of the nerve toward its insertion into the
tenuissimus muscle. A suitable length of nerve was selected, ligated
near its bifurcation from the sciatic nerve, and cut free. The entire
nerve-muscle preparation was placed in a perfusion chamber. The
tissues were immediately perfused with an oxygenated Krebs-Henseleit
solution while adhering fascia was removed using microdissection

instruments with the aid of a dissecting microscope.
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Perfusion System

Two 500 ml leveling bulb reservoirs contained Krebs solution
which was aerated with 95% 02 and 5% COyp. The left reservoir was
always filled with normal Krebs perfusate while the test drug was
dissolved in the solution contained in the right reservoir. Each
reservoir was provided with rubber tubing, 3.0 mm I.D., which led to a
common inlet where gravity flow rate of either solution could be
regulated. Appropriate clips positioned at the two soﬁrces of a shared
tubing system allowed selective flow of either normal or drug con-
taining solutions. The common inlet terminated in .043 in. (lumen
diameter) polyethylene tubing which coursed through a heated condenser
used to maintain the perfusate at a constant temperature of 370C.

The segment of tubing leaving the condenser was attached to an 18G
needle which served as the perfusion chamber inflow.

The 9.0 x 1.4 cm perfusion chamber (Figure 2) was constructed
from plexiglass. The bottom of the chamber contained a layer of
translucent Dupont Sylgaard permitting transillumination of the pre-
paration. The muscle could be readily pinned to the Sylgaard layer.
Magnification of the preparation up to 107.5x was achieved with an
American Optical dissecting microscope.

In order to reduce the recording of excessive stimulus artifact,
the nerve stimulation chamber (Figure 2) was isolated from the larger
muscle perfusion chamber; the nerve from the tenuissimus was passed
through a narrow channel into an expanded chamber containing two
bipolar platinum electrodes. This chamber was also used to perfuse the

nerve.
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Maximum capacity of the double perfusion chamber was 5.5 ml and
the flow rate was maintained at 5.8 ml/min. Thus, complete turnover of
chamber volume took place approximately every 57 seconds.

Electrophysiological Recording
and Stimulating Apparatus

Microelectrodes were prepared by drawing out glass capillary tubes
in a David Kopf vertical electrode puller. Electrode tip resistance
was estimated by the rate of ethanol flow into the tip as electrode
resistance is inversely proportional to rate of flow; in general,
electrodes with flow rates of .010 mm/sec. or less were suitable.
"Electrodes prepared in this manner have been shown to have a tip
diameter of 0.5 to 1.0 ym and a resistance of 4-25 MJfh " (Shinnick,
1974). Selected electrodes were then completely filled with ethanol
under vacuum. The ethanol was displaced with distilled water which
was subsequently displaced with 3.0 M KC1.

A 3" length of Ag wire was electroplated with AgCl and inserted
into the KC1l electrode. The wire extending from the capillary barrel
served as the point of contact with the recording circuit. The
electrode was then secured to a Narishige micromanipulator to allow
precise electrode placement at any selected locus.

The KCl electrode was connected to a WPI DC amplifier which, in
turn, was coupled to three oscilloscopes. The first of these oscillo-
scopes, a Tektronix RM 561A, was calibrated at 20 mV/div to record the
resting membrane potential (RMP). The second, Tektronix RM 564

storage oscilloscope was set at a higher amplification to record smaller
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junctional potentials. A third, Tektronix 502A, dual beam oscilloscope
with attached 35 mm Nikon Koehdon PC-2A Reflex camera was used to obtain
permanent photographic records of junctional potentials. A written
record of RMP read off the monitor scope, was kept for all experiments.

One channel of a dual channel Grass S-88 stimulator was connected
to a Bioelectric CA-5 calibration unit. This arrangement allowed
triggered calibration pulses of known amplitude and duration to pass
through a lead to the WPI amplifier and be displayed on the recording
oscilloscopes (Figure 2). The calibrator also served to certify oscil-
loscope calibration. A ground electrode from the CA-5 calibration unit
to the muscle chamber perfusate completed the recording circuit
(Figure 1).

Square wave pulses, of 50-100 usec. duration, originating from
the second channel of the S-88 stimulator were passed through a stimulus
isolation unit to the bipolar platinum stimulating electrodes. Where
indirect stimulation was required, the threshold voltage was determined
and then quadrupled to ensure supramaximal nerve stimulation. Stimula-
tion voltage usually ranged from 20-30 volts. Figure 2 illustrates the
stimulation circuit.

Junctional potentials were photographed on Kodak 35 mm f£ilm.
Following development the film was read in a magnifying viewer. Ampli-
tude and time course determinations were obtained from the accompanying

calibration pulses and the data retained for permanent record.

MEPP Recording

Trial and error microelectrode insertions at endplate dense areas

of the muscle were attempted in order to locate spontaneous miniature



endplate potentials (MEPPs). MEPPs that exhibited with the greatest
amplitude and rise times shorter than 1 msec served as indicators of
precise electrode positioning at the endplate (Gallagher, 1972). A
MEPP experimental trial was initiated when at the end of a 10 min
observation period the resting membrane potentials were stabilized and
did not decline from the original values by more than 5 mV,

Most experiments including those concerned with MEPP recordings
were divided into three 10 minute periods: control period, drug treat-
ment period and post treatment rinse period. Photographic recordings
were made during the final 2 minutes of each cycle. The control cycle
was immediately followed with a single drug concentration perfusion
for 10 minutes. The post treatment recordings did not necessarily
demonstrate complete reversibility of the drug actions; they indicated,
however, whether or not there was any return to control conditions re-

presenting waning of a drug effect. For MEPP photography the oscillo-
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scope sweep speed was set at either 0.5 cm/sec or 10 cm/sec. Recurrent

one-second sweeps were then filmed during the last two minutes of each
cycle; the PC2A camera was set in the vertical continuous mode at

.5 cm/sec. The sweep speed of 10 cm/sec served to record MEPPs as
single deflections of varying size and number per sweep. From this
information MEPP amplitude and frequency data were obtained. In order
to record MEPP time course the oscilloscope sweep rate was readjusted
to 0.5 cm/msec. A representative number of sequential single frame
photos were taken during each two minute period. These recordings

provided adequate rise time and half decay time information.
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MEPP amplitude was reported in mV while frequency was presented
in Hz. All time course data was expressed in milliseconds (msec).
Results from all experiments were expressed as means + standard error.
MEPP amplitude and frequency distribution histograms for the low
and high drug concentrations tested were constructed. The frequency
histograms compared each MEPP frequency per second in terms of their
percentual incidence with respect to the total sample. Similarly,
MEPP amplitudes were plotted in terms of the frequency incidence with

respect to the total sample.

EPP Recording

Endplate potentials (EPPs) resulting from indirect supramaximal
stimuli were evoked at a frequency of 0.1 H,. d-tubocurarine chloride
(d-Te), 7.29 wM, was perfused to inhibit muscle movement during the
experiments. MEPP localization by way of random probing in endplate-
rich areas was often necessary to locate the EPPs arising within the
endplate region. Several microelectrode repositionings were some-

times necessary to insure optimal recordings which yielded control
potentials with amplitudes greater than 1.5 mV and rise times® not
greater than 1 msec in duration.

EPP recordings were preceded by a five minute observation period
during which RMP and EPP amplitudes were monitored as in the case of
MEPP experiments. Experimental protocol for acceptable cells included
control, treatment and post treatment (rinse) periods, each lasting
ten minutes.

EPPs were photographed on sequential single frames with the

camera in the vertical mode. The oscilloscope sweep speed was set at

* Time taken for EPP to attain maximum amplitude.
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0.5 cm/msec and the trace displaying the calibration pulse and EPP was
triggered by the stimulator. EPP parameters from several acceptable
experiments, that included the 3 phases of the usual protocol, were

grouped and the data expressed as means,

Recording Trains of EPPs for Quantal Analysis

Acceptable EPPs were located as previously described. Muscle
immobilization was again achieved by the use of d-Tc. Trains were then
obtained by stimulating the preparation indirectly at a rate of 50 Hz
for two seconds; intervals of one minute were maintained between con-
secutive trains. The control, treatment and rinse sequence for trains
was identical with those employed for MEPP and EPP experiments.

Recording methods, however, were altered as compared with those
described above. A pin point stationary beam was positioned on center
screen of the recording oscilloscope. Repetitive EPP "deflections"
were then spatially separated by using the camera in the horizontal
continuous mode with the film speed adjusted to 20 cm/sec.

Trains were divided into the head (1st 20 EPPs) and the tail
(remaining 80 EPPs) for the purpose of analysis. The amplitudes of
each EPP together with the observed RMP and the previously determined
equilibrium potential of -15 mV for d-Tc blocked muscle (Blaber,1970;
Takeuchi and Takeuchi, 1959) were entered into a Digital Lab 8E com-
puter. A computer program (Blaber, 1970) based on the Elmqvist and
Quastel (1965b) quantal analysis included steps needed for the calcula-
tions of quantal size (q), quantal content of the lst EPP (m,), quantal
content of the train tail (m;), readily releasable stores (n) and

probability of release (p).
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When the EPP amplitude is small ( £ 3 mV), the number of quantal
units are proportional to the EPP amplitude (Martin, 1966). As the
EPP amplitude is increased, additional quantal units contribute less
to further increments of EPP amplitude. The current underlying the
EPP depends on the conductance change as well as on the driving poten-
tial (RP-Egpp). If the EPP is relatively small (a small percentage of
the driving potential) the time course of the synaptic current
approaches the time course of the underlying conductance change thus
representing a linear response. McLachlan (1978 also stated that
resistance to current flow at the synaptic cleft may be appreciable;
by reducing the driving force this would reduce non-linear summation.
In order to avoid underestimations of quantal content, EPP amplitudes
were adjusted by using Martin's (1955) correction factor for non-linear
summation of EPP quanta. Martin's correction factor is matﬁematically

expressed as follows:

EPP

EPP' _
(RP- Egpp) - EPP ¥ (RP= Egpp) (1)

where EPP' is the corrected endplate potential, RP the resting membrane
potential, and Egpp the equilibrium potential of the EPP (Martin, 1955).
The correction for non-linear summation of the unit potentials
which compose the EPP constituted the initial calculation in the quantal
analysis program. Such corrected train tail EPPs were said to vary

according to a Poisson distribution curve (Martin, 1955).
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The EPP was shown to be composed of individual packets or "quanta"
of ACh, each approximately 1/100 of the normal endplate response to a
motor nerve impulse (Fatt and Katz, 1952). Subsequent experiments
have demonstrated that decreasing the catt and/or increasing the Mg++
concentrations of the perfusate can result in a stepwise diminution of
the EPP until the amplitude response approaches that of a single MEPP
(del Castillo and Katz, 1954a). Consequently, the mean MEPP amplitude

is considered equivalent to the mean quantal size:

q = MEPP (2)

In the presence of d-Tc, MEPPs could not be recorded simultane-
ously with trains of EPPs, and the direct measurement of quantal size
was not possible in this case. q values could, however, be determined
by means of variance analysis of train tail EPPs. On the assumption
that these EPPs conformed to a Poisson distribution, the calculation
of q is given by the following equation (Edwards and Ikeda, 1962;

Elmgvist and Quastel, 1965b):

- variance of EPPs
q = mean EPP (3

Further program design (Blaber, 1970) grouped tail EPPs into
blocks for comparative purposes, Blocks consisting of five or ten EPPs
were entered into the computer. Corrected EPP amplitude means and
variances were calculated for each block and these values were sub-

stituted in equation (3) in order to obtain mean quantal size GE).
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Quantal content of the first EPP (m,) of each train was determined
from the following relationship:
a = mq (Brown, 1962) -y
By algebraic manipulation:
m, = 2/q (5)
where a equals the amplitude of the 1lst EPP and E-is the mean quantal
size. The same equation also applies to the determination of the mean
quantal content of the train tail (m;). However, in this case, mean EPP

amplitude is substituted for "a'; thus:

mp = L (6)
q

The first few EPPs of each train are known to decline in a step-
wise fasion (Elmgvist and Quastel, 1965b). This phenomenon was inter-
preted as a prejunctional depletion of the neurotransmitter ACh and
"indicates that the presynaptic store from which transmitter is derived
has a limited size, and at first is not replenished as fast as it can be
emptied" (Elmgvist and Quastel, 1965b). Consequently, determination of
the readily releasable store (n) relies on the slope of the observed EPP
"run-off" which is attributed to quantal depletion. The computer pro-
gram plotted the quantal content of each head EPP (first 4 EPPs) versus
the cumulative quantal depletion. The linear relationship of the EPP
stepwise decline was assessed by correlation coefficients which compared
the first EPP with remaining EPPs of the head of the train. A linear
regression plot was included to obtain x and y intercepts. The y inter-

cept signified the quantal content of the first EPP (mo), while the x
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intercept represented the readily releasable store of transmitter (n).
Experimental determination of n relies on the regression plot of the
first four EPPs since the early decline represents the depletion of the
prejunctional store with negligible transmitter mobilization. Mobili-
zation is apparent as the initial EPP decline deviates horizontally or
plateaus to form the train tail (Elmqvist and Quastel, 1965b). Values
for transmitter mobilization (dm), usually expressed as quanta/msec,
could be calculated by dividing the mean train tail quantal content by
the stimulation pulse interval (Blaber, 1970).

Quantal content (m), readily releasable stores (n) and probability

of release (p) are related as follows (del Castillo and Katz, 1954c):
m = np (7)

Probability of release was thus obtained from the ratio of the first
EPP quantal content (m,) to the previously determined readily re-
leasable store (n).

Thus:

p = "0/n (8)

Quantal Analysis by Means of EPP Failures

The quantal analysis as carried out by the Elmqvist and Quastel
(1965b) EPP train variance method is valid if the transmitter release
conforms to Poisson statistics. Poisson distributed release
could not be demonstrated on the basis of EPP train data alone. Hence,
the method of Johnson and Wernig (1971) which involves the calculation
of quantal parameters as well as the quantal distributions for pre-

dicted binomial and Poisson release was employed. This method relies
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on the presence of EPP fajilures,

The tenuissimus nerve-muscle preparation was used in EPP failure
experiments., Stimulation and recording circuits were identical with
those used for MEPPs and EPPs measurement. The preparation was in-
directly stimulated at a rate of 10 Hz to provide a sufficient number
of EPPs. Recording oscilloscope traces were adjusted to provide re-
current one-second sweeps. Observed EPPs appeared as single deflec-
tions of variable magnitude on each recorded sweep. Calibration
pulses preceded each EPP. The events were photographed with the camera
in the vertical continuous mode at 0.5 cm/sec. Low, 0.98 mM Ca++/high
3.74 mM Mg++ Krebs perfusate is known to impair pre-synaptic transmitter
release (del Castillo et al.,1954; Katz et al.,1965; Hubbard et al., 1968
a, b). The introduction of this modified Krebs solution results in the
absence (failure) of some EPP responses to indirect supramaximal stimuli.
Experiments were initiated when observed failure rates stabilized at
five to fifty percent over a ten minute observation period. Experimen-
tal protocol for collecting failure data was identical with the ten
minute period procedure described earlier. The effects of methyl
isobutylxanthine (MIX),0.006 mM to 0.5 mM, were tested on the incidence
of failures. Failure rates were calculated with respect to 250 stimuli
recorded during each control and treatment cycle.

The detailed description of the determination of quantal analysis
parameters including quantal content, probability of release and readily
releasable stores obtained from EPP failure experiments is included in
the Results section. Furthermore, specific equations which related the

quantal distributions of a series of EPPs containing failures to either
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binomial of Poisson release are presented in conjunction with the Results

section.

ACh Perfusion Depolarization

Acetylcholine perfusion experiments were carried out with muscle
preparations in contrast to the nerve-muscle preparations employed in
other experiments. The muscle was placed in the perfusion chamber,
cleaned and securely pinned down as already described. The recording
circuit was essentially as described earlier (Figure 3). 1In addition,
a Harvard Apparatus pen recorder calibrated to indicate potential
deflections of 1 to 100 mV was connected to the recording oscilloscope.
The recorder provided permanent traces of the potentials.

The perfusion system for this experiment was also modified as
compared to that described before. There were four leveling bulbs

A-D containing respectively:

normal Krebs solution;

10-20 ug/ml ACh dissolved in normal Krebs solution;

MIX, 0.5 mM dissolved in normal Krebs solution; and

10-20 ug/ml ACh and 0.5 mM MIX dissolved in normal

Krebs solution.
The perfusion system was arranged so that any one of the four solutions
could be selected for perfusion via gravity flow.

The protocol of the ACh depolarization experiments was as
follows (cf Figure 3). The microelectrode was first positioned intra-
cellularly at an endplate region of a cell exhibiting suitable resting

membrane potential. The preparation was initially perfused with
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normal oxygenated Krebs solution throughout a short observation period.
The experiment was initiated by perfusing the preparation with ACh-Krebs;
a 5-15 mV depolarization (Dj) was observed. After the maximal depolar-
ization (D7) was obtained, an immediate washout perfusion of normal Krebs
solution resulted in recovery and served to prevent receptor desensiti-
zation. Ten minutes after Dy, a second ACh depolarization (Dy) was
induced; D) served as a second control and marked the end of the control
cycle. Uniform D, D) responses suggested absence of desensitization;
the few preparations that exhibited a progressive decline in response
were discarded. Following D, the preparation was perfused for 10
minutes with Krebs solution containing MIX (0.5 mM). This treatment
period was terminated with another ACh depolarization (D3) representing
the treatment response. The post treatment rinse or treatment recovery
period was then initiated by rinsing the preparation for ten minutes.

Ten minutes after D3, a final ACh depolarization (D4) was obtained.
D4 represented the post treat control response and concluded the

experiment (cf Figure 3).

Iontophoretic ACh Potentials

The term iontophoresis is defined inthis dissertation as the
electrically activated ejection of ACh from a micropipette positioned
extracellularly at the muscle endplate. Resulting endplate depolariza-
tions or ACh potentials were then monitored by means of a intracellular
recording electrode, located proximally to the endplate. Iontophoresis
is a unique means of application as it serves to deliver a discrete
concentration of the transmitter (ACh) at a precise locus (the endplate),
thus bypassing the prejunctional nerve terminal stores. The iontopho-

retic method was first described in detail by Nastuk (1953).
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Ejection pipettes were prepared as described above; they were
filled with 2.5 M ACh Cl. ACh iontophoresis electrodes had tip
resistances ranging from 40-100 M{L. ACh in solution is a positively
charged ion. Consequently, administration of a positively charged
electrical field to the pipette caused ACh ejection. Reversing the
polarity results in retention of ACh in the pipette; the current is
appropriately termed braking, retaining or backing current (Del Castillo
and Katz 1955b).

Suitable surface cells were obtained by means of locating appro-
priate MEPPs. An intracellular KC1l recording electrode was employed
for this purpose, With the exception of a Grass S-48 single channel
stimulator to trigger calibration pulses, the recording circuit
employed for recording ACh potentials was unchanged from that used to
record EPPs (Figure 4).

A second micromanipulator holding the ejection pipette was
located opposite the recording electrode, This arrangement allowed
optimal extracellular placement of the ACh pipette in close proximity
to the intracellularly placed recording electrode tip.

The stimulating circuit included the use of a Grass 5-88 dual
channel stimulator and 2 SIU-5 stimulus isolation units connected in
series. One stimulator channel functioned to deliver the ACh ejection
pulse. The other channel supplied a continuous DC backing current to
prevent ACh leakage between pulses (Del Castillo and Katz, 1955b;
Peper and McMahon, 1972). One stimulus isolation unit lead served as
an indifferent electrode and made contact with the muscle chamber
perfusate. A lead from the micropipette to the other isolation unit

included a 50 MJSL shunt resistor and a 47 K{L resistor placed across
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the DC amplifier input terminals. The ejection current was then
monitored as the voltage drop across the 47 KfL resistor; a Grass P-18
DC amplifier was employed for this purpose. The current pulse was dis-
played on the lower beam of the Tektronix 502A dual beam oscilloscope.
A diagramatic illustration of the iontophoretic stimulating and record-
ing circuits is shown in Figure 4.

Several difficulties were encountered in the course of ionto-
phoretic experiments. Ejection pipette placement required continuous
positional adjustments alternating with ejection pulses; this procedure
was needed to obtain suitable iontophoretic potentials prior to the
actual experiment. Too, radical pipette repositioning resulted at
times in cell impalement. Ejection of excess ACh frequently caused
the iontophoretic potential to achieve threshold and result in a
twitch; such movements dislodge or damage ejection pipettes or result
in damaged or depolarized cells. Desensitization characterized by
diminished postjunctional responses to identical iontophoretic pulses
constituted yet another problem; this was attributable to unduly
frequent ACh ejection pulses or to repeated receptor exposure to
excessive ACh concentrations. To avoid desensitization, ACh was
applied every 30 seconds.

Several variables influenced the choice of a suitable ejection
current; they included the selection of the electrode, the presence of
excess connective tissue impeding ACh diffusion onto the receptor
target, and the distance between the electrode tip and the receptor.
Accordingly, pulse strength and duration had to be frequently varied

from one cell to the next or between each electrode placement if
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acceptable iontophoretic potentials were to be obtained during the
observation and control periods. Ejection currents were approximately
10 nA and 10-70 msec duration. Backing current was adjusted to prevent
ACh diffusion from the micropipette between pulses.

Consistent iontophoretic and resting membrane potentials over the
10 min pretreatment control and observation period were used as
criteria for selecting acceptable experiments. Furthermore, potentials
were acceptable if they were at least 2 mV in amplitude and had a
time course no longer than 200 msec. Adjustment of stimulator settings
or electrode repositioning were never attempted with an experiment in
progress. In the actual experiments, a 0.5 mM MIX dose was employed.
The rate of stimulation was 0.5 H, over the 10 min periods described

previously for MEPP and EPP experiments.

Input Resistance of the Muscle Membrane

Experiments performed to measure input or passive membrane
resistance (R') made use of two intracellular KC1l microelectrodes; one
electrode functioned to pass electrical current across the membrane
resulting in polarizing electrotonic potentials while the other served
to record these potentials. The stimulating and recording circuits
were similar to those described in detail by others for cat tenuissimus
(Martin, 1959) and frog sartorius preparations (Fatt and Katz, 1951).

A current passing (stimulating) electrode containing KC1l was
inserted intracellularly at an endplate region within 100 _u m of the
recording electrode. The insertion of two electrodes into a single
cell resulted in a noticeable 10-20 mV decline of resting membrane

potential.
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The stimulating circuit included a current passing electrode con-
nected in series to a 50 MSL shunt resistor. The voltage drop across
a 47 KL resistor, also in series with the electrode, was amplified
by means of a Grass P-18 DC amplifier and displayed on the Tektronix
502A dual beam oscilloscope. The voltage drop measurement across the
47 XKLL resistor allowed calculation of the current intensity in

accordance with Ohm's law:
I-= V/R

where I is the current in amperes and v the voltage drop across R, the
47 KL} resistor.

A series of six hyperpolarizing anodal electrotonic potentials of
varying intensity having a duration of 60 msec each were filmed during
the final two minutes of the pretreatment control period. Comparable
potentials were similarly obtained during the MIX treatment and post-
treatment cycles.

The relation between depolarizing (cathodic) currents and
resulting electrotonic potentials were shown to be non-linear (Katz,
1948). Anodic potentials continued to rise for a shorter time and
showed no significant departure from Ohm's Law (Katz, 1948). Hence
hyperpolarizing (anelectrotonic) potentials were used in the calculation
of membrane resistance. Resistance values were determined as follows.
The previously calculated current strength (1) together with the
observed anodal electrotonic potential amplitudes (V) were substituted

in Ohm's equation to determine the input membrane resistance:

R' = V/1
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The relationship between each observed electrotonic potential and
its accompanying current pulse were used for the construction of a cur-
rent voltage plot. The slopes of these plots thus represented the in-
put membrane resistance and provided a convenient means of comparing
control and treatment data. A paired t-test was employed as a check
of statistical significance between control and treatment resistance

values.

Cholinesterase Assay

Total Cholinesterase activity of cat tenuissimus muscle homogenate,
in the presence and absence of MIX, was determined by using the method
first described by Ellman et al. (1961). The Ellman colorimetric assay
depended on the presence of acetylthiocholine as an enzyme substrate
which was enzymatically cleaved to its thiocholine and acetate com-
ponents. The thiocholine immediately reacted with added dithiobisnitro-
benzoate (DTNB) ions to produce yellow 5-thio-2-nitro-benzoic acid
anions. Formation of yellow color was measured spectrophotometrically
over a selected period of time to serve as a quantitative index of
cholinesterase activity.

Ellman et al. (1961) indicated that non-specific esterase may be
selectively inhibited by appropriate concentrations of quinidine or DFP
in order to determine precise acetylcholinesterase activity. Such
selective enzyme inhibition was not attempted in the cat tenuissimus
assays for several reasons. First, selective inhibition of non-specific
esterase cannot always be accomplished without also inhibiting some
acetylcholinesterase. Second, according to Barnard et al. (1971), the

difference between acetylcholinesterase and total cholinesterase in
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mammalian muscle were rather insignificant, characterized by respective
active sites per endplate of 2.2 x 107 and 4.6 x 107 in rat diaphragm
muscle. Hence, reference to acetylcholinesterase inhibition (rather
than to total cholinesterase) while technically incorrect, is never-
theless appropriate on the basis of acetylcholinesterase concentration
predominance. Finally, the purpose of this assay was not to distinguish
the relative contribution of each esterase to ACh hydrolysis. Rather,
these experiments were intended primarily as an indicator to determine
if cholinesterase was sufficiently inhibited by MIX to account for
MEPP, EPP, and iontophoretic potential time course prolongations.

Tenuissimus muscles from each cat were surgically removed, and
carefully weighed. Sufficient 0.1 M phosphate buffer at pH8 was added
to maintain a concentration of 20 mg of tissue per ml of buffer. The
muscle was homogenized using a manual glass tissue homogenizer sur-
rounded by ice to retard cholinesterase destruction.

Experimental trials simultaneously compared absorbencies of homo-
genate blanks which did not contain the substrate with cuvettes con-
taining the source of the enzyme and the substrate (experimental

cuvette). Fach cuvette included the following:

Blank Cuvette Experimental Cuvette

0.1 ml aliquot of muscle homogenate 0.1 ml aliquot of muscle homogenate

2.9 ml phosphate buffer 2.9 ml phosphate buffer
100 ul DTNB reagent 100 ul DINB reagent
MIX MIX

20 ul phosphate buffer 20 ul acetylthiocholine substrate
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Both cuvettes were placed in a Beckman DU spectrophotometer and
absorbence was recorded at 412 nm. Control and treatment periods each
lasted 21 minutes and consisted of 22 separate absorbence recordings
taken at one minute intervals. Blank cuvettes were used to correct
for absorbence changes not related to acetylthiocholine hydrolysis.
Enzymic activity was determined for control homogenates and homogenate
containing 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 5.0 mM concentrations of
MIX. The extinction coefficient* for the yellow anion was previously
determined (Ellman et al.,1961) and the enzymatic substrate degradation
rate would be related to absorbence rate by means of the following

equation:

absorbence/min

rate (moles/l per min) =
1.36 x 104

Substrate hydrolysis rate calculation for muscle and other tissues
included a correction for tissue concentration. Thus:
A 1 A

R=—— x = (2.30 x 1073)
1.36 x 10% (100/3120) C, c

(o]

(Ellman et al., 1961)

* The extinction coefficient also designated molar absorptivity,is a
constant (E) whose value for specific units depends upon the solvent
and the temperature as well as upon the wave length of light, the con-
centration of the colored substance and the depth of solution traversed
by the light (Sandell, 1965). The extinction coefficient is related
to the above variables by the following equation:

Ecl = log 10 T°/I  (Sandell, 1965)

where c is the concentration of the colored substance, 1 is the depth
of the solution traversed by the light, Jo is the intensity of the in-
cident light beam, and I, is the intensity of the transmitted light
beam. The value of E is necessary to convert absorption rates to
absolute units, i.e., (moles/l. per min) (Ellman et al.,1961).
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where:
R = rate in moles of substrate hydrolyzed per min.
per g of muscle;
A = change in absorbence per min.;
1.36 x lO4 = extinction coefficient (E);

Co = original concentration of tissue expressed as
mg/ml [following a Lowry protein analysis of
the muscle homogenate, C, was ultimately ex-
pressed as the original concentration of tissue
homogenate protein in mg/ml].

A Lowry (1951) protein assay was carried out next. This determi-
nation relies on a graded blue intensity of the alkaline copper test
reagent-protein complex; the intensity was proportional to the amount
of protein present. Six ml of an alkaline copper solution and 0.5 ml
of diluted 1:1 Folin reagent were added to 10, 20, 50 and lQO‘pl
samples of 1 mg/ml albumin. Thirty minutes later absorbencies were
read for each sample at 500 and 750 mp wavelengths. The known protein
amounts (standards) were expressed as % absorbencies recorded in a
Beckman DU spectrophotometer. The same procedure, to determine protein
content, was then repeated for same amounts of muscle homogenate.

Mean protein content for all muscles used were then calculated on the
basis of the control albumin absorbencies in order to express substrate
hydrolysis as moles of substrate hydrolyzed per minute per gram of
protein.

Hydrolysis rates of all experiments for seven MIX concentrations
and controls were expressed as means. A paired t-test comparing the
control values and enzymatic activities in the presence of MIX were

carried out. A graph was constructed with increasing MIX concentrations



82
represented on the abscissa versus substrate hydrolysis rate and cholin-

esterase inhibition on the ordinates (see Results).

Recording MEPPs In Catt Free Medium

Experimental protocol and recording circuits for these experi-
ments were identical with those employed for the measurement of EPPs
and MEPPs described earlier. Krebs solution was modified to eliminate
all Catt while a high 3.74 mM Mg++ concentration was maintained. NaCl
concentration was decreased by 0.14 mM to retain perfusate isotonicity.
This modification of the perfusate resulted in the inhibition of all
EPPs while MEPPs were still present. 0.025 mM, 0.1 mM and 0.5 mM
concentrations of MIX were tested. MEPP amplitude and frequency data

for all three concentrations were gathered and expressed as means.

Muscle Contracture

Muscles were surgically removed and one end affixed to a tissue
bath holder while the other end was attached to a Harvard isometric
muscle transducer. Original resting muscle tension was approximated
by adjusting the in vitro preparation to the length observed in vivo.
The entire preparation was immersed in an oxygenated tissue bath
maintained at 37°C. Muscle contractures were recorded by ink pen
deflections of a Harvard Apparatus recorder.

5.0 mM bath concentrations of caffeine, theophylline and MIX
were each tested separately for their ability to induce muscle con-
tracture. Since the contractures were irreversible only one drug could
be tested in each preparation. The pertinent experiments were intended

as a qualitative evaluation of contracture liability of the three
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xanthines. Accordingly, muscle tension developed from resulting con-
tractures were translated by an isometric transducer into recording

pen deflections.

Indirect-Direct Muscle Twitch Recordings

Tenuissimus muscle-nerve preparations were employed for this
series of experiments. Opposite ends of the muscle were attached to a
tissue holder and a Harvard isometric muscle transducer. An oxygenated
tissue bath set at 379C was used. A pair of isolated silver electrodes
were brought in contact with the nerve to stimulate the preparation
indirectly. Silver field and tendon electrodes were used for direct
muscle stimulation. A dual channel Grass S-88 stimulator supplied
alternating supramaximal indirect with direct pulses. Responses were
recorded on a Harvard Apparatus ink pen recorder. For both direct and
indirect stimulation, threshold voltage was first determined, then
quadrupled to ensure supramaximal pulses. For indirect stimuli,

16 V pulses with a duration of 0.2 msec were generally employed; each
direct pulse approximated 30 volts and lasted 5 msec. Time intervals
between alternating stimuli was 5 seconds.

A bath concentration of 0.5 mM MIX was tested with respect to
both direct and indirect twitch heights. A 0.9 to 1.5 pg/ml bath
concentration of d-Tc was also employed to partially block indirect
twitch response prior to MIX administration.

The experimental protocol employed is described in detail in

conjunction with the results.



Krebs Perfusates

Components of normal and modified Krebs-Henseleit Solutions

employed in this study were as follows:

Low Catt/High Mgtt Catt Free/High

Components Normal Krebs o Krebs Mg+t Krebs
KC1 4,60 mM 4.60 mM 4.60 mM
KH, POy, 1.15 mM 1.15 mM 1.15 mM
CaCl,.2Hy0 2.46 m .98 mM -

MgS04. 7Hy0 1.15 mi 3.74 mM 3.74 mM
NaCl 115 mM 113.9 mM 114.88 mM
D-glucose 8.85 mM 8.85 mM 8.85 mM
NaHCO 24.1 mdt 24.1 24.1 oM
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‘RESULTS

Effect of MIX on Minjature Endplate Potentials

Initial studies of MIX action at the neuromuscular junction con-
cerned various parameters of the miniature endplate potential (MEPP).
In these experiments 0.5 mM, 1.0 mM and 1.5 mM MIX concentrations were
utilized.

At 0.5 mM, MIX significantly depressed MEPP amplitude from mean
values of 0.61 mV to 0.55 mV while significantly elevating MEPP fre-
quency from mean values of (.93 MEPPs/sec. to 1.74 MEPPs/sec.

(Figure 5; Table 1). Rise time and half decay time, however, were not
significantly altered by this dose. Post treatment rinse resulted in
the restoration of the altered parameters closer to control values
(Table 1).

In addition to depressing MEPP amplitude and increasing their fre-
quency, the two higher MIX concentrations caused significant and dose.
dependent prolongation of MEPP time course. For example, rise time and
half decay time of MEPPs by 1.5 mM concentrations of MIX were signifi-
cantly affected while the 1.0 mM concentration significantly prolonged
the rise time (Table 1). Depression of MEPP amplitude was also dose
dependent.’ Reversal of drug effects was less pronounced during the
post treatment rinse period following the two higher MIX concentrations
as compared with the 0.5 mM concentration. Resting membrane potentials
were not significantly altered by any of the three MIX concentrations
‘tested. Table 1 summarizes these results which are based on fourteen
MEPP experiments.

Histograms were constructed in order to compare MEPP frequency
and amplitude distributions during control and treatment periods for

the low, 0.5 mM and high 1.5 mM concentrations of MIX. MEPP amplitude



S mM
MIX
N=24

1.5 mM
MIX
N=S5

TABLE 1

MEPP - DOSE RESPONSE STUDY

¢c-I (Control) T (Treat) C-II (Rinse)
R Rige TE — _— —
RMP  Amplitude Frequency Time Fall RMP  Amplitude Rise 1/2 RMP  Amplitude Rise 1/2
mV mV MEPPS/sec. msec. msec. nV nV Frequency Time Fall mV mV Frequency Time Fall
+ S.E. + S.E. + S.E. +S.E. +S.E. +S.E. + S.E. + S.E. + S.E. +S:E. + S.E. #* S.E. + S.E. + S.E. + S.E.
62.5 .61 .93 .57 1.50 63.0 .55 1.74 .62 1.69 62.5 .60 1.48 .79 1.90
+1.55 + .02 + .10 + .08 + .15 +1.22 + .07 + .19 + .11 + .10 + .96 + .04 + .29 + .07 + .26
- - - - - * * dhk
66,2 .71 1.31 .87 1.67 65.6 .57 2.24 1.92 3.23 67.4 . .69 1.09 1.23 2.28
+2.67 + .08 + .52 +.09 + .09 +1.94 + .04 + .60 + .52 + .52 + 2,80 + .07 + .32 +.21 +.31
* * * Rk Rk
65.2 .62 .67 .87 1.71 65.2 .46 1.33 1.45 3.21 67.4 .56 1.74 1.00 2.17
+2.11 + .02 + .13 + .06 + .16 +2.33 + .02 + .26 +.17 + .06 +1.91 + .05 + .39 + .02 + .19
* * * * ok *k
fokk

*p < .05 (paired t-test) C-I vs. T.
**P £ .05 (paired t-test) C-I vs. C-II.
**%p £ ,05 (paired t-test) T vs. C-II.

All recordings were made during minutes 8-10 of each of
the three 10 minute periods (CI, T, C-II).
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THE EFFECT OF M1IX ON MEPPS

CONTROL TREAT

.5mv

Figure 5. The above film records demonstrate the amplitude

and frequency of MEPPs under control conditions (left block).

Addition of 0.5 mM MIX to the perfusate results in the sig—
nificant alteration of MEPP amplitude and frequency (right
block). Each sweep is 1 second in duration.

87




88
distribution was shifted to the left following treatment with 0.5 mM MIX
(Figure 6A). The shift was more pronounced following the treatment with
a 1.5 mM concentration (Figure 6B). Altogether, the significant depres-
sion of MEPP amplitude by three concentrations of MIX tested were dose
dependent (Table 1).

MEPP frequency was significantly increased by all three concentra-
tions of MIX (fourteen experiments). However, this effect did not ap-
pear to be dose dependent (Table 1). Frequency distribution histograms
characteristic of the random nature of spontaneous discharge (Fatt and
Katz, 1952) were compiled. The mean frequency was shifted from 0.93
MEPPs/sec to 1.74 MEPPs/sec, a 877 increase following perfusion with
0.5 mM MIX (Figure 7A). The application of 1.5 mM MIX changed the mean
frequency from a control value of 0.67 MEPPs/sec to 1.33 MEPPs/sec, a
997 increase (Figure 7B).

Since MIX exhibited dose dependent effects on MEPP aﬁplitude,
varying MIX concentrations were employed frequently in other experiments
as well. However, for comparative purposes, the effects of a 0.5 mM MIX
concentration were studied in all experiments. Indeed, in pilot experi-
ments as well as in the course of this study, this concentration elicited
consistent and marked effects. Furthermore, higher MIX concentrations
produced results that were not reversible under the conditions of my
experiments; for example, during the 10 minute post treatment rinse
period following application of 0.5 mM MIX, MEPP parameters usually
returned toward control values while reversal of MIX action following
rinsing was less readily apparent at MIX concentrations » 1.0 mM.

It was felt that the use of such concentrations would preclude obtain-
ing meaningful results and obscure the demonstration of specific MIX

actions.
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Figure 7A. MEPP frequency histogram of pooled data from 4
experiments. 0.5 mM MIX increased MEPP frequency.
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Effect of MIX on Endplate Potentials

Next ,MIX actions were explored with respect to evoked endplate
potentials (EPPs). Muscle contraction was blocked with 2.5‘pg/ml
d-tubocurarine (d-Tc). 0.5 mM concentrations of MIX significantly
increased EPP amplitude from mean values of 1.8 mV to 2.4 mV. The
rise time and half decay time were also significantly prolonged. Mean
resting membrane potentials remained unchanged throughout the duration
of the experiments. EPP parameters returned to control values in the
course of the ten minute rinse period. These results are summarized in
Table 2; an actual recording of typical control and experimental EPPs
can be seen in Figure 8.

In some experiments, 0.5 mM MIX was sufficient to increase EPP
amplitudes past the threshold for muscle action potentials and to cause
muscle twitch. Following a twitch, the experiment was concluded and
the results not used for statistical analysis as in such cases muscle
movements frequently damaged the electrode or caused a shift in its
position.

In view of enhanced facilitation and occasional restoration of
twitch by 0.5 mM concentrations of MIX, higher MIX concentrations were
not employed. The effects of lower MIX concentrations were not studied
with respect to EPPs but were evaluated with respect to other experimen-

tal paradigms.

Effects of MIX on EPP Trains and EPP Failures

The method of Elmqvist and Quastel (1965b) was employed in the

determination of quantal parameters from trains of EPPs.



TABLE 2

EFFECT OF 0.5 mM METHYL ISOBUTYL XANTHINE ON ENDPLATE POTENTIALS

EPP EPP EPP
RMP Amplitude Rise Time Half Decay Time
Treatment N (mV + S.E.) (mV + S.E.) (msec. + S.E.) (msec. + S.E.)
A) Control 7 71 + 2.8 1.8 + .18 mv 0.76 + .03 msec. 1.3 + .22 msec.
B) 0.5 mM MIX 7 71 + 3.8 2.4 + .26 mV* 0.94 + .05 msec.* 1.8 + .15 msec.*
C) Rinse 7 71 + 3.9 2,3+ .21 wV 0.74 + .08 msec. 1.6 + .18 msec.
*p & 0.01 (Paired t-Test) Treatment vs. Control

%76



THE EFFECT OF M.L.X. ON EPPS

CONTROL TREAT

Figure 8. Effect of 0.5 mM MIX on the endplate potential.
significantly increased amplitude and rise time.

MIX
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Trains of EPPs were obtained by indirect repetitive stimulation of the
preparation at 50 Hz for 2 sec. and d-Tc was perfused to prevent muscle
contraction. The primary reason for obtaining train data was to sup-
port or reject the possibility of drug related prejunctional sites of
action.

MIX increased the amplitude of EPPs. The first and last EPPs
of typical trains are shown in Figure 9; a 0.5 mM concentration of MIX
increased the amplitudes of EPPs throughout the train. Additionally,
the effect of MIX on the first EPP was evaluated and it was significantly
elevated in the presence of the compound (Table 3).

A compiled summary of quantal analysis parameters obtained from
seven different preparations is shown in Table 4. A 0.5 mM concentra-
tion of MIX was the only concentration used in these experiments. As
can be seen quantal size (q) was significantly depressed by‘MIX. The
mean quantal content of the head of the train, m, (the lst EPP),and
that of the tail of the train, m¢ (the last 85 EPPs),were both signi-
ficantly elevated in the presence of 0.5 mM MIX. As applied to the
equation m = pn*, the analysis demonstrated also that readily releasable
stores (n) were significantly increased. The probability of release
was unchanged.

Some of the values obtained from the quantal (variance) analysis
of EPP trains prompted further tests to determine the reliability of

such data for several reasons: First, MIX did not markedly increase

* m signifies quantal content;
p signifies probability of release; and
n signifies readily releasibly stores.
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Figure 9. The two upper panels represent the first 10 and
final 10 EPPs of a control train.

The two lower panels represent the first 10 and final 10
EPPs of a train during the final minute of a 0.5 mM treat-
ment cycle..

Trains consisted of 100 impulses. The nerve was stimulated
at a frequency of 50/sec. for 2 sec. These experiments

were performed in the presence of 2.5 ug/ml d~Tc.

Cal: 1 mV., 60 msec.



TABLE 3

AMPLITUDE OF THE FIRST EPP OBTAINED

FROM TRAINS IN THE PRESENCE OF CURARE

98

Control 0.5 mM MIX Treat Rinse
RMP lst EPP RMP lst EPP RMP 1st EPP
- 83 2.50 - 81 2.79% - 81 2.87
+ 2.6 + 0.25 + 2.5 + 0.24 +4.9 +0.35
mV mV mV mV mV mV
N=7 N=7 N=4

*p & .05 (paired t-test) control vs. treat.

The above values are expressed as means + the standard error.



0.0175
+ .0016

B

0.0140

+ .0013
*

0.0163
+ .0044

TABLE 4

QUANTAL ANALYSIS PARAMETERS

OBTAINED FROM TRAINS OF EPPS IN CURARE

CONTROL
mo mt P
160 67 0.21
+ 30 + 10 + 0.02
N = 7
0.5 mM MIX TREAT
mo mt Iy
228 83 0.21
+ 48 + 13 + 0.02
% % -
N = 7
RINSE
mo mt D
253 92 0.23
+ 103 + 31 + 0.04
N = 4

=3

796
+ 162

=8

998

+ 149
*

S |

1063
+ 348

99

q - quantal size
mo - quantal content of the head
mt - quantal content of the tail

than the 1lst 15)
p - probability of release
n - readily releasable stores

*p ¢ .05 (paired t-test) control

The above values are expressed as

of the train (first EPP)

of the train (all EPPs other

versus treat.

means + the standard error.
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probability of release and this finding was inconsistent with the
effects of other xanthines including caffeine and aminophylline, both
of which significantly increase p (Wilson, 1973, 1974a; Shinnick, 1974).
Second, the probability of release values (p = 0,22) obtained from the
EPP train analysis were calculated on the assumption that quantal
release was distributed according to Poisson statistics. However, in
regard to quantal analysis, Johnson and Wernig (1971) stated that
"Poisson predictions differed significantly from the observed quantal
distributions for values of p» 0.2." As a result, the reliability
of the quantal parameters shown in Table 4 remained questionable.

Consequently, the statistical methods applied by Johnson and Wernig
(1971) were used to determine if the quantal release patterns approxi-
mated a Poisson or binomial distribution. For this analysis,
independent EPP data was obtained from experiments in which a low
0.98 mM Ca++/high 3.74 mM Mg++ modified perfusate resulted in occasional
failures of EPPs to indirect stimulation. Simultaneous direct observa-
tion of both EPPs and MEPPs was required for the determination of m.
Mean quantal content was obtained from the following relationship:

total no. of quanta released
number of trials

m =

For binomial calculations the probability of release was determined by:
p=1- ¢?/n

where 5'2 is the variance of the series of trials (N). The readily

releasable store (n) was obtained by the ratio T/p.
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The number of failures per trial sample predicted by binomial

statistics was calculated by the equation:

n, = N (1-p)"

where N is the number of trials, p is the probability of release and n
is the value for the readily releasable store. For EPPs having 1, 2,
3....x* quanta the values nj, njy, nj....ny, predicted by binomial sta-
tistics could be calculated by the equation:

N, _ Ny Do-p (x-1)
x (1-p)

where n  represents the frequency of occurrence of each value of x*
during a series of trials (N).

The calculation of the number of failures in the case of a Poisson

distribution is given by:
n, = Ne™@

while the frequency of occurrence of each value of x during N trials is

calculated by the equation:

n, = n,_; ("/x)

Resulting distributions of quanta from 15 experiments calculated from
the above equations are presented in Table 5. Table 5 clearly shows
that for both control and treatment conditions 6 of 7 of the observed

quantal distributions were closer to the values of the expected binomial

* The x subscript represents any integral 1 or greater to designate
those EPPs containing that number of quanta.
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TABLE 5

QUANTAL DISTRIBUTION

Control
ng ny ny nj n, ng ng
Observed 662 1087 1278 515 163 32 4
Binomial 666 1268 1139 533 164 39 4
Poisson 824 1178 899 329 219 83 27
B P B B B B B

MIX Treatment

ng nq ny nj ny ng ng
Observed 382 814 1307 785 358 130 13
Binomial 341 908 1155 893 455 99 28
Poisson 608 948 873 621 372 191 109

B B B B P B B

Table 5. The above values indicate that observed quantal distributions
agree more closely with calculated binomial distributions than with
Poisson distributions. These data also represent pooled values from

15 EPP failure experiments. n( designates all EPPs having 0 quanta
(failures), nj all EPPs having 1 quanta, etc. P or B under each
column signifies if the observed values agree more closely with
Poisson or binomial. See text for calculations.



103
distribution. 1In accordance with the analysis by Johnson and Wernig
(1971) a chi square test applied to the quantal distributions of
individual experiments revealed that 9 of 14 experiments revealed
goodness of fit to a binomial distribution while all of the expected
Poisson distributions were significantly different (P <.05) when com-
pared to the observed distributions. Thus, observed distributions
could not be characterized as being Poisson in nature. As a result,
the variance analysis of EPP trains have provided data which could no
longer be considered appropriate since the calculation of such data
was based on the assumption that quantal phenomena could be described
by Poisson distribution. Nevertheless, these (Table 4) parameters
were retained here for the purpose of comparison and discussion. The
quantal parameters calculated on the basis of binomial distribution
are summarized in Table 6. Corresponding parameters from EPP train
analysis were also re-included (from Table 4) to emphasize the incon-
sistencies between the two sets of data. Thus, for several MIX con-
centrations tested, probability of release is significantly increased
and readily releasable stores are insignificantly diminished as
determined by the binomial analysis (Table 6). In contrast, the proba-
bility of release parameter is unchanged while readily releasable
stores are significantly increased by 0.5 mM MIX as determined by the
inappropriate variance analysis.

Despite major inconsistencies between the two approaches to quantal
analysis the inappropriate EPP train data does reveal some trends con-
sistent with other independent experiments. For example, the drug

related decrease in quantal size correlates well with the significant
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TABLE 6

EPP FAILURE QUANTAL ANALYSIS DATA

Number of

Experiments Dose m P n Fallures/Impulses
4 Control 1.94 .39 6.48 32/250
4 0.5 mM MIX 2.65% L61% 4,66 8/250
3 Control 1.19 .30 4.23 65/250
3 0.1 mM MIX 2.27% L60% 3,79 14/250
4 Control 1,83 .32 17.7 33/250
4 0.05 mM MIX 2.37% .51 5.00 10/250
4 Control 1.39 .35 4.72 52/250
4 0.006 mM MIX 1.18 .34 4.28 68/250

EPP TRAIN QUANTAL ANALYSIS DATA FROM TABLE 4

Number of - _ — Failures
Experiments Dose mt p n /Impulses
7 Control 67.01 .21 796 None
7 0.5 mM MIX 83.83 .22 998 None
4 Rinse 92.87 .23 1063 None

*p € .05 (paired t~test) control versus MIX treated.
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depression of MEPP amplitude described earlier. Quantal content was
also seen to increase significantly in both (train and failure) analyses
following MIX concentrations ranging from 0.01-0.5 mM and in accordance
with direct observationms.

The evidence, up to this point, does not appear to suggest a
facilitatory postjunctional site or sites of drug action. Such effects
of MIX as enhancement of MEPP frequency, increased EPP amplitude as
juxtaposed with depressed MEPP amplitude, and increases in quantal
content and probability of release suggest a predominantly prejunctional
facilitatory site or sites of MIX action. Several additional experi-
mental paradigms were employed to conclusively determine whether or not
MIX possessed postjunctional actions in the cat.

Effects of MIX on
Depolarization Due to Acetylcholine Perfusion

Perfusion of the preparation with medium containing 10-20 ug/ml
acetylcholine (ACh) chloride was carried out until two consecutive
uniform endplate depolarizations were obtained at 10 minute intervals.
A third ACh depolarization was obtained near the end of a 0.5 mM MIX
perfusion period (treatment response). Ten minutes later, a final ACh
depolarization in the absence of MIX served as a post-treat control.

The results, expressed as means of thirteen such experiments, are
presented in Table 7. The mean depolarization due to combined ACh-MIX
treatment was not significantly different from that obtained in controls.
Perhaps most striking are the identical means of the second control
depolarization (dep. 2) and the depolarization obtained in the presence

of MIX (dep. 3), both having mean values of 9.9 mV.
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TABLE 7

ACETYLCHOLINE PERFUSION DEPOLARIZATION EXPERIMENTS

Depolarization 1 Depolarization 2 Depolarization 3 Depolarization 4
ACh ACh ACh + MIX 0.5 mM ACh
RMP dep. 1 RMP dep. 2 RMP dep. 3 RMP dep. 4
- 74 - 9.8 - 74 - 9.9 - 75 - 9.9 - 75 - 10.8
+ 2.4 + 1.6 + 2.2 + 1.1 + 2.5 + 1.6 + 4.8 + 2.3
mV mV mV mV mV mV mV mV
N = 13 N = 13 N = 13 N = 4

In these trials an ACh concentration of 10-20 pg/ml was employed.
None of the above treatment values differed significantly from control.

These data are expressed as means + standard error.
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Depolarization of individual muscle cells in response to ACh per-
fusion was demonstrated in the frog (Ochs and Mukheyee, 1959; Katz and
Miledi, 1961) and in the rat (Thesleff, 1955). Katz and Miledi (1961)
stated that such depolarizations originated at junctional endplates since
receptor free regions revealed diminished sensitivity even to increased
ACh concentrations. These authors also reported a mean ACh depolariza-
tion of 9 mV (from 11 fibers) in the presence of ACh,lO‘5M and eserine,
10-3M (Katz and Miledi, 1961). The magnitude of these depolarizations
correlates well with those reported in MIX experiments. Since d-Tc and
eserine modified the depolarization response to ACh (Thesleff, 1955;
Katz and Miledi, 1961) such experiments might serve as a pharmacological
indicator of postjunctional receptor sensitivity. Such was the rationale
in selecting ACh depolarization trials in the presence and absence of
MIX. However, the negative results reported here with MIX, combined
with the rather prolonged ACh depolarization and recovery times (often
taking minutes), prompted the decision to use a more precise technique,

namely, microiontophoresis.

Iontophoretic Application of ACh

In brief, iontophoretic ACh potentials were evoked by ejection of
ACh, via current pulses, from a micropipette positioned extracellularly
in the endplate region. Experiments were initiated only when successive
ACh potential amplitudes were consistent and uniform. A 0.5 mM con-
centration of MIX was the only concentration employed in this series of
experiments and characteristic responses obtained in a typical exper-
iment are shown in Figure 10. Mean amplitudes, time course determina-

tions and resting membrane potential values from seven iontophoresis
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CONTROL

Figure 10.

Upper Traces

Potentials evoked by iontophoretic application of ACh
0.5 mM MIX application demonstrates no significant al-
teration of the potential. Calibration pulse 5 mV, 20
msec.

Lower Traces
ACh ejection pulses 20 msec. duration and 1.9 x 10-8 AMPS.
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experiments were compiled (Table 8). Only the rise time was significantly
prolonged by 0.5 mM MIX. However, the mean resting membrane potential
(RMP) and the iontophoretic potential amplitude recorded during drug
washout was significantly elevated when compared to controls. The sig-
nificant hyperpolarization may account for the accompanied significant
elevation of post—treatment'wash amplitudes. If the values obtained
during MIX treatment rather than those obtained during the washout
period are considered for comparison with the control values, then the
results of iontophoresis experiments suggest that at a 0.5 mM con-
centration, MIX does not induce postjunctional facilitation of the ACh
potential.

Input Membrane Resistance

Recording of input membrane resistance from a single cell required
the insertion of two microelectrodes that served for evoking the elec-
trotonic hyperpolarizing potential via a current pulse and for recording
this potential. This electrode arrangement was responsible for the low
RMPs observed in these experiments. Figure 11 illustrates an example of
the hyperpolarizing electrotonic potentials obtained from a single cell;
in these experiments R was computed on the assumption that Ohm's Law was
obeyed for small hyperpolarizations (Hodgkin and Rushton,1946). When
comparable current pulses were employed for the control and drug
treatment periods, the associated electrotonic potentials (Figure 11)
were not significantly altered. In the typical experiment MIX was
unable to alter input membrane resistance. Furthermore, the time con-
stants, Tm, for each electrotonic potential were determined on the

assumption that the potential change was an error function of time
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TABLE 8

ACh TONTOPHORESIS EXPERIMENTS

1/2 Decay
RMP Amplitude Rise Time Time
mV mV msec. msec. N
-59.0 6.10 127.89 123.20
Control 7
+ 3.04 + .61 + 28.27 + 21.48
-60.7 7.02 146.37%%* 146.56
0.5 mM MIX 7
+ 2.18 + 1.32 + 27.36 + 25.91
-65.6% 7.41% 147.99 146.73
Rinse 7
+ 1.51 + 1.02 + 36.42 + 28.44

*p £ .05 (paired t-test) control versus post treat control rinse.

**p &£ .05 (paired t-test) control versus 0.5 mM MIX treat.
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THE EFFECT OF MIX ON ELECTRONIC POTENTIALS

TREAT

UPPER TRACE CAL. 10mV. 1MSEC.

LOWER TRACES; INCREASING CURRENT PULSES; 70MSEC,

Figure 11. Electrotonic potentials in the absence and presence of
MIX. There was no effect.
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(Hodgkin and Rushton, 1946). There was no significant change in their
value following a 0.5 mM concentration of MIX. Table 9 summarizes the
results of nine experiments involving two concentrations of MIX. At
0.5 and 2.0 mM concentrations, MIX did not alter input membrane resis-
tance or time constant.

In experiments with 0.5 mM MIX a gradual depolarization was
observed. This decrease in RMP during the post~treatment interval was
significant. In this case, the inability of the selected cells to
maintain a constant RMP over prolonged ( > 20 min.) periods most likely
resulted from the penetration of relatively small cells by two large
tip diameter electrodes. In contrast, application of 2.0 mM MIX con-
sistently resulted in a pronounced sudden and significant drop in rest-
ing membrane potential which was partially reversible upon rinsing. This
phenomenon suggests a depolarizing action of MIX at high (2.0 mM) con-
centrations.

Figure 12 represents current voltage plots of control and treat-
ment data. The slopes of these lines did not differ significantly in
accordance with the pooled data of Table 9.

The negative amplitude findings from ACh iontophoresis and ACh
perfusion experiments enhance support for the idea that significant post-
junctional MIX actions are absent. Nevertheless, increases in EPP
amplitude together with prolonged EPP, MEPP and iontophoretic potential
time course measurements may suggest that MIX exhibits anticholinesterase
properties. In contrast, MIX induced depression of MEPP amplitude and
its inability to augment ACh potential amplitudes is not consistent with
this conjecture. In view of possible conflicting data, a cholinesterase

assay was carried out with increasing MIX concentrations.



TABLE 9

INPUT MEMBRANE RESISTANCE

Control 0.5 mM MIX Treat Rinse
RMP Tm R RMP Tm R RMP Tm R
49 3.30 3.25 x 10° 48 3.30 3.03 x 103 45 3.34 2.72 x 10
+ + + + + +
4.6 0.28 4.8 0.24 4.0 0.50
mV msec. L mV msec. EeR mV msec., Kol
dekk
N = 6 N = 6 N = 6
Control 2.0 mM MIX Treat Rinse
RMP Tm R RMP Tm R RMP Tm R
49 - 2.98 x 10° 30 - 2.56 x 10° 37 - 2.55 x 10°
+ + +
5.2 3.2 ) 4.5
mv NN mv L mv 0
*%
K%k
N = 3 N = 3 N = 3

*p & .05 (paired t-test) control vs., treat.
*%p ¢ .05 (paired t-test) control vs. post treat control.
*%%p & .05 (paired t-test) treat vs. post treat control.

None of the above resistance changes are significant.

Resting membrane potential (RMP), time course (Tm) and input resistance (R) data are reported for 0.5 mM
and 2.0 mM MIX concentrations. Every trial with 2.0 mM MIX resulted in cell depolarization. Subsequent
experiments employed MIX concentrations <« 2.0 mM.

€11
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Anticholinesterase Properties of MIX

The effect of several MIX concentrations on cholinesterase
activity of cat muscle homogenates was determined by using the colori-
metric method of Ellman et al. (1961). In addition, a protein assay
was undertaken in order to determine the amount of protein contained in
the homogenates. Thus, the degree of cholinesterase inhibition could
be correlated with the rate in moles of substrate hydrolyzed/min./g. of
protein. This assay included seven MIX concentrations ranging from
0.5 oM to 5.0 mM. The substrate (acetylthiocholine) hydrolysis rate
versus MIX doses are shown in Table 10. Each value represents the mean
rate + the standard error for eight experiments. At 0.5 mM MIX,

5.40 x 10~% moles of acetylthiocholine were hydrolyzed per minute per
gram of protein representing approximately a 22% inhibition pf
cholinesterase. A 50% inhibition of the enzyme occurred at a MIX con-
centration of 3.0 mM. Altogether, muscle cholinesterase inhibition
ranged from approximately 227 to 55% with 0.5 to 5.0 mM MIX concen-

trations.

MEPPs in Ca’™ Free Medium

The striking reversal of EPP failure rate by MIX reported pre-
viously (see Table 6) prompted another investigation of MEPPs in which
a Catt free/high (3.74 mM) Mg++ perfusate was employed. This ionic
modification totally abolishes EPPs whereas MEPPs remained present
(Fatt and Katz, 1952). This observation suggests that an independent
intracellular Ccatt requirement exists for spontaneous, in contrast to
evoked transmitter release which is dependent mainly on extracellularly

Catt (Alnaes and Rahamimoff, 1975). Consequently, Catt free MEPP



TABLE 10

ANTIACETYLCHOLINESTERASE ACTIVITY OF MIX

Control .5 mM 1.0 mM 1.5 mM 2.0 mM 2.5 mM 3.0 mM 5.0 mM
MIX MIX MIX MIX MIX MIX MIX
7.01 5.40 4,94 4, 64 4,28 3.76 3.52 3.18
+ .77 + .67 + .50 + .51 + .52 + .42 + .40 + .67
- T % " T % * % T o T %

#*p <& .0005 (control vs. treat).

The above values are expressed as activity x 104 moles of substrate
hydrolyzed/min./gram of protein.

116
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experiments were designed to supply indirect evidence for a possible
MIX role in the activation of nerve terminal Catt.

The Ca't free experiments also served to accept or reject the
idea that a nerve terminal depolarization caused by MIX may be the
underlying cause for elevated MEPP frequency. This cause-effect rela-
tionship is based on the following rationale. Asynchronous ACh release
resulting from nerve terminal depolarization is dependent on an adequate
extracellular Ca*t concentration (Liley, 1956b). Hence, if MIX did
cause nerve terminal depolarization, the increased MEPP frequency
effect would be absent or diminished in Ca'™ free medium. Such was
not the case.

The MEPP data obtained in these experiments are essentially
identical with those obtained earlier in non-modified medium. As
shown in Table 11, a 0.5 mM concentration of MIX caused a significant
MEPP amplitude depression while significantly elevating the MEPP
frequency (Figure 13). Lower concentrations of MIX (0.1 mM and 0.025
mM) revealed no significant alterations of amplitude but MEPP fre-
quency remained significantly elevated. 1In all twelve experiments

resting membrane potentials were not altered.

Muscle Contracture Trials

This series of experiments was carried out to indirectly show
whether or not MIX is capable of activating muscle Catt stores. Indeed,
compounds which evoke muscle contracture responses are thought to
mobilize muscle cell Catt (Bianchi, 1961).

Exposure of isolated frog sartorious muscle preparations to 5.0 mM
concentrations of theophylline or caffeine resulted in irreversible

muscle contractures. In contrast to other xanthines, 5.0 mM MIX



TABLE 11

MEPP DOSE RESPONSE STUDY IN Ca't FREE MEDIUM

C-1I (Control) T (Treat) C-I1 (Rinse)
RMP Amplitude Frequency RMP Amplitude Frequency RMP Amplitude Frequency
(mV) (mV) MEPPS/sec. (mV) (mV) MEPPS/sec. (mV) (mV) MEPPS/sec.
+ S.E. + S.E. + S.E. + S.E. + S.E. + S.E. + S.E. + S.E. + S.E.
.5 mM 69.0 .50 2.80 69.8 .42 4,38 69.8 46 3.73
MIX + 5.7 + .05 + .36 +4.3 + .04 + .78 + 3.6 + .05 + .36
N = 4 *kk % *k
.1 mM 70.3 .48 1.26 70.0 .45 2.16 69.5 .45 1.81
MIX + 5.12 + .04 + .64 +5.23  + .02 + 1.01 + 5.39 + .02 + 1.26
N =4 *
.025 mM 67.3 57 1.19 65.3 .53 1.98 62.8 .54 1.91
MIX + 2.29 + .06 + .15 + 3.20 + .05 + .43 + 4.27 + .06 + .46
N = [4 *
*p £ .05 (paired t-test) C~-I vs. T
**p &£ .025 (paired t-test) C-I vs. C-II
***p < ,005 (paired t-test) C-I vs. T
Perfusion medium contained no calcium and an elevated magnesium concentration (3.74 mM M ++). Isotonicity

was retained by elevating the

[NaC1] by .98 mM. greater than the low Cat/high Mg*+ medium.

8STT
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TAE EFFECT OF HIX O0d4 HEPPs
I CALCIUM FREE PERFUSATE

CONTROL TREAT
1 w.|

500 MSEC

Figure 13. Effect of 0.5 mM MIX on MEPPs in calcium free perfusate.
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demonstrated no alteration of muscle tension or contracture. The maximal
tensions obtained by each preparation were translated by a force transducer
into recording pen deflections inscribed on moving chart record paper.
Such inscriptions illustrating the results of a typical experiment are
presented in Figure 14. The results obtained with each drug were com-
puted from 8 to 11 trials per drug and are presented in Table 12.
Irreversible contracture tensions were induced in all the preparations
employed by 5.0 mM concentrations of caffeine or theophylline; in sharp
contrast, no tension increase resulted from the application of 5.0 mM
concentrations of MIX. These data suggest that MIX lacks the muscle
Ca™ activation properties characteristic of the other xanthines tested.

Experiments with Alternating
Direct—Indirect Muscle Twitch Responses

In order to demonstrate MIX action on muscle twitches, in vitro
muscle nerve preparations were stimulated in an alternating direct
indirect manner. In evaluating the data obtained in these experiments
the maximum twitch response to direct stimulation was assigned a value
of 100%. Thus, maximum twitch height of the response to direct stimu-
lation served as a control with which other twitches were compared.

0.5 mM concentrations of MIX resulted in a significant increase in
twitch height response to indirect stimulation frommean values of 39.7%
to 64.0%. This junctional facilitation is consistent with the micro-
electrode data already obtained.

Twich response to direct stimulation was also facilitated; the

effect of 0.5 mM MIX, while small (87) was significant.
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blem™lt 23 8 mimm

Tiiz E’”’“ TS OF THECSPHYLLINE, 2 Tn.i,zf:' A0 MLX. CN FROS

hooohylline BmM Cauifeine Smid MLX., 5mM

15 mm.

20 sec..

Figure 14. Identical concentrations of three methylxanthines were
tested for their ability to induce irreversible muscle contracture.
Theophylline and caffeine demonstrated this effect while MIX at no time
caused contracture. The ordinate calibration represents distance
traversed by a recording pen on chart paper in response to tension
developed by isometrically contracted muscles.
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ISOMETRIC MUSCLE CONTRACTURE TENSIONS

EVOKED BY 5.0 mM CONCENTRATIONS OF XANTHINES

Mean Max. Tension
5 mM Caffeine

Mean Max. Tension
5 mM Theophylline

17.5 + 6.1 mm 27.0 + 4.9 mm

* *

Mean Max. Tension

5 mM MIX
.500 + .38 mm
N = 8

*p <& .05 paired t-test (MIX vs. caffeine or theophylline).

The above values are expressed as the means + standard error of

the distance in mm traversed by a recording pen.

The tension

developed by muscle contracture was translated by an isometric

force transducer into recording pen movement.
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In ensuing experiments, the effect of MIX on d-Tc induced neuro-
myal block was evaluated. Preliminary trials showed that 0.5 mM
concentrations of MIX did not reverse d-Tc induced depression of
twitch response to indirect stimulation when the depression was greater
than 507%. Consequently, the concentration of d-Tc was gradually
increased to cause twitch depression ranging from 30% to 50%. In four
experiments, d-Tc caused a mean depression of twitch response to direct
stimulation by 15% and a mean depression of twitch response to indirect
stimulation by 32%; only the depression of the indirect responses was
significant. Subsequent application of 0.5 mM concentrations of MIX
caused a significant increase of both indirectly and directly obtained
twitch responses over the d-Tc depressed values.

Recordings from two typical experiments are shown in Figure 15.

The data are summarized in Table 13.
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05mM HIX

hFTc'

CONTROL B
' O5HM MIX

Figure 15. Traces A and B represent control and 0.5 mM MIX
treatment responses to an isolated nerve muscle preparation
being stimulated directly (lighter trace) and indirectly
(darker trace) in an alternating sequence. Traces C, D and
E are similar recordings to those in A and B. However, suf-
ficient d-Tc was added to impair neuromuscular transmission
by 33%Z. 0.5 mM MIX demonstrated a slight anticurare action.
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TABLE 13
___ T _ .
Dyax Tvax [M1X] Dyrx Tyix
100% 39.75 .5 mM 108.75 64.00
+ 9.20% + 4.15% + 11.54%

# fH

#p ¢ .05 (paired t-test) Impx versus IaTe"
##p < .05 (paired t-test) Impax versus Iyyx-

Dvax  Tmax [dTe] Dare  Iate MIxl  Dyrx Tk
100% 62.25 1.05 ug/ml 85.00 42.50 .5 mM 90.75 55.00
+ 6.3% + 8.13% + 9.13% + 6.66%7 + 12.067
* *% %ok
*p £ .05 (paired t-test) Iy,y Versus Igrpe.
*%p & .05 (paired t-test) D4gTc versus DMTX.
**%p & .05 (paired t-test) Iqr. versus Iy1x.

Dyax — The maximum response to applied direct stimuli. This response was
assigned a value of 100% and functioned as a control with which
other direct responses were compared.

IMAX The maximum response to applied indirect stimuli expressed as a 7%
of the Dmax value. The Imax value functioned as a control with
which other indirect responses were compared.

fM1x] Bath concentration of MIX.

[dTc] - Mean bath concentration of dTec.

Dm1x .5 mM drug treatment response after direct stimulus plateau is
attained. Dyiyx is expressed as a % of the Dypyx value.

IvTx .5 mM drug treatment response after indirect stimulus plateau is
attained. 1Iyyyx is expressed as a % of the Dypx value.

Dch Curare treatment response after direct stimulus plateau is attained.
DgTc is expressed as a 7% of the Dypx value.

Ich Curare treatment response after indirect stimulus plateau is
attained. Igr. is expressed as a 7% of the DMax value.

NOTE: Actual twitch response amplitudes were compared for statistical

significance prior to their expression as percentages.
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DISCUSSION

Collective consideration of all MIX experiments carried out at the
neuromuscular junction indicate primarily a prejunctional site of action.
Supportive findings include the following: significantly increased MEPP
frequency with no increased amplitude; increases of EPP amplitude, quan-
tal content and probability of release. The absence of drug related al-
terations of ACh perfusion depolarization potentials, iontophoretic po-
tentials, input membrane resistance and time constant determinatiors all
indicate a deficiency of postjunctional involvement by MIX. This brief
summary is intended to put the pharmacological actions of MIX into per-
spective. The remainder of this discussion, however, will focus upon
more detailed explanations for the mechanisms and sites of MIX actions

as they relate to the above findings.

Spontaneous Release and catt

In the cat tenuissimus nerve-muscle preparation MIX concentrations
ranging from 0.5 mM to 1.5 mM altered significantly three MEPP parameters;
MEPP time course was prolonged, amplitude was depressed while frequency
was elevated. Several MIX concentrations of less than 0.5 mM also caused
an elevation of MEPP frequency while not affecting amplitude. These dose
related effects seemed to imply that the prejunctional sites responsible
for spontaneous ACh release were more sensitive to MIX actions than were
those sites associated with the alteration of other MEPP parameters
(i.e., postjunctional membrane and MEPP amplitude).

Elevation of MEPP frequency is a well documented property of

methylxanthines and has been described for caffeine in rat diaphragm
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(Elmgvist and Feldman, 1965; Hofmann, 1969) and in frog sartorius muscle
(Mambrini and Benoit, 1963). In a similar fashion MEPP frequency was
enhanced by theophylline in rat diaphragm (Goldberg and Singer, 1969)

and in cat tenuissimus muscle (Shinnick and Jacobs, 1971, 1972; Shinnick,
1974)%,

MEPP frequency alternations have been attributed to shifts of
nerve terminal membrane potential by an agent. MIX, however, does not
appear to elevate MEPP frequency by terminal depolarization. Evidence
supporting the stability of nerve terminal potential in the presence of
MIX is presented later in this discussion.

A complete explanation of the mechanism responsible for methyl-
xanthine induced elevation of MEPP frequency has not been provided by
any one study. In the case of theophylline several investigators have
attributed enhanced MEPP frequency to prejunctional unbinding of catt
(Elmqvist and Feldman, 1965) and to a postjunctional increase in Catt
efflux (Bianchi, 1961) which suggested an elevation of extracellular
Catt level (Mambrini and Benoit, 1963).

MEPP amplitude depression by a given agent may occur through an
action on the prejunctional nerve terminal but is more commonly related
to a depression of postjunctional response (Hubbard et al. 1969a).

In contrast to aminophylline which increased MEPP amplitude (Shinnick,
1974), MIX consistently depressed MEPP amplitude at higher concentrations

(0.5 mM to 1.5 mM), but not at concentrations lower than 0.5 mM.

* "Theophylline'" used by Shinnick et al. was in fact aminophylline and
will be hereafter referred to as such. This designation is appropriate
as Wilson (1973) demonstrated several differences between the actions
of aminophylline and theophylline at the neuromuscular junction.
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Results of muscle twitch experiments revealed that the possibility
of MIX exhibiting enhanced curare like actions on postjunctional recep-
tors is unlikely. Other data tend to suggest that MEPP amplitude
depression may be prejunctional. For example, several MIX concentra-
tions did not alter ACh potential amplitude, ACh perfusion depolariza-
tion, input membrane resistance or time constant. These findings
suggest that MIX possesses a facilitatory site of action causing an
increase in the frequency of spontaneous release and an inhibitory site
of action causing the depression of MEPP amplitude (i.e., q size). The
absence of postjunctional effects supports the concept that both sites
may be located within the prejunctional nerve terminal or membrane.

Several mechanisms that may underlie the prejunctional depression
of MEPP amplitude have been discussed in the literature. Elmqvist and
Quastel (1965b) demonstrated that hemicholinium progressively diminished
quantum size following repetitive nerve stimulation. This fhenomenon
was ascribed to transmitter depletion coincidental with hemicholinium-
related blockade of choline uptake and depression of ACh synthesis. In
contrast to hemicholinium, MIX decreased quantal size, i.e., it attenuated
MEPP size in the absence of stimulation. Consequently, a hemicholinium
like action could not be assigned to MIX since hemicholinium signifi-
cantly diminishes q size recorded from non-depleted resting junctions.

Similar to the MEPP alterations caused by MIX, 0.06 mM vinblas-
tine elevated MEPP frequency by 3007 and diminished MEPP amplitude from
0.75 mV to 0.45 mV in frog sartorius muscle (Turkanis, 1973). No mech-

anism was found: a postjunctional receptor blockade or a reduction in
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the amount of ACh per quanta were given as possible explanations.

A mechanism related to Ca'tt constitutes the most plausible ex-
planation of the MIX induced reduction of quantal size. Fatt and Katz
(1952) first reported that a fourfold increase in extracellular Catt
concentration produced a small diminution of the frog sartorius minia-
ture potentials. Mambrini and Benoit (1963) observed a 40% depression
of amplitude with elevated Ca't concentration and inconsistent altera-
tion of MEPP amplitude, by changing Ca*tt levels from 2.0 mM to 5.0 mM
or from 2.0 mM to 0.1 mM. A similar effect was also reported for rat
diaphragm (Hubbard et al., 1968b). MEPPs of reduced amplitude were
recorded in frog sartorius immersed in an isotonic medium in which Na
ions were replaced by Ca ions (Katz and Miledi, 1969). Recent investi-
gations by Kriebel and Gross (1974) and Kriebel et al. (1976) showed
that a two to eight fold increase in Ca*™t concentration revérsibly
increased MEPP frequency and also decreased, by up to 15%, the MEPP
amplitude in mouse diaphragm preparations.

Further evidence suggesting a prejunctional site of MIX action was
advanced by an investigation of Ruthenium red, an inhibitor of Catt
uptake by mitochondria (Alnaes and Rahamimoff, 1975). This compound
increased spontaneous transmitter release but decreased quantal size
at frog motor nerve terminals. The effect of Ruthenium red on MEPP
parameters was attributed to an inhibition of catt transport into nerve
terminal mitochondria resulting in higher concentrations of residual
calcium. The similarity of actions of Ruthenium red and MIX on MEPPs
suggests that the mechanism of action of both compounds may be similar.

An alternative explanation may implicate a release or leak of intracellular
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stores of Catt transport by nerve terminal mitochondria. In either case
the common effect would be attributed to increased intraneuronal free
ca*tt levels.

On the basis of extensive investigation of many tissue types
Rasmussen and Tenenhouse (1968) implicated a possible functional link
between cyclic AMP and Ca'™t in the release of transmitter from motor
nerve terminals. This proposal was later supported by the observed
increase in MEPP frequency and decrease in MEPP amplitude by 4.0 mM
dibutyryl cyclic AMP (Goldberg and Singer, 1969) and especially since

Ca++, dibutyryl cAMP, MIX and Ruthenium red all demonstrated a similar

combination of actions on MEPPs.

MIX and Contracture

Considerable evidence for methylxanthine related Catt mobiliza-
tion is consistent with the results of the present studies which suggest
that the depression of MEPP amplitude and enhancement of MEPP frequency
by MIX may be due to a catt dependent mechanism. Altogether, MIX may
cause Ca™t liberation leading to an alteration of MEPP parameters in
terms of a prejunctional site of action.

Several controversial items, however, require further clarifica-
tion:

A 5.0 mM MIX concentration does not evoke muscle contractures
similar to those observed with equal concentrations of caffeine or
theophylline. Caffeine induced irreversible muscle contractures
(Axelsson and Thesleff, 1958) were considered to result from an efflux
of intracellular Ca't or freeing of bound Catt stores (Bianchi and

Shanes, 1959; Bianchi, 1961; Herz and Weber, 1965). Such contractures
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were not mediated by changes in resting potential or in the ionic per-
meability of the muscle membrane (Axelsson and Thesleff, 1958) and were
independent of extracellular Ca’t levels. In contrast to methylxanthine
contractures, those induced by Kt were characterized by reversible
membrane depolarization.

Caffeine was reported to exert its effect on the external cell
membrane; intracellular administration of caffeine did not result in a
contracture. Bianchi (1961) theorized that caffeine reduced Catt
binding sites at the muscle membrane or sarcoplasmic reticulum, hence
causing increased Catt fluxes.

Luttgau and Oetliker (1968) argued that Ca™™ was released by the
action of caffeine on T-tubules. However, Howell (1969) indicated that
glycerol induced destruction of the T-tubules had no effect on caffeine
contractures. He subsequently concluded that caffeine acts directly
upon the sarcoplasmic reticulum membranes to induce CatT release.

More recently, Bianchi (1975) described methylxanthine contracture
in detail. As he explained, this tension increase resulted from a leak
of cat™ from sarcoplasmic reticulum terminal sacs. During the contrac-
ture, Ca*t leak was greater than the rate at which ca*t would be
restored to the sacs via reticulum binding and transport, resulting in
persistent contracture. The characteristic irreversibility requires
further explanation. Bianchi (1975) postulated that caffeine in con-
centrations of 5.0 mM or greater also acts as an uncoupler of the
sarcoplasmic reticulum energy related Catt transport. Thus while ATP
continues to be utilized by sarcoplasmic reticulum via myosin ATP ase

for the uptake of Ca++, the latter cannot be stored. The subsequent
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depletion of phosphates results in the characteristic rigor which cannot
be reversed by caffeine removal (Nauss and Davies, 1966).

No convincing evidence exists for methylxanthine saturation of
specific binding sites. Consequently, the precise sequence of methyl-
xanthine induced interactions promoting calcium release are as yet
unknown. However, Bianchi (1962) and Isaacson and Sandow (1967)
suggested that caffeine exerts its pharmacological actions by inter-
fering with hydrophobic bonds or lipoproteins present in the membrane.
Another difficulty with respect to our understanding of the contracture
mechanism concerns the differences between the potencies and rates of
tension development with various xanthines. For example, while all
contractures are qualitatively similar, caffeine is most potent followed
by theobromine or theophylline (Axelsson and Thesleff, 1958). As the
actions of caffeine or skeletal muscle were related to the degree of catt
leak developed at the sarcoplasmic reticulum, the difference in con-
tracture among various methylxanthines might be related to the degree
of Catt leak produced by each at the reticulum. In the case of MIX,
the absence of related muscle contracture appears inconsistent with the
myotropic actions of other methylxanthines. Yet the prejunctional
actions of caffeine, theophylline and MIX appear to be similar. For a
contracture activating methylxanthine such as caffeine, a 5.0 mM or
greater concentration is required for contracture (Bianchi, 1975) while
a 1.0 mM concentration is sufficient to evoke significant junctional
effects (Wilson, 1973). However, an even greater concentration differ-
ential to distinguish between prejunctional and contractural actions

may exist in the case of MIX. The insolubility of MIX at concentrations
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greater than 5.0 mM prevents the testing of this hypothesis. It cannot
be assumed that MIX totally is devoid of myotropic actions since MIX
enhances the twitch of both directly and indirectly stimulated prepara-
tions. However, the MIX facilitation of twitch response to muscle
stimulated directly may be due, at least in part, to an indirect com-
ponent (i.e., nerve terminal stimulation). A 5.0 mM concentration of
MIX may cause only a slow leak of Ca’™ from the muscle sarcoplasmic
reticulum. This would account for the potentiation of muscle twitchs
similar to those seen with other methylxanthines at low ( T 1.0 mM)
concentrations as well as the absence of contracture.

In another investigation utilizing frog muscle Weber and Herz
(1968) demonstrated that under normal resting conditions, catt flux
was linked to ATP hydrolysis and that caffeine acts to partially un-
couple this metabolic process. Such an action would then aécount for the
Catt release associated with contracture. Although this mechanism is
probably not pertinent for MIX, there remains an interesting possibility
that Catt related muscle contractures by methylxanthines are closely re-
lated to metabolic processes involving ATP and ATPase. On tﬁis basis it
may be speculated that, in contrast to caffeine, MIX stabilizes the
Catt/ATP coupling to prevent excess release from the sarcoplasmic
reticulum. Consequently, the absence of MIX contracture might be
ascribed to its metabolic actions on the ATP-ATPase system in limiting
Catt flux. This explanation stands in contrast to an alternative hypo-
thesis according to which methylxanthines might directly affect the
affinity or number of membrane Catt binding sites. Rasmussen and

Tennhouse (1968) have also indicated that ATP and, to a lesser extent
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cyclic AMP can chelate Ca™, No evidence currently exists which would
implicate MIX involvement in such a mechanism.

A number of MIX actions were mimicked by SQ 20009 [l-ethyl-4-
(isopropyl-indenehydrazino)-1H-pyrazolo-(3, 4-b)-pyridine-5-carboxylic
acid, ethyl ester, HC1l], a cyclic nucleotide phosphodiesterase inhibitor
(Jacobs and McNiece, 1976). SQ 20009 caused a facilitation of nerve
terminal release as evidenced by twitch, MEPP and EPP data. Passive
membrane properties and membrane sensitivity to ACh were not altered.
Furthermore, at the concentration of 5.0 mM SQ 20009 was incapable of
inducing contracture of the frog sartorius muscle. However, increases
in the Ca*t concentration of the perfusate from 0.7 to 1.1 mM augmented
SQ 20009 actions by increasing EPP rate of rise significantly. As in the
case of MIX, SQ 20009 may affect Ca’t™ release similarly. Both compounds
demonstrated Cat’ like effects prejunctionally but failed to increase
catt flux at the sites responsible for muscle contracture. Indeed, the
metabolic links between prejunctional phosphodiesterase inhibition,
elevated cAMP levels and Catt mobilization constitute a probable explana-

tion of SQ 20009 as well as the MIX mechanism of action.

MEPP and EPP Time Course

EPP and MEPP rise times and half decay times were prolonged at a
MIX dose of 0.5 mM or greater. This prolongation is likewise evident
in frog muscle in the presence of caffeine (Mambrini and Benoit, 1963)
and in cat tenuissimus muscle following aminophylline perfusion
(Shinnick, 1974).

Such a prolongation might be explained as being due to an increase

in the time constant of the membrane. However, no significant alteration
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of this parameter obtained from electrotonic potentials was observed in
the presence of 0.5 mM MIX. Another possibility might include nerve
terminal depolarization. This proposal is unlikely as the possibility
of nerve terminal depolarization is reduced in low or Catt/free/high Mgt
medium; yet, MEPP frequency and amplitude were affected similarly by
MIX in both normal and in Catt free/high Mgtt Krebs perfusate. Longer
time course might also result from drug related prolongation of trans-
mitter release although no evidence implicating MIX in this phenomenon
is available.

Time course prolongation might be linked to anti-ChE action of
MIX. At the concentration of 0.5 mM, MIX caused a 227 inhibition of
ChE; even at 5.0 mM, MIX induced depolarization of the endplate yet
only a 55% inhibition of ChE. Usually cholinesterase inhibition as
great as 60% to 90% is required before twitch potentiation is observed
(Barnes and Duff, 1953; Meer and Meeter, 1956). MIX findings, however,
do not rule out the possibility of MEPP or EPP prolongation via ChE
inhibition since the degree of ChE inhibition has not been simultaneously
related to the parameters of MEPPs or EPPs by past investigators. Thus,
it is conceivable that even a limited inhibition of ChE by MIX may con-

tribute partially to prolonged EPP and MEPP time course.

EPP Amplitude

Amplitudes of single EPPs as well as of EPP trains evoked by repe-
titive stimuli were consistently and significantly enhanced in the pre-
sence of 0.5 mM MIX. Comparable increases in EPP amplitude were
caused by theophylline and aminophylline (Wilson, 1974a; Shinnick, 1974).

Mambrini and Benoit (1963) did not observe consistent increases in quantal
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content in the presence of caffeine, and hence suggested that the
increases were the result of a post-junctional alteration of receptor
sensitivity. In regard to theophylline, however, Goldberg and Singer
(1969) presented evidence against the possibility of enhanced receptor
sensitivity; a 1.9 mM concentration of theophylline elevated MEPP fre-
quency significantly without altering MEPP amplitude. An enhanced
receptor sensitivity should be accompanied by an increase in MEPP as
well as EPP amplitude. Shinnick (1974) and Shinnick et al. (1976)
demonstrated evidence for both pre and post-junctional aminophylline
actions on cat muscle. In view of theophylline reversal of d-Tc
depression of MEPPs and increased EPP amplitude, aminophylline actions
could not be attributed solely to an elevated quantal content.

Wilson (1973) also observed significantly increased EPP amplitudes
in the presence of caffeine. He related the effect to a Ca™ mechanism
since both caffeine and Catt similarly elevated quantal content, prob-
ability of release and mobilization rate. Hofmann (1969) attributed
caffeine related EPP facilitation to increases in the mobilization rate
and in the size of the releasable store. Caffeine induced enhancement
of spontaneous release was attributed to an increase in the probability
of release (Hubbard et al.;1968a). Goldberg and Singer (1969) were
convinced that caffeine facilitated nerve terminal ACh release via cyclic
AMP thus causing increased EPP amplitude. Despite diverse opinions
as to the precise site of caffeine or theophylline actions the con-
sensus among investigators favors the presence of a link between elevated
quantal content and increased EPP size.

Some investigators have concluded that compounds which mobilize
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calcium are characterized by their ability to increase probability of
release and quantal content whereas readily releasable stores were not
affected (Hubbard et al.,1968b; Wilson, 1974b). On the other hand,
compounds which elevate cAMP were shown to increase readily releasable
stores and mobilization rate but not the probability of release
(Wilson, 1974a; Hofmann, 1969). Still other investigators favor a link
between cyclic AMP and Catt in junctional facilitation (Breckenridge
et al.,1967; Goldberg and Singer, 1969; Rasmussen, 1970). This relation-
ship will be explored in detail further in this discussion.

In the case of MIX, a lack of post-junctional findings suggest that
EPP facilitation is primarily due to the elevation of quantal content.
This possibility is further supported by the absence of a MIX induced
increase in MEPP amplitude since any alteration of the post-junctional
receptor would be accompanied by comparable changes in MEPP'and EPP

amplitude (Goldberg and Singer, 1969).

Quantal Analysis

Mean quantal parameters investigated in the course of low Ca™*/
high Mgtt EPP failure experiments included quantal content (m) proba-
bility of release (p) and readily releasable stores (n). Other para-
meters including mobilization (d,) and quantal size (q) were obtained
from analysis of EPP trains. However, cat tenuissimus junctional
release was shown to be binomial rather than Poisson in nature. Thus,
quantal (train) analysis was no applicable. Furthermore, Wilson (1973)
showed that d-Tc increased the probability of release values; this

phenomenon may have contributed, at least in part, to a shift in the

nature of release from Poisson to binomial.
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Various methods for determining quantal analysis parameters for
several methylxanthines have been reported; the results are summarized
in Table 14. As probable interactions of methylxanthines with catt
and/or cAMP have been postulated, the effects of the latter two agents
have also been included in Table 14.

Dibutyryl cAMP increased readily releasable stores but had
negligible effect on probability of release (Wilson, 1974a). Con-
sequently, the action of dibutyryl cAMP was characterized primarily as
implicating cAMP involvement in the enhanced synthesis of ACh. Theo-
phylline actions appear to involve primarily cAMP since its actions mimic
those of dibutyryl cAMP (Wilson, 1974a).

The effect of Ca'™ on the prejunctional nerve terminal was also
studied. 1In contrast to dibutyryl cAMP, Catt (2.0-5.0 mM) caused a
significant increase in the quantal content and probability of release
but did not affect readily releasable stores (Wilson, 1973). These
findings are identical to those reported for MIX which strengthens the
argument that prejunctional facilitation by MIX is primarily attribu-
table to a Ca' mechanism. Similarly, Hubbard et al. (1968b) stated
that the primary effect of high Ca*t concentration was to increase the
probability of release while having no significant effect on the size of
the releasable store. The data included in Table 14 suggest that
aminophylline and caffeine facilitated neuromyal transmission via an
effect upon Cat™ and its action on ACh release (Wilson, 1973; Shinnick,
1974).

Interpretation of quantal analysis results obtained by different

investigations requires caution. Discrepancies among investigators
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Caffeine

Theophylline

Aminophylline

Aminophylline

Aminophylline

Dibutyryl
cAMP

Ccatt

MIX

TABLE 14

A COMPARISON OF QUANTAL ANALYSIS DATA

Dose Prep/Block E E _H_
1.0 mM Rat Diaphragm I I NC
d-Tc
1.0 mM Rat Diaphragm I NC I
Cut Fiber
1.0 mM Rat Diaphragm I I NC
Cut Fiber
.9 mM Cat Tenuissimus I I NC
Cut Fiber
.9 mM Cat Tenuissimus NC NC NC
d-Tc
1.0 mM Rat Diaphragm I NC I
Cut Fiber
5.0 mM Rat Diaphragm I I NC
Cut Fiber
0.5 mM Cat Tenuissimus 1 I NC

Low Catt/High Mg+t
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Reference

Wilson, 1973

Wilson, 1974a
Wilson, 1974a
Shinnick, 1974
Shinnick, 1974
Wilson, 1974a
Wilson, 1973

From This
Dissertation

I Significantly increased over control values.

NC No change when compared to control values.
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are common and may be due largely to differences in experimental con-
ditions. For example, in mammalian muscle, cut fiber preparations
mobilization was significantly increased by 1.0 mM aminophylline as
reported by Wilson (1974a), and unchanged by 0.9 mM aminophylline as
reported by Shinnick (1974). Furthermore, Wilson (1973) and Goldberg
and Singer (1969) suggested that elevated cAMP levels may result in an
enhanced synthesis of ACh, which is consistent with the finding of an
increase in available stores following theophylline perfusions
(Wilson, 1973).

Some of the procedural variations among investigators which may
account for the resulting discrepancies include the following: Wilson
stimulated cut fiber rat diaphragm preparations at 150/sec while
Shinnick stimulated cut fiber cat tenuissimus preparations at 200/sec;
furthermore, when d-Tc was employed for immobilizing the muscle, no
significant changes between control and aminophylline treated prepara-
tions were observed with the exception of an increase in quantal size
(Shinnick, 1974). A number of variables including animal species,
muscle cell type, rate of stimulation, method of analysis, concentra-
tion of the drug, rate of perfusion, temperature, perfusate modifica-
tion, condition of the preparation, etc., must be carefully considered
when comparing the pertinent studies,

In analysis of EPP trains designed to investigate MIX actions,
d-Tc was used for the immobilization of the muscle. However, Hubbard
et al. (1969b) indicated that d-Tc increases probability of release in
rat diaphragm muscle. Perhaps d-Tc also contributed to the noticeably
higher p values (p = 0.21) in train experiments; this may have been a
contributing factor to the departure of tansmitter release from Poisson

characteristics.
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The presence of high (> .20) p (probability of release) values
are not compatible with the Poissonian nature of release. Experiments
performed in low Catt/high Mg++ solutions not only eliminated the
possibility of d-Tc elevated p values but confirmed that cat tenuis-
simus transmitter release was in fact binomial. With the influence of
d-Tc eliminated, a p value of 0.39 in low Catt experiments was signifi-
cantly increased to a p value of 0.61 by 0.5 mM MIX. EPP train exper-
iments, on the other hand, demonstrated no change in p when comparing

control (p = 0.21) to treatment (p = 0.22) values.

Postjunctional Evaluation

In view of the prolongation of MEPP and EPP time courses and de-
pressions of MEPP amplitude by MIX, a postjunctional evaluation of MIX
actions was carried out. ACh-induced depolarization of the isolated ten-
uissimus preparations was not augmented by 0.5 mM MIX concentrations and
no drug related increase in ACh potential obtained by iontophoretic
application of ACh was noted. Furthermore, MIX had no effects on
resistance or on the time constant of the membrane. However, a 0.5 mM
concentration of MIX significantly prolonged iontophoretic potential
rise time. This observation is consistent with comparable prolongations
of EPP and MEPP rise times and may suggest some postjunctional action
of the compound. The prolonged time course (rise time) might be
attributable to sustained neurotransmitter release or to the previously
discussed anticholinesterase properties of MIX. However, the data
obtained in vitro demonstrated only a 227% inhibition of cholinesterase
by a 0.5 mM concentration of MIX. This level of inhibition would

appear inadequate to induce significant effects. Time course
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prolongations of junctional potentials have been reported for caffeine
(Mambrini and Benoit, 1963) and for aminophylline (Shinnick, 1974).
Evidence necessary to explain time course prolongation by MIX is pre-

sently not available.

Catt Modified Perfusates

The necessity of Catt for the evoked transmitter release and the
competition of Mgtt with Catt at the release triggering site are well
documented (Del Castillo and Engbaek, 1954; Del Castillo and Katz,
1954a; Jenkinson, 1957; Dodge and Rahamimoff, 1967; Hubbard et al. ,
1968a; Cooke et al. 1973). Decreased Catt concentration of the per-
fusate depressed the quantal content; these ionic concentrations
could be adjusted to result either in a number of EPP failures or in
the suppression of individual EPPs in response to supramaximal stimuli.
Difficulties concerning the induction of failures were encountered
in this investigation. One to two hours perfusion with 0.98 mM Catt/
3.74 mM Mgt modified Krebs was needed with some preparations prior to
the appearance of failures. Yet in other preparations the same per-
fusate caused 100% failure rate after shorter perfusion periods. An
even lower Catt/higher Mgt+ Krebs perfusate was not employed since its
use in prior trials increased the number of preparations exhibiting
100% failure rates:; such preparations could not be used for analysis.
Accordingly, a standard 0.98 mM catt/3.74 m Mgt perfusate was employed
for all trials.

The EPP failures method is highly reliable for the calculation
of the quantal content (Katz, 1966) provided that the release conforms

to Poisson characteristics. In view of the binomial nature of release
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in the case of MIX experiments the calculation of m was obtained by means
of the direct method (g = EFE amplitude )y Epps and MEPPs could be visu-

MEPP amplitude
alized simultaneously during EPP failure experiments. MIX induced a sig-

nificant increase in the value of m and this trend was consistent with
the results of the EPP train analysis in the presence of d-Tc. Further-
more, experiments involving the failure method demonstrated that MIX
was effective at concentrations as low as 0.05 mM.

MIX induced reversal of failure rate appears to be dependent on
increased availability of Catt, Prior experiments have supplied addi-
tional indirect evidence implicating that MIX is involved in the mobili-
zation of Catt. MIX actions thus observed in the course of failure exper—
iments are consistent with a Ca't involvement for a number of reasons:

1. Addition of either Catt or MIX to preparations exhibiting

low Ca*™/high Mg++ induced failures results in a signifi-
cant decrease or elimination of failures.

2. Addition of either Catt or MIX to such preparations

caused significant increases in both EPP amplitude
and quantal content.

To further investigate the possibility of Ca*t involvement in MIX
action another series of MEPP experiments were conducted in catt free
perfusate. The purpose of these trials was to consider the difference
between the source of Catt stores which were necessary to prevent EPP
failures on the one hand and the Ca'™ stores required for the mainte-

nance of MEPPs on the other. According to Miledi and Thies (1967):

MEPP release is not markedly dependent on external catt

unlike the immediate release evoked by a nerve terminal

and
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Spontaneous release of transmitter reflects the resting level
of intracellular free Catt and the evoked release reflects the
sum of the resting Ca*t and the Catt brought in by the action
potential. (Alnaes and Rahamimoff, 1975).
In more precise terms, the aim of these experiments was to com-
; + ++
pare the possible Ca mobilization of extracellular Ca stores by MIX
with the potential of MIX to mobilize intracellular Ca stores: the MIX
. . . ++ . ++ .
induced reversal of EPP failures in low Ca / high Mg  experiments to-
.*_*.
gether with increased MEPP frequency in Ca free medium supports the
++ ++
presence of two Ca  pools. The concept of dual Ca supply (Alnaes
and Rahamimoff, 1975) was also supported by the observation that the
++
elimination of external Ca from the bathing medium totally abolishes
all EPPs while MEPPs remained present. The actions of MIX on EPP
— .
failures and MEPPs in Ca free medium suggests that MIX may mobilize
++ . , ++ i1
Ca from both supplies or that enhanced intracellular Ca mobiliza~
tion alone is sufficient to account for EPP failure reversal as well as
elevated MEPP frequency. Of course there is always the possibility
.’..*.
that MIX may act at some step beyond Ca involvement in the transmitter
release sequence. This possibility, however, remains less likely since
H.
Ca involvement has been implicated in several other methylxanthine
studies.
Still another important reason for investigating MEPPs in Ca
free medium concerns the elimination of the effects of nerve terminal
membrane potential shifts on spontaneous release parameters. The evi-
dence for this concept is supported particularly from the studies (Borle,
1974; Alnaes and Rahamimoff, 1975) of the action of dicumarol on the

.'_',.
nerve terminal mitochondrial Ca . This effect is quite complex.
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Dicumarol, a compound which uncouples oxidative phosphorylation, is
though to be capable of inhibiting Ca® uptake ability into nerve ter-
minal mitochondria in addition to causing a release of sequestrated
mitochondrial Ca™. At the nerve terminal, drug-induced intraneuronal
release of Ca'™ could account for the ten-fold increase in MEPP fre-
quency. Metabolic inhibitors such as dicumarol may also exhibit nerve
terminal depolarizing action since resting membrane potential is an
energy dependent process. However, indirect evidence suggests that this
is not the mechanism of action of dicumarol. Hubbard et al. (1969a),
Del Castillo and Katz (1954b) and Liley (1956b) have documented that
the actions of an agent on nerve terminal membrane potential are minimal
in the presence of a lowered Catt perfusate:

If a frequency change is definitely attributable to the agent

of procedure under test, it is useful to repeat the experiment

in the presence of a raised [Mgtt] or lowered [Catt] in the

extracellular medium. There is good evidence at the nerve

muscle junctions in vertebrates that the effects of depolariza-

tion or hyperpolarization of nerve terminals are reduced in

these circumstances.
Alnaes and Rahamimoff (1975) further indicated that in the absence of
external Ca'™*, terminal depolarization has only a small effect on MEPP
frequency. These investigators showed that when dicumarol was applied
to neuromuscular junctions, MEPP frequency was significantly increased
regardless of the presence or absence of Ccatt in the bathing medium.

This finding eliminated the possibility that dicumarol produced its

action by means of nerve terminal depolarization.
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Accordingly, as MIX induced a significant increase in MEPP fre-
quency in Ca*t free/high Mg++ medium, this compound acts by a mechanism

other than nerve terminal depolarizationm.

The Cyclic AMP-Ca™t Relationship

At present, experimental evidence which links methylxanthines to
cAMP involvement in the facilitation of neurotransmitter release is
scant. However, in general, remarkable similarities seem to exist
between Catt and cyclic nucleotide effects on synaptic transmission.
These observations suggest that MIX may involve both Catt and cyclic
AMP in the prejunctional facilitation of ACh release. The following
discussion focuses mainly on indirect evidence for the functional rela-
tionship between cAMP and catt,

In view of the well documented phosphodiesterase inhibitory
actions of MIX (Beavo et al., 1965, Collier et al.,1975), obéerved
effects of MIX may depend on increased levels of cAMP at the neuro-
muscular junction. The difficulty in establishing this relationship,
concerns the inability to measure cAMP levels at viable neuromuscular
junctions and, particularly, within nerve terminals (Miyamoto and
Breckenridge, 1974). Consequently, evidence favoring cAMP involvement
or the proposed link between cAMP and ca*t, in the release of the trans-
mitter is obtained by indirect methods. Such an indirect approach is
also necessary in relating the actions of MIX to cAMP.

Evidence for the role of cAMP in the metabolic processes of
numerous cell types was initially provided by Sutherland et al. (1968).
These investigators demonstrated that catecholamines stimulated the

synthesis of cAMP while theophylline prevented its breakdown. The
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facilitation of neurotransmitter release in the presence of theophylline
or epinephrine also implied the functional presence of cAMP at the
neuromuscular junction (Breckenridge et al. 1967).

Subsequent investigations have shown that dibutyryl cAMP perfused
onto neuromuscular junctions caused significant increases in MEPP fre-
quency, quantal content, readily releasable stores, as well as depres-
sion of MEPP amplitude but insignificant effects on probability of re-
lease (Goldberg and Singer, 1969; Wilson, 1974a; Miyamoto and
Breckenridge, 1974). With the exception of dibutyryl cAMP related
increase in stores and unaffected probability of release, MIX actions
are in agreement with the above results. In general the results obtained
with other xanthines including caffeine and theophylline also resemble
MIX findings.

In a variety of cell types, the requirement of both Catt and cAMP
are necessary to produce a given effect. Furthermore, similarities
between cAMP and Ca™™ actions implied that both may be linked in the
sequence of events leading to transmitter release. For example, in toad
bladder, ca*t ions are necessary for the transduction of information from
the antidiuretic hormone (ADH) receptor to the adenyl cyclase (Bockaert
et al. 1972). 1In this case, Catt ions are mandatory for the elevation
of cAMP which in turn regulates Nat and water transport (Berridge, 1975).

In another study, Ozawa and Ebashi (1967) have demonstrated the
activation of phosphorylase-b-kinase by either ca™ or by 3'5'-AMP in
purufied muscle homogenate. However, 3 x 10-6 M cAMP, while elevating
phosphorylase activation by 207 in the presence of Ca++, fails to

activate phosphorylase in the absence of Catt. These results led

Rasmussen and Tenehause (1968) to suggest that 3'5'-AMP may alter the
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permeability of cellular membranes to Ca++. Furthermore, such an effect
could account for both the positive inotropic effect of epinephrine via
adenyl cyclase activation at the heart as well as the effects of
epinephrine upon carbohydrate metabolism through increased cAMP produc-
tion (Berridge, 1975).

MIX and theophylline were also shown to significantly elevate cAMP
levels in pancreatic %&-cells via phosphodiesterase inhibition
(Montague and Cook, 1971). Insulin release, however, was dependent upon
adequate external Ca++ supplies (Rubin, 1970) and a high > 16.5 mM
glucose concentration was a necessary prerequisite for induction of in-
sulin secretion. At low glucose concentrations cAMP levels could be
elevated but insulin release was unaffected.

Thus,

The ability of intracellular cAMP to mobilize intracellular
Catt would certainly account for the ablity of dibutyryl cAMP
or theophylline to restore the action of glucose in low Catt
media (Brisson et al.,1972).

While cAMP by itself is not capable of stimulating insulin release,
it is thought to act by sensitizing the ;}-cell to glucose by modulating
Ca++ homeostasis (Berridge, 1975). It may then be reasoned that the
ability of intracellular cAMP to mobilize intracellular Ca++ could
account for the ability of MIX to restore EPPs in low Ca++ medium.
However, caution must be excreted when comparing different cell types in
the discussion of a common mechanism. Consideration of neurotransmitter
release from nerve terminals can, however, be validly related to release
of insulin from the pancreas as the pertinent results are consistent

with a Ca++—cAMP mechanism underlying both phenomena. Indeed, both
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mechanisms appear to be similar if not identical since both cell types
exhibit functional responses which are characterized by the following
features:

(1) 3'5' cAMP is the probable regulator between stimulus
and release (Hoffman, 1969; Wilson, 1974a; Rubin, 1970;
Brisson et al.,1972);

(2) ca't is required in the external medium in order to make
the appropriate stimulus effective;

(3) an elevated Mg++ in the external medium inhibits the
response;

(4) a high concentration of Kt in the external medium
functions as a nonspecific stimulus for release of

either substance;

(5) the effect of Kt is also dependent upon the presence
of Catt;

(6) ouabain can stimulate either process (Rasmussen and
Tenenhouse, 1968).

The results of Borle (1974) offer further support for cAMP re-
lated Catt release from mitochondria. Borle (1974) demonstrated that
1x10-7 to 3 x 1076 M caMP regulated cytoplasmic Catt by increasing
mitochondrial Catt efflux rate in rat kidney, liver and heart mito-
chondria.

Despite the volume of evidence implicating the involvement of cAMP
in synaptic transmission, some conflicting data yet remain. In an un-
published observation, Collier stated that neither theophylline nor
dibutyryl cAMP had a measurable effect on superior cervical ganglion
during short periods of stimulation (MacIntosh and Collier, 1976).
Furthermore, adenosine which increased cAMP levels in brain slices

(Sattin and Rall, 1970) reduced rather than increased quantum content of
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the EPP of rat diaphragm (Ginsborg and Hirst, 1972). Such observations
have allowed Ginsborg to conclude that the case for cAMP formation as a
factor in evoked ACh release is not convincing at present. However,
Miyamoto et al. (1969) explained that adenosine may compete with cAMP

at the level of protein kinase or as an inhibitor of adenyl cyclase
(McKenzie and Bar, 1973). Finally, the increase in cAMP in brain slices
exposed to adenosine may result solely from glial cells (Clark and
Perkins, 1972).

Evidence for cyclic nucleotide phosphodiesterase inhibiting actions
of MIX and observed effects associated with increased cAMP levels sup-
port the idea of cyclic nucleotide modulation of neuromuscular trans-
mission. As already mentioned, evidence favoring cAMP involvement or the
relationship between cAMP and Ca++ in the release of transmitter is
usually obtained by indirect methods. Such is the case in relating MIX
to the overlapping actions of cAMP and Ca++ and is supported by the

following results obtained in this laboratory and elsewhere:

A. MIX is a potent phosphodiesterase inhibitor as shown by the
measurement of lipolysis in epidydimal fat cells (Beavo et al.
1970).

B. Significant Ca++ mobilization is characterized by enhanced
MEPP frequency, depressed MEPP amplitude (Mambrini and Benoit,
1963), elevated quantal content (Del Castillo and Katz, 1954c),
reversal of EPP failures (Del Castillo and Engbaek, 1954), and
increased p at the prejunctional nerve terminal (Hubbard et al.,

1969).
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Theophylline and dibutyryl cAMP have been shown to increase
quantal content, mobilization rate and releasable store
(Wilson,1974a). They increase EPP amplitude and MEPP fre-
quency but depress MEPP amplitude (Goldberg and Singer,
1969; Miyamoto and Breckenridge, 1974).

Goldberg and Singer (1969) have shown that dibutyryl cAMP
simultaneously increased MEPP frequency and quantal content
in the presence of high Mg++

MIX dramatically duplicated all of the above actions with
one exception: readily releasable stores were decreased
rather than increased by MIX.

The prejunctional actions of theophylline, while possibly
attributable to elevated cAMP levels via phosphodiesterase
inhibition may also be explained by a caffeine-like action
in altering C;=1++ influx (Blinks et al. 1972). A similar
functional explanationmay also apply to MIX.

A number of investigations of many different cell types have
linked cAMP to Ca++ in excitation-secretion coupling and
excitation release. A statement by Berridge (1975) with
respect to cAMP-Ca++ coupling is relevant:

The primary intracellular second messenger in cells

appears to be calcium, and the cyclic nucleotides

seem to play a secondary role in either enhancing
or dampening the calcium signal.
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