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ABSTRACT 

This dissertation comprises studies of the responsiveness to cholinergic agonists 

and the electrical membrane properties of neurons of the prevertebral, sympathetic, celiac 

ganglion of the guinea pig in primary culture. More specifically, the major content of this 

work is the investigation of the mechanisms of slow cholinergic or muscarinic excitation in 

these cells. The primary mechanisms of muscarinic responses in these cells resulted from 

the inhibition of two potassium currents: the M-current and a muscarine-sensitive leak

current. 

During intracellular current-clamp recording, cells were assessed for their passive 

and active membrane properties including: resting potential, time constant, input 

resistance, rheobase, spike amplitude, afterhyperpolarization amplitude and duration, and 

degree of accommodation. These cells responded to acetylcholine with both fast 

nicotinic and slow muscarinic depolarizations. The results indicated that celiac neurons in 

primary culture retain certain electrophysiological properties similar to those in intact 

ganglia, and produce varied responses to cholinergic stimulation. 

Responses to muscarine were studied in the dissociated neurons using the whole

cell voltage-clamp technique. Muscarine, administered to cells for 1.5 seconds, evoked 

inward shifts in holding current which were concentration-dependent. The amplitude of 

the inward current transients decreased with hyperpolarization toward the equilibrium 

potential for potassium, where the null or reversal potential was reached. 

Evidence for the presence of the M-potassium current was obtained in eighty 

percent of the neurons. Further investigation, however, revealed that these cells exhibit 

two ubiquitous and independent mechanisms of muscarinic excitation. These two 
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mechanisms were the inhibition of two potassium currents: the M-current and a 

muscarine-sensitive leakage current. These currents could be expressed together in the 

same neuron or separately. The cation potassium channel blockers, cesium and barium, 

had dissimilar effects on these currents. While barium effectively blocked both types of 

potassium channels equally, cesium preferentially blocked M-current. Thus, cesium was 

able to differentiate between the two currents. 



CHAPTERl 

INTRODUCTION 

Tile Autonomic Nervous System 

The mammalian nervous system can be divided into convenient subsystems. The 

two major subdivisions are the central and peripheral nervous systems. The central 

nervous system (eNS) is anatomically defined as that elite, armor-clad gray and white 

matter contained within the cranium and vertebrae; also known as the brain and spinal 

cord. The nervous system in the periphery emanates from cranial and spinal nerves and 

infiltrates virtually every niche of the body. This nervous system is comprised of somatic 

and autonomic divisions. 
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The autonomic nervous system is further reduced to sympathetic, parasympathetic 

and enteric components. The sympathetic system of nerves and ganglia emerges from the 

thoracic and lumbar sections of the spinal cord, whereas the parasympathetic nerves are 

correspondingly attached via the cranial and sacral sections (Gaskell, 1886). The enteric 

nervous system lies within the walls of the gut and is composed of the nerve plexi of 

Meissner (1857) and Auerbach (1864). This system appears to be largely isolated from 

central and other autonomic efferents (Langley, 1921; North 1982). 

Preganglionic afferent fibers to both sympathetic (e.g., Feldberg and Gaddum, 

1934) and parasympathetic (e.g., Loewi, 1921) ganglia primarily utilize acetylcholine as a 

neurotransmitter. The postganglionic nerve tracts of the parasympathetic system are also 
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cholinergic (Dale, 1933). Almost all sympathetic postganglionic neurons, however, are 

adrenergic, as they synthesize and release norepinepherine (von Euler, 1946). A few 

sympathetic postganglionic efferents are cholinergic, e.g., those which innervate sweat 

glands in the skin (Dale and Feldberg, 1934) and blood vessels of skeletal muscle 

(Bulbring and Burn, 1925). The classification of neurons of the autonomic nervous system 

as simply cholinergic or adrenergic fails to recognize the full complexity of the system. 

Co-localization and co-release of additional neurotransmitter substances has been shown 

in more recent years. Some of these substances include peptides (e.g., Lundberg et aI., 

1982; Jan, Jan and Kuffier, 1979). A further complication of the picture is that under 

special conditions in cell culture sympathetic neurons can be induced to change from 

adrenergic to cholinergic (e.g., Landis et aI., 1976). 

The first peripheral nerves were described by the Greeks Hirophilus (ca. 300 

B.C.) and Erasistratus (ca. 290 B.C.). These observers postulated that the tube-like 

structures acted as conduits for natural and animal spirits (Pick, 1970). More than 400 

years later another Greek, Galen (A.D. 131-201), the father vi modern medicine, 

described other visceral nerves and what would eventually be called the cranial nerves and 

the vagosympathetic trunk. He also conjectured that through these tracts flowed 

"sympathies" or substances involved in regulating emotion and temperament. Even in 

these early times the functional role of the autonomic nervous system was thought to be 

the control and regulation of vegetative or involuntary processes, as well as emotions. 

After approximately 1000 years of scientific darkness in Europe, the autonomic nervous 

system began to yield more of its complexity to scientists during the Renaissance (e.g., 

Estienne, 1545; Eustachio, 1564; Reid 1634). 
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More analytical studies in recent times have abundantly confirmed that the 

autonomic nervous system coordinates the functions of every involuntary organ in the 

body. (Bichat, 1802; Bernard, 1878). The autonomic ganglia were becoming know as 

little brains (Winslow, 1732; Johnstone, 1764). Extensive research by W. B. Cannon 

(1929) described functional deficiencies resulting from sympathectomy, as well as the 

phenomenon of denervation sensitization. The parasympathetic system is primarily 

concerned with energy regulation and maintenance of organ function under sedentary 

conditions. For example, the parasympathetic stimulation will decrease heart rate and 

blood pressure and increase gastrointestinal activity. In contrast, activation of the 

sympathetic system will increase heart rate and blood pressure and mediates the 'flight or 

fight' response to perceived danger. 

The gross anatomy of the autonomic nervous system was initially described by the 

work of Sir Thomas Willis (1664) and J.B. Winslow (1732) and further refined by the 

studies ofJ.N. Langley (1878, 1907, 1921) who gave the name "autonomic" to this system 

of nervous tissue and divided it into sympathetic, parasympathetic and enteric sections. 

The parasympathetic ganglia lie within or near the target organs which they innervate. The 

two major groups of sympathetic ganglia are the paravertebral and the prevertebral 

ganglia (Gaskell, 1886). The paravertebral are 22 pairs of ganglia forming bilateral chains 

along the spine. The prevertebral ganglia are located in the abdomen and pelvis near the 

ventral aspect of the vertebral column. The individual prevertebral ganglia are the 

aorticorenal, superior mesenteric, inferior mesenteric and celiac. Each ganglion is 

connected with its corresponding spinal nerve by the rami communicantes: white rami 

conduct preganglionic efferent fibers to the ganglia and postganglionic axons exit through 

the gray rami where they are conveyed to target organs in tracts with the spinal nerves 
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(Gabella, 1976). Cytological evidence for axons and dendrites in autonomic ganglion cells 

was first gathered by Ramon y Cajal (1881) and many of these cells were subsequently 

classified anatomically (e.g., Dogiel, 1895; Carpenter and Conel, 1914; Botar, 1966) 

Integration. Based on the work of Langley the original view was that autonomic 

ganglia unidirectionally conduct information to the periphery from the CNS. The modem 

rejection of the notion that autonomic ganglia simply act as last step relay stations for 

central outflow destined for the peripheral targets (Eccles, 1935) has spawned 

investigation into the mechanisms for integration of information in these ganglia. In the 

sympathetic ganglia, especially the prevertebral ganglia, much more complex organization 

and integrative functions have been discovered (Simmons, 1985). 

Information integration in a neuron is accomplished by the algebraic summation of 

subthreshold depolarizing and hyperpolarizing inputs to produce an output which 

represents summed elements (e.g., Weems and Szurszewski, 1978). The integration of 

information of central origin in autonomic ganglia has been demonstrated (Eccles, 1952; 

Blackman and Purves, 1969; Hirst et al., 1974). But if ganglia are in fact little brains which 

orchestrate complex involuntary functions, perhaps they also receive afferent input from 

the organs they innervate. Indeed, this is the case. The first direct evidence for synapses of 

peripheral origin in sympathetic ganglia was described in the ganglia of the inferior 

mesentery and pelvis of the guinea pig (Crowcroft and Szurszewski, 1971; Crowcroft, 

Holman and Szurszewski, 1971). Although many neurons of autonomic ganglia have 

multiple inputs which could theoretically enable them to better function as sites of 

integration (Eccles, 1935; Purves, 1968), single innervation of sympathetic neurons also 

has been demonstrated physiologically (Blackman et al., 1969). 
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Efferent and afferent synapses contained within the same ganglion provide the 

possible substrate for s reflexes. The idea of ganglionic reflex arcs was suggested by W.H. 

Gaskell in 1886 and expounded by E.A. Schafer in 1900. Reflexes involving the intestines 

were among the first autonomic reflexes studied. The observation of an intestino-intestinal 

inhibitory reflex has been described (Bayliss and Starling, 1900; Hermann and Morin, 

1934). The involvement of the inferior mesenteric ganglion (IMG) in control of intestinal 

motility independent of preganglionic influences of central origins was demonstrated in 

dogs (Lawson, 1937). There was also early evidence of peripheral reflex connections 

through the celiac ganglion in cats which involved suppression of bile flow (Kuntz and 

Van Buskirk, 1941). In more recent studies there is evidence for a reflex arc in mesenteric 

nerves which mediates reflexes between mechanoreceptors and sympathetic neurons in the 

colon (Kreulen and Szurszewski, 1979). 

The Guinea pig Celiac GmlgliOll 

Anatomy. The celiac ganglion studied in this dissertation was removed from 

guinea-pigs. In these animals, the celiac is the largest of the prevertebral ganglia and is 

located between the rostral ends of the kidneys. It is a bilobular ganglion, joined medially 

by a commissure of ganglion or nerve fibers, and lies at the ventral aspect of the junction 

of the aorta and celiac artery. The celiac ganglia are prevertebral sympathetic ganglia that 

provide the sympathetic innervation to abdominal organs and receive synaptic inputs from 

the CNS as well as from visceral organs. The celiac ganglion innervates various organs of 

the viscera including the esophagus; stomach; liver; kidneys; the jejunum, duodenum and 

colon; the pancreas; the spleen and the visceral vasculature (Christensen et aI., 1951; 

Johansson and Langston, 1964; Gabella, 1976; Simmons, 1985). The neurons within the 
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ganglia are neurochemically and functionally organized to meet the demands of the 

extensive and varied innervation of these ganglia (Kreul en, 1984; Kreulen and 

Szurszewski, 1979; Lundberg et aI., 1982; Macrae et aI., 1986). Taken together with the 

superior mesenteric ganglion this network is often referred to as the solar plexus. 

Histology and Connectivity. The celiac ganglion has been examined for the 

putative neurotransmitter content of postganglionic neurons. Macrae, Furness, and Costa 

(1986) investigated the distributions of neuron subgroups by transmitter coding in the 

celiac ganglion, and the relationships between these neurons and nerve fibers projecting to 

the ganglion from the intestine. They found that 99% of the neurons contained 

norepinephrine (NE) and that of these, 21 % were also reactive for somatostatin (SOM), 

53% were NEI neuropeptide Y (NPY) immunoreactive and 26% did not stain for either 

SOM or NPY. Topographically, the NE/SOM neurons were inclined to be localized 

medially, in clumps or ribbons, while the NEINPY neurons were located in lateral 

positions. In the small intestine, NE/SOM neurons supply submucous ganglia, NEINPY 

neurons supply arterioles and NE/- fibers innervate the myenteric ganglia. 

Another elegant example of this type of work is that of Marcello Costa and John 

Furness (1984). The results of this study using immunohistochemistry and ablation 

indicate that post-ganglionic sympathetic noradrenergic neurons are chemically coded 

according to the target tissue they supply and that neurons that were once thought to be 

neurochemically equivalent, but which served different functions, are actually unique. In 

this study the observation that there are at least three neurochemically defined subgroups 

of nor adrenergic neurons supplying the intestine (NElS OM, NE/-, and NEINPY) was 

confirmed. Each of the neuron subgroups supplies separate targets in the wall of the 
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intestine. The major target for the NEINPY terminals is the intestinal blood vessels. 

NE/SOM terminals impinge on the submucous ganglia and mucosa, whereas NE/- nerves 

target the myenteric ganglia. This segregation of realms of innervation suggests that 

neurochemical groupings can be correlated with functional groupings of nerves. 

The peptidergic topography of neuronal subpopulations in the guinea pig celiac

superior mesenteric ganglion was studied by another group (Lindh et aI., 1986). Though in 

some respects slightly different, these investigators data revealed similar distributions 

within the ganglion of NPYand SOM. Vasoactive intestinal peptide (VIP)-Iike 

immunoreactivity characterized a third class of cells. This cell population also contained 

peptide histidine isoleucine (PHI). Lindh et al. were specifically concerned with the 

innervation of the pylorus of guinea pig by nerves originating from the celiac ganglion. As 

such they described at least four populations of postganglionic sympathetic neurons in the 

celiac projection to the pylorus. The four were classified as those containing only tyrosine 

hydroxylase (TH)-Iike immunoreactivity, those containing reactivity to both TH and NPY, 

those which were positive for TH and SOM and neurons containing immunoreactivity to 

NPY only. It is with this last consideration that this study differs from that of Costa and 

Furness (1984). 

The distribution of enteric nerves cells projecting from the jejunum to the guinea 

pig celiac ganglion increase with oral to anal progression, and cell bodies of these fibers 

are confined to the myenteric plexus (Kuramoto and Furness, 1989). Neurons projecting 

from enteric to prevertebral ganglia have generally been shown to be second order and 

receive cholinergic input from distention -sensitive primary neurons in the intestinal wall 

(Crowcroft et aI., 1971). Peptidergic nerve terminals in the celiac ganglion which 



originate in the periphery also include those containing VIP, cholecystokinin (CCK) and 

bombesin-like substances (Dalsgaard et aI., 1983; Hamaji et aI., 1989a, 1989). 
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Physiology. In more recent studies there is evidence for a reflex arc in mesenteric 

nerves which mediates reflexes between mechanoreceptors and sympathetic neurons in the 

colon (Kreulen and Szurszewski, 1979a). A colo-colonic inhibitory reflex in guinea pig 

studied in vitro involves the celiac ganglion, as well. When one colonic segment is 

distended, contractions in another segment are frequently inhibited. The amount of 

excitatory synaptic input also can be increased by intestinal distention (Kreulen and 

Szurszewski, 1979b). It is known that neurons in the intestine innervate the prevertebral 

ganglia. These neurons are involved in the intestino-intestinal inhibitory reflexes, the 

efferent limbs of which are NE neurons running to myenteric ganglia (Furness and Costa, 

1984). Some of the afferents were found to contain VIP, NPY and dynorphin. These 

chemically complex nerve terminals ended on NE/SOM and NE/- neurons in the ganglion 

but not on the NEINPY cell bodies. Thus, these axons from the intestine end selectively 

around neurons that modifY intestinal function and motility and not around neurons whose 

processes terminate on blood vessels. 

Neurons of the celiac ganglion predominantly discharge a single or few action 

potentials in response to depolarizing current steps. This property is often referred to as 

phasic firing or fast accommodation (Cassell and McLachlan, 1987). This finding, 

however, has not been universally confirmed for the celiac in other preparations (Kreul en 

and Szurszewski, 1979; Ma and Wu, 1988). This phasic characteristic is in contrast to 

neurons of another prevertebral ganglion, the IMG, which have been shown to fire action 

potentials in tonic pattern characterized by long trains of action potentials (Cassell and 

McLachlan, 1986). It has been suggested that the difference in accommodation of a 
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neuron is dependent on the presence either the M-current (Brown and Adams, 1980) or 

the A-current (Connor and Stevens, 1971). After-hyperpolarizations following 

regenerative excitable events are longer in celiac neurons than lumbar sympathetic or IMG 

neurons (Cassell and McLachlan, 1986). 

Acetylcholille as a Neurotrallsmitter 

Around the tum of the 19th century, two researchers independently demonstrated 

the similarity between the effects of stimulation of sympathetic nerves and the injection of 

adrenal gland extracts (Lewandowsky, 1898; Langley, 1901). These experiments were 

thus the first demonstrations of neurohumoral communication. In 1907, correlations 

were similarly found between the effects of muscarine and responses to stimulation of the 

vagus nerve (Dixon, 1907). Sir Henry Dale, in his 1914 paper on the physiological actions 

of esters and ethers of choline, reported high reproducibility by acetylcholine of the 

effects of stimulation of the parasympathetic nerves and introduced the term 

parasympathomimetic to describe these effects of acetylcholine. Based on his work, Dale 

proposed the division of the effects of acetylcholine into muscarinic and nicotinic 

components. With striking insight, Dale also described the short duration of action of 

acetylcholine and from this little datum hypothesized that an esterase in the tissues 

hydrolyzes the acetylcholine molecule to acetic acid and choline. 

In now famous experiments, Otto Loewi (1921) stimulated the vagus nerve ofa 

perfused, isolated frog heart which reduced the rate of beating (negative chronotropy). 

The perfusate was collected after the stimulation and applied to another isolated, beating 

frog heart which had not been previously stimulated. The result was a marked reduction in 

the rate of beating of the second heart. This striking result led Loewi to conclude that a 
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neurohumoral substance had been released from the vagal stimulation. This substance was 

therefore called Vagusstoff - the German word for vagus substance. Eventually, this 

vagus stuff was identified as acetylcholine in the frog (Loewi and Navratil, 1926) and in 

mammals, as well (Feldberg and Krayer, 1933). 

Muscarine 

The namesake of the muscarinic cholinergic receptor subtype is muscarine. Along 

with pilocarpine and arecoline, muscarine is one of the three most common 

cholinomimetic plant alkaloids. These three molecules act at cholinergic receptors with 

variable specificity. Pilocarpine and arecoline have actions at both muscarinic and nicotinic 

receptors while the actions of muscarine are almost exclusively limited to muscarinic 

receptor subtypes. This property of muscarine resulted in its nominal immortalization. 

Muscarine was isolated from the mushroom Amanita mllscaria by O. 

Schmiedeberg who published the first pharmacological study of muscarine in 1869 and 

was thus the nomenclator of the muscarinic subtype of cholinergic receptors 

(Schmiedeberg and Koppe, 1869). Muscarine, like acetylcholine, is a quaternary 

ammonium compound (figure 1). But unlike acetylcholine, muscarine has three 

asymmetrical carbon atoms. Each of the eight enantiomorphs of muscarine have been 

synthesized in the laboratory (Eugster et aI., 1958). Another plant alkaloid, atropine, is 

used as a specific antagonist at muscarinic receptors. 
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CIIO/brergic Transmission in Sympathetic Ganglia 

Ganglia of the sympathetic nervous system have been used to study mechanisms of 

fast and slow nervous excitation. Fast excitatory post synaptic potentials (epsps) have 

consistently been shown to be mediated by acetylcholine and nicotinic cholinoreceptors 

(Nishi and Koketsu, 1960; Kuba and Nishi, 1979; Selyanko et aI., 1979). Conversely, the 

processes underlying slow epsps remain incompletely characterized. Eccles & Libet (1961) 

demonstrated in the superior cervical ganglion of the rabbit that acetylcholine released by 

preganglionic stimulation acts on muscarinic receptors as an excitatory synaptic 

transmitter. The basis for their conclusion was analysis of negative surface potentials 

recorded extracellularly. These potentials were first observed by Eccles in 1952. These 

potential changes were called "slow excitatory postsynaptic potentials" (slow EPSP; Libet, 

1967). Intracellular micro electrode recordings of sympathetic ganglion neurons were first 

done in neurons of amphibian parasympathetic ganglia (Tosaka et aI., 1968; Nishi and 

Koketsu, 1968) and rabbit superior cervical ganglia (Kobayashi and Libet, 1968). 

The conclusion that the slow excitatory postsynaptic potentials recorded in those 

systems tested, i.e., amphibian and mammalian superior cervical ganglia, were due to 

synaptic release of acetylcholine and the actions of the neurotransmitter on postsynaptic 

muscarinic receptors was based on a variety of evidence including: blockade of potentials 

by botulinium toxin (Eccles and Libet, 1961); depression of responses by low Ca++j high 

Mg++ media (Libet, 1967); blockade of responses evoked by cholinergic agonists by 

atropine- a selective muscarinic antagonist (Nishi and Koketsu, 1968; Tosaka and Libet, 

1970) simulation of synaptically evoked slow EPSPs by iontophoretic application of ACh, 

and enhancement of response potentials by anticholinesterase agents (Koketsu et aI., 1968; 

Volle and Hanncock, 1970). In other mammalian, but not prevertebral, ganglia such as the 
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widely studied superior cervical ganglion, muscarinic excitation has been characterized 

(Adams et aI., 1982a; Brown and Selyanko, 1985). Most work on slow cholinergic 

activity, however, has been done in amphibian systems (Adams and Brown, 1982; Akasu 

et aI., 1984; Jones, 1985; Kobayashi and Libet 1970; Kuba and Koketsu, 1976; Weight 

and Votava, 1970). 

Mechanisms. It has consistently been observed that the slow EPSP recorded with 

intracellular micro electrodes is accompanied by an increase in input resistance or, 

conversely, a decrease in conductance (g) (Nishi et aI., 1969; Kobayashi and Libet, 1970; 

Weight and Votava 1970; Kuba and Koketsu, 1974, 1976). The first examination of the 

effect of membrane potential changes on the amplitudes of slow excitatory potentials was 

in 1968 in frog sympathetic ganglia by Kobayashi and Libet. 

Three independent research groups classified neurons according to their responses 

to muscarinic agonists with regard to voltage dependency in bullfrog sympathetic neurons. 

In two of these studies in bullfrog sympathetic ganglia (Nishi et aI., 1969; Kuba and 

Koketsu, 1976) three groups of responses (neuron-types 1-3) were observed. In type 1 

cells, the amplitude of the muscarinic response and the EPSP increased with 

hyperpolarization, as did conductance. It was concluded on further analysis that the 

mechanism underlying these responses involved a tonic increase in gNa and gCa and a 

decrease in gK. In type two cells, the EPSPs were not accompanied by membrane 

resistance changes and showed insensitivity to hyperpolarization. In these cells the 

increase in gNa and gCa and the decrease in gK are probably equivalent. The responses 

that type 3 cells showed were explained by only a decrease in a potassium conductance 



Figure I-I. Two structures of cholinergic agonists. Top, acetylcholine; bottom, 

muscarine. 
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with a voltage- dependent activation. In a third study with voltage clamp analysis of 

excitatory post synaptic current (EPSC) in bullfrog sympathetic ganglia (Akasu, 1984), 

three types of neurons were also identified. The first kind ofEPSC was produced by the 

voltage dependent reduction in gK, and the second type of response was due to an 

increase in gNa and possibly other ions. Coexpression of these two mechanisms was 

thought to be responsible for the third response. 

27 

The increase in membrane resistance with the slow EPSP suggested the 

deactivation of a potassium conductance as the primary mechanism involved in the 

processes. Further evidence for this position was a reversal of responses on the other side 

of the equilibrium potential for potassium. (Weight and Votava, 1970). A reversal of the 

response, however has not been generally reproduced (e.g., Kobayashi and Libet,1974; 

Kuba and Koketsu, 1976). Despite the inability to demonstrate reversal in many systems, 

deactivation of a potassium current is still plausible given the reproducible finding of a 

decrease in response amplitudes with hyperpolarization toward EK, and the increase in 

input resistance during the response. 

Few studies have explored the mechanisms of muscarinic slow excitation in 

mammalian systems (Kobayashi and Libet, 1968; Adams, Brown and Constanti, 1982; 

Brown and Selyanko, 1985; Marrion et aI., 1987). In most studies, depolarizations of 

membrane potential associated with the application of cholinergic agonists have been 

attributed primarily to the inhibition of a voltage-dependent potassium current called M

current (Adams and Brown, 1982; Adams et aI., 1982b; Brown et aI., 1989; Freschi, 

1983). The M-current exhibits unique kinetic and voltage-dependent properties which 

facilitate its identification (Brown and Adams, 1980). Few alternative mechanisms of 
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muscarinic excitation have been suggested (Brown and Selyanko, 1985; Hashiguchi et aI., 

1982; Morita et aI., 1982). 

Galligan et ai. (1989) investigated the guinea-pig myenteric plexus in vitro and 

identified four distinct potassium currents and described the effects of muscarinic agonists 

on these currents. In AH neurons, calcium -dependent and background potassium 

conductances responded to muscarinic agonists. In S neurons, muscarinic depolarizations 

were due to background gK suppression. Inward rectifying and transient outward or A 

currents were insensitive to muscarinic agonists. 

Even though ample evidence exists for the action of acetylcholine at muscarinic 

receptors in amphibian ganglia and in some mammalian parasympathetic ganglia, the story 

for mammalian prevertebral ganglia has been quite different. Mechanisms of slow 

cholinergic action in the prevertebral ganglia are virtually unknown. Non-nicotinic 

excitation in mammalian prevertebral sympathetic ganglia has not generally been shown to 

be mediated by acetylcholine (Dun and Ma, 1984; Nield, 1978), but rather by a variety of 

peptides (Dun and Karczmar, 1979; Griffith et aI., 1988; Peters and Kreulen, 1985, 1986), 

or serotonin (Dun et aI., 1984). 

Potassium Channels 

Ion channels are transmembrane proteins which catalyze the movement of ions 

from one side of a cell membrane to another. In this capacity they act as membrane bound 

pores. But ion channels are unique enzymes because of their high rates of activity. They 

may transport between 106 and 109 ions per second, which is several orders of magnitude 

higher substrate turnover than any other in biochemistry (Frankenhaeuser and Moore, 

1963; Latorre and Miller, 1983). 
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Potassium (K) channels are the most disparate and varied of ionic channels found 

in excitable cells (Hille, 1992). The equilibrium potential for potassium ions (EK) in most 

neurons is around -80 mY. As such, when a potassium channel is open a hyperpolarizing 

and inhibitory influence is exerted on the cell. The understanding of the pathway and 

mechanism by which ions cross excitable cell membranes has developed over many years. 

The current picture for K channels is a narrow transmembrane channel with four ion 

binding sites and with wider dilations at each end forming pore entrances (Armstrong, 

1975). The channel is formed by four subunits each with six membrane spanning segments 

(e.g., Yool and Schwarz, 1991; Heginbotham and MacKinnon, 1992). The Shaker mutant 

K channel (so called because the insect with the mutation shakes when exposed to ether) 

of Drosophila melanogaster is one of the best characterized K channels. Molecular 

biological studies on this channel have revealed information about specific amino acid 

residues involved in the binding of antagonists such as tetraethylammonium (Yellen et aI., 

1991; Kirsch et aI., 1992) as well as residues involved in conductance of ions (Yool and 

Schwarz, 1991). Inactivation of the K channels seems to involve a cytoplasmic domain of 

the channel that acts like a "ball and chain" that binds another region of the channel which 

forms a receptor for the inactivation "ball" (Hoshi et aI., 1990). 

The mechanics of block of potassium channels by other ionic agents appears to 

involve a competition with K for binding sites at the internal pore and block of the passage 

of a line of ions queued up to pass through a selectivity filter. This phenomenon is often 

referred to as multi ion block (Hagiwara et aI., 1976; Adelman and French, 1978; Hille and 

Schwarz; 1978; French and Shoukimakas, 1985). The selectivity of the transmembrane 

pore for K appears to be a function of the narrow central portion of the channel, which is 

probably near 3 A in diameter (Hille, 1973). 
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The fact that the resting potentials of most neurons is hyperpolarized close to EK 

is an indication of the predominance of the potassium background or leak conductance at 

rest. Potassium channels are, therefore, fundamentally important to the regulation of 

excitability of neurons. The wide variety ofK channels belong to different groups 

including: voltage-gated, Ca++ -dependent, inward rectifiers, and ligand or second 

messenger-gated channels (Rudy, 1988). 

The voltage-dependent K current described by Hodgkin and Huxley (1952) in 

squid axons is responsible for the membrane repolarization during the action potential and 

is activated with a time delay of several milliseconds after the fast voltage-gated sodium 

current. This current carries the name delayed rectifier (lK). The classical 

pharmacological tool for blocking the delayed rectifier is tetraethylammonium (TEA) 

(e.g., Armstrong and Hille, 1972), although it also can be blocked by several other 

potassium channel blockers such as barium (Armstrong and Taylor, 1980) and sometimes 

4-aminopyridine. There are a variety of delayed rectifier currents which vary in their 

activation kinetics (Dubois, 1981) 

Another voltage-gated K current, the A current (lA), was discovered in molluscs 

(Hagiwara et aI., 1961; Connor and Stevens, 1971). This current is activated quickly 

compared to the delayed rectifier currents and is characteristically transient in nature. The 

A -current is activated by depolarizing steps from very hyperpolarized potentials. The 

threshold of activation is lower than for other K cun·ents and its deactivation is complete 

near rest potential in most neurons. This current is distinguished from IK by these 

properties in addition to its fast inactivation. The A-current is characteristically sensitive to 

4-aminopyridine (Thompson, 1977). 
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The activation of calcium-dependent potassium currents (IKCa> depend on the 

intracellular actions of calcium on the K channel molecule. The calcium source can be 

either the external milieu or internal sequestered stores (petersen, 1984; Trautman and 

Marty, 1984). These channels are voltage-dependent indirectly as a result of the voltage

dependent activation ofCa++ channels, although some voltage-dependence of the 

potassium channel itself has been reported (Moczydlowski and Latorre, 1983). There is 

variation even within the population ofCa++- dependent K channels (Pennefather et aI., 

1985). Calcium activated K channels require anywhere between 10-8 and 10-5 M internal 

calcium for activation. These channels are usually blocked with charybdotoxin or apamin. 

The first discovery ofIKCa currents was made in molluscs (Meech and Strumwaser, 

1970). 

Inward rectifiers (Kir) are K currents that increase with hyperpolarization and are 

present in many cell types including egg cells and neurons (Hagiwara et aI., 1976; Benson 

and Levitan, 1983; Constanti and Galvan, 1983). Inward rectifiers (IKir) are recognized by 

their unique voltage-dependence. Contrary to most other K currents, this current is 

activated by hyperpolarization. Inward rectifying characteristics ofK+ channels has been 

known since the first such demonstration in frog muscle by Katz in 1949. The increase in 

conductance with hyperpolarized potentials below EK facilitates potassium ion entry into 

the cell. Outward flow ofK ions through these channels is generally not observed upon 

depolarization. This rectification is dependent on both the membrane potential and the 

value ofEK (Leech and Stanfield, 1981). These currents, sometimes called anomalous 

rectifiers, are especially important in cardiac pacemaker activity (Reuter, 1984). 

Pharmacological blockade ofKir is readily accomplished with external Ba++ ,Na+, Sr+ 



and Li+ (Standen and Stanfield, 1978; Ohmori et aI., 1981), as well as internal Cs+ 

(Canneliet et aI., 1986; Fukushima, 1982), 

32 

In the case of ligand-dependent K channels, current modulation depends on the 

previous interaction of a transmitter molecule and a receptor protein. After ligand

receptor binding, a cascade of intracellular second messengers results in the opening or 

closing of the K channel. Because of the time required for this chain of events, the 

appearance of observable current changes after neurotransmitter arrival is delayed 

compared to the corresponding current activation at proteins which are both the receptor 

and the ion channel such as the acetylcholine-regulated nicotinic channel. Among the 

neurotransmitters which have been shown to affect one variety ofK channels or the other 

are acetylcholine (Nakajima et aI., 1986), serotonin (Sieglebaum et aI., 1982), 

norepinephrine (Madison and Nicoll, 1986), substance P (Stanfield et aI., 1985), and other 

peptides. Perhaps the most well known of these K channels is the M-channel which 

mediates the M-current and is sensitive to muscarinic agonists, as well as some peptides. 

This current will be discussed in its own section below. 

As with most attempts to describe natural phenomena, these categories are not 

absolute and often overlap. For example, some voltage-gated and calcium dependent K 

currents are modifiable by neurohumoral processes. 

The M-Om'ent 

While many researchers were wondering about the mechanism for their results 

indicating the mediation of slow EPSPs by the reduction ofa K+ current, D.A. Brown and 
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P.R. Adams (1980) described a novel voltage-sensitive K+ current which was suppressed 

by muscarinic agonists. The authors named finding the M-current (1M). 

The M-current exhibited unique properties. At membrane potentials more negative 

than -60 m V, the channels seem to be fully closed. At potentials more positive than -60 

m V the conductance showed a sigmoidal increase with a maximum between -10 and 20 

mY. The M-current does not show time-dependent inactivation within its activation range. 

Under voltage clamp, 1M can be identified by characteristic, slow inward and outward 

current relaxations in response to hyperpolarizing command potentials from a holding 

potential of -30 mY. At the begining of the current traces so produced, deactivation of the 

1M is seen as slow inward currents which represent a decrease in outward potassium 

current flowing through the M-channels. Upon stepping back to -30 mY, outward 

reactivation currents are seen. Certain kinetic properties distinguish 1M from the delayed 

rectifier. The inward and outward M-current relaxations in response to hyperpolarizing 

command potentials from a holding potential of -30 mV showed approximately 

exponential time courses whose time constants diminished with hyperpolarization from a 

maximum of 150-200 ms, at between -40 and -30 mY. The activation threshold for the 

delayed rectifier in the bullfrog preparation is -25 to -20 mY. The time constants for the 

activation currents of the delayed rectifier were an order of magnitude faster than those 

for the M-current. 

Muscarine application to the bathing medium produced a slow depolarization and 

conductance decrease. Under voltage-clamp the depolarization was replaced by a steady 

inward current. From the time course of the M-current relaxations it was concluded that 

muscarine depressed the current amplitude without affecting the voltage sensitivity. 
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Pharmacology. Various pharmacological potassium channel blockers have been 

employed to study the M-current. The most common have been the cation blockers 

including barium, nickel, cobalt and cadmium. The most potent blocker was found to be 

the divalent cation barium (Adams, Brown, and Constanti 1982b). 1M was found to be 

only slightly affected by TEA, which is the traditional drug used to inhibit delayed rectifier 

currents (Brown and Adams, 1980) 

Pllrpose of Present Stlldies 

Autonomic ganglia provide a convenient system for the study of information 

integration in neuronal networks (Kreulen, 1984). The guiding motivation for undertaking 

the experiments contained in this dissertation was to investigate the mechanisms of 

muscarinic agonist action in guinea pig celiac, prevertebral, sympathetic ganglia. The 

comprehensive investigation of the behavior ofa single neuron, however, is restricted in 

intact ganglia because it is difficult to access one while it is in the compact environment of 

the ganglionic neural network. Additionally, the enzymatic dissociation procedure renders 

the neurons without connective tissue covering, without extensive neurite outgrowth in 

the first few days, and allows for elimination of non-neuronal tissue with the addition of 

anti-mitotic drugs to the groth medium. Better control of drug delivery to the cells and 

control of concentrations of drugs and electrolytes are also afforded by this process. 

Thus, primary cultures of sympathetic ganglion neurons affords a means to study their 

developmental and biophysical properties more rigorously. The most extensively studied 

ganglion in this regard is the superior cervical ganglion of the rat (Bunge, 1973; Furshpan 

et aI., 1986; Wakshull, Johnson and Burton, 1979). Electrophysiological studies of other 

autonomic neurons in culture have been done (e.g., Allen and Bumstock, 1987). 

Postganglionic sympathetic neurons can be activated by cholinergic nicotinic, muscarinic 
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and non-muscarinic synaptic mechanisms (e.g., Janig, Krauspe and Wiedersatz, 1983). In 

the present studies the muscarinic mechanisms in celiac ganglia of the guinea pig were 

examined. 

Because the celiac ganglion has different functional characteristics than other 

sympathetic ganglia, it is important that these properties be evaluated both to elucidate 

properties relevant to their physiological function and also as a means to model smaller 

neural systems in general. No mammalian prevertebral ganglia have been studied 

previously in primary culture and in particular the guinea pig prevertebral ganglia which 

have been the object of extensive study in their intact state. Here I describe experiments 

and results which have assessed morphological, electrophysiological and pharmacological 

characteristics of guinea pig prevertebral neurons in primary cell culture and compares 

them to analogous data from intact ganglia. 

The goals of the studies undertaken for this dissertation included: establish a 

primary culture system for the celiac ganglion; demonstrate that the system established 

was viable as a model for electrophysiological and pharmacological, especially cholinergic, 

experiments; evoke reproducible responses to muscarinic agonists in current clamp and 

whole-cell voltage clamp configurations; investigate the mechanisms of the currents 

underlying slow cholinergic responses. 



HYPOTHESES 

I. Enzymatically dissociated, prevertebral, celiac ganglion neurons from the guinea pig 

can be maintained viable in primary culture and will retain electrophysiological and 

pharmacological properties in intact ganglia. 

2. Cholinergic agonists will evoke fast and slow excitatory post-synaptic potentials 

(epsps) in the dissociated neurons. 
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3. The inhibition of the M-potassium current (1M) in the celiac neurons is responsible for 

muscarinic agonist elicited responses. 

4. Potassium channel blockers will have variable effects on muscarine-sensitive potassium 

currents, and will be able to distinguish among them. 

5. Muscarinic responses in celiac neurons are mediated by the MI muscarinic receptor 

subtype. 



37 

CHAPTER 2 

ELECTROPHYSIOLOGICAL PROPERTIES AND CHOLINERGIC RESPONSES 
IN GUINEA-PIG CELIAC GANGLION NEURONS IN PRIMARY CULTURE 

Prevertebral neurons enzymatically dissociated from celiac ganglia of adult guinea

pigs were maintained in long-term primary culture. Cells were plated at a density of 95 ± 

15 cm-2, and intracellular electrical activity was measured between 2 and 7 weeks after 

dissociation. Neurite outgrowth began within 24 h of enzymatic dissociation. Cells 

survival dropped below 50% after more than two weeks in culture. The resting potential 

(-53 mV ± 0.8), time constant (12 ms ± 1.3), input resistance (47 MQ ± 8.6), rheobase 

(0.33 nA ± 0.02), degree of accommodation, spike amplitude (70 mV ± 3.0), after

hyperpolarization amplitude (-9.5 mV ± 0.55), and after- hyperpolarization duration (88 

ms ±7.6) in these cells were not different from those recorded from neurons in intact celiac 

ganglia. A larger proportion (>90%) of cells exhibited fast accommodation (phasic) in 

response to depolarizing current pulses. Unevoked (spontaneous) depolarization and 

action potentials were observed. The cells responded to pressure-ejected acetylcholine. 

Two types of responses consisted of an early rapid depolarization which was attenuated by 

hexamethonium and a later slow depolarization which was attenuated by atropine. We 

conclude that prevertebral neurons from guinea-pigs can be maintained in long-term 



primary culture, that they retain electrophysiological properties similar to intact ganglia 

and exhibit complex responsiveness to acetylcholine. 
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The celiac ganglia are prevertebral sympathetic ganglia that provide the 

sympathetic innervation to abdominal organs and receive synaptic inputs from the eNS as 

well as from visceral organs. The celiac ganglia are approximately bilaterally symmetrical 

and are partly connected at the midline by short fibers making the combined celiac plexus 

the largest sympathetic ganglion (Gab ella, 1976). The neurons within the ganglia are 

neurochemically and functionally organized to meet the demands of the extensive and 

varied innervation of these ganglia (Kreulen, 1984; Kreulen and Szurszewski, 1979; 

Lundberg et aI., 1982; Macrae, Furness and Costa, 1986). 

Autonomic ganglia provide a convenient system for the study of information 

integration in neuronal networks (Kreulen, 1984). The comprehensive investigation of the 

behavior of a single neuron, however, is restricted in intact ganglia. Primary cultures of 

sympathetic ganglion neurons affords a means to study their developmental and 

biophysical properties more rigorously. The most extensively studied ganglion in this 

regard is the superior cervical ganglion of the rat (Bunge, 1973; Furshpan et aI., 1986; 

Wakshull, Johnson and Burton, 1979). Because the celiac ganglion has different functional 

characteristics than other sympathetic ganglia it is important that these properties be 

evaluated both to elucidate properties relevant to their physiological function but also as a 

means to model smaller neural systems in general. No mammalian prevertebral ganglia 

have been studied previously in primary culture and in particular the guinea pig 
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prevertebral ganglia which have been the object of extensive study in their intact state. 

Here we describe experiments and results which have assessed morphological, 

electrophysiological and pharmacological characteristics of guinea pig prevertebral 

neurons in primary cell culture and compares them to analogous data from intact ganglia. 

Cell Culture 

Cell culture procedures were modified from those described by Bray (1970), Mains 

and Patterson (1973), and O'Lague et aI. (1978). 

Cell Preparation 

Adult female guinea pigs (100-300g) were killed·by halothane exposure in an 

airtight chamber. The celiac ganglia were removed by dissection in a semi-sterile 

environment and placed in sterile culture dishes containing plating medium for further 

micro-dissection. Non-celiac tissues, including the superior mesenteric ganglion, were 

teased away from the ganglion and nerves were cut, leaving the bilobular ganglia. The 

ganglia were then incubated at 370 C for 15 minutes in filter-sterilized papain solution (9 

Vlml), washed with 5 ml of plating medium, then immersed in collagenase (0.1 mg/ml) -

dispase (0.4 mg/ml) solution. Suspensions were triturated at four 10 minute intervals. All 

enzymes were dissolved in Hank's Balanced Salts Solution (HBSS). 

The resultant cell suspension was centrifuged and washed in plating medium. The 

final resuspension was in feeding medium. Aliquots of cell suspension were dropped in 
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wells (0.5-0.8 cm2) on collagen coated surfaces in UV-sterilized culture dishes. Filters 

(Nucleopore, 25 mm dia., 0.2 11m) were placed over wells and weighted-down with glass 

rings. The cells were maintained in an incubator at 370 C in a 5% C02-95% air, humidified 

atmosphere. The cultures remained undisturbed for 2-3 days before rings and filters were 

removed. The cells were fed twice weekly with feeding medium. 

Media 

Plating medium was a mixture of 100 ml Leibovitz's medium (L-15)-air (modified, 

Gibco), and 10 ml fetal calf serum (Flow). 

Feeding medium was made using minimum essential medium (MEM) Eagle's 

formulation as the basal medium, to which the following were added (in 100 ml): guinea 

pig serum (bled in laboratory), 2.5 ml; penicillin-streptomycin, 1000 Vlml; L-glutamine, 

2.0 mM; glucose, 0.3%; ascorbic acid (10 mg/ml); glutathione (0.25 mg/mt); 6,7-dimethyl 

-5,6,7,8 -tetrahydropteridine (DMPH4, 0.05 mg/ml); anti-mitotics: cytosine arabinoside 

(ARA-C), fluorodeoxyuridine (FVdR) and uridine (each at 10-5 M); and nerve growth 

factor-7S (40-50 ng/ml). 

Hank's balanced salts solution (HBSS) had the following composition (gIL): 0.4, 

KCl; 0.006, KH2P04; 8.0, NaCl; 0.09, Na2HP04-7H20; l.0, D-glucose; 0.01 phenol 

red. 

Dishes 

Corning 35 mm plastic culture dishes were prepared in a manner similar to that 

described by Q'Lague et al. [18]. Holes (0.8-l.0 cm dia.) were cut in the dishes with a 

lathe. Glass or plastic coverslips were attached to the dish bottoms with Sylgard. The 



plastic cover slips were covered with Hareus plastic film (hydrophilic side up) for better 

cell adhesion. The dishes were sterilized by UV irradiation for 20-25 minutes. Rat tail 

collagen solution was coated on the sterilized coverslip surface (ca. 1 mg collagen / ml 

0.25% acetic acid solution). 

Electrophysiology 
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Glass microelectrodes (1.2 mm O.D., 0.68 rnm J.D., 3 in.) were filled with 3 M 

KCl solution (resistances: 50 to 120 Mil) were used for intracellular recording. Potentials 

were amplified (Axoclamp-2A electrometer, Axon Instruments), displayed (Nicolet 310 

digital oscilloscope) and stored (VCR, VHS tape) after analog-digital signal conversion 

with a Neuro-corder (Neuro Data Instruments Corp. model DR-390). Traces were printed 

on either a Gould 2200S two channel chart recorder or a Gould 3054 X-Y plotter. Resting 

membrane potentials were determined by measuring the deflection which occurred when 

the electrode was pulled from the cell into the recording bath. Cells with an initial 

deflection smaller than -40 m V were not used. 

The neurons were viewed through an Olympus IMT -2 series inverted microscope. 

The culture age of cells for recording ranged between 2 and 7 weeks after dissociation. 

Perfusion system 

During recording, perfusion medium continuously flowed over cells at 1-2 mil 

minute. The temperature of the bath was maintained at 37 ± 10 C. The perfusion medium 

was composed of the following electrolytes in an MEM base in sterile 18 Mil water (in 

mM): KCI, 5.34; NaCl, 135.7; MgS04, 0.08; CaCI2, 2.9; NaH2P04, 0.1; KH2P04, 0.4; 

Na2HP04, 0.58; CholineCI, 0.072; HEPES buffer, 5; phenol red, 0.03. The solution also 
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contained glucose, 1 mM. Agonists were applied by pressure ejection (picospritzer) with 

pipettes (1.22 mm O.D., 0.68 mm J.D., 4 in.) pulled on a KopfInstruments micropipette 

puller. 

Cell Culture 

The celiac neurons were plated at a mean density of95 ± 15 cm-2 (mean ± sd) and 

maintained for up to 2 months as a monolayer of cells. Cell survivability from dissociation 

to day 3 after dissociation was 70%, and to 30 days was 40%. Figure 1 shows example 

neurons after 21 days in culture. The cells began to extend neurites within 24 hrs of 

plating. After several weeks in culture neurons had from two to several neurites extending 

from the soma and the extensive neurite outgrowth formed a network over the bottom of 

the growing surface. Soma diameters ranged from 10 to 63 Jlm and averaged 33 Jlm ± 12 

s.d. (n=50). Almost all neurons contained two nuclei. Non-neuronal cells were eliminated 

at 2-3 weeks after plating. 

Electrophysiology 

The electrophysiological parameters measured are summarized in Table 1. These 

data are compared to results reported for the celiac ganglion ill vitro by Kreulen & 

Szurszewski (1979) and Ma & Wu (1988). Figure 2 shows current-voltage relationships 

for 4 neurons from the same culture. After the first week, there was no correlation 



---------------------------------------------------------------------
Culture + In Vitro ++ In Vitro +++ 

Vrn -53 rnV .± 0.8 (80) -54 mV .± 0.9 (382) -59.3 mV .± 5.6 (29) 

Tau 12 rns .± 1.3 (29) 7 ms .± 1.0 (22) 18.4 rns .± 8.5 (24) 

Ri 47 M_ .± 8.6 (9) 26 M_ .± 2.5 (35) 53.7 M_ .± 19.8 (24) 

Rb 0.33 nA .± 0.02 (55) 0.3 nA .± 0.04 (31) 

PIT 9/1 111 1/3 

SA 70 mV .± 3.0 (26) .... 68 mV .± 15.3 (29) 

AHA -9.5 mV .± 0.55 (29) .... "'''' 

AHD 88 rns .± 7.6 (29) "'''' 

Table 1. Comparison of electrical properties. Key: Vm, resting 
membrane potential; Tau, time constant; Ri, input resistance; Rb, 
rheobase; PIT, phasic to tonic ratio; SA, spike amplitude; AHA, after
hyperpolarization amplitude; ADH, after-hyperpolarization duration. 

+ values are means + SE (n). 
++ from Kreulen & S;-urszewski (1979b)", values are means .± SE (n). 
+++ from Ma & Wu (1988), values are means .± SD (n). 
"'''' no data 
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Figure 2-1. Phase contrast photomicrographs of celiac neurons in primary culture. All 

panels are of the same culture dish taken after 21 days in culture. A. Low power view 

showing extensive neurite network and relatively low density of cell bodies. B-F. 

Examples of neurons with increasing numbers ofneurites. Calibration: A. 500 ~lIn; 

B-F. 100 11m. 



A. D. 

B. E. 

c. F. 

Scale: A, 500 )-1m. 8-F, 100 pm. 



between the length of time in culture and the electrophysiological properties of the cells 

tested. 
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Two values each for capacitance and cell surface area were calculated, in both 

cases a specific capacitance of 5 I1F cm-2 was assumed (King and Szurszewski, 1988). 

From mean diameter measurements the surface area was calculated to be 3.4 x 10-5 cm2 

and the cell input capacitance was 171 picofarads. Utilizing time constant and input 

resistance means, the calculated capacitance was 255 picofarads and the calculated cell 

surface area was 5.1 x 10-5 cm2. 

The repetitive firing pattern of prevertebral neurons in response to continuous 

depolarizing current is thought to be a characteristic which divides the neurons into two 

groups: phasic and tonic (Cassell, Clark and McLachlan, 1986; Kreulen and Szurszewski, 

1979). In Figure 3 the effect of increasing depolarizing pulses on spike frequency for a 

slowly adapting or "tonicil neuron is shown. By comparison, Figure 4 shows the responses 

of a rapidly adapting or "phasic" neuron. The phasic neurons represented 90% (47 of 52 

neurons, 16 platings) of the cells tested. Action potentials were eliminated by TTX (111M). 

Unevoked or spontaneous activity was recorded in 17% of cells examined and 

when observed, was irregular both in its form and frequency of occurrence. Examples of 

spontaneous activity are shown in figure 5. Some cells had evidence of synaptic potentials 

(Fig. 5A and B) whereas others fired action potentials without evidence of synaptic 

depolarizations. Figure 5C shows a depolarization accompanied by an increase in 

conductance. Much of the unevoked activity consisted of depolarizations followed by 

hyperpolarizations. All but a few events exhibited action potentials. Action potential 

number varied among events. 



Figure 2-2. Current-voltage relationships for 4 different neurons from the same culture 

after 23 days in culture. Current pulses were passed through the micro electrode. Input 

resistances ofthis sample ranged from 17 to 71 M.Q (mean 38 M.Q). The mean 

membrane potential was -66 m V. All I-V relationships could be fitted with a straight 

line within 15 m V of resting membrane potential. 
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Figure 2-3. Voltage responses of a slow adapting (tonic) neuron to sequential 

increases in depolarizing current from rheobase to more than three times rheobase 

(0.1 - 0.4 nA). The maximum instantaneous frequency was 10 Hz. 
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Cholinergic Responses 

Acetylcholine (10 11M) applied by pressure ejection (10 psi) evoked responses 

which appear to fall into three categories based on the duration of the depolarizations; we 

call these types I, II and III. Type I responses were characterized by fast rising 

depolarizations which gave rise to action potentials which were followed by slow 

depolarizations and then hyperpolarizations (fig. 6-A). The second type of response was 

also characterized by sequential depolarizations, however, the duration of both 

depolarizations in this type were longer (fig. 6-B). Furthermore, the initial depolarization 

was not associated with action potentials. In the third category we have placed the 

monophasic depolarizations which exhibited a range of amplitudes (2-12 m V) and 

durations 1-20 seconds (fig. 6-C). 

The effects of cholinergic antagonists on type I cells is shown in figure 7. In the 

presence of hexamethonium (5xl0-4 M), the initial fast response was eliminated and the 

amplitudes of the slow depolarizations and hyperpolarizations were reduced (figure 7-B). 

The addition of atropine (111M), further reduced and usually eliminated the slow 

depolarizations (figure 7-C). After washout of antagonists the response returned, albeit 

with the slower depolarization attenuated (figure 7-D). Of the 65 cells tested, 55 

responded to acetylcholine (85%). Of the acetylcholine sensitive cells, 13 (23.6%) 

exhibited type I resp<?nses and 11 (20%) gave type II responses with the remaining 

showing type III responses. 



Figure 2-4. Voltage responses of a fast adapting (phasic) neuron to sequential 

increases in depolarizing current from rheobase to more than three times rheobase (0.1 

- 0.4 nA). The neuron fired only one action potential. 
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Figure 2-5. Unevoked (spontaneous) depolarizations observed in celiac neurons in 

primary culture. A. 15 days, single action potential (40 m V - trace truncated by X-Y 

plotter) followed by slow depolarization. B. 14 days, single action potential followed 

by small depolarization and a hyperpolarization with two intervening smaller 

depolarizations. c. 21 days, slower depolarization without action potential shows 

increase in conductance during depolarization. 
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Figure2- 6. Examples of control responses to pressure-ejected acetylcholine (10 J.1M, 

900 ms, 10 psi). A. type I, the initial depolarization and action potential was followed 

by a slower depolarization (action potential: 55 mV - truncated in figure by chart 

recorder); B. type II, two sequential depolarizations varying in amplitude and time 

course; C. type III, slower 3 m V depolarization. The depolarization does not evoke an 

action potential and is of longer duration than the Type I response. 
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This is the first description of a primary culture of a guinea pig autonomic ganglion 

as well as the first mammalian prevertebral sympathetic ganglion. These data demonstrate 

that celiac neurons maintained in primary culture for up to two months have 

electrophysiologic and morphologic (DeCastro, 1932) properties similar to neurons in 

intact ganglia. Our data for the various electrical properties were similar to those 

published by Ma & Wu (1988), and Kreulen & Szurszewski (1979). The large range in 

input resistances is consistent with the findings ofDecktor & Weems (1983) and is likely 

indicative of cell subtypes. The sensitivity of the action potentials to tetrodotoxin (111M) 

is evidence of sodium-mediated action potentials. 

The greater values for the electronic capacitance and corresponding surface area 

compared to those values based on mean cell diameter were expected. The extensive 

neurite outgrowth contributes to the total electronic capacitance whereas the non-somal 

membrane is not considered in estimates based on cell diameter. 

Ganglionic neurons have often been characterized in terms of there firing 

characteristics in responses to depolarizing current. There is a wide range of criteria in the 

literature for the classification of neurons as phasic or tonic. Kreulen and Szurszewski 

(1979) and King and Szurszewski (1988) used 5 second pulses between rheobase and 

about three times rheobase to show differences between phasic and tonic neurons. Cassell 

et al. (1986) used 500 ms duration pulses. In the lumbar sympathetic chain ganglia and the 

distal lobes of the prevertebral inferior mesenteric ganglia, the classification of phasic and 

tonic cells is a reflection of the predominance of different voltage-dependent potassium 

currents (Cassell et aI., 1986): phasic cells of the lumbar sympathetic chain ganglia contain 

the M-current (1M) and tonic cells of the distal lobes of the inferior mesenteric ganglia 

exhibit marked A-current (lA) activity. Using this line of reasoning, the predominance of 



Figure 2-7. Pharmacology of type I response to pressure ejection of acetylcholine (10 

f.lM, 900 ms, 10 psi). A. control. B. the initial fast depolarization and action potential 

are blocked by hexamethonium (5xlO-4 M). C. the addition of atropine (1 f.lM) 

attenuates the slow depolarization. D. the responses return after 10 min wash. 
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phasic firing neurons in the celiac cultures suggests that these neurons would exhibit 

primarily 1M. This might be the result of a dissociation or culture condition or, indirectly, 

the result of the absence of appropriate target signals. 

The presence of unevoked events demonstrates that the cultured neurons are 

capable of electrical activity independent of experimenter provocation. The occasion of an 

unevoked event was unpredictable. The appearance of some of these spontaneous events 

suggested synaptic involvement (Furshpan et aI., 1976). 

Celiac neurons in primary culture retain pharmacological sensitivity to 

acetylcholine. The general property of a fast nicotinic depolarization followed by a slower 

muscarinic depolarization is similar to that demonstrated in superior cervical neurons in 

culture (Freshi and Shain, 1980). In freshly dissociated superior cervical neurons from 

rabbit there are also a variety of muscarinic responses, some of them in the same cell 

(Mochida and Kobayashi, 1986). A small subpopulation of neurons in this study gave 

either of the multiphasic responses (types I and II) and a small monophasic depolarization 

(type III). We have not yet determined whether muscarinic receptor subtypes could be 

responsible for the different components of the multiphasic responses. 

These studies demonstrate that celiac ganglion neurons derived from adult guinea 

pigs can be maintained in primary culture for extended periods and that they maintain their 

sensitivity to acetylcholine. This culture system is comparable to the previously established 

systems in the rat (Freshi and Shain, 1980; O'Lague, Potter and Furshpan, 1978) with 

respect to facility of preparation, and long term maintenance. The electrophysiological 

properties of these neurons will allow us to use this primary culture system to further 

investigate the electrophysiological and pharmacological properties of prevertebral 

neurons. 
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CHAPTER 3 

MUSCARINIC INHIBITION OF TWO POTASSIUM CURRENTS IN GUINEA PIG 
CELIAC NEURONS: EFFECTS OF CESIUM AND BARIUM 

Muscarinic responses were studied in dissociated guinea pig celiac ganglion 

neurons using the whole-cell voltage-clamp technique. Muscarine (0.025-1 mM; EC50 = 

95 ~M) administered to cells for 1.5 seconds evoked inward shifts in holding current in 53 

of 74 cells. The amplitude of the inward current transients decreased with 

hyperpolarization and the null potential averaged -71 ± 3.4 m V (n= 11). The currents that 

underlie the responses to muscarine were examined with hyperpolarizing voltage stepping 

protocols to -100 mV from a holding potential of -30 mY. Eighty percent of cells 

displayed voltage-dependent current relaxations characteristic of the M-potassium current. 

Twenty percent of responding cells, displayed no M-current but only a voltage

independent current consistent with a leak current. In the latter type of cells, the 

muscarine-evoked inward currents reversed near EK, becoming outward at more 

hyperpolarized potentials. Analysis of steady state I -V relationships before and after bath 

application of muscarine demonstrated that the two muscarine-sensitive K currents were 

distributed differently among three types of cells: 1) with M-current (18%) 2) with leak 

current (18%) and 3) with M-current and with leak current (64%). Cesium and barium 
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were employed to differentiate the M-current and the muscarine-sensitive leak current. 

Barium (2 mM) reduced the M-current and the leak potassium current whereas cesium (2 

mM) reduced the M-current but did not affect leak current. Thus barium reduced the 

amplitude of muscarinic responses by 79% but cesium reduced them by only 14%. 

We conclude that muscarinic responses in guinea pig celiac neurons are produced 

by suppression of two K+ currents: the M-current and a muscarine-sensitive leak current. 

These two currents are differentially susceptible to the potassium channels blockers barium 

and cesium. 
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Ganglia of the sympathetic nervous system have been used to study mechanisms of 

fast and slow nervous excitation. Fast excitatory post synaptic potentials (epsps) have 

consistently been shown to be mediated by acetylcholine and nicotinic cholinoreceptors 

(Kuba and Nishi, 1979; Nishi and Koketsu, 1960; Selyanko, Durkach and Skok, 1979). 

Conversely, the processes of slow epsps remain incompletely characterized. 

Mechanisms of slow cholinergic action in the prevertebral ganglia are virtually 

unknown. Non-nicotinic excitation in mammalian prevertebral sympathetic ganglia has not 

generally been shown to be mediated by acetylcholine (Dun and Ma, 1984; Nield, 1978) 

but rather by a variety of peptides (Dun and Karczmar, 1979; Griffith, Hills and Brown, 

1988; Peters and Kreulen, 1985, 1986) or serotonin (Dun, Kiraly and Ma, 1984). 

Recently, however, evidence for slow cholinergic, or muscarinic, actions in prevertebral 

ganglion were reported. Neurons in primary cell culture from the celiac prevertebral 

ganglion displayed slow atropine-sensitive depolarizations in response to short duration 

acetylcholine application (Coggan, Gruener and Kreulen, 1991). 

In other mammalian, but not prevertebral, ganglia such as the widely studied 

superior cervical ganglion, muscarinic excitation has been characterized (Adams, Brown 

and Constanti, 1982a; Brown and Selyanko, 1985). Most work on slow cholinergic 

activity, however, has been done in amphibian systems (Adams and Brown, 1982; Akasu 

et aI., 1984; Jones, 1985; Kobayashi and Libet, 1970; Kuba and Koketsu, 1976; Weight 

and Votava, 1970). Depolarizations of membrane potential associated with the application 

of cholinergic agonists have been attributed primarily to the inhibition of a voltage

dependent potassium current referred to as the M-current (Adams and Brown, 1982; 

Adams, Brown and Constanti, 1982b; Brown, Marrion and Smart, 1989; Freshi, 1983). 

The M-current exhibits unique kinetic and voltage-dependent properties which facilitate 
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identification of the current (Brown and Adams, 1980). Few alternative mechanisms of 

muscarinic excitation have been suggested (Brown and Selyanko, 1985~ Hashiguchi et aI., 

1982~ Morita, North and Tokimasa, 1982). 

In this study, we expand our investigation into the mechanisms of slow, cholinergic 

excitation in prevertebral celiac neurons in primary culture by using the whole-cell voltage 

clamp technique to analyze currents evoked by muscarine. We also employ the cationic 

potassium channel blockers barium and cesium to aid in the analysis of two muscarine

sensitive potassium currents. These cationic alkali earth metals have been extensively used 

in the study of potassium channels (Rudy, 1988). 

Cell Culture 

The procedures for primary cell culture of guinea pig celiac neurons have been 

described (Coggan, Gruener and Kreulen, 1991). Briefly, celiac ganglia were dissected 

from adult, female guinea-pigs (100-200g). The ganglia were enzymatically dissociated 

(papain, 9Vlml~ collagenase, 1 mg/ml~ dispase, 4 mg/ml) and plated as a monolayer on a 

collagen-coated substrate. Cell density ranged between 20 and 100 cells per cm2, and cell 

diameter averaged 35 ~m. Cells were maintained in feeding (growth) medium at 370 C in a 

5% C02, humidified incubator (VWR). 

The basal medium for the feeding solution was minimal essential medium (MEM) 

Eagle's formulation. To this was added (in 100 ml): guinea pig serum, 2.5 ml; penicillin

streptomycin, 1000 Vlml; L-glutamine, 2.0 mM; glucose, 0.3%; ascorbic acid (10 mg/ml); 
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glutathione (0.25 mg/ml); 6,7-dimethyl- 5,6,7,8-tetrahydropteridine (0.05 mg/ml); cytosine 

arabinoside, fluorodeoxyuridine, and uridine (each at 10-5 M). 

E/ectrophysi%gica/ Techniques 

Whole cell voltage-clamp recordings from the cultured neurons were made 

between 1 and 11 days after dissociation. Recordings were made with polished 

borosilicate glass micropipettes (1.5 mm O.D., 0.86 mm I.D.; A-M Systems, Inc.) with tip 

diameters ranging between 0.5 and 3 microns. The micropipette series resistances were 

between 1 and 5 MO, and series resistance compensation was used during experiments. 

The pipette solution consisted of (in mM): NaCl, 10; KCI, 144.5; MgCI2, 2; HEPES 

buffer,S (pH = 6.8); EGTA, 0.5; ATP, 4. The calculated equilibrium potential for 

potassium using the Nernst equation was -81 mY. The amplifier used was an Axopatch 1-

D (Axon Instruments, USA). The data were digitized and then collected and analyzed by 

computer with the pClamp ® software package (Axon Instruments, Foster City, CA). 

During recording the cells were superfused (ca. 1 ml/min) with an MEM based 

solution with the following electrolyte composition (mM): KCI, 5.34; NaCI, 135.7; 

MgS04, 0.08; CaCI2, 2.9; NaH2P04, 0.1; KH2P04, 0.4; Na2HP04, 0.58; choline CI, 

0.07; glucose, 1; HEPES buffer,S; phenol red, 0.03; pH=7.4. The culture dishes were 

mounted for visualization and recording on an Olympus IMT -2 inverted microscope. 

Drug Delivery 

Drugs were applied by means of a U-shaped, ejection-suction tube (Krishtal and 

Pidoplichko, 1980), which delivered the drugs to the cell for a programmed length oftime. 

The function and efficacy of the drug delivery system were tested before each experiment 
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by ejection of acetylcholine (25-60 flM). The tube was positioned near the cell (20-50 flm) 

so that the nicotinic response to acetylcholine was of maximum amplitude and reached a 

plateau within 1 second (figure 1). This nicotinic response was the indication that our 

drug was heing delivered to the cell and equilibrating at steady-state concentration. 

Experiments with the potassium channel blockers cesium and barium were done by first 

taking control measurements ofM-current or inward current responses to muscarine and 

then switching, by gravity feed, to test bath medium to which was added CsCI or BaCl2 at 

2 mmlL. Data were then collected after exchange of at least 5 bath volumes. 

Materials 

Muscarine chloride (±) was purchased from Research Biochemicals, Inc.; cesium 

chloride from IT. Baker; and barium chloride from EM Industries, Inc. The enzymes 

collagenase and dispase used for ganglion dissociation were bought from Worthington 

Biochemical Corp. and Boehringer Mannheim GmbH, respectively. Minimal essential 

medium (MEM) came from Flow. All other cell culture reagents and chemicals were from 

Sigma. 

Responses to Muscarine 

Of74 cells examined using depolarizing step commands from a holding potential 

of -60 m V, all exhibited voltage-gated sodium currents and outward delayed rectifier 

potassium currents which were blocked by tetrodotoxin (TTX, 0.2 flM) and TEA (30 

mM), respectively. Likewise, cells responded to acetylcholine with fast nicotinic (blocked 



Figure 3-1. Illustration of drug delivery system and nicotinic response to acetylcholine. 

A) Suction-ejection U-tube delivers drug by gravity feed. The drug solution is 

continuously flowing through the tube. When suction is interrupted and drug solution 

flows out over the cell. After reactivation of suction drug is sucked back into the tube. 

(30 11M, 1.5 seconds). B)The plateau of the response within 1 second (before 

termination of drug delivery) indicated that a drug being delivered to the celiac neurons 

reached steady-state concentration. 
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by hexamethonium [100-200 JlMD inward currents. Fifty-three (72%) of the cells 

responded to muscarine (0.025 - 1.0 mM). These responses were characterized as 

slowerinward shifts in holding currents. The peak amplitudes ranged between 50 and 400 

pA (at -50 mY). The inward current responses to muscarine were concentration

dependent. A concentration-response relationship (averaged, n=6) was plotted 

semilogarithmically and was best fit with a second order equilibrium equation (figure 2-

B). The EC50 was 95 11M. 

Time constants of decay for the muscarinic responses were fit with a single 

exponential and varied between 5 and 15 seconds. The latencies for onset fell between 150 

and 250 ms (sampling interval = 30 ms), and peaks came within 6.5 seconds after the 

beginning of application. These responses to muscarine were blocked or attenuated by 

atropine (0.1 mM) superfused in the bathing medium. 

Testing for the Presence of M-current 

Based on work in other mammalian sympathetic ganglia, it seemed plausible that 

M-current might mediate the observed responses to muscarine. The neurons were, 

therefore, tested for the presence ofM-current with a voltage step protocol similar to that 

already described (Brown and Adams, 1980). From a holding potential of -30 mY, a 

potential at which the M-current is activated, hyperpolarizing voltage commands were 

applied in 8 m V step increments. Eighty-percent of the cells exhibited the characteristic 

voltage-dependent, slow, inward current relaxations during the steps indicative of 

deactivation of the conductance. Outward relaxations, or "tail currents", indicative of 

activation were observed upon return to holding potential after the step (figure 3-A). 

Amplitudes of the tail currents at -30 mV were between 50 and 800 pA. The intersection 



Figure 3-2. Response to muscarine and concentration-response relationship. A) 

Muscarine (200 11M; 1. 5 seconds) evokes inward current response which peaks within 

3 seconds and displays a single exponential decay ('C = 11.5 seconds). Solid bar denotes 

time of application. Holding potential was -50 mV. B) Averaged data for 

concentration-response relationship for muscarine (0.025 - 1.0 mM, n=6). Values are 

normalized by response to 500 11M. Line fitted to points is best approximated by a 

second order equilibrium equation {E=Emax[A]2/([A]2+I(D)} EC50 = 95 11M, 

determined from second order fit. 
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of absolute instantaneous and steady-state V-I relationships revealed a reversal potential 

for the slow current near the equilibrium potential for potassium (EK). The 

absoluteinstantaneous currents were measured at the inflection point on the current traces 

between the fast "ohmic" currents and the slow inward relaxations. The steady-state 

currents were also measured in reference to zero current, but the measuring point was just 

before the end of the voltage step. 

A conductance activation curve was obtained from tail current amplitudes at -30 

m V (holding potential) after returning from different command potentials (V C). The 

maximum conductance (6 nS) was obtained when returning to -30 mV from a command 

potential of -67 mY. Half-maximal activation occurred between -45 and -50 mY. 

Measurements were not taken above -30 m V to avoid activation of delayed rectifier K+

currents. The time constant of the inward relaxations decreased with hyperpolarization 

below -40 mV down to -67 mV. Values ranged between 40 and 125 ms. Time constants 

were plotted (figure 3-C) in units of inverse time (s-1 ) by convention (Brown and Adams, 

1980). An additional, but perhaps most fundamental, criterion for M-current identification 

is the sensitivity to muscarine. Bath-applied muscarine (80 IlM) reduced the amplitude of 

the slow inward and outward relaxations and produced an inward shift in holding current 

(figure 3-D). No time-dependent decrease or "rundown" in the slow relaxations was 

observed during the course of control experiments up to 30 minutes. Based on these 

results we concluded that these neurons displayed the M-current. 



Figure 3-3. M-current in dissociated celiac neuron. A) Voltage steps (5 mV first and 8 

mV each subsequent) produce inward (deactivation) and outward (activation) current 

relaxations. B) Instantaneous and steady state V-I relationships (fitted by eye). 

Intersection of these curves is -79 mV (EK = -80). C) Two curves show activation of 

conductance for M-current (measured from tail currents), and reciprocal time constant 

vs. step potential plot showing the voltage dependency of the time constant (,;) of 

deactivation. Steps were made from a holding potential of -30 mY. D) Muscarine (80 

J.l.M) , applied in the bath medium, reduced the slow inward and outward M-current 

relaxations and caused a net inward shift in holding current. 
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No Correlation Between M-current and Responses to Muscarine 

In cells with M-current, the voltage relationship exhibited marked outward 

rectification at potentials positive to approximately -60 m V. This rectification is due to the 

voltage-dependent activation ofM-potassium channels (e.g., Brown and Selyanko, 1985). 

These cells responded to the short duration application of muscarine with inward current 

transients described above (figure 4-A). In cells lacking M-current, the outward 

rectification was absent and the voltage-current (V-I) relationship for these cells was 

nearly linear. Despite the absence of the M-current, we observed that these cells with 

negligible or no M-current also responded to muscarine with inward current transients 

which were often larger than those observed in cells with prominent M-current (figure 

4-B). 

If the muscarinic responses are due entirely to inhibition ofM-current, one would 

expect a near unity correlation between the amplitudes of each (Adams, Brown and 

Constanti, 1982b). Thus, we compared the amplitude of the inward current response with 

the amplitude ofM-current relaxations, both at a given holding potential, -50 mV, chosen 

for its proximity to rest potential. In some cells with a large M-current, there was little or 

no response to muscarine. In other cells with little or no M-current there were large 

responses to muscarine. In between these two extremes, most cells contained some M

current and responded to muscarine. In 15 neurons there was no correlation between the 

amplitude ofM-current relaxations and amplitude of the muscarine-evoked currents 

(figure 5). We tested this relationship with a Pearson's correlation coefficient (r= -0.27) 

and tested the significance of the correlation with a Fisher's z transformation (p=0.345, 

insignificant). This result suggested another mechanism for muscarine-evoked currents in 

addition to the M-current. 
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Figure 3-4. Responses to muscarine in cells with and without M-current. A) Top, 

inward current transient in response to muscarine (200 IlM). Middle, current 

excursions in response to hyperpolarizing voltage stepping protocol from a holding 

potential of -30 mY. Bottom, graphical representation of the steady-state currents 

versus step potential. B) Top, inward current response to muscarine (200 M). Middle, 

current responses to the same command steps as in A. Bottom, steady-state V-I 

relationship from the current and voltage levels illustrated in the middle traces . 

Outward rectification is due to activation ofM-current. 
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Muscarine Blocks a Leal" Current 

The 20% of cells that showed no M-current responded to hyperpolarizing 

command potentials with ohmic current steps (figure 6-A) and with little or no 

rectification in the steady-state V-I relationship. These properties are characteristic of cells 

containing only a leak current (Adams, Smith and Thompson, 1980; Chiu and Ritchie, 

1981; Hodgkin and Huxley, 1952). Despite the lack ofM-current in these cells, they 

responded to application of muscarine just as did cells with M-current (figure 6-B). The 

voltage-dependency of these responses was assessed by holding cells at potentials ranging 

from -10 to -110 mV during the application of muscarine. The amplitude of the inward 

current transients decreased with hyperpolarization, and approached zero near the 

equilibrium potential for potassium ions (-81 m V). In some cells the inward current 

reversed direction below the equilibrium potential for potassium, thus becoming outward 

currents (figure 6-B). When the amplitudes of the muscarine-induced current transients 

were plotted against the holding potential (figure 6-C), the X-intercept (-79 m V) was 

close to EK (-81 mY). The mean null or reversal potential for all cells tested including 

those containing M-current was -71 mV ± 3.4 (n=ll). The production of inward currents 

at potentials below which M-current is inactivated is further evidence that M-current is not 

involved in these responses. 

The action of muscarine on subthreshold membrane currents was assessed by 

evaluating the effect of muscarine on I-V relationships between -30 and -100 mY. 

Muscarine reduced the conductance so that the I-V relationship in the presence of 

muscarine intersected the control at -80 mV (figure 6-D). Thus, in the presence of 

muscarine, there was a linear reduction in current above and below the reversal potential 

for potassium, indicating the suppression of a potassium leak current. 



Figure 3-5. Association between M-current and response to muscarine. Distribution of 

muscarinic inward current amplitudes at -50 mV and amplitudes ofM-current at -51 

m V. Each point represents one cell. The Pearson's correlation coefficient is equal to -

0.27. Fisher's z transformation test showed no statistically significant correlation 

between M-current and response to muscarine (p=0.345). 
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Neurons Subtyped by Muscarinic Effects 

There were three subtypes of neurons based upon the effect of muscarine on their 

steady-state V-I relationships (n=17) (figure 7). The first subtype (18% of cells tested) 

was characterized by a voltage-dependent action of muscarine from -60 m V to more 

depolarized levels. This voltage-dependent reduction in current was associated with the 

reduction ofM-current (figure 7-A). In the second subtype (18%), muscarine 

demonstrated voltage-independent effects. No M-current was present in these cells, but 

muscarine reduced outward and inward current at all potentials (figure 7-B). The third 

category of neuron (64%) displayed M-current but was affected by muscarine over all 

potentials tested including ranges where M-current is deactivated. In these cells there is a 

voltage-independent action of muscarine, even though M-current may be prominent. Thus, 

both M-current and a muscarine-sensitive leak current are present in these cells. The 

outward rectification of the V-I curves above -60 mV in A and C is attributable to M

current activation. 

Effects of Barium and Cesium 

We tested whether the muscarine-sensitive currents could be blocked with cationic 

potassium channel antagonists barium and cesium applied in the extracellular medium. 

These currents were differentially sensitive to barium and cesium. 

First, we assessed the effects of barium (2 mM) in the external medium on M

current and the inward current in response to muscarine, in cells held at -30 mV. This 

potential was chosen because M-current would be large and near maximally activated. The 



Figure3-6. Leak potassium current in cell without M-current is sensitive to muscarine. 

A) Cell was held at -30 mV and subjected to hyperpolarizing step increments (5 mV 

first step and 8 mV each subsequent). Voltage step protocol does not evoke current 

relaxations characteristic ofM-current. B) Responses to muscarine (200 f!M, 1.5 

seconds) at different holding potentials. Amplitude of response decreases with 

hyperpolarization and reverses near the equilibrium potential for potassium. C) Linear 

approximation of V-I relationship for amplitudes of inward current responses to 

muscarine. The reversal potential is the X-intercept of the line approximating data 

points ( -79 m V). D) Linear steady-state V-I relationships for control condition (closed 

squares) and in the presence of muscarine (200 f!M; open squares) - the latter points 

represent absolute current values at the peaks of responses to muscarine delivered by 

U-tube. All data in figure are from the same cell. 
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control value for M-current at -30 mV was measured by the amplitude of the tail current 

upon returning to -30 mV after a command potential of -67 mY, a voltage at which theM

current is completely deactivated. For the response to muscarine, the cell was held at -30 

m V and the peak amplitude of the inward current response to muscarine was measured. 

M-current and muscarine-evoked current amplitudes were then measured after exposure 

tobarium. The same procedures were then repeated for experiments using cesium (2 mM) 

as the external potassium channel blocker. 

The results of these experiments are summarized in Figure 8. Example recordings 

from 2 cells are shown in 8-A and 8-B, the results from 19 cells are summarized in 8-C. 

Barium blocked M-current (figure 8-A, top), as well as the inward current response to 

muscarine (figure 8-A, bottom). Cesium also suppressed the M-current (figure 8-B, 

top), albeit less efficaciously than barium. The effect of cesium on the muscarine-evoked 

inward current transient, however, was small compared to barium (figure 8-B, bottom). 

These effects of barium and cesium are summarized in figure 8-C. Barium resulted in a 

large reduction in the amplitudes of both the M-current [87.6% ± 6.8 SE (n=8)] and the 

inward current response to muscarine [78% ± 7.0 (n=8)]. In contrast, cesium reduced M

current by an average of61% ±.6 (n=ll) but reduced the muscarinic response by only 

14.3% ± 4.7 (n=IO). This difference was statistically significant (p< 0.01). Thus, cesium 

appeared to exhibit a selectivity for M-current versus the other mechanism of muscarinic 

action, the leak current, which contributes to the total response to muscarine. 

To further examine the selective actions of cesium on muscarine-sensitive currents, 

we studied the effects of the potassium channel blockers on steady-state I-V relationships 

of the celiac neurons. Barium reduced current over the entire range of potentials tested; 

both at membrane voltages in the hyperpolarized region where only leak current is evident 



Figure 3-7. Three types of cells as determined by muscarinic effects. Steady-state 

current-voltage relationships generated before and after muscarine was superfused in 

bath medium. A) Representative cell responding to muscarine in a voltage-dependent 

manner associated with the reduction ofM-current. B) Cell without M-current and 

displaying voltage-independent sensitivity to muscarine. C) Cell containing M-current 

but also affected by muscarine at potentials outside the activation range for M-current. 

These cells contain a combination ofM-current and muscarine-sensitive leak current. 
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and at more depolarized voltages (above -60 mY) where the M-current is also activated. 

When the control I-V relationship was subtracted from the steady-state curve in the 

presence of barium, the difference line intersected the x-axis near EK (figure 9-A). Thus, 

at potentials more depolarized than -60 m V, barium blocked both the M-current and a 

leakage current. In contrast, cesium suppressed K currents only at potentials more 

depolarized than -60 m V (figure 9-B). Thus, the difference curve for the effect of cesium 

is strikingly different than the difference curve for the effect of barium and resembles the 

voltage activation curve for M-current. This curve indicates that the predominance of 

current affected by cesium ranges from near -60 m V to more depolarized potentials. This 

range of voltage dependency and the partial block of the net response to muscarine 

suggests that cesium is predominantly blocking M-current and the contribution ofM

current to the response to muscarine. Barium, however, blocked both the M-current and 

the potassium leakage current. The net response to muscarine was consequently almost 

completely suppressed in the presence of barium. 

To examine the possibility that the leak current which was insensitive to cesium 

was also insensitive to muscarine, we applied muscarine to the bath after the application of 

cesium (figure to-A). As before, cesium caused a marked reduction of the M-current 

relaxations but only a slight reduction of steady state currents at voltages more 

hyperpolarized than -60 mY. Application of muscarine in the continued presence of 

cesium then resulted in a further reduction ofM-current as well as a reduction of steady 

state current at potentials more hyperpolarized than -60 m V. The reduction in steady state 

current elicited by the addition of muscarine was due primarily to a reduction in 

instantaneous current. The V-I relationships for these effects is shown in Figure lOB. The 

effects of cesium and muscarine on M-current outward relaxation tail current amplitudes 



Figure 3-8. Effects of barium and cesium on M-current and muscarinic responses. A) 

Top, M-current relaxations before and after the exposure to barium (2 mM) evoked by 

voltage steps to -51 and -59 mY from a holding potential of -30 mY; bottom, barium 

suppresses response to muscarine. B) Top, M-current relaxations before and after 

cesium (2 mM) application. Current excursions were produced by the same protocol as 

in A. Dotted lines represent zero current level; bottom, inward current response to 

muscarine before and after cesium. C) Histogram representing the reduction ofM

current and the response to muscarine by barium and cesium. M-current amplitude 

values were measured from tail currents after return to -30 mY from a command 

potential of -67 mY. Percent reduction of both M-current and inward current 

responses was determined by subtracting from 1 the dividend of the current 

measurements in the presence of cation and those of control values (% reduction = 1-

(response with cation / control response) x 100). Cesium reduced M-current by an 

average of61 % ± 8.6 SE (n=II), and the response to muscarine an average of 14.3% 

± 4.7 SE (n=IO). The difference in reduction of these two current measurements tested 

significant at the p<O.O 1 level with a Student's unpaired t-test. Barium blocked the M

current at -30 mY by an average of87.6% ± 6.8 (n=8), and blocked the inward current 

response to short duration muscarine application at -30 mY by an average of78% + 

7.0 (n=8). This difference in block was not statistically significant. 
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are plotted in Figure 10-C. Cesium reduced M-currents by 50%; the addition of muscarine 

( 100 mM) resulted in complete blockade ofM-current. 

The principle findings of this report are that muscarine evokes inward currents in 

celiac neurons which result from the inhibition of two K+ currents. One of these currents 

is the M-current (Adams, Brown and Constanti, 1982a; Brown and Adams, 1980; 

Constanti and Brown, 1981; Jones, 1985), and the other is a voltage-independent, leakage 

current (Hodgkin and Huxley, 1952; Schmidt and Stampfli, 1966; Wong and Binstock, 

1980). 

M-current properties in our system were comparable to those previously reported. 

The amplitudes of the M-current relaxations were smaller than values reported in 

amphibian sympathetic systems (Adams, Brown and Constanti, 1982a; Brown and Adams, 

1980), but similar to values reported for other mammalian sympathetic neurons (Marrion, 

Smart and Brown, 1987; Marrion et aI., 1991; Owen, Marsh and Brown, 1990; Selyanko, 

Smith and Zidichouski, 1990; Tokimasa and Akasu, 1990). Other M-current 

characteristics such as the voltage-dependency of activation, the time constants, and 

conductance values were within the range of values previously reported (Brown and 

Adams, 1980; Owen, Marsh and Brown, 1990; Selyanko, Smith and Zidichouski, 1990; 

Tokimasa and Akasu, 1990). The second muscarine-sensitive potassium current was 

instantaneous and displayed a linear current-voltage relationship. This current lacked the 

voltage-dependent, time-dependent, and kinetic properties of the M-current. Thus, it 

appeared as a leakage current (Chiu and Ritchie, 1981; Hodgkin and Huxley, 1952; Wong 

and Binstock, 1981). Unlike leakage currents whose ionic compositions are undetermined 



Figure 3- 9. Effects of barium and cesium on steady-state current voltage 

relationships. A) Voltage-current relationship for a cell in normal perfusion medium 

(control; filled squares) and medium to which was added barium (BaCI2, 2 mM; open 

squares). The difference of these two curves is also plotted on the graph (closed 

diamonds). B) Voltage-current relationship for a cell in normal perfusion medium 

(control; filled squares) and medium to which was added cesium (CsCl, 2 mM; open 

squares). The difference of these two curves is also plotted on the graph (closed 

diamonds). 
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(Adams, Smith and Thompson, 1980), this leakage current appeared to be carried 

predominantly by potassium because of a reversal potential close to the equilibrium 

potential for potassium (-81 m V). The responses to short duration muscarine application 

resulting from the inhibition of this leak current diminished linearly upon approach to EK, 

and they reversed direction at potentials below EK The attenuation or block of these 

responses by potassium channel blockers is additional evidence for potassium involvement. 

The first indication that an alternative mechanism to the M-current played a role in 

the responses to muscarine was the ability to evoke responses in cells lacking M-current. 

Second, the lack of correlation between the amplitude of the muscarine-evoked responses 

and the amplitude ofM-current at the same potential in cells with M-current was evidence 

that M-current was not alone in mediating responses to muscarine. This result is in 

contrast to findings in bullfrog lumbar sympathetic ganglia where the correlation between 

the amplitude of the M-current and the amplitude of muscarine-evoked responses is near 

unity (Adams, Brown and Constanti, 1982b). A third line of evidence for a non-M-current 

mechanism is the voltage-independence of responses in some cells. If a response is due 

only to the suppression ofM-current, the responses would follow the corresponding 

voltage-dependency of activation for M-current, i.e., negative to -60 mV there should be 

no response. The ability to evoke responses at potentials negative to the activation 

threshold for M-current is evidence that M-current did not contribute to these responses. 

The M-current and the muscarine-sensitive leak current were expressed together in 

the majority of neurons, but each can exist separately. The celiac neurons were classified 

by their sensitivity to muscarine as manifested in voltage-current relationships in the 

following ways: 1) voltage-dependent sensitivity to muscarine associated with M-current 

reduction, 2) voltage independent sensitivity in cells lacking M-current but with the leak 



Figure 3-10. Cesium reduces M-current predominantly and muscarine reduces both 

M- current and leak current. A) A sequential series of current traces generated from 

a voltage stepping protocol. Holding potential was -30 mY, first step to -35 mVand 

each subsequent step -8 m V more than previous. First group of traces is control, the 

second group was collected in the presence of cesium (2 mM) in the bath medium, and 

the third group of current traces was collected in the presence of cesium and muscarine 

(100 mM), also in the bath medium. Dotted lines represent zero net current level. B) 

Voltage-current relationships for the steady-state currents shown in A. Absolute 

current levels with respect to zero current were plotted against command potentials. C) 

Reduction ofM-current outward activation or "tail" currents at -30 mV upon return 

from command potentials. Closed squares = control; open squares = in the presence of 

cesium; closed diamonds (on abscissa) = in the presence of cesium and muscarine. The 

data exhibited in figure 10 are all from the same cell. 
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K+ current, and 3) voltage-independent sensitivity in cells with both M-current and the 

leakage K+ current. Celiac neurons have not been categorized in this manner 

previously. This finding is significant by its implication that the neurons might be 

functionally segregated as defined by their cholinergic responsiveness. 
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The reduction in leak current by muscarine is represented in the current traces as a 

reduction in the fast or instantaneous current at the beginning and end of voltage steps. 

This should not be confused with the reduction in instantaneous current (often represented 

ascord conductance) at the beginning of steps reported in other systems (Adams, Brown 

and Constanti, 1982b). Such a reduction in current is voltage-dependent and due to the 

reduction of instantaneous current flowing through open M-channels at potentials> -60 

mV, or near the activation threshold for M-current. This conductance decrease in the 

presence of muscarine was measured at the beginning of hyperpolarizing current 

excursions from potentials at which M-current is activated and reflects the closing ofM

channels which are open at the holding potential and contribute to the instantaneous 

conductance upon command potentials. The suppression of muscarine-sensitive leak or 

instantaneous current described in this report differs in two ways. First, the decrease in 

leak current is seen in cells without M-current. Second, in cells with M-current the leak 

reduction is voltage-independent, contrary to what one would expect if the reduction in 

current were due to the reduction ofK+ ions flowing through open M-channels. 

Voltage-independent responsiveness to muscarinic agonists, accompanied by an 

apparent reduction in current, has been suggested in a few other mammalian systems, 

including rat myenteric plexus (Morita, North and Tokimasa, 1982; Nmih and Tokimasa, 

1983), rabbit superior cervical ganglion (Hashiguchi et aI, 1982; Mochida et aI., 1986), 

rat medial pontine reticular formation (Greene et aI., 1989), rat superior cervical ganglion 
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(Owen, Marsh and Brown, 1990), and hippocampus (Madison, Lancaster and Nicoll, 

1987). Inward current transients associated with a conductance increase have also been 

observed at potentials where 1M is deactivated (Brown, Marrion and Smart, 1989; Jones, 

1985; Selyanko, Smith and Zidichouski, 1990). Currents mediated by ions other than K+ 

can be suppressed by muscarine, as well. An example of this is a Cl- current in rat superior 

cervical ganglion (Brown and Selyanko, 1985) . 

Cesium and Barium. The use of alkali earth metal cations as potassium channel blockers 

is well documented (Rudy et aI., 1988). The traditional M-potassium channel blocker is 

barium, due to its efficacy compared to other metal cations (Adams, Brown and Constanti, 

1982b). In some sympathetic ganglia, barium mimics the effects of muscarinic agonists 

when they act to close M-potassium channels. These effects of barium exhibited voltage

dependence corresponding to that ofM-current activation (Constanti, Adams and Brown, 

1981). Cesium has has been studied extensively in the extracellular milieu, at 

concentrations ranging from 2 to 20 mM, to block inwardly rectifying potassium currents 

(Carmeliet and Mubagwa, 1986; Greene et aI., 1989; Hagiwara, Miyazaki and Rosenthal, 

1976; Tokimasa, Tsurusaki and Akasu, 1991). 

Barium markedly blocked the M-current as would be expected given the use of 

barium in other studies to block the M-current specifically (Adams, Brown and Constanti, 

1982b; Tokimasa and Akasu, 1990). Barium's actions in our system, however, did not 

follow the voltage activation range ofM-current reported in other papers (Adams, Brown 

and Constanti, 1982b; Constanti, Adams and Brown, 1981). Barium induced reduction in 

steady-state current over the entire range tested. The subtraction of the control and 

experimental curves for barium application consistently yielded a difference curve which 
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intercepted the X-axis at or near the equilibrium potential for potassium, which suggests 

the inhibition of potassium current. The near linearity of this effect is consistent with the 

reduction of a voltage-independent leakage-type conductance. There was, however, an 

increase in outward current in the difference curve positive to -60 mV in the V-I 

relationship of the current affected by barium. This can be explained by the additional 

reduction in M-current along with the leakage current at these potentials. Thus, to the 

extent that barium affected the M-current as well as a voltage-independent current, barium 

mimicked the effects of muscarine, since muscarine suppresses both the M-current and a 

leak current. Although the effects of barium in this system are interesting in their own 

right, barium failed to significantly differentiate between M-channels and leak channels. 

Cesium reduced M-current, but less efficiently than barium, and had a smaller 

effect than barium on the current transient responses to muscarine. The small reduction in 

muscarinic response is predominantly due to the suppression ofM-current, because 

cesium had a marked effect on M-current and had little effect on any leak current. This 

was illustrated by the effects of cesium on steady-state currents plotted in V-I 

relationships. Difference curves for cesium, derived as for barium, showed little change 

from zero current at potentials below -60 m V. Above this potential a pronounced effect of 

cesium was seen. The voltage-dependency of these effects of cesium correspond to the 

voltage-dependent activation of the M-current. 

The marked difference between the reduction ofM-current and the reduction of 

the muscarinic response by cesium is evidence that the response to muscarine is not 

entirely due to suppression ofM-current in these cells. Instead, two different currents, one 

with a greater susceptibility to blockade by cesium, mediate the effect of muscarine. IfM

potassium channels were the sole conduits of the current inhibited by the application of 
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muscarine, then the block ofM-channels by cesium should be proportional to the 

reduction in muscarinic response by cesium. That this is clearly not the case strongly 

suggests that muscarine is inducing the closure of two different populations ofK+ 

channels, one of which, the M-current channel population, is more effectively blocked by 

cesium than the other population - presumably the muscarine-sensitive leak channels. 

Thus, cesium will attenuate M-current in celiac neurons, but not greatly affect leak 

potassium currents, whereas barium will markedly reduce both M-current and the 

muscarinic response whether mediated by M-channels or leak channels. 

Function. Potassium currents which are on at rest and can be reduced by acetylcholine 

produce slow excitatory potentials and thereby regulate cell excitability. The function of 

innervated target tissue can be regulated in turn by the modulation of neuron excitability. 

It has been shown recently in prevertebral inferior mesenteric neurons that muscarinic 

synaptic potentials are evoked by activation of special enteric sensory nerves, and that 

these depolarizations "coordinate" the firing of sympathetic neurons with intestinal 

propulsion (Kreulen and Anthony, 1991). 

The results in this paper indicate that celiac sympathetic prevertebral ganglion 

neurons of the guinea-pig have two means of regulating cell excitability by cholinergic 

agonists. One is the M-current which will provide the cell with the means of regulating 

firing patterns in the presence ofacety1choline. In the absence ofM-current and at 

potentials below approximately -60 mY, these cells display an additional potassium current 

which can be turned offby cholinergic agonists. Having two means of responding to the 

muscarinic actions of acetylcholine at depolarized potentials, as well as having the ability 

to respond to nervous cholinergic input when the cell is resting below the activation 
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threshold for M-current would confer on the cell greater flexibility and range in the 

regulation of excitability. Cassell and MacLachlan (1986) reported the correlation between 

cells with M-current and a tendency to accommodate in response to depolarizing stimuli, 

i.e., to fire in a phasic pattern. It was also shown by Coggan et aI., (1991) that 90% of 

celiac neurons in primary culture exhibit phasic firing pattern in response to a 

suprathreshold stimulus. This would suggest the presence of an M-like current. 

The fact that a subpopulation of cells devoid ofM-current respond to muscarine is 

interesting but it seems that the majority of cells contains both M-current and a 

muscarine-inhibited leak K+ current. Both currents are likely to be active and contribute to 

the total response to muscarine in cells containing M- current but whose responses to 

muscarine are larger than the measured M-current amplitudes between -10 and -60 m V, 

At membrane potentials more hyperpolarized than -60 mY, only the non-M-current 

mechanism would contribute to the muscarine induced inward current. This mixture ofK 

channels leading to distinct cell phenotypes indicates that there are multiple pathways 

available for cholinergic modulation in the celiac ganglion of the guinea pig. 

There are many implications for the cell when potassium currents are inhibited. 

The resulting depolarization upon K conductance decrease will raise the cell closer to 

threshold and could affect excitability in this way. The increase in input resistance has 

several consequences. First, if the input resistance is larger then a smaller amount of 

current is needed to change the membrane potential by ohm's law: V=IR. Second, the time 

constant of the cell varies proportionally with the input resistance by the equation 1: = RC. 

The time constant increase will result in a longer period of time for a potential change to 

rise to its final value. This could potentially affect the activation of sodium currents which 

are sensitive to dV/dt. Additionally, the increase in 1: would allow for potenitals with 
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greater delay in time from the preceding potential to contribute to the excitation of the 

cell. Increasing the input resistance would also increase the space or length constant of the 

cell, A, by the relationship A= (RnlRi) 112, where rm is input resistance and Ri is the 

transverse resistance. This phenomenon cause the cell to be more sensitive to activity at 

synapses further away from the soma. In this way the increase in input resistance "rewires" 

the cell without actually changing any physical connections. 

We conclude from the data presented in this report that guinea pig celiac ganglion 

neurons, enzymatically dissociated in primary culture, respond to muscarine with inward 

shifts in holding current associated with the reduction of potassium currents. The inward 

current transients are mediated by two mechanisms: the inhibition ofM-current and a 

muscarine-sensitive leak current. Various groups of neurons exhibited either or both of 

these mechanisms. These two currents can be distinguished from one another by kinetic 

and voltage-dependent properties, as well as by pharmacological sensitivity to the cationic 

potassium channel blockers barium and cesium. 
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CHAPTER 4 

THREE POTASSIUM CURRENTS IN DISSOCIATED CELIAC NEURONS: 
EFFECTS OF CATIONIC CHANNEL BLOCKERS 

Celiac sympathetic neurons from guinea-pig were dissociated and examined under 

whole-cell voltage clamp for three potassium currents: the delayed rectifier, the inward 

rectifier and the M-current. The effects of the cationic potassium channel blockers cesium 

and barium on steady-state, voltage-current relationships between -35 and -123 mV 

were assessed. All cells tested displayed delayed rectifier, 80 % of cells had M-current 

and 30% of the neurons exhibited inward rectification at potentials below -90 mY. All 

currents tested were blocked or attenuated by both cesium and barium. Barium blocked all 

currents more efficaciously than cesium. Cesium blocked inward potassium currents more 

effectively than outward potassium currents. The block of delayed rectifier by low 

concentrations of external cesium is also novel. 
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Potassium channels are the most ubiquitous and diverse ion channels in the 

membranes of neurons (Hille, 1992). There are many ways to classii)r potassium channels 

and the currents which flow through them, but among the most common is by voltage

dependence and kinetics. Accordingly, four classes of potassium currents are generally 

recognized: I} delayed, outward rectifiers, 2} transient, outward rectifiers or A-currents, 

3} anomalous or inward rectifiers, and 4} ea-activated K-channels. Within an organism 

variants of a given type of channel can be expressed in different or the same tissues 

(Moczydlowski et aI., 1988). 

More than thirty potassium channels have been described functionally, but 

relatively little is known about their molecular structure (Yellen, 1987). Most molecular 

studies on K channels have been done with the Shaker mutant gene of Drosophila 

meianogaster. This gene encodes a peptide that, when, expressed forms channels of the 

transient outward or A-type (Salkoff and Wymann, 1981; Timpe and Jan, 1987; Junge, 

1992). These channels are thought to be composed offour identical subunits each with 

six membrane spanning regions (Tempel et aI., 1987). The amino and carboxyl termini are, 

therefore, both cytoplasmic. The rapid inactivation which is characteristic of the A

current is induced by movement of the amino terminus, a so-called "ball and chain" 

region (Armstrong and Benzanilla, 1977) which plugs the cytoplasmic entrance to the 

channel (Hoshi et aI., 1990). 

The potassium channel blockers cesium and barium have been used extensively in 

the study of potassium channels and to eliminate potassium currents to study other 

currents. Barium ions are capable of blocking both inward and outward potassium 

channels. While the action of barium is generally not controversial, the actions of cesium 

on different potassium currents have been found to be variable. Traditionally, cesium has 
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been considered to be ineffective at blocking outward potassium currents when used in the 

external bathing medium and ineffective at blocking inward potassium currents when used 

in the intracellular medium (Latorre and Miller, 1983). Under these conditions cesium's 

effects are voltage-dependent. Cesium has been employed in the external medium to block 

inward rectifier potassium channels (Hagiwara et aI., 1976; Carmeliet et aI., 1986), or 

intracellularIy to block outward potassium currents (Benzanilla and Armstrong, 1972). 

Often cesium is used as an isosmolar substitute for internal potassium to block potassium 

currents (e.g., Adelman and Senft, 1964; Baker et aI., 1962). Cesium can pass through 

some K channels like that of sarcoplasmic reticulum (Coronado and Miller, 1982), but is 

impermeable through most others (pickard, 1964; Yellen, 1987). 

The delayed rectifier (IK) is the classical voltage-gated potassium channel first 

described by Hodgkin and Huxley (1949) in the squid giant axon. Since this original 

description, studies have revealed that delayed rectifiers can vary greatly in their 

inactivation characteristics (Lynch, 1985). The delayed rectifier is blocked by internal 

cesium and barium (Benzanilla and Armstrong, 1972; French and Wells, 1977; Hagiwara 

and Kidokoro, 1971), and is usually insensitive, though not always, to external cesium 

(e.g., Pickard et aI., 1964 Adelman and French, 1978). 

M-current is a potassium current with unique voltage-dependence and kinetics 

(Brown and Adams, 1980). Its name is derived from the property of being sensitive to 

muscarinic agonists. This current is ubiquitous and has been studied extensively in 

amphibians (e.g., Jones, 1985; Selyanko et aI., 1990) and mammals (e.g., Adams, Brown 

and Constanti, 1982a; Marrion et aI., 1987). M-current exists in guinea-pig celiac neurons 



Figure 4-1. Voltage-stepping protocols used to elicit currents. A) Top, protocol used 

to evaluate inward rectifier and M-currents. Holding potential is -30 mV and 

hyperpolarizing steps reach -123 mY. Middle, example of inward rectification. Steps 

and inward current relaxations become larger with hyperpolarization below 

approximately -83 mY. Bottom, example ofM-current. Slow inward current 

activation relaxations during pulse onset and slow deactivation relaxations after end are 

visible and characteristic ofM-current. Deactivation occurs below -60 mY. B) Top, 

Voltage stepping protocol to evaluate delayed rectifier outward potassium current. 

Holding potential = -60 mY; first step to -40 mY, each additional step is + 10 mY. 

lvliddle, inactivating delayed rectifier. Plateaus are lower than initial peaks. Bottom, 

non-inactivating type of delayed rectifier current elicited by voltage regimen 
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(Cassell and McLachlan, 1987; Coggan, chapter 3). Cesium was shown to block M

current in the previous chapter. The inhibition ofM-current by barium ions is well 

documented (Constanti, Brown and Adams, 1981). Other cations which can reduce M

current to varying degrees are nickel, cobalt, manganese, and cadmium (Adams, Brown 

and Constanti, 1982b). 
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Anomalous or inward rectifiers (lKir) are recognized by the unique voltage

dependence. Contrary to most other K currents, this current is activated by 

hyperpolarization. Inward rectifiers are found in many cell types including striated and 

cardiac muscle, egg cells (Hagiwara et aI., 1976) and neurons (Kaczmarek and Levitan, 

1987). Inward rectifiers have been studied with a variety of cation channel blockers 

including Na+, Cs+, Ba++ and Sr++ (Ohmori et aI., 1981; Fukushima, 1982; Carmeliet 

and Mubagwa, 1986). Strontium is the least effective of these four (Fukushima, 1982), 

and sodium can facilitate some K currents (Adelman and French, 1978). External cesium is 

very effective at blocking inward K currents with enhanced effect at negative voltages 

below circa -100 mV (Adelman and Senft, 1968). 

This paper examines demonstrates three potassium currents - delayed rectifier, 

inward rectifier and M-current - and examines the effects of low concentrations of external 

cesium and barium on these currents. 

Cell Culture 

The procedures for primary cell culture of guinea pig celiac neurons have been 

described (Coggan et aI., 1991). Briefly, celiac ganglia were dissected from adult, female 



guinea-pigs (100-200g). The ganglia were enzymatically dissociated (papain, 9U/ml; 

collagenase, 1 mg/ml; dispase, 4 mg/ml) and plated as a monolayer on a collagen-coated 

substrate. Cell density ranged between 20 and 100 cells per cm2, and cell diameter 

averaged 35 Ilm. Cells were maintained in feeding (growth) medium at 370 C in a 5% 

C02, humidified incubator (VWR). 
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The basal medium for the feeding solution was minimal essential medium (MEM) 

Eagle's formulation. To this was added (in 100 ml): guinea pig serum, 2.5 ml; penicillin

streptomycin, 1000 U/ml; L-glutamine, 2.0 mM; glucose, 0.3%; ascorbic acid (10 mg/ml); 

glutathione (0.25 mg/ml); 6,7-dimethyl- 5,6,7,8-tetrahydropteridine (0.05 mg/ml); cytosine 

arabinoside, fluorodeoxyuridine, and uridine (each at 10-5 M). 

Electrophysiology 

Whole cell voltage-clamp recordings from the cultured neurons were made 

between 1 and 11 days after dissociation. Recordings were made with polished 

borosilicate glass micro pipettes (1.5 mm D.D., 0.86 mm J.D.; A-M Systems, Inc.) with tip 

diameters ranging between 0.5 and 3 microns. The micropipette series resistances were 

between 1 and 5 MG, and series resistance compensation was used during experiments. 

The pipette solution consisted of (in mM): NaCl, 10; KCl, 144.5; MgCI2, 2; HEPES 

buffer,S (pH = 6.8); EGTA, 0.5; ATP, 4. The calculated equilibrium potential for 

potassium using the Nemst equation was -81 m V. The amplifier used was an Axopatch 1-

D (Axon Instruments, USA). Data was digitized and then collected and analyzed by 

computer with the p-Clamp ® software package (Axon Instruments, Foster City, CA). 



Figure 4-2. Effects of cesium on M-current. A) the percent reduction ofM-current 

from control value by cesium 200 JlM, n=6; 2 mM, n=ll; and 10 mM, n=7. B) 

voltage-dependency of reduction ofM-current by cesium. The percent reduction at 

each holding potential was calculated: -30 mY, 61 % ± 8; -35 mY, 65.4 % ± 8.5; -43 

mY, 43.6 ± 7; -51 mV ± 4.4; -59 mY, 46 ± 3.8; and -67 mY, 58.9 ± 8.8. All M

current measurements were made from inactivation relaxations except for -30 mV 

values which were measured from activation tail currents after return to holding 

potential from a step to -67 mY. 
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Two different voltage stepping protocols were used to elicit the currents studied. 

The first set of command potentials were produced from a holding potential of -30 m V; 

the first step was -5 mV and each subsequent step was -8 mY. This regime was used to 

evaluate the M-current, inward rectifier (figure I-A). The second regimen began with a 

holding potential of -60 m V. The first step was to -40 m V and each successive step was + 

10m V greater than the previous (figure I-B). This protocol was used to activate the 

delayed rectifier outward K current. 

During recording the cells were superfused (ca. 1 mllmin) with an MEM based 

solution with the following electrolyte composition (mM): KCl, 5.34; NaCl, 135.7; 

MgS04, 0.08; CaCI2, 2.9; NaH2P04, 0.1; KH2P04, 0.4; Na2HP04, 0.58; choline CI, 

0.07; glucose, 1; HEPES buffer, 5; phenol red, 0.03; pH=7.4. The culture dishes were 

mounted for visualization and recording on an Olympus IMT -2 inverted microscope. 

Drug Delivery 

The potassium channel blockers barium and cesium were added to the bath 

solution by gravity feed as CsCl or BaCl2 at 2 mmIL. Data were then collected after 

exchange of at least 5 bath volumes. Currents were evaluated before and after 

administration of cation. 

Cesium chloride from 1. T. Baker; and barium chloride from EM Industries, Inc. 

The enzymes collagenase and dispase used for ganglion dissociation were bought from 

Worthington Biochemical Corp. and Boehringer Mannheim GmbH, respectively. Minimal 

essential medium (MEM) came from Flow. All other cell culture reagents and chemicals 

were from Sigma. 



As reported in chapter 3,80 % of the neurons displayed M- current. The present 

results also indicate that there is inward rectification seen in 30 % of the steady-state 

voltage-current relationships derived from the hyperpolarizing step commands (figure 1-

A). In addition, a late K current which develops upon depolarizing voltage steps is seen 

and is consistent with a delayed rectifier potassium current (figure I-B). 

Three Potassium Currents 

M-Currellt. The existence ofM-current in celiac neurons has been established (Cassell 

and McLachlan, 1986; Coggan et aI., chapter 3). The ability of cesium in the external 

medium to reduce this current was also shown in the previous chapter. In this chapter, 

additional experiments with cesium revealed that the cesium block ofM-current is 

dependent on the concentration of the cation and that the effectiveness of the block is 

voltage-dependent (figure 2). 
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Three different concentrations of cesium, 200 ~LM, 2 mM and 10 mM, spanned a 

range greater than 1 order of magnitude. Cesium reduced the M-current by an average of 

19% ± 8.1 SE (n=6), 61% ± 8 (n=11), and 90.5% ± 7.3 (n=7) for each of the 

concentrations, respectively. The inhibition ofM-current in this range was linear when 

plotted on a semilogarithmic plot (figure 2-A). 

The voltage-dependency of the inhibition ofM-current was assessed by measuring 

the M-current at five different step or command potentials (V C) before and after the 

application of cesium. The percent reduction at each holding potential was calculated: -

30 mY, 61 % ± 8; -35 mY, 65.4 % ± 8.5; -43 mY, 43.6 ± 7; -51 mV ± 4.4; -59 mY, 46 ± 



Figure 4-3. Barium and cesium inhibit delayed rectifier. A) Top, control delayed 

rectifier current; bottom, current from same cell in the presence of barium (2 mM). B) 

Top, control; bottom, current from same cell in the presence of cesium (2 mM). 

Cations were added to bath medium as chloride salts. A and B from different cells. 
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3.8; and -67 mY, 58.9 ± 8.8. These results are plotted in figure 2-B and indicate that 

cesium acts in a voltage-dependent manner. There appears to be a biphasic and not a 

gradual voltage dependency. Between -35 and -43 mV there is an abrupt reduction in 

cesium's efficacy. This change is, however, small. At the remaining hyperpolarized 

command potentials there is no significant change in the percent reduction ofM-current. 
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Delayed Rectifier. Large delayed rectifier currents appeared in these experiments ranging 

between 10 and 20 nA at maximum activation. The kinetics of these currents were 

characterized by a slow onset between a plateau was reached and maintained through the 

duration of the pulse. In some cells, a reduction of outward current occurred before 

plateau was reached (figure I-B, bottom). Both cesium and barium reduced the amplitude 

of the delayed rectifier potassium current when applied to the external medium. Both 

types of delayed rectifier were reduced by each cation (figure 3). The effect of muscarine 

on delayed rectifier was also tested. The results indicated that in 9 cells tested muscarine 

reduced IK in two cells, increase it in five and had no effect in two (figure 4). 

Inward rectifier. Some of the cells examined exhibited inward rectification in their V-I 

relationships at potentials more hyperpolarized than -80 m V. The effects of cesium on the 

V-I relationships between -35 and -123 mV was examined for each of the three 

concentrations (figure 5). Difference curves for each concentration reveal the currents 

affected by the cation. The low concentration, 200 11M, had a generally and comparatively 

small effect on membrane currents. The biggest effect of low cesium was in the 



Figure 4-4. Effects of muscarine on delayed rectifier potassium current. A) Top, 

control; bottom, muscarine reduces amplitude of current. B) Top, control; bottom, 

muscarine increases amplitude of current. Muscarine (100 mM) was added to the bath 

medium. 
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hyperpolarized regions of the curve (figure 5-A). Cesium at 2 mM began to have a 

significant effect on the V-I relationship at -60 mV and above. This effect was associated 

with the inhibition of the M-current. In a subpopulation of cells, there was an increase in 

inward current between -60 and -80 mV (figure 5-B). At 10 mM, cesium had a profound 

effect on currents at all potentials, but displayed marked voltage-dependency. This voltage 

dependency was associated with the equilibrium potential for potassium. Above the 

equilibrium potential for potassium the cesium difference curve was reduced compared to 

the steepness of the curve below EK. The intersection of the cesium difference curve 

with the zero current line (the X-axis) is near the Nernst potential for potassium. This 

indicated that the current affected by cesium at 10 mM is mostly if not exclusively 

potassium (figure 5-C). The decrease in inward current below EK for all concentrations 

was associated with the inhibition of inward rectifying current. Barium also reduced the 

inward rectifier, but showed considerably less voltage-dependency. 

In figure 6 the sequential application of cesium and then barium in a cell with a 

large inward rectifier and a small M-current is shown. Cesium (2 mM) exhibited prominent 

block of inward current below EK and only slightly reduced current at depolarized levels. 

This depolarized block was associated with the reduction of the outward M-current. When 

barium at the same concentration was added to the bath after cesium, a greater inhibition 

of the inward rectification was seen in addition to the significant reduction of leak current 

and further and complete reduction of the M-current (figure 6-A). The steady-state V-I 

curve show illustrates the current changes between -35 and -123 mV (figure 6-B). The 

degree ofM- tail current reduction by cesium and barium at -30 mV when returning from 

five different command potentials is graphed in figure 6-C. Barium eliminated the M-



Figure 4-5. Effects of cesium on steady-state, voltage-current relationships between -

35 and -123 mY. A) control curve, with cesium (200 ruM) and difference curve. B) 

same set of curves as in A, but with Cs (2 ruM). C) curves for cesium (IO ruM). 

Closed squares are control, open squares are curves in the presence of cesium and 

closed diamonds are calculated difference curves for each concentration of cesium. 
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current after it had been attenuated by cesium. In general, barium displayed the capacity to 

block both inward and outward current much more efficaciously than cesium. 

Evidence for three distinct potassium currents were presented in this paper. The 

delayed rectifier, the inward rectifier and the M-current all have distinct kinetic and 

voltage-dependent properties. In the characterization of the electrophysiological properties 

of celiac neurons it is fundamentally important to verify the presence of currents which 

may playa role in excitability. The M-current acts as a "brake" for neuronal firing, 

allowing the cell to accommodate to suprathreshold stimuli (Adams et aI., 1982a). The 

delayed rectifier is instrumental in the repolarization of the neuron after the voltage 

activated sodium potential. Inward rectifiers are currents whose conductance increases 

with hyperpolarization and decreases with depolarization. Since neurons seldom rest 

below EJ(, the actual physiological function of these channels is to conduct outward 

current at potentials near resting potential. Upon further depolarization these channels are 

deactivated and the membrane potential can fluctuate free from the influence of the 

delayed rectifier (Hille, 1992). The manner in which these three and other currents interact 

in the function of the cell is the goal of studies such as these. More experiments are 

necessary to elucidate these mechanisms. 

The results presented in this paper reveal properties of the pharmacological block 

of potassium currents by external cesium that are not frequently observed. Many 

investigators have held the view, based on empirical evidence, that cesium does not block 



Figure 4-6. Effects of sequential application of cesium and barium. A) current traces 

generated by hyperpolarizing voltage stepping protocol between -35 and -123 m V 

from a holding potential of -30 mY. Left, control; middle, with cesium (2 mM); right, 

with barium (2 mM). B) steady-state voltage-current relationship for the three traces 

in A. C) measurements ofM-tail currents at -30 mV from each of5 command 

potentials: -35, -43, -51, -59 and -67 mY. Closed squares = control; open squares = in 

the presence of cesium; closed diamonds = in the presence of barium. 
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Armstrong, 1972~ Latorre and Miller, 1983). Despite these dogmatic restrictions many 

researchers have found Cs very useful in the study ofK channel properties (French and 

inward potassium currents when in the intracellular compartment and conversely, it cannot 

block outward potassium currents when added to the external medium (Benzanilla and 

Adelman, 1976~ Adelman and French, 1978). The block of a current through a channel by 

acation means that it can enter the channel but not pass through. As mentioned above, 

cesium cannot pass through most potassium channelsand is used to block inward rectifiers 

when outside the cell and delayed rectifiers when inside the cell. It is also employed as an 

equimolar substitute for intracellular K to block all K channels. 

We observed two types of delayed rectifier in our system. One reached plateau 

within several microseconds of activation and appeared not to inactivate. The second 

reached a maximum and then appeared to inactivate slightly before reaching a plateau. 

More than one type of delayed rectifier current has been found in other preparations. In 

the frog node of Ran vier, three distinct types of delayed rectifier were described (Dubois, 

1981). These currents were separated according to time course, activation properties and 

voltage-dependent conductance differences. In the somata of molluscan neurons, 

variations in IK were reported as differences in the pattern and time course of the outward 

current (Aldrich, Getting and Thompson, 1979). These differences were attributable to the 

variable contributions ofICa. In the Shaker potassium channel of Drosophila expressed in 

Xenopus oocytes, rapid inactivation of the K current is seen which is induced by a 80-

called "ball and chain" (Armstrong and Benzanilla, 1977) intracellular domain which 

inactivates the open channel (Hoshi et aI., 1990). This is one of the few reports indicating 

that cesium in the external milieu can block the outward delayed rectifier. The 

concentrations used in this study were low compared to those used for other 
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investigations of inward K currents, wherein concentrations can range between 10 and 200 

mM. (e.g., Adelman and French, 1978; Carmeliet and Mubagwa, 1976; Hagiwara et aI., 

1976). At suggested, however, that cesium can enter the potassium channel from either 

end (see Adelman and French, 1978). If this is the case then it should not be surprising 

that these higher concentrations, i.e., 50 - 200 mM, external cesium does reduce outward 

tail currents ofK current in squid axon (Adelman and French, 1978). 

Following the results in chapter 3 demonstrating the block ofM-current by cesium 

we further elucidated the block of this outward K current by cesium. Some studies have 

externally applied cesium can also block outward going potassium channels. Voltage

dependent block of potassium currents is strongly characteristic of cesium (Hille, 1975, 

Hagiwara et aI., 1976). The mechanism of this block and the passage ofK + through the 

channel itself has been the subject of much speculation and theory (Hille, 1975; Ciani, 

Hagiwara and Miyazaki, 1977; Woodhull, 1973). The most widely accepted mechanism is 

a two-site binding model for cations and the movement of potassium in single file through 

the channel (Hodgkin and Keynes, 1955; Adelman and French, 1978; Hille and Schwarz, 

1978). Monovalent cation blockers would thus compete with K+ for one or both of the 

cation binding sites and disrupt passage. 

The voltage-dependency of cesium block versus the lack of significant voltage

dependency for barium might be explained by the mechanisms of block. It is thought that 

barium acts as a competitor with K+ in the channel such that one ion cannot enter if the 

other is present (Eaton and Brodwick, 1980). Barium can block delayed rectifier both 

from the inside and outside. When blocking from the outside barium has less time and 

voltage-dependence than from the inside (Armstrong and Taylor, 1979). The effects of 

barium at 2 mM concentration were more consistent than those of cesium for the same 



concentration. Barium affected potassium currents at all voltages and was more 

efficacious at blocking all three of the currents tested. 
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In contrast to the mechanism of barium block, the effects of monovalent cations 

including cesium involve multi-ionic interaction. In this model cesium ions enter the 

channel and bind between 1 and 4 ion binding sites. Since cesium will not pass the 

selectivity filter, the flow of potassium ions is stopped. Evidence for this kind of stochastic 

or probabilistic mechanism from single channel patch clamp experiments (Fukushima, 

1982) demonstrates a flickering of normally open inward rectifier channels when cesium is 

applied externally. This block increases with hyperpolarization. 
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APPENDIX A 

RESPONSES TO NICOTINIC AGONISTS AND THE MUSCARINIC AGONIST 
OXOTREMORINE METHIODIDE 

Responses to the muscarinic agonist oxotremorine-M (Oxo-M) and nicotinic 

agonists were examined in guinea-pig celiac ganglion neurons under whole-cell voltage 

clamp conditions in primary culture. Oxo-M (600 IlM) elicited fast inward current 

transients, in addition to slow muscarinic transients. The fast inward transients were 

similar to responses evoked by the traditional nicotinic agonists acetylcholine, nicotine 

and 1, I-dimethyl-4-phenyl-piperazinium iodide (DMPP), all at 50 IlM. The fast currents 

evoked by all agonists were blocked by the nicotinic receptor antagonist d-tubocurarine 

(dTC). Voltage-current relationships for the current amplitudes displayed inward 

rectification, and zero current levels were approached, but not reached, as the membrane 

was depolarized toward + 22 mY. The muscarinic antagonist atropine (l.2 IlM) did not 

attenuate the responses to Oxo-M. We conclude from these results that oxotremorine-

methiodide acts as a nicotinic agonist in celiac sympathetic ganglion neurons. 
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In these experiments, the responses evoked by oxotremorine methiodide or 

oxotremorine-M (Oxo-M) and other nicotinic agonists are reported. Oxotremorine-M was 

first synthesized by Bebbington et ai. (1966b), and is a congener of the parent molecule 

oxotremorine. Oxotremorine itself was first synthesized by mice in vivo (Kocsis and 

Welch, 1960), and then in the laboratory in 1961 (Cho et aI., 1961) and is a metabolite of 

tremorine which has strong bioactivity, producing symptoms of peripheral and central 

cholinergic crisis from which it derives its name (Everett, 1956). The potency oftremorine 

as a parasympathomimetic is thought to be the result of metabolism to oxotremorine in the 

liver by microsomal enzymes. The structures of acetylcholine, oxotremorine-M and 

oxotremorine are illustrated in figure AI. 

Oxotremorine was thought to lack nicotinic activity (Bebbington et aI., 1966a; 

North et aI., 1982; Ringdahl and Jenden, 1983), and its relatives were designed as 

muscarinic agonists. Based mostly on binding studies, oxotremorine -M has been billed 

for almost thirty years as a selective and potent muscarinic receptor agonist without 

nicotinic activity (Birdsall et aI., 1978). Several recent electrophysiological studies in 

mammalian sympathetic neurons have reported the use of Oxo-M as a selective muscarinic 

agonist to avoid complications of nicotinic activation during their experiments (e.g., Beech 

et aI., 1991). One of the practical advantages of Oxo-M compared to oxotremorine is the 

increased water solubility. Perhaps for this reason Oxo-M is preferred by many 

researchers. Marrion et ai. (1989) found the rank order of potency for M- current 

inhibition in rat sympathetic neurons of several muscarinic agonists to be: oxotremorine> 

muscarine> McN-A-343 > methacholine. 



Figure A-I. Three structures of cholinergic agonists. Top, acetylcholine; middle, 

oxotremorine-M; bottom, oxotremorine. 
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The story of oxotremorine and its metabolites as a selective muscarinic agonist 

has become less certain in recent years. Actions of oxotremorine at pre- and post-synaptic 

nicotinic receptors have been reported in murine skeletal muscle (Hong and Chang, 1990) 

and oxotremorine is a partial agonist at peripheral nicotinic receptors in cultured chick 

myotubes (Haggblad et aI., 1985). Electrophysiological experiments report nicotinic 

activity of oxotremorine at the neuromusclular junction (Smith, 1982), and suggest the 

possibility of species differences in oxotremorine action (Harvey, 1983). Oxotremorine-M 

has been studied in its capacity of selective muscarinic agonist in a variety of systems 

including guinea-pig olfactory cortex (Bagetta and Constanti, 1990). In bovine chromaffin 

cells, however, the actions of oxotremorine-M were described in the context of 

simultaneous muscarinic and nicotinic activation in a manner which stimulated the concept 

of a "muscatinic" receptor (Shirvan et aI., 1991). 

In this study we report nicotinic actions of oxotremorine-M (Oxo-M) and thus 

cloud the picture of selectivity for another oxotremorine analog at the ganglionic nicotinic 

receptor. 

All procedures for these experiments were the same as for other chapters. Agonists 

were administered by the V-shaped ejection-suction tube. Antagonists were added the 

bath medium. 
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During experiments with Oxo-M to examine its muscarinic agonist properties, it 

was observed that the time course of the responses was fast and resembled that of the fast 

nicotinic response to acetylcholine. In these initial two cells, no slow response was 

observed. Subsequently, slow, presumably muscarinic responses were seen but always 

accompanied by the initial fast component. Figure A2 illustrates responses in a cell in 

which slow inward currents are evoked at all three concentrations (10, 100 and 1000 ~M), 

but fast inward currents are beginning at 100 and are very large at 1 000 ~M. These 

observations led us to believe that Oxo-M was acting as a nicotinic agonist at higher 

concentrations. We then designed experiments to further examine the possible nicotinic 

effects of Oxo-M. 

A voltage-stepping regimen was used to examine the voltage-dependency of the 

responses to Oxo-M. The holding potential for this regimen was -60 mY. A series of 15 

step potentials were made beginning with -90 m V and increasing in a depolarizing 

direction to + 22 m V. Each step after -90 m V was 8 m V more positive than the previous. 

Oxotremorine-M was then applied to the neuron for a duration of 1.5 seconds with a U

shaped, ejection-suction tube. The responses to Oxo-M at 600 ~M were compared to 

those of other nicotinic agonists for the same regimen. These agonists included 

acetylcholine (ACh), Nicotine, and DMPP, all at 50 ~M concentration, and oxotremorine 

at 500 ~M. 

The results showed that all responses to the agonists were similar in time course 

and amplitude except for oxotremorine sesquifumarate which failed to elicit any response 

(figure A3). Oxotremorine was the muscarinic agonist from which Oxo-M was derived. 

The muscarinic actions of these drugs were not examined. Since the response amplitudes 



Figure A-2. Concentration-dependent responses to oxotremorine-M. A) 10 f,!M, slow 

response only. B) 100 f,!M, slow response and detectable beginning of fast response. C) 

1000 f,!M, large, fast nicotinic and slow response. 
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Figure A-3. Fast responses to nicotinic agonists and oxotremorine-M. A series of 

command potentials between -90 m V and + 22 m V were given from a holding 

potential of -60 m V. During each command step a 1.5 second pulse of drug was 

administered to the cell. The agonists used were: A) acetylcholine (50 11M), B) 

oxotremorine-M (600 11M) , C) DMPP (50 11M), D) nicotine (50 11M), and E) 

oxotremorine sesquifumarate (500 11M). All data in figure are from the same cell. 
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were all similar it seems that the efficacy of ACh, nicotine, and DMPP are all similar. Oxo

M was used at 600 11M to elicit a similar amplitude response and is, therefore, less 

efficacious. 

The nicotinic agonist d-tubocurarine (dTC) was used to test the pharmacology of 

these responses. All of the inward currents elicited by the agonists, including 

oxotremorine-M, were almost completely blocked by dTC (15 11M) when administered to 

the bath medium (figure A4). These results provided strong evidence that the agonists 

were acting at nicotinic receptors. 

The nicotinic agonist d-tubocurarine (dTC) was used to test the pharmacology of 

these responses. All of the inward currents elicited by the agonists, including 

oxotremorine-M, were almost completely blocked by dTC (15 11M) when administered to 

the bath medium (figure A4). These results provided strong evidence that the agonists 

were acting at nicotinic receptors. 

A graphical representation of the voltage-dependency of the inward currents 

evoked by the agonists was obtained by plotting each response amplitude against its 

respective command potential. The resulting curves revealed very similar trajectories for 

each of the four agonists (figure A-5). In all cases two interesting characteristics of the 

curves were noted. First, there was marked inward rectification of the current amplitudes 

with hyperpolarization. Second, up to + 22 m V (the maximum tested) zero current was 

not obtained. Instead, the V-I curves appeared to approach the axis of the independent 

variable, representing zero current, as a limit. 



Figure A-4. The nicotinic antagonist d-tubocurarine (dTC) inhibits responses to 

nicotinic agonists and oxotremorine-M. The drug d-tubocurarine (15 IlM) was 

administered in the bath medium after control responses in figure A2. Using the same 

voltage protocols as for control, agonists were delivered to the neuron. A) 

acetylcholine (50 IlM), B) oxotremorine-M (600 j.lM), C) DMPP (50 IlM), and D) 

nicotine (50 IlM). 
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This is the first report of nicotinic agonist effects of the traditional muscarinic 

agonist oxotremorine-M in neurons. The possibility that a muscarinic agonist might act at 

nicotinic receptors in one system and not another is legitimate considering the diversity of 

nicotinic receptors. The nicotinic receptors of ganglia are distinct from the nicotinic 

receptors of skeletal muscle. Nicotinic receptors are very complex and heterogeneous In 

their subunit composition and pharmacology, especially between neuromuscular and 

neuronal subtypes (Lukas, 1990; Lukas and Bencherif, 1992). The nicotinic acetylcholine 

receptor at the neuromuscular junction is composed of four types of subunits - alpha, beta, 

gamma and epsilon (delta in place of epsilon in the fetal form) - with a stoichiometry of 

a2~Xe (Kurosaki et aI., 1987). Neuronal acetylcholine receptors can be functionally 

expressed with only alpha and beta type subunits (Boulter et aI., 1987). 

In contrast to nicotinic receptors of muscle and the electroplax organ of TOIpeda 

calif arnica, neuronal nicotinic receptors have not been as extensively studied. The study 

of neuronal nicotinic receptors has been hindered by the lack of pharmacological probes. 

For example, a-bungarotoxin is a potent antagonist at the neuromuscular junction, but is 

largely ineffective in ganglia. Instead, K-bungarotoxin, an analog of alpha, is used to 

block ganglionic transmission (Chiappinelli, 1985). 

The rectification seen in the voltage-current trajectories and the failure to reach 

reversal potential even at +22 m V may be explained by several possible mechanisms. The 

involvement of more than one ion in the response could account for these phenomena. 

Indeed, nicotinic ion channels are known to be nonspecific cation carriers. In most cases 

this results in null or reversal potentials near zero mY. In neurons, the reversal potentials 

are more depolarized than in skeletal muscle due to the enhanced permeability of calcium 

for these channels (Vernino et aI., 1992). 



Figure A-S. Voltage-current relationships for the response amplitudes to the four 

agonists: acetylcholine, nicotine, oxotremorine-M, and DMPP. Measurements were 

taken of the inward current response amplitudes at each command potential. Values 

were plotted against their appropriate voltage potentials. 
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The trimethylammonium group is an almost universal feature of the most potent 

muscarinic agonists. Since oxotremorine-M contains this quaternary ammonium moiety 

and oxotremorine does not, it seems logical that Oxo-M would be more potent (Birdsall et 

aI., 1978; Mai et aI., 1991). The possible price for this increase in potency is greater 

similarity to acetylcholine and thus greater likelihood of stimulating nicotinic receptors. If 

oxotremorine can display nicotinic activity at muscle receptors, it seems plausible that 

oxotremorine-M might also exhibit nicotinic actions. Indeed, in celiac neurons from guinea 

pig, it does. 



APPENDIXB 

PHARMACOLOGICAL INHmITON OF RESPONSES TO MUSCARINIC 
AGONISTS 

The pharmacology of responses to cholinergic agonists were assessed in 
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dissociated guinea-pig celiac neurons. Inward current transients evoked by short duration 

application of muscarine under whole-cell voltage clamp, as well as depolarizations in 

response to acetylcholine were studied. Muscarinic receptor blockers and potassium 

channel blockers were used to assess the pharmacological properties of these responses. 

The MI receptor subtype antagonist pirenzepine (PZ, 100 nM) blocked slow 

depolarizations evoked by acetylcholine (n=2), in addition to three out offive inward 

current responses to muscarine. In one of the cells not sensitive to PZ , the M2 receptor 

antagonist AFDX-II6 was applied concomitant with PZ. Together these drugs had no 

effect on the amplitude or duration of the inward current transient. 

The potassium channel blockers barium, cesium and tetraethylammonium (TEA) 

were employed to test the sensitivity of the ion channel mediating these responses. Barium 

(external, 2 mM) consistently and potently blocked the muscarinic inward currents. 

Cesium (external) was less effective at blocking the responses at 200 11M and 2 mM, but 

significantly attenuated the responses at 10 mM. 
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These results indicate that the muscarinic subtype mediating responses to 

cholinergic agonists in this system is usually Ml, but another pirenzepine and AFDX-116 

insensitive subtype may also be present. The ion channels carrying the responses are 

potassium, as concluded by the effects of three potassium channel blockers. It was shown 

in chapter three that two different potassium channels can mediate the responses based on 

differential sensitivity to barium and cesium. 

The nature of muscarinic receptors themselves is multifarious. They are 

categorized pharmacologically and molecularly. Pharmacologically defined species number 

at least three and a minimum of five subtypes have been distinguished on the basis of 

primary structure. Nomenclature and symbolic representation of the receptors is 

nonstandard and often confusing. For pharmacological classification, an upper case M 

with numerical subscripts is used. A common and simple system for molecular forms 

utilizes a lower case m, subtyped numerically (Bonner et aI., 1987). 

Muscarinic receptors constitute a heterogeneous population of proteins with 

several subtypes (Birdsall et aI., 1976). Binding characteristics of ganglionic tissue ill vitro 

indicated that the muscarinic receptors in ganglia are Ml subtype (Hammer et aI., 1980; 

Vickroy et aI., 1984). While a few recent electrophysiological studies indicate that the 

subtype in mammalian sympathetic ganglia is Ml due to inhibition by pirenzepine (Ashe 

and Yarosh, 1984; North, Slack and Surprenant, 1985; Selyanko, Marrion, 1987), 
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In the rabbit superior cervical ganglion, Yarosh and Ashe (1990) used intracellular 

recording techniques to compare the effects of the M2 muscarinic antagonists AFDX-116 

and gallamine. They found that AFDX-II6 and gallamine have a specificity for 

antagonism of muscarinic responses, mediated by receptors of the M2 type in the superior 

cervical ganglion. Gallamine also has the ability to modify the electrical characteristics of 

ganglion cells and thus may modify ganglionic transmission by mechanisms other than 

antagonism of receptors. 

In the present studies cholinergic agonists acetylcholine and muscarine elicited 

responses by short duration. Acetylcholine was applied by pressure ejection (900 ms) 

while recording from neurons with a sharp intracellular micro electrode in current clamp 

configuration. Fast and slow depolarizations resulted from ACh application. Muscarine 

was applied to the cells by a U-shaped ejection-suction tube (1.5 seconds). Responses to 

muscarine were inward current transients, recorded under whole-cell voltage clamp 

configuration. 

Acetylcholine induced fast and slow depolarizations corresponding to nicotinic 

and muscarinic responses (figure B I-A). Pirenzepine (100 nM) blocked the slow 

depolarizations evoked by acetylcholine and had no effect on the fast nicotinic component 

of the response (figure B I-B). After wash of the drug, some of the initial response 

returned (figure B I-C). 

In the voltage clamp studies, pirenzepine reduced the inward current transient 

elicited by muscarine in three cells. An example is shown in figure B2-A. In two other 

cells, however, the response was unaffected by pirenzepine. Furthermore, when the M2 



Figure B-1. Response to acetylcholine blocked by pirenzepine. A) control response to 

pressure ejected acetylcholine (10 mM; 900 ms). B) Response in the presence of 

pirenzepine (100 nM). The slow depolarization is reduced by amplitude offast initial 

response remains. C) partial recovery of slow response upon wash of pirenzepine. 
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Figure B-2. Inward current responses sensitive and insensitive to pirenzepine. A) Top, 

control inward current response to muscarine (200 mM; 1.5 seconds). Holding 

potential was -30 mY. Middle, block of response by pirenzepine (100 nM) added to 

bath medium. Bottom, partial recovery of control response after wash ofPZ. B) Top, 

control response to muscarine, holding potential = -30 mY. Second, response in the 

presence ofpirenzepine (100 mM). Third, response in the presence ofPZ and AFDX-

116. Bottom, response abolished by barium (2 mM). 
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antagonist AFDX-116 was added to the bath along with PZ, no effect was discerned 

(figure B2-B). Barium (2 mM) was then applied to the cell and the response was almost 

completely eliminated. These results suggest that while in the majority of cells tested PZ 

can effectively reduce the responses, some cells might contain muscarinic receptors. 

which are not of the Ml or M2 subtype, even though the responses transduced through 

these undetermined receptors are also effected by potassium channels. 

It was shown in chapter 3 that cesium (2 mM) was able to differentiate the M

current from a muscarine-sensitive leak current. This phenomenon was manifested as a 

diminished capacity to reduce muscarine evoked inward currents as compared to its ability 

to reduce M-current. Cesium at lower concentrations (200 11M) is predictably less able to 

reduce these responses, but at higher concentrations (10 mM), cesium begins to loose its 

specificity and blocks the net current more effectively (figure B3-A). When barium follows 

the superfusion of cesium, the inward current responses are blocked to a much larger 

degree than with cesium at 2 mM alone (figure B3-B). TEA is another potassium channel 

blocker which has been used traditionally to block the delayed rectifier (Armstrong and 

Hille, 1972). When added to the extracellular medium TEA (30 mM) completely blocked 

the response to muscarine (figure B3-C; n=2). The block by TEA raises the possibility of a 

leakage channel for potassium which is sensitive to TEA. This contradicts earlier findings 

that leak channels in the squid node of Ran vier are TEA insensitive (Hille, 1967). These 

results with potassium channel blockers confirm the involvement of potassium channels in 

the inward current responses to muscarine. 

Although not widely studied, both Ml and M2 muscarinic receptors have been 

implicated in potassium channel modulation. Muscarinic agonists can both increase (Dodd 



Figure B-3. Muscarinic responses reduced by potassium channel blockers. A) Top, 

control response to muscarine (200 11M, 1.5 seconds). Second, response in the 

presence of cesium (200 11M). Third, cesium (2 mM). Bottom, cesium (10 mM). B) 

Top, control response to muscarine. Middle, response with cesium (2 mM). Bottom, 

with barium (2 mM). C) Top, control response to muscarine. Bottom, TEA blocks 

response. Holding potential = -30 mY. All antagonists added to bath. 
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and Horn, 1983) and decrease (Adams, Brown and Constanti, 1982a; North and 

Tokimasa, 1983) potassium conductances in autonomic ganglia. The strongest evidence 

for the Ml subtype in autonomic ganglia was found in enteric neurons (North et a\., 

1985), where a Schild analysis ofKd for pirenzepine was less than 10 nM. Alternatively, 

muscarinic suppression ofM-current is sometimes pirenzepine insensitive (Constanti and 

Sim, 1987). Where it has been studied in a variety of tissues, potassium increases are 

mediated by M2 receptors (Egan and North, 1986; Ashe and Yarosh, 1984). The majority 

of muscarinic subtyping reports rely on pirenzepine being sufficiently selective to 

distinguish Ml subtypes, as no comprehensive studies on autonomic muscarinic receptor 

pharmacology have been done (Christie and North, 1986). 



Summary 

1. Guinea-pig sympathetic celiac ganglion neurons can be enzymatically dissociated and 
maintained in primary culture. These neurons in culture retained certain 
electrophysiological properties of those in intact ganglion. 

2. During intracellular current-clamp recording, these cells responded to acetylcholine 
(10 11M) with a variety depolarizations which have fast nicotinic and slow muscarinic 
components. 
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3. Under whole-cell voltage-clamp, these neurons responded to short-duration muscarine 
application (l.5 second pulses; EC50 of95 11M) with inward shifts in holding current 
lasting up to one minute, and time constants ranging between 5 and 15 seconds. 

4. Evidence for the M- potassium current, fast sodium current, delayed rectifier potassium 
current and inward rectifier potassium current was found. 

5. There was no correlation between the amplitudes of the muscarinic responses and M
current at the same holding potential, and cells lacking M-current could respond to 
muscanne. 

6. The celiac neurons in primary culture exhibited a non-rectifYing, kinetically rapid 
current, resembling a leakage current, which was reduced by muscarine and had a null or 
reversal potential near the Nernst equilibrium potential for potassium. 

7. Either or both the M-current and the muscarine-sensitive leakage current are 
responsible for the inward currents observed in response to muscarine administration in a 
given cell. 

8. The M-current and the muscarine-sensitive leakage current can be differentiated by 
external cesium (2 mM). M-current is significantly more sensitive to the external cesium 
than is the leakage current.External barium (2 mM) is an efficacious blocker of both the 
M-current and leak current.. 

9. The Ml subtype blocker pirenzepine (100 nM) reduced or blocked most of the inward 
current responses to muscarine, but was ineffective in some of the cells. 

10. The traditional muscarinic agonist oxotremorine-M activates both muscarinic and 
nicotinic receptors in guinea-pig celiac neurons in primary culture. The fast nicotinic 
currents are blocked by d-tubocurarine (15-30 11M). 



REFERENCES 

Adams D.l, Smith S.l and Thompson S.H. (1980) Ionic currents in molluscan soma. 
Annll. Rev. Nellrosci. 3, 141-167 

Adams P.R, Brown D.A. and Constanti A. (1982a) M-currents and other potassium 
currents in bullfrog sympathetic neurones. J Physiol (Land) 330, 537-572. 

Adams P.R, Brown D.A. and Constanti A. (1982b) Pharmacological inhibition of the 
M-current. J Physiol. (Land.) 332, 223-262. 

126 

Adams P.R and Brown D.A. (1982) Synaptic inhibition ofthe M-current: slow excitatory 
post-synaptic potential mechanism is bullfrog sympathetic neurones. 1. Physiol. 
(Land.) 332, 263-272. 

Adelman W.J. and French RJ. (1978) Blocking of the squid axon potasssium channel by 
external caesium. 1. Physiol. (Land) 276, 13-25. 

Adelman W.l and lP. Senft (1966). Voltage clamp studies on the effect of internal 
cesium ion on sodium and potassium currents in the squid giant axon. J. Gell. 
Physiol. 50, 279-293. 

Akasu T., Gallagher lP., Koketsu K. and Shinnick-Gallagher P. (1984) Slow excitatory 
post-synaptic currents in bull-frog sympathetic neurones. J. Physiol (Land.) 351, 
583-593. 

Aldrich R. W., Getting P.A. and Thompson S.H. (1978). Inactivation of delayed outward 
current in molluscan neuron somata. 1. Physiol. (Land) 291, 507-530. 

Allen T. G. and Burnstock G. (1990). A voltage-clamp study of the electrophysiological 
characteristics of the intramural neurones of the rat trachea. 1. Physiol. (Land) 
423,593-614. 

Armstrong C. M. and Hille B. (1972). The inner quatiernary ammonium ion receptor in 
potassium channels of the node of Ranvier. J. Gen. Physiol. 59,388-400. 

Armstrong C. M. and Taylor S.R. (1980). Interaction of barium ions with potassium 
channels in squid giant axons. Biophys. J. 30, 473-488. 



127 

Armstrong C.M. (1975). Potassium pores of nerve and muscle membrane. Membranes, a 
Series of Advances, ed. Eisenman, G., vol. 3, New York: Dekker. 

Ashe lH. and Yarosh C.A (1984) Differential and selective antagonism of the slow
inhibitory postsynaptic potential and slow-excitatory postsynaptic potential by 
gallamine and pirenzepine in the superior cervical ganglion of the 
rabbit.Neuropharmacology 11, 1321-1329. 

Auerbach L. (1864) Fernere vorlaufige Mittheilung uber den nervenapparat des darmes. 
Arch. Palhol. Anal. 30, 457-460. 

Baker P.F., Hodgkin AL. and Shaw T.I. (1962). The effects of changes in internal ionic 
concentrations on teh electrical properties of perfused giant axons. J. Physiol. 
164,355. 

Bayliss W. M. and Starling E. A (1900) The movements and the innervation of the large 
intestine. J. Physiol. (Lond.) 201, 723-743. 

Belluzi 0., Sacchi O. and Wanke E. (1985) Identification of delayed potassium and 
calcium currents in the rat sympathetic neurone under volrgae clamp. J. Physiol. 
(Lond.) 358, 109-13 O. 

Belluzi 0., Sacchi O. and Wanke E. (1985) A fast transient outward current in the rat 
sympathetic neurone studied under voltage-clamp conditions. J. Physiol. (Lond) 
358,91-108. 

Benson lA and Levitan I. (1983). Serotonin increases an anomalously rectitying K 
current in Aplysia neurone R15. Proc, NaIl. Acad. Sci. USA 80,3522-3525. 

Benzanilla F. (1985). Gating of sodium and potassium channels. J. Memb. BioI. 88, 97-
Ill. 

Benzanilla F. and Armstrong C.M. (1972) Negative conductance caused by entry of 
sodium and cesium ions into the potassium channels of squid axons . . 1. GeJ1. 
Physiol. 60, 588-608. 

Bernard C. (1878) Lesons sur les phenomenes de la vie communs aux animaux et aux 
vegetaus. 404 pp. lB. Bailliere, Paris. 



128 
Bichat M.-F.-X. (1802) Anatomie generale appliquee a la physiologie et a la medicine; 2 

vols. Brosson, Gabon, Paris. 

Blackman lG., Crowcroft P.l, Devine C. E., Holman M. E. and Yonemura K. (1969) 
Transmisssion from preganglionic fibers in the hypogastric nerve to peripheral 
ganglia of male guinea-pigs. J. Physiol. (Lond) 201, 723 

Blackman lG. and Purves R. D. (1969) Intracellular recordings from ganglia of the 
thoracic sympathetic chain of the guinea-pig. J. Physiol. (Lond)167, 355 

Botar l (1966) The autonomic nervous system. Akademiai Kiado, Budapest 

Boulter l (1987) Functional expression of two neuronal nicotinic acetylcholine receptors 
from cDNA clones identifies a gene family. Proc. Nat!. Acad Sci. USA 84, 7763-
7767. 

Bray, D., Surface movements during the growth of single explanted neurons, Proc. Nat!. 
Acad Sci. USA (1970) 4 905-910. 

Brown D.A., Maffion N.V. and Smart T.G. (1989) On the transduction mechanism for 
muscarine-induced inhibition ofM-current in cultured rat sympathetic neurons. J 
Physio! (Lond) 413, 469-488. 

Brown D.A., Gahwiler B.H., Marsh S.l and Selyanko A.A. (1986) The pharmacology of 
muscarinic receptors II. TINS 

Brown D.A. and Adams P.R (1980) Muscarinic suppression of a novel voltage-sensitive 
K+ current in a vertebrate neurone. Nature 283, 673-676. 

Brown D.A. and Constanti A (1980) Intracellular obaservations on the effects of 
muscarinic agonists on rat sympathetic neurones. Br. J. Pharmacol. 70, 593-608. 

Brown D.A. and Selyanko A.A. (1985) Two components of muscarinic- sensitive 
membrane current in rat sympathetic neurons. J Physio! (Lond) 358, 335-364. 

Bunge, M., Fine Structure of Nerve Fibers and Growth Cones oflsolated Sympathetic 
Neurons in Culture, J Cell Bio! (1973) 56, 713-735. 

Burnstock G. and Holman M.E. (1961) The transmission of excitation from autonomic 
nerve to smooth muscle. J. Physio!. (Lond.) 155, 115-133. 



Cannon W.B. (1929) Organization for physiological homeostasis. Physiol. Rev. 9,399-
431. 

129 

Carmeliet E., Morad M., Van Der Heyden G. and Vereecke l (1986) Electrophysiological 
effects of tetracaine in single guinea-pig ventricular myocytes. J. Physiol. (Lond) 
376, 143-161. 

Carmeliet E. and Mubagwa K (1986) Characterization of the acetylcholine-induced 
potassium current in rabbit cardiac purkinje fibres. J. Physiol (Lond.) 371, 219-
237. 

Carpenter F. W. and Connel lL. (1914) A study of ganglion cells in the sympathetic 
nervous system, with special reference to intrinsic sensory neurons. J. Comp. 
Neurol. 24, 269-281. 

Cassell IF., Clark AL. and McLachlan E.M. (1986) Characteristics of phasic and tonic 
sympathetic ganglion cells of the guinea-pig. J Physiol (Lond) 372,457-483. 

Chiu S. Y. and Ritchie lM. (1981) Evidence for the presence of potassium channels in the 
paranodal region of acutely demyelinated mammalian single nerve fibers J. Physiol. 
(Lond) 313, 415-437. 

Cho AK, Haslett W.L. and lenden DJ. (1961). The identification of an active metabolite 
oftremorine. Biochem. Biophys. Res. Commull. 5(4),276-279. 

Christensen K, Lweis E. and Kuntz A (1951) Innervation of the renal blood vessels in the 
cat. J. Comp. Neurol. 95, 373-385. 

Christie M.l and North R.A (1986) Control of ion conductances by muscarinic receptors. 
Trends Pharmacol. Sci. subtypes of muscarinic receptors III. 30-34. 

Ciani S., Hagiwara S. and Miyazaki S. (1977). A model for Cs blocking ofteh K 
conductance in anomalous rectification. Biophys. J. 17, 46a. 

Coggan lS., Gruener R. and Kreulen D.L. (1991) Electrophysiological properties and 
cholinergic responses in guinea-pig celiac ganglion neurons in primary culture. 
JOlll'l1al of the Autonomic Nervous System. 34, 147-156. 

Connor lA and Stevens C.F. (1971) Prediction ofrepetetive firing behaviour from 
voltage clamp data on an isolated neurone soma. J. Physiol. (Lond.) 213, 31-53 



130 
Constanti A. and Galvan M.l (1983). Fast inward-rectifYing current accounts for 

anomalous rectification in olfactory cortex neurons. J. Physiol. (Lond.) 335, 153-
178. 

Constanti A., Brown D.A. (1981) M-currents in voltage-clamped mammalian sympathetic 
neurons. Neuroscience Letters 24,289-294. 

Constanti A., Adams P.R. and Brown D.A. (1981) Why do barium ions imitate 
acetylcholine? Brain Res. 206, 244-250. 

Coronado R. and Miller C. (1982) Conduction and block by organic cations in a K+
selective channel from sarcoplasmic reticulum incorporated into planar 
phospholipid bilayer. 1. Gen. Physiol. 79, 529-547. 

Costa M and Furness l B. (1984) Somatostatin is present in a subpopulation of 
noradrenergic nerve fibers supplying the intestine. Neuroscience 13, 911-920. 

Crowcroft P.l, Holman M.E. and Szurszewski l H. (1971) Excitatory input from the 
distal colon to the inferior mesenteric ganglion in the guinea-pig. 1. Physiol. 
(Lond) 219, 443-

Crowcroft P.l and Szurszewski l H. (1971) A study of the inferior mesenteric and pelvic 
ganglia of guinea-pigs with intracellular electrodes. 1. Physiol. (Lond) 219,421-

Dale H. H. (1914) The actions of certain esters and ethers of choline and their relation to 
muscarine. 1. Pharmacol. Exp. Ther. 6,147-190. 

Dale H. H. (1933) Nomenclature of fibers in the autonomic system and their effects. 1. 
Physiol. 80, 353-380. 

Dalsgaard C.-l, Hokfelt T., Schultzberg M., Lundberg lM., Terenius I., Dockray G. l 
and Goldstein M. (1983) Origing of peptide-containing fibers in the inferior 
mesenteric ganglion of the guinea-pig: immunohistochemical studies with antisera 
to substance P, enkephalin, vasoactive intestinal polypeptide, cholecystokinin and 
bombesin. Neuroscience 9, 191-21l. 

DeCastro F: Sympathetic Ganglia: Normal and Pathological, in Penfield M (ed):Cytology 
and Cel/ular Pathology of the Nervous System. New York, Hoeber, 1932, pp 
319-379 



131 

Decktor, D.L.and Weems, W.A, An intracellular characterization ofneurones and neural 
connexions within the left coeliac ganglion of cats, J. Physiol. (Lond) (1983) 341 
197-211. 

Dixon W.E. (1907) On the mode of action of drugs. Med Mag. Lond. 16,454-457. 

Dodd 1. and Horn 1. P. (1983) Muscarinic inhibition of sympathetic C neurons in the 
bullfrog. J. Physiol. (Lond.) 334, 271-291. 

Dogiel AS. (1895) Zur frage uber den feineren bau des sympatheschen nervensystems bei 
den sugethieren. Arch. Mila'osk. Anal. 46, 305-344. 

Dubois 1.M. (1981). Evidence for the existence of three types of potassium channels in 
the frog Ranvier node membrane. J. Physiol. (Lond) 318, 297-316. 

Dun N.J., Kiraly M. and Ma R. C. (1984b) Evidence for a serotonin-mediated slow 
excitatory potential in the guinea -pig coeliac gangliaJ. Physiol (Lond) 351,61-
76. 

Dun N.J. and Karczmar AG. (1979) Actions ofsubstance-P on sympathetic neurons. 
Neuropharmacology 18, 215-218 

Dun N.J. and Ma R. C. (1984a) Slow non-cholinergic excitatory potentials in neurones of 
the guinea pig coeliac ganglion. J. Physiol. 351,47-60 

Eccles J. C. (1935a) The action potential ofteh superior cervical ganglion. J. Physiol. 
(Lond) 85, 179-

Eccles J. C. (193 5b) Facilitation and inhibition in the superior mesenteric ganglion. J. 
Physiol. (Lond) 85,207-

Eccles R. M. (1952) Action potentials of isolated mammalian sympathetic ganglia. J. 
Physiol. (Lond) 117, 181-195. 

Eccles R.M and Libet (1961) Origin and blockade of the synaptic responses of curarized 
sympathetic ganglia. J. Physiol. (Lond) 157,484-503. 

Estienne C. (1545) De Dissectione Corporis Humani. S. Colinaus Pub!., Paris. 

Eugster C. H., Hafliger F., Denss R. and Girod E. (1958) Die spaltung von d,l-muscarin 
in die optischen antipoden. Helv. Chem. Acta. 41, 886-888. 



132 

Euler von U.S. (1946) A specific sympathomimetic ergone in adrenergic nerve fibres 
(sympathin) and its relation to adrenaline and nor-adrenaline. Acta. Physiol. Scand. 
12, 73-97. 

Eustachio B. (1564) Opuscula anatomica. V. Luchinus Publ., Venice. 

Everett G.M., Blockus L.E. and Shepperd I.M. (1956). Tremor induced by tremorine and 
its antagonism by anti-parkinson drugs. Science. 124, 79. 

Feldberg W. and Gaddum 1.H. (1934) The chemical transmitter at synapses in a 
sympathetic ganglion. J. Physiol. (Lond.) 81, 305-319. 

Feldberg W. and Krayer O. (1933) Das Auftreten eines azetylcholinartigen Stoffes in 
Herzvenenblut von warmblutern bei beizung der nervi vagi. Naunyn 
Schmiedebergs Arch. Exp. Pathol. Pharmakol. 172, 170-193. 

Frankenhaeuser B. and Moore L.E. (1963) The effect oftemperature on the sodium and 
potassium permeability changes in myelinated nerve fibres of xenopus laevis. J. 
Physiol. (Lond.) 169,431-437. 

French R. 1. and Shoukimas J.J. (1981) Blockage of squid axon potassium conductance 
by internal tetra-N-alkylammonium ions of various sizes. Biophys. J. 34, 271-292. 

French R. 1. and Shoukimas 1.1. (1985) The structure of the permeation pathway as sensed 
by a variety of blocking ions. J. Gen. Physiol. 85, 669-698. 

Freschi, 1.E.and Shain, W.G., Slow muscarinic depolarization in neurones of dissociated 
rat superior cervical ganglia can be evoked by iontophoresis of acetylcholine, 
Brain Res. (1980) 185 429-434. 

Freschi 1.E. (1983) Membrane currents of cultured rat sympathetic neurons under voltage 
clamp. J NeuJ'Ophysiol. 50(6): 1460-1478. 

Fukushima Y. (1982) Blocking kinetics of the amomolous potassium rectifier of tunic ate 
egg studied by single channel recording. J. Physiol. (Lond.) 331, 311-331. 

Furshpan, E.1., Landis, S.c., Matsumoto, S.G.and Potter, D.D., Synaptic functions in rat 
sympathetic neurons in micro cultures. I. Secretion of norepinephrine and 
acetylcholine, J. New·osci. (1986) 6(4) 1061-1079. 



Furshpan, E.l, MacLeish, P.R., O'Lague, P.H.and Potter, D.D., Chemical transmission 
between rat sympathetic neurons and cardiac myocytes developing in 
micro cultures: Evidence for cholinergic, adrenergic, and dual-function neurons, 
Proc. Nat!. Acad Sci. USA (1976) 73(11) 4225-4229. 

133 

Gabella, G. Stl'llcture of the Autonomic Nervous System, New York:John Wiley & Sons, 
1976. 

Galligan J.1., North R.A. and Tokimasa T. (1989) Muscarinic agonists and potassium 
currents in guinea-pig myenteric neurones. Br. 1. Pharmacol. 96, 193-203. 

Gaskell W. H. (1886) On the structure, distribution and function of nerves which innervate 
the visceral and vascular systems. 1. Physiol. (Lond) 7, 1-80. 

Greene R.W., Haas H.L., Gerber U., McCarley R.W. (1989) Cholinergic activation of 
medial pontine reticular formation neurons in vitro. Experientia. Supplementlll11 
57, 123-137. 

Griffith W.H., Hills lM. and Brown D.A. (1988) Substance P-mediated membrane 
currents in voltage-clamped guinea pig inferior mesenteric ganglion cells. Synapse 
2,432-441. 

Haggblad J., Eriksson H. and Heilbronn E. (1985). Oxotremorine acts as a partial nicotinic 
agonist on cultured chick myotubes. Acta. pharmacol. et toxicol. 57, 317-321. 

Hagiwara S., Miyazaki S. and Rosenthal N.P. (1976) Potassium currents and the effect of 
cesium on this current during anomaloius rectification of the egg cell membrane of 
starfish. J Cell Physiol67, 621-638 

Hagiwara S., Kusano K. and Saito N. (1961) Membrane changes in Onchidium nerve cell 
in potassium-rich media. 1. Physiol. (Lond.) 155,470-489. 

Hamaji M., Kawai Y, Kawashima Y and Tohyama M. (1987) Projections ofbombesin
like immunoreactive fibers from the rat stomach to the celiac ganglion revealed by 
a double-labelling technique. Brain Res. 416, 192-194. 

Harvey A.L. (1983) The pharmacology of nerve and muscle in tissue culture. Bechenham, 
Croom, Helm Ltd. 

Hashiguchi T" Kobayashi H., Tosaka T. and Libet B. (1982) Two muscarinic depolarizing 
mechanisms in mammalian sympathetic neurons. Brain Res 242,378-382. 



Heginbotham L. and MacKinnon R. (1992) The aromatic binding site for 
tetraethylammonium ion on potassium channels. Neuron 8, 483 -491. 

Hille B. (1967) The selective inhibition of delayed potassium currents in nerve by 
tetraethylammonium ion. J. Gen. Physiol. 50, 1287-1302. 

Hille B. (1973) Potassium channels in myelinated nerve. Selective permeability to small 
cations. J. Gen. Physiol. 61, 669-686. 

134 

Hille B. (1975) Ionic selectivity ofNa and K channels of nerve membranes. Membranes, a 
Series of Advances, ed. Eisenman, G., vol. 3,255-323. New York: Dekker. 

Hille B. (1992) Ionic channels of excitable membranes. Sinauer Associates, Sunderland, 
MA 

Hille B. and Schwarz W. (1978). Potassium channels as multi-ion single-file pores.J. Gell. 
Physiol. 72, 409-442. 

Hirst G.D.S., Holman M E. and Spence I. (1974) Two types ofneurones in the myenteric 
plexus of duodenum in the guinea-pig. J. Physiol. (Lond.)236, 303-326. 

Hodgkin AL. and Huxley AF. (1952). The components of membrane conductance in the 
giant axom of Loligo. J. Physiol. (Lond.) 116, 497-506. 

Hong S. 1. and Chang C.C. (1990). Nicotinic actions of oxotremorine on murine skeletal 
muscle. Evidence against muscarinic modulation of acetylcholine. Brain Res. 534, 
142-148. 

Hoshi T., Zagotta W.N. and Aldrich R.W. (1990) Biophysical and molecular mechanisms 
of Shaker potassium channel inactivation. Science 250, 533-538. 

Jan YN., Jan L.Y and Kuffler S.W. (1979) A peptide as a possible transmitter in 
sympathetic ganglia of the frog. Proc. Natl. Acad Sci. (USA) 76, 1501-1505. 

Johansson B. and Langston 1.B. (1964) Reflex influence of mesenteric afferents on renal, 
intestinal and muscle blood flow and on intestinal motility. Acta. Physiol. Scand. 
61,400-412. 

Johnstone 1. (1764) Essay on the use of the ganglions of the nerves. Philos. Trans. Roy. 
Soc. (Lond) 54, 177 



Janig W., Krauspe R. and Wiedersatz (1983) Reflex activation of postganglionic 
vasoconstrictor neurons sypplying skeletal muscsle by stimulation of arterial 
chemoreceptors via non-nicotinic synaptic mechanisms in sympathetic ganglia. 
Pflugers Arch. 396, 95-100. 

Jones S.W. (1985) Muscarinic and peptidergic excitation of bullfrog sympathetic 
neurones.1. Physiol. 366, 63-87. 

Junge D. (1992) Nerve and muscle excitation. 3rd ed. Sinauer Associates: Sunderland, 
Mass. 

135 

Kaczmarek L. K. and Levitan I.B. (1987). Neuromodulation: The biochemical control of 
neuronal excitability. Oxford University, New York. 

Kandel E.R. and Tauc L. (1966) Anomalous rectification in the metacerebral giant cells 
and its consequences for synaptic transmission. 1. Physiol. (Lond) 183,287-304. 

Katz B. (1949) Les constantes electriques de la membrane du muscle. Arch. Sci. Physiol. 
2,285-299. 

King, B.F.and Szurszewski, J.H.(1988) Electronic characteristics and membrane 
properties of neurons in the inferior mesenteric ganglion in guinea-pig, 1. AlitOll. 
Nerv. Sys. 23 229-239. 

Kirsch G.E., Drewe J. A, Hartmann H. A, Taglialatela M., de Biasi M., Brown A M. 
and Joho R. H. (1992) Differences between the deep pores ofK + channels 
determined by an interacting pair of nonpolar amino acids. Neuron 8, 499-505. 

Kobayashi H. and Libet B. (1968) Generation of slow synaptic potentials without 
increases in ionic conductance. Proc. Natl. Acad. Sci. USA 60, 1304-1311. 

Kobayashi H. and Libet B. (1970) Actions of noradrenaline and acetylcholine on 
sympathetic ganglion cells. J Physiol (Lond) 208, 353-372. 

Kobayashi H. and Libet B. (1974) Is inactivation of potassium conductance involved in 
slow postsynaptic excitation of sympathetic ganglion cells? Effects of Nicotine. 
Life Sci. 14, 1871-1883. 

Koketsu K., Nishi S. and Noda T. (1968) Effects of physostigmine on the after discharge 
and slow postsynaptic potentials of bullfrog sympathetic ganglia. Br. 1. 
Pharmacol. 34, 177-188. 



Kreulen, D.L., Integration in autonomic ganglia, Physiologist (1984) 27 49-55. 

Kreulen, D.L.and Szurszewski, l.H., Nerve pathways in celiac plexus of the guinea pig, 
Am. J. Physiol. (1979) 237 E90-E97. 

136 

Kreulen D.L. and Anthony T.L. (1991) Cotransmission in prevertebral sympathetic 
ganglia: Relationship to motility of the large intestine. Journal of the Autonomic 
Nervous System 33(2),207. 

Krishtal O.A. and Pidoplichko v.I. (1980) A receptor for protons in the nerve cell 
membrane. Neuroscience 5, 2325-2327. 

Kuba K and Koketsu K (1974) Ionic mechanisms of the slow excitatory postsynaptic 
potential in bullfrog sympathetic ganglion cells. Brain Res. 81, 338-342. 

Kuba K and Koketsu K (1976) The muscarinic effects of acetylcholine on the action 
potential of bullfrog sympathetic ganglion cells. Jap J Physiol . 26, 703-716. 

Kuba K and Koketsu K (1978) Synaptic events in sympathetic ganglia. Prog. Neurobiol. 
11, 77-169. 

Kuba K and Nishi S (1979) Characteristics of fast excitatory postsynaptic current in 
bullfrog sympathetic ganglion cells. Life Sci., Oxford6, 1827-1836. 

Kuntz A. 1. and Van Buskirk C. (1941) Reflex inhibition of bile flow and intestinal motility 
mediated through decentralized celiac plexus. Proc. Soc. Expl. Bioi. 46, 519-523. 

Kuramoto H. and Furness 1.B. (1989) Distribution of enteric nerve cells that project from 
the small intestine to the coeliac ganglion in the guinea-pig. J. AutollOIl1. Nervous 
Sys 27,241-248. 

Kurosaki T., Fukada K, Konno T., Mori Y., Tanaka K, Mishina M. and Numa S. (1987). 
Functional properties of nicotine acetylcholine receptor subunits expressed in 
various combinations. FEBS lett. 214, 253-258. 

Langley 1.N. (1878) On the physiology of the salivary secretion: the influence of the 
chorda tympani and sympathetic nerves upon the secretion of the maxillary gland 
of the cat. J. Physiol. (Lond.) 1, 96-103. 

Langley IN. (1901) Obervations on the physiological action of extracts of the supra-renal 
bodies. J. Physiol. (Lond.) 27, 237-256. 



137 
Langley IN. (1921) The autonomic nervous system, Part 1. W. Heffer, Cambridge. 

Latorre R. and Miller C. (1983) Conduction and selectivity in potassium channels. J. 
Membr. Bio!. 71, 11-30. 

Lawson H. (1934) The role of the inferior mesenteric ganglia in the diphasic response to 
the colon to sympathetic stimuli. Am J. Physiol. 109,257-273. 

Lawson H. and Holt J. P. (1937) The control of the large intestine by the decentralized 
inferior mesenteric ganglion. Am J. Physio!. 118, 780-785. 

Leech C. A. and Stanfield P. R. (1981) Inward rectification in frog skeletal muscle fibres 
and its dependence on membrane potential and external potassium. J. Physiol. 
(Lond) 319, 295-309. 

Lewandowsky M. (1898) Ueber eine wirkung des nebennieren-extractes auf das auge 
Zenttalbl. Physiol. 12, 599-600. 

Libet B. (1967) Long latent periods and further analysis of slow synaptic responses in 
sympathetic ganglia. J. Nellrophysiol. 30,494-514. 

Lindh B., Hokfelt T., Elfvin L.G., Terenius L., Fahrenkrug R., Elde R. and Goldstein M. 
(1986) Topography ofNPY-, somatostatin-, and VIP- immunoreactive neuronal 
subpopulations in the guinea pig celiac-superior mesenteric ganglion and their 
projection to the pylorus. J. New·osci. 6,2371-2383. 

Loewi O. and Navratil E. (1926) Uber humorale Ubertragbarkeit der herznervenwirkung. 
X. Mitteilung. Uber das schick sal des Vagusstoff. Pjlllgers Arch. Gesamte 
Physiol. 214, 678-688. 

Loewi O. (1921) Uber humorale Ubertragbarkeit der Herznervenwirkung. Pjlllgers 
Archil'. Gesamte Physiol. 189, 239-242. 

Lukas R. J. (1990) Heterogeneity of high-affinity nicotinic [3H] acetylcholine binding 
sites. J. Pharmacol. Expel'. Thetap. 253 (1), 51-57. 

Lukas RJ. and BencherifM. (1992) Heterogeneity and regulation of nicotinic 
acetylcholine receptors. 11nl. Rev. Neurobiol. 34,25-130. 



Lundberg, lM., Hokfelt, T., Anggard, A., Terenius, L., Elde, R., Markey, K.and 
Goldstein, M., Organizational principles in the peripheral sympathetic nervous 
system: subdivision by coexisting peptides (somatostatin-, avian pancreatic 
polypeptide-, and vasoactive intestinal polypeptide- like immunoreactive 
materials), Proc. Natl. Acad Sci. USA (1982) 79 1303-1307. 

Lynch C. III. (1985) Ionic conductances in frog short skeletal muscle fibres with slow 
delayed rectifier currents. J. Physiol. (Lond) 368, 359-378. 

138 

Ma, R.-C.and Wu, R.-L., Electrophysiological properties of neurons of guinea pig celiac 
ganglia, J. Tongji Med Univ. (1988) 8(3) 150-154. 

Macrae, I.M., Furness, lB.and Costa, M., Distribution of subgroups of noradrenaline 
neurons in the coeliac ganglion of the guinea-pig, Cell Tissue Res. (1986) 244 
173-180. 

Madison D.V., LancasterB. and Nicoll R.A. (1987) Voltage clamp analysis of cholinergic 
action in the hippocampus. J. Neurosci. 7(3), 733-741. 

Madison D.V. and Nicoll R.A. (1986) Actions of noradrenaline record en intracellularly in 
rat hippocampal CAl pyramidal neurones in vitro. J. Physiol. (Lond.) 372, 245-
259. 

Mains, R.E.and Patterson, P.H., Primary Cultures of Dissociated Sympathetic Neurons, J 
Cell BioI (1973) 59 329-345. 

Marrion N.V., Smart T.G. and Brown D.A. (1987) Membrane currents in adult rat 
superior cervical ganglia in dissociated tissue culture. Neuroscience letters 77,55-
60. 

Marrion N.V., Zucker R.S., Marsh S.l and Adams P.R. (1991) Modulation ofM-current 
by intracellular Ca2+. Neuron 6,533-545. 

Meech R.W. (1972) Intracellular calcium injection causes increased potassium 
conductance in Aplysia nerve cells. Compo Biochem. Physiol. 42A, 493-499. 

Meech R.W. and Srumwaser F. (1970). Intracellular calcium injection activates potassium 
conductance in Aplysia nerve cells. Fedll Proc. Fedll Am. Socs Exp. BioI. 29, 835. 

Mei L., Lai l, Yamamura H.I. and Roeske W.R. (1991). Pharmacologic comparison of 
selected agonists for the M 1 muscarinic receptor in transfected murine fibroblast 
cells (B82). J. Pharmacol. Expel'. 771erap. 256(2), 689-694. 



139 

Meissner G. (1857) Uber die nerven der Darmwand. Z. Rat. Med. N.F. 8, 364-366. 

Mochida, S.and Kobayashi, H., Multiple muscarinic responses directly evoked in isolated 
neurones dissociated from rabbit sympathetic ganglia, J. Auton. Nerv. Sys. (1986) 
17, 289-30l. 

Moczydlowski E., Lucchesi K. and Ravindran A. (1988) An emerging pharmacology of 
peptide toxins targeted against potassium channels. J. Membr. BioI. 105, 95-11l. 

Moczydlowski E. and Latorre R (1983) Gating kinetics ofCa2+-activated potassium 
channels from rat muscle incorporated into planar lipid bilayers: evidence for two 
voltage-dependent Ca2+ binding reactions. J. Gell. Physiol. 82, 511-542. 

Morita K., North RA. and Tokimasa T. (1982) Muscarinic agonists inactivate potassium 
conductance of guinea-pig myenteric neurones. J. Physiol (Lond) 333,125-139. 

Nakajima Y., Nakajima S., Leonard RJ. and Yamaguchi K. (1986) Acetylcholine raises 
the excitability by inhibiting the fast transient potassium current in cultured 
hippocampal neurons. Proc. Natl. Acad Sci. USA, 83, 3022-3026. 

Neild T.O. (1978) Slowly developing depolarization of neurons in the guinea pig inferior 
mesenteric ganglion following repetitive stimulation of the preganglionic nerves. 
Brain Res. 140, 231-239. 

Nishi S. and Koketsu K. (1960) Electrical properties and activities of single sympathetic 
neurons in frogs. J. Cell. Compo Physiol. 55, 15-30. 

Nishi S., Soeda H. and Koketsu K. (1969) Unusual nature of ganglionic slow epsp studied 
by a voltage-clamp method. Life Sci. 8,33-42. 

Nishi S. and Koketsu K. (1968) Early and late afterdischarges of amphibian sympathetic 
ganglion cells. J. Neurophysiol. 31, 109-121. 

North RA. (1982) Electrophysiology of the enteric nervous system. Neuroscience 7, 315-
325. 

North R.A., Slack B. E. and Surprenant A.M. (1985) Muscarinic M I and M2 receptors 
mediate depolarization and presynaptic inhibition in guinea-pig enteric nervous 
system. J. Physiol. (Lond) 368, 435-452. 



140 
North RA. and Tokimasa T. (1983) Depression of calcium-dependent potassium 

conductance of guinea-pig myenteric neurones by muscarinic agonists. J Physiol 
(Land) 342253-266. 

O'Lague, P.H., Potter, D.D.and Furshpan, EJ., Studies on Rat Sympathetic Neurons 
eveloping in Cell Culture 1. Growth Characteristics and Electrophysiological 
Properties, Dev. Bioi. (1978) 67 384-403. 

Ohmori H., Yoshida S. and Hagiwara S. (1981) Proc. Nat!. Acad Sci USA 78, 4960-
4964. 

Owen D.G., Marsh S.l and Brown D.A. (1990) M-current noise and putative M-channels 
in cultured rat sympathetic ganglion cells. J. Physiol. (Land) 431,269-290. 

Pennefather P., Lancaster B., Adams P.R. and Nicoll RA. (1985) Two distinct Ca
dependent K currents in bullfrog sympathetic ganglion cells. Proc. Natl. Acad Sci. 
USA 82, 3040-3044. 

Peters S. and Kreulen D.L. (1985) Vasopressin mediated slow epsps in a mammalian 
sympathetic ganglion. Brain Res. 339, 126-129. 

Peters S. and Kreulen D.L. (1986) Fast and slow synaptic potentials produced in a 
mammalian symathetic ganglion by colon distension. Proc. Natl. Acad. Sci. 83, 
1941-1944. 

Petersen O. H. (1984) The mechanism by which cholecystokinin peptides excite their 
target cells. Biosci. Rep. 4,275-283. 

Pick l (1970) The autonomic nervous system. l B. Lippencott, Philadelphia. 

Pickard W.F., Lettvin lY., Moore lW., Takata M. and Pooler l (1964). Caesium ions do 
not pass the membrane of the giant axon, Proc. Natl. Acad Sci. 52, 1177. 

Purves RD. (1968) Intracellular recording from mammalian sympathetic ganglia, Thesis 
(B. Med. Sci.), University of Otago, Dunedin, New Zealand. 

Ramon y Cajal S. (1881) Observaciones microscopicas sobre las terminaciones nerviosas 
en los musculos voluntarios de la rana. Zaragoza. 

Reid A. (1634) A description of the body of man. T. Coates PubI., London 

Reuter H. (1984) Ion channels in cardiac membranes. A nil. Rev. Physiol. 46, 473-484. 



141 

Ringdahl B. and Jenden D. J. (1983) Pharmacological properties of oxotremorine and its 
analogs. Life Sci. 32, 2401-2413. 

Rudy B. (1988) Diversity and ubiquity ofK Channels. Neuroscience. 25 (1), 729-749. 

Salkoff L. and Wyman R. (1981) Genetic modifications of potassium channels in 
Drosophila Shaker mutants. Nature 293,228-230. 

Schafer E.A. (1900) Textbook of physiology. Macmillan. London. 

Schmidt H. and Stampfli R. (1966). Die Wirkung von Tetraathylammoniumchlorid auf den 
einzelnen Ranvierschen Schnurring. Pjugers Arch. 287, 311-325. 

Schmiedeberg O. and Koppe R. (1869) Das muscarin, das giftige alkaloid des 
fliegenpiIzes. F.C. Vogel, Leipzig. 

Selyanko AA, Durkach V.A and Skok V.I. (1979) Fast excitatory postsynaptic currents 
in voltage-clamped mammalian sympathetic ganglion neurones. Joumal oj the 
Autonomic Nervous System. 1,127-137. 

Selyanko AA, Smith P.A and Zidichouski J.A (1990) Effects of muscarine and 
adrenaline on neurons from mna pipiens sympathetic ganglia. J. Physiol (Lond) 
425: 471-500. 

Shirvan M. H., Pollard H. B. and Heldman E. (1991) Mixed nicotinic and muscarinic 
features of cholinergic receptor coupled to secretion in bovine chromaffin cells. 
Proc. Nat!. Acad. Sci. USA 88, 4860-4864. 

Siegelbaum S.A, Camardo J.S. and Kandel E.R. (1982) Serotonin and cyclic AMP close 
single Kp channels in Aplysia sensory neurones. Nature 299, 413 -417. 

Simmons M. A (1985) The complexity and diversity of synaptic transmission in the 
prevertebral sympathetic ganglia. Prog. Neurobiol. 24, 43-93. 

Smith lW. (1982). The mode of action of oxotremorine at the neuromuscular junction of 
the mouse. J. Physiol. (Lond.) 327, 76P. 

Standen N.B. and Stanfield P. R. (1978) A potential- and time-dependent blockage of 
inward rectification in frog skeletal muscle fibers by barium and strontium ions.1. 
Physiol. (Lond) 280, 169-191. 



Stanfield P.R., Nakajima Y. and Yamaguchi K. (1985) Substance P raises neuronal 
excitability by reducing inward rectification. Nature 315, 498-501. 

142 

Tasaki I. and Hagiwara S. (1957). Demonstration of two stable potential states in the 
squid giant axon under tetraethylammonium chloride J.Gen. Physiol., 40, 859-885 

Tempel, B. L., Papazian D.M., Schwarz T. L., Jan Y.N. and Jan L.Y. (1987) Sequence of 
a probable potassium channel component encoded at Shaker locus of Drosophila. 
Science 237, 770-775. 

Timpe L. C. and Jan L.Y. (1987) Gene dosage and complementation analysis of the 
Shaker locus in Drosophila. J. New·osci. 7, 1307-1317. 

Thompson S.H. (1977) Three pharmacologicaIly distinct potassium channels in molluscan 
neurones. J. Physiol. (Lond.) 256,465-488. 

Tokimasa T., Tsurusaki M. and Akasu T. (1991) Slowly inactivating potassium current in 
cultured bull-frog primary afferent and sympathetic neurones. J. Physiol. (Lond). 
435, 585-604. 

Tokimasa T. and Akasu T. (1990) Extracellular calcium ions are requierd for muscarine
sensitive potassium current in bullfrog symathetic neurons. Journal of the 
Autonomic Nervous System. 29, 163-174. 

Tosaka T., Chichibu S. and Libet B. (1968) Intracellular analysis of slow inhibitory and 
excitatory postsynaptic potentials in sympathetic ganglia of the frog. J. 
Neurophysiol. 31,396-409. 

Tosaka T. and Libet B. (1970) Additional (adrenergic) synaptic step in sympathetic 
ganglia. Fed Proc. Fed Am. Soc. Exp. Bioi. 29, 716 

Trautman A. and Marty A. (1984) Activation ofCa-dependent K channels by carbamoyl 
choline in rat lacrimal glands. 

Volle R. L. and Hannock lC. (1970) Transmission in sympathetic ganglia. Fed. Proc. 
Fed. Am. Soc. Exp. BioI. 29, 1913-1918. 

Vernino S., Amador M., Luetje C. W., Patrick land Dani 1 (1992) Calcium modulation 
and high calcium permeability of neuronal nicotinic acetylcholine receptors. 
Neuroll. 8, 127-134. 



143 

Wakshull, E., Johnson, M.Land Burton, H., Postnatal rat sympathetic neurons in culture. 
L A comparison with embryonic neurons, J. Nellrophysio!. (1979) 42 (5) 
1410-1425. 

Weems W. A. and Szurszewski J. H. (1978). An Intracellular analysis of some intrinsic 
factors controlling neural output from inferior mesenteric ganglion of guinea pigs. 
J. Nellrophysio!. 41(2),305-321. 

Weight E.F. and Votava J. (1970) Slow synaptic excitation in sympathetic ganglion cells: 
evidence for synaptic inactivation of potasssium conductance. Science, N. Y. 170, 
755-758. 

Willis T. (I 664) Cerebri Anatome, cui assessit nervorum descriptio et ad eo interciepere. 
Annali Universali di Medicina, Seria Terza, 20, 227-318. 

Winslow J.B. (I 732) Exposition anatomique du corps humain. Duprez et Dessartz., Publ., 
Paris. 

Wong B.S. and Binstock L. (I 980) Inhibition of potassium conducance with external 
tetraethylammonium ion in Myxico!a giant axons. Biophys. J. 32,1037-1042. 

Woodhull A.M. (1973). Ionic blockage of sodium channels in nerve. J. Gen. Physio!. 61, 
687-708. 

Yellen G., Jurman M., Abramson T. and MacKinnon R. (1991) Mutations affecting 
internal TEA blockade identify the probable pore-froming region of a K+ channel. 
Science 251, 939-942, 

Yellen G. (1987) Permeation in potassium channels: implications for channel structure. 
Amm. Rev. Biophys. Biophys. Chem. 16,227-245. 

Y 001 A. J. and Schwarz T.L. (I 991) Alteration of ionic selectivity of a K + channel by 
mutation of the H5 region. Nature 349, 700-704. 


