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ABSTRACT 

Literature pertaining to chemical neurotransmission 

the macroscopic and fine structure of the sympathetic 

nervous system, the pharmacology of alph^-adrenoceptors, 

and of synaptic transmission in sympathetic ganglia is re

viewed. Catecholamines by pre- and postsynaptic mechanisms 

modulate fast neurotransmission in paravertebral ganglia. 

Opioids attenuate fast and slow neurotransmission in pre

vertebral ganglia by presynaptic mechanisms. In this study 

pressure injection of adrenergic agonists attenuated fast, 

but not slow, excitatory postsynaptic potential (e.p.s.p.) 

amplitude. This effect was presynaptic; no effect was seen 

on direct stimulation, antidromic invasion, or anode break 

excitation. Postsynaptic effects were not temporally corre 

lated with reduced e.p.s.p. amplitude. The physiological 

and pharmacological significance is discussed. 

viii 



CHAPTER 1 

INTRODUCTION 

Historical Aspects of the Development of the Concept 
of Chemical Neurotransmission in the 

Autonomic Nervous System 

In 1791 Luigi Galvani, then professor of anatomy at 

Bologna, performed a series of experiments on frog's legs 

and started one of the great controversies in the history 

of biology. Galvani demonstrated the existence of "animal 

electricity," a consequence of the electrical nature of 

impules in excitable tissues. Galvani*s observation, made 

in the absence of dissimilar metals, founded the field of 

electrophysiology. 

In the latter part of the nineteenth century, Ramon 

y Cajal revealed the anatomical characteristics of the cel

lular elements of the nervous system. Cajal believed that 

the nervous system is made up of cells called neurons. 

These neurons are capable of genetic, trophic, and metabo

lic functions in a manner similar to other cells. Cajal 

proposed that neurons were the cellular units responsible 

for the conduction of animal electricity in the form of 

impulses. The views of Cajal, and others of like mind, 

were opposed by the "reticularists," especially Camillo 

Golgi, who believed that there was a continuity between the 

1 
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cytoplasm of neurons rather than a specialized region of 

contact. 

One proponent of the neuron theory of Cajal was Sir 

Charles Sherrington, who, in 1897, coined the term 

"synapse" to describe the site of contact between two neur

ons where impulse transmission occurs (cited in 1). 

The mechanism of impulse transmission between neur

ons was not known at the turn of the century. 

Dubois-Reymond suggested that the phenomenon could be 

purely electrotonic in nature, but did not exclude the pos

sibility that some "powerful stimulatory substance" could 

be capable of passing on excitation between cells (cited in 

1) . 

In 1904, T. R. Elliot found that stimulation of 

sympathetic nerves produced responses similar to the admin

istration of epinephrine (actually adrenal extracts) , and 

that certain ergot derivatives blocked both responses (2). 

Prom this, he suggested that "adrenaline might then be the 

chemical stimulant liberated on each occasion when the im

pulse arrives at the periphery." In 1905, Elliot concluded 

that responsiveness of an organ to epinephrine is 

"trustworthy proof of the existence... of sympathetic nerves 

in any organ" (3). This was a strong statement in favor of 

chemical transmission. 

In 1921, Otto Loewi demonstrated the existence of 

"vagus stoff" by stimulating the vagus nerve of one frog 
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heart and finding that the conditioned medium would slow a 

second frog heart (4), This was confirmed by Kahn in 1926 

(5), and was elegantly demonstrated in the dog heart by 

Feldberg and Krayer, in 1933 (6). 

By 1914, Dale had discovered that certain extracts 

of ergot lowered blood pressure in the cat, slowed the 

heart in the frog, and contracted the frog intestine (7). 

He tentatively identified the active principle as 

acetylcholine, and classified the actions of acetylcholine 

as either "nicotinic," or "muscarinic." This classifica

tion was pharmacological, based on antagonist specificity. 

The intense depressor activity of several derivatives of 

choline, and of acetylcholine in particular, had been pre

viously reported by Hunt and Taveau (8). 

In 1929, Dale and Dudley isolated acetylcholine 

from the spleens of cows and horses (9), and it was subse

quently shown to be released by stimulation of pregangli

onic fibers in the superior cervical ganglia (SCG) of the 

cat (10), and the voluntary muscles of frogs and mammals 

(11). Impulse transmission through the SCG and in 

nerve-striated muscle preparations was shortly thereafter 

described as "nicotinic" based on blockade by curarine but 

not by atropine (12). Acetylcholine could no longer be 

considered a pharmacological oddity. 

By 1936, Brown and Feldberg had demonstrated de 

novo synthesis of acetylcholine in the SCG (13), and had 
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also described desensitization by excess acetylcholine in 

the same preparation (14). 

More sophisticated studies showed that the release 

of acetylcholine from somatic and motor nerves occurred at 

physiologic pH, and could be observed with a variety of 

cholinesterase inhibitors (15). Furthermore# sectioning of 

preganglionic nerves leading to the SCG resulted in a rapid 

decrease in the amount of acetylcholine found in the SCG 

(16) . 

The concept of chemical neurotransmission had been 

firmly established, especially in sympathetic ganglia, 

although electrical synapses were later observed in several 

tissues including the avian ciliary ganglion (17, 18). 

Structure of the Sympathetic Nervous System 

The term "sympathetic nervous system" was first 

used by J. B. Winslow in 1732 (cited in 19). Winslow 

believed that sympathetic nerves were conduits for the flow 

of "animal spirits." These animal spirits kept the various 

viscera functioning in "sympathy" with one another. Since 

that time, the sympathetic branch of the autonomic nervous 

system has been studied with a variety of anatomical 

techniques. 

There are two main groups of sympathetic ganglia; 

the paravertebral and the prevertebral. The paravertebral 
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ganglia are located on both sides of the spinal column, 

slightly ventral and lateral to the ventral roots. They 

are connected by interganglionic nerves, and thus form two 

chains of ganglia, right and left. There is generally one 

pair of ganglia for each metameric segment; there are usu

ally 24 well-defined ganglia per chain in humans, although 

some variation is observed (20). By this classification, 

the cervical ganglia should be considered paravertebral. 

Prevertebral ganglia have a more diffuse, or 

"plexiform" structure than paravertebral ganglia. Many of 

them are found close to the midline along the major 

branches of the abdominal aorta. The prevertebral ganglia 

include the celiac ganglia, the superior mesenteric 

ganglia, the inferior mesenteric ganglia (IMG), and the 

aortico-renal ganglia. The celiac and superior mesenteric 

ganglia are frequently referred to as the solar plexus, or 

the celiac plexus. In both humans and rats, but not guinea 

pigs, most of the prevertebral ganglia are highly plexiform 

in appearance. 

Additionally, there exist "paravisceral ganglia" 

such as the pelvic ganglia of guinea pigs. These contain 

both sympathetic and parasympathetic preganglionic fibers, 

and are located close to the end organs. 

Lastly, there are "intermediate ganglia." These 

may be microscopic in size, and are occasionally found 
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close to larger ganglia in the cervical, thoracic, and mes

enteric regions (21, 22). 

Sympathetic preganglionic fibers originate in the 

intermediolateral nuclei of the spinal cord between the 

first thoracic and the fourth lumbar segments (23) . The 

preganglionic trunks, which are made up of mixed myelinated 

and unmyelinated nerves, leave the spine via the white rami 

communicantes, which project to the sympathetic ganglia. 

The white rami above the fifth thoracic segment project 

upwards whereas those below project downwards (24).. Higher 

white rami can be subsequently traced up the paravertebral 

chain and into the cervical sympathetic trunk. White rami 

below the fifth thoracic segment give rise to the splanch

nic nerves. 

Preganglionic fibers can branch to innervate more 

than one ganglion (25, 26). Preganglionic rami can synapse 

at a ganglion, or pass through a ganglion to course along 

interganlionic or postganglionic nerves to synapse with a 

different ganglion (25, 26). One consequence of this is 

that splanchnic and interganglionic nerves contain mixtures 

of pre- and postganglionic fibers (27). 

The postganglionic sympathetic nerves of the para

vertebral ganglia project to end organs via the gray rami 

communicantes, which often enter the dorsal and ventral 

roots. In mammals, the vast majority of paravertebral 

postganglionic fibers leave the spine through the ventral 
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roots, but this is not the case in the lower vertebrates 

(28). The postganglionic axons are usually unmyelinated, 

although many of the postganglionic axons arising in the 

SCG of the cat are myelinated (29, 30). 

The postganglionic rami of the prevertebral ganglia 

course along blood vessels, as in the case of the lumbar 

colinic nerves, or through mesenteric connective tissue, as 

in the case of the hypogastric nerves. The length of the 

postganglionic nerves depends on the distance between the 

particular end organ and the ganglion, and is therefore 

somewhat less in the case of postganglionic fibers arising 

in prevertebral ganglia. Recurrent axon collaterals have 

been observed (31), as have synapses between dendrites of 

adjacent principal ganglionic neurons (32, 33). 

It is difficult to determine the terminal fields of 

the postganglionic axons of a given ganglion, and it is 

probable that a considerable degree of overlap exists. 

Nevertheless, it is possible to make some generalizations. 

The preganglionic fibers of the celiac ganglia course 

through the greater and lesser splanchnic nerves. The 

postganglionic fibers innervate the stomach, liver, 

pancreas, spleen, adipose tissue, and vascular smooth 

muscles. The superior mesenteric ganglia receive pregang

lionic input from the lesser splanchnic nerves and send 

postganglionic axons to the small intestine, ascending and 

transverse colon, adipose tissue, and vascular smooth 
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muscles. Preganglionic fibers of the inferior mesenteric 

ganglia (IMG) project via the lumbar splanchnic and inter-

mesenteric nerves, while the postganglionic axons innervate 

the descending colon and uro-genital structures. The pre

vertebral ganglia appear to receive afferent fibers in 

addition to their preganglionic input (34, 35; Figure 1 ). 

The superior cervical ganglia (SCG) receive preganglionic 

input via the cervical sympathetic trunk, and send post

ganglionic axons to much of the head and neck, including 

the pineal gland, nictating membrane, and cerebral blood 

vessels. (See 20 for review of the terminal fields of the 

various sympathetic ganglia). Because of its accessibility 

and the fact that the cervical sympathetic trunk contains a 

high percentage of preganglionic fibers, the SCG have been 

widely utilized in studies of ganglionic physiology and 

pharmacology. The SCG have been reported to receive affer

ent input from the carotid sinus (36) , but this is by no 

means as well-established as the existence of afferent 

input in the prevertebral ganglia (34, 35, 36, 37, 38, 39, 

40, 41, 42). 

All of the sympathetic ganglia studied to date 

contain peptides as demonstrated by immunologic methods. 

Substance P and vasoactive intestinal polypeptide (VIP) are 

found in fibers within prevertebral ganglia (43, 44). En

kephalin occurs in fibers of all mammalian sympathetic 
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Figure 1. The macroscopic organization of the 
prevertebral sympathetic ganglia of 
the guinea pig. See text for the 
details of the experimental prepara
tion and the fine structure of the 
prevertebral ganglia. Drawing is 
courtesy of the American Physiological 
Society. 
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ganglia, and is occasionally found within perikarya (45). 

Somatostatin is found in perikarya# and in the case of the 

superior mesenteric ganglia, will accumulate on the gangli

on side of a ligature placed on the intermesenteric nerve 

trunk (46) . Most of the peptide-containing fibers are 

characterized by highly immunofluorescent varicosities. 

Peptide-containing cells are prevalent in the prevertebral 

ganglia, but are also seen in the SCG (47) . In the case of 

the IMG, some of the substance P-containing cells are fib

ers of passage, while others synapse with the principal 

ganglion cells. They can be traced back to their origins 

in dorsal root ganglia, and may therefore represent collat

erals of primary sensory nerves (48). 

Enkephalin-containing fibers originate in the intermedio-

lateral nuclei of the spinal cord, especially in the second 

and third lumbar segments (49). Retrograde dye tracing 

combined with inununohistochemistry has demonstrated the 

presence of enkephalin in the cell bodies of the pregangli

onic neurons (49). It is not known if enkephalin coexists 

with acetylcholine in these cells. Ultrastructural studies 

demonstrating mixed axo-axonic synapses in the IMG (50) 

suggest a morphologic basis for the observed presynaptic 

modulation of synaptic transmission in the IMG by opioid 

peptides (51). This will be discussed in more detail in 

later sections. 
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Alpha?-Adrenoceptors: The Pharmacology of Clonidine 

In 1961, Dudel and Kuffler demonstrated presynaptic 

inhibition in the neuromuscular junction of the crayfish 

(52). Stimulation of inhibitory nerves decreased the size 

of excitatory postsynaptic potentials (e.p.s.p.s) elicited 

by stimulation of excitatory nerves. This inhibition was 

characterized statistically, and found to be caused by a 

decreased number of quanta released per impulse, and was 

thus shown to be presynaptic. Similar presynaptic 

inhibition was observed in the cat spinal cord by Eccles 

(53). These data strongly suggest the existence of pre

synaptic receptors. 

In 1957, Brown and Gillespie measured the 

stimulation-induced release of norepinephrine in the per

fused cat spleen (54). They found that adrenergic blocking 

agents, such as phenoxybenzamine, increased norepinephrine 

overflow, and they suggested that postsynaptic 

(^-adrenoceptors were involved in the inactivation of 

norepinephrine (54). 

In 1970, Langer studied the effects of phenoxyben

zamine on the release of I3HJ norepinephrine in the nic

titating membrane of the cat (55). He, too, found an 

increase in the overflow of [3hJ norepinephrine, and fur

ther observed that this increase could not be entirely 

attributed to blockade of neuronal and extraneuronal uptake 
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of norepinephrine. This finding was verified by Cubeddu 

and Weiner in 1975 (56). These workers found that both 

phentolamine and phenoxybenzamine increased the 

stimulation-induced release of both norepinephrine and 

dopamine-B-hydroxylase (DBH) in the isolated cat spleen 

(56). DBH is a large molecule that is not a substrate for 

neuronal or extraneuronal uptake, and is therefore a useful 

marker for exocytotic release from sympathetic noradre

nergic nerves (56). 

Adrenergic blocking agents produced similar 

increases in norepinephrine overflow in isolated atria and 

whole heart preparations in several species (57, 58, 59). 

Cardiac tissue contains postsynaptic ^-adrenoceptors, and 

therefore the increased overflow of norepinephrine caused 

by ct-adrenergic blocking agents could not be attributed to 

a-adrenoceptor-mediated inactivation of norepinephrine, as 

suggested by Brown and Gillespie (54). This led Langer and 

others to propose that presynaptic a-adrenoceptors mediate 

inhibition of norepinephrine release from postganglionic 

sympathetic nerves. Thus, there is a threshold concentra

tion of norepinephrine in the synaptic cleft. When this is 

exceeded, presynaptic receptors are activated, thereby 

inhibiting further norepinephrine release (57, 60, 61). At 

this time, Starke showed that a-adrenoceptor agonists could 

decrease the stimulation-induced release of norepinephrine, 

that the amount of inhibition was inversely proportional 
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to stimulation frequency, and that this inhibition occurred 

in both heart and spleen (60, 61). Support for the nega

tive feedback hypothesis was provided by the observation 

that partial depletion of neuronal stores of norepinephrine 

by reserpine or a-methyl-p-tyrosine abolished the ability 

of a-adrenergic antagonists to increase norepinephrine and 

DBH overflow (56). This is consistent with the necessity 

for a threshold concentration to be reached before negative 

feedback can occur. Although details of this hypothesis 

have been challenged, especially by Kalsner (62), it is now 

widely accepted. 

In general, pre- and postsynaptic a-adrenoceptors 

are not identical. In an elegant study, Starke et al. cal

culated rank orders of potency for a series of 

a-adrenoceptor agonists with respect to their relative pre-

and postsynaptic potencies in the isolated rabbit pulmonary 

artery preparation (63). They found that clonidine and 

a-methyl-norepinephrine were potent and selective pre

synaptic a-agonists, while methoxamine and phenylphrene 

were selective postsynaptic a-agonists. These workers also 

used a variety of a-agonists to show that the pA of phen-

tolamine was not the same for pre- and postsynaptic 

responses (63). Starke et al. also showed that antagonists 

have varying degrees of selectivity for pre- and post

synaptic receptors (64). Thus, yohimbine is much more 

potent at blocking presynaptic responses in the pulmonary 
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artery, and can therefore enhance stimulation-evoked con

tractions (64) . 

With the differences between pre- and postsynaptic 

a-adrenoceptors well-established, Langer proposed that the 

postsynaptic a-adrenoceptor in the end organ be called 

"aj_" whereas the presynaptic a-adrenoceptor mediating 

transmitter release be called "a2 " (65). 

Alpt^-adrenoceptors are not exclusively localized 

in the peripheral nervous systems. Several workers have 

found ot2~adrenoceptors in the central nervous system 

(CMS) . As in the periphery, c^-agonists inhibit norepine

phrine release in many different brain regions. This has 

been observed in brain slices (60, 61), in synaptosomes 

(68, 69), and with c^-agonists other than clonidine (69). 

Electrophysiologic studies have verified the existence of 

functional (^-adrenoceptors in the nucleus locus coruleus 

(70). Thus, (^-adrenoceptors may modulate noradrenergic 

tone throughout the central neuroaxis. The central distri

bution of c*2~a^renc)CePtors has been mapped with an auto

radiographic technique (71). 

Presynaptic receptors have been found on 

nonadrenergic nerves. Epinephrine and norepinephrine 

decrease the field stimulation-induced release of acetyl

choline from the guinea pig ileum (72, 73, 74), guinea pig 

colon (75), and from preganglionic fibers in the SCG of the 

rat (76, 77). In the experiments on isolated segments of 
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guinea pig intestine, it is not known whether catechola

mines are inhibiting transmitter release from pre- or post

ganglionic cholinergic neurons. Pharmacological analysis 

indicated that catecholamines inhibit acetylcholine release 

by acting on a-adrenoceptors. Wikberg recently character

ized the inhibitory a-adrenoceptor in the guinea pig ileum 

as c*2 (78) . In the guinea pig brain, norepinephrine can 

inhibit the field stimulation-induced release of 

acetylcholine, and this is mediated by an (^-adrenoceptor 

(79) . 

It is now clear that a-adrenoceptors must be 

classified according to antagonist specificity or rank 

orders of agonist potency rather than pre- or postsynaptic 

localization. In this regard, postsynaptic 

(^-adrenoceptors have been found on vascular smooth muscle 

(80), salivary glands (81), and in the CNS (82). Of parti

cular interest is the recent report by Brown and Caulfield 

describing postsynaptic c^-adrenoceptors in the SCG of the 

rat (83). 

The wide distribution of c^-a^renoceptors in the 

central and peripheral nervous systems makes it difficult 

to determine single discrete sites for the behavioral and 

autonomic effects of clonidine. However, it is clear that 

clonidine alters baroreceptor function in several species. 

Thus, clonidine appears to inhibit the spontaneous firing 

of excitatory baroreceptor afferents in several bulbar 
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cardiovascular regions (84). Clonidine causes a considera

ble decrease in spontaneous sympathetic outflow, while 

producing a smaller decrease in baroreflex-induced sympa

thetic outflow (85) . This may be due to actions of cloni

dine on neurons in nucleus tractus solitarius (85), as well 

as preganglionic cell bodies in the intermediolateral 

spinal cord (86) . Sympathetic discharge was monitored in 

postganglionic cardio-accelerator nerves, so ganglionic 

blockade may have contributed to the observed reductions in 

sympathetic outflow. 

Clonidine appears to produce a vagally-mediated 

bradycardia that is blocked by atropine (87). Haeusler has 

concluded that clonidine stimulated baroreceptor afferent 

discharge at the level of nucleus tractus solitarius. This 

would explain the observed increases in vagal outflow, and 

hence the bradycardia (88). 

Clonidine probably lowers blood pressure by acting 

on several hypothalamic, medullary, spinal, and peripheral 

loci (89). No authors have examined the role that 

ganglionic blockade may have in mediating the hypotension 

and bradycardia caused by clonidine. 

Presynaptic dopamine and opiate receptors have also 

been described in a variety of preparations. Konishi and 

Otsuka have found presynaptic opiate receptors on nerve 

terminals of preganglionic fibers in the IMG (90); opioids 

produce similar presynaptic effects on single ganglia in 
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Auerbach's plexus (91). presynaptic dopamine receptors 

have been found on postganglionic sympathetic nerves in 

several vascular beds and in the heart (92), The physiolo

gical significance of these observations is not obvious, 

but presynaptic modulation of neurotransmitter release 

seems to be a widespread phenomenon. 

Fine Structure of Sympathetic Ganglia 

Sympathetic ganglia contain nerve cell bodies and 

processes organized with glial cells in a complex matrix. 

The ganglia are diffusely vascularized, and are completely 

surrounded by a thick capsule of connective tissue. Glial 

cells are found enveloping the perikarya and processes of 

most of the neurons, and are located between the neurons 

and the outside connective tissue capsule (93) . Except for 

areas of interneuronal contacts, ganglion cells and their 

processes are always surrounded by these satellite cells 

(94). Elfvin has suggested that these satellite cells 

serve to regulate the internal environment of the ganglion 

(94). Most sympathetic ganglia are vascularized with 

capillaries characterized by highly fenestrated endothelial 

layers (95). Most sympathetic principal ganglion cells are 

multipolar, with perikarya having a diameter of 15-16 yM 

(94). Principal ganglion cells in the SCG have several 

long spiny dendrites, several short dendrites, but usually 

only one axon (50). Synapses are rarely found on the 
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perikaryon, which gives off many short processes (50). 

Most of these short processes contain small dense-core 

vesicles, similar to those known to contain norepinephrine 

(96). When axo-dendritic or axo-somatic synapses are seen, 

the presynaptic axons contain large (>800A) clear vesicles 

which presumably contain acetylcholine (97, but see 98). 

These large clear vesicles are found in axons of most sym

pathetic ganglia (97, 99) and in the adrenal medulla (96). 

The SCG contain, in addition to short processes, 

several longer dendrites. These long dendrites are exten

sively branched, and are seen by electron microscopy to 

make synaptic contacts with each other, as well as with 

perikarya (100) . Many contacts are made between pregangli

onic fibers and long dendrites, which can form tracts, or 

fasiculi, that ultimately give rise to a pericellular 

dendritic nest (100). By these means, several principal 

ganglionic cells can be intimately connected. In the SCG, 

axo-axonic synapses have been observed (100), but these are 

rare. The great majority of synapses are axo-dendritic. 

Presynaptic fibers run parallel to, or wind around 

dendrites, establishing synaptic contacts at many points 

(100) . 

The SCG of most species contain small chromaffin 

cells called "SIF cells," or "small intensely fluorescent" 

cells. The SIP cells in the SCG of the rat seem to have 

many of the characteristics of internuncial cells. Pre-
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ganglionic fibers synapse with the SIP cells (101, 102), 

which seem to make efferent synapses with the dendrites and 

perikarya of principal ganglion cells (103) . That SIF 

cells in the rat SCG represent true interneurons is not 

universally accepted (104). SIF cells in the SCG of the 

rat and rabbit contain large amounts of dopamine and much 

smaller amounts of norepinephrine (105, 106), while SIF 

cells in the SCG of the guinea pig contain mostly norepine

phrine (105). SIF cells are highly resistant to amine 

depletion by reserpine (107). The possible functions of 

these cells will be described later. 

The IMG are found at the junction of the inferior 

mesenteric artery and the abdominal aorta. One ganglion is 

usually larger than the other; the two ganglia are 

connected by commissural fibers. Most of the principal 

ganglion cells are stellate, and are approximately the same 

size as those in the SCG (35). As in the case of the SCG, 

there is a pericellular dendritic nest (35). The 

synaptology of the IMG appears somewhat more complex than 

the SCG, however. Afferent fibers have been observed by 

decentralization of the ganglion and noting large numbers 

of undegenerating axons (35). Many axo-axonic synapses are 

seen between axons containing large clear vesicles (99). 

Elfvin speculates that these contact zones may be a morpho

logic basis for presynaptic inhibition (99). More 

recently, enkephalins have been found in the cell bodies 
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and processes of preganglionic fibers projecting to the IMG 

(49). Additionally, long dendrites appear to make synaptic 

contacts with each other, as well as to make some 

dendro-axonic synapses (108). Most dendrites contain small 

dense-core vesicles. These small dense-core vesicles are 

identical to those found in postganglionic adrenergic 

axons. The dendrites are characterized by varicosities, 

and this explains their "beaded" appearance when observed 

utilizing fluorescent histochemical techniques at the light 

microscopic level (109) . 

The IMG contain high concentrations of catechola

mines compared to other sympathetic ganglia (110). The 

primary catecholamine in the guinea pig IMG is 

norepinephrine, as determined by immunofluorescence methods 

(111). However, unlike the SCG, no synaptic contacts are 

made between SIP cell processes and nerve cell processes 

(95, 111). Instead, they are located adjacent to highly 

fenestrated capillaries; some electron micrographs appear 

to show exocytotic release of the contents of small 

dense-core vesicles into the pericapillary space (95). 

Thus, in the IMG, the SIF cells appear to have an endocrine 

rather than interneuronal function. Some evidence for 

nexuses between SIF cells in the IMG has been observed, and 

they may be electrically coupled (95). 

Thus, SIF cells may modulate synaptic transmission 

by release of modulators into the local circulation, or 
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they may provide a source of norepinephrine to insure 

against neurotransmitter depletion by regulating 

impulse-dependent neurotransmitter biosynthesis. 

Slow and Fast Synaptic Transmission 
in Sympathetic Ganglia 

Neurochemical evidence discussed in an earlier sec

tion showed that acetylcholine was the excitatory 

neurotransmitter in sympathetic ganglia (10, 12, 13, 14, 

16), but little was known about the electrophysiological 

details of synaptic transmission in sympathetic ganglia. 

In 1935, Eccles used extracellular recording tech

niques to describe action potentials in the SCG of the 

decerebrate cat in situ (112). Eccles found four different 

types of preganglionic fibers based on differences in con

duction velocity. He also found that the very fast pre

ganglionic fibers projected to postganglionic cells which 

innervate tissues lacking a reciprocal parasympathetic 

input; i.e., the nictitating membrane (112). 

Interestingly, Langley had previously shown that postgang

lionic axons innervating the feline nictitating membrane 

are myelinated (29). Eccles found that a synchronous 

volley in the preganglionic fibers produced several poten

tial waves in the postganglionic cells. The main wave is 

negative and is followed by a later, slower, positive wave 

of much smaller magnitude. This, in turn, is followed by a 

later, very slow negative wave (112). During the positive 
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wave, the ganglion was less excitable (112). Note that 

with extracellular recording a positive wave corresponds to 

a hyperpolarization of the principal ganglionic neurons. 

Eccles later found that the first negative wave (N-wave) 

was attenuated by curare (113). This corresponds to the 

conversion of suprathreshold spikes to subthreshold 

e.p.s.p.s. Similar results were obtained in motor 

end-plates treated with curare (114). After curare the 

positive (P-wave) and late negative waves (LN-waves) were 

more apparent (113). 

Rosamond Eccles performed the first electrophysio

logic experiments on isolated SCG in 1952 (115). Using 

this technique, she verified the existence of three poten

tial waves after synchronous repetitive stimulation of the 

cervical sympathetic trunk. Cholinesterase inhibition 

increased the P-wave suggesting that it too was mediated by 

acetylcholine (116). 

The first intracellular recordings in sympathetic 

ganglia were made in 1955 from isolated feline SCG (117). 

Resting potentials were in the range of -55 to -80 mV, 

slightly greater than those reported by most 

investigators. Past e.p.s.p.s. were blocked by nicotine 

(118). Eccles and Libet verified the existence of P-waves 

and LN-waves by intracellular recordings in 1961 (119). 

These phenomena are manifest as a slow i.p.s.p. followed by 

a late slow e.p.s.p., and are initiated by synchronous re
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petitive stimulation of the cervical sympathetic trunk 

(119), Atropine had no effect on fast e.p.s.p.s, but 

reduced both the slow i.p.s.p. and the slow e.p.s.p. 

(119). Dibenamine abolished the slow i.p.s.p. (119). 

These workers proposed the existence of a 

catecholamine-containing interneuron between the pre- and 

postganglionic cells. Preganglionic fibers would release 

acetylcholine onto principal ganglionic cells, thereby 

producing a nicotinic fast e.p.s.p. Acetylcholine would 

also be released onto an interneuron, resulting in a musca

rinic receptor-mediated release of some unspecified cate

cholamine onto the principal ganglionic neuron. This cate

cholamine would hyperpolarize the principal ganglionic 

neuron, producing the slow i.p.s.p. Lastly, Eccles and 

Libet proposed that acetylcholine from preganglionic fibers 

interacts with postganglionic nuscarinic receptors to pro

duce the slow e.p.s.p. 

When fast e.p.s.p.s reach threshold, action poten

tials are observed (117, 118). The amplitude of the spike 

is around 50-100 mV, depending on the quality of the 

impalement. The spike lasts 1.5-3.6 msec in the SCG 

(117). Most authors report that spikes can follow a stimu

lation frequency of no more than 15 Hz. Above this, one 

observes only e.p.s.p.s. Because of the presence of pre

ganglionic fibers of varying conduction velocities, a sin

gle stimulus applied to a preganglionic trunk may produce 
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more than one spike (120). Antidromic spikes have been 

recorded in many ganglia (121). 

Fast e.p.s.p.s in all sympathetic ganglia are 

associated with a profound increase in input conductance, 

sometimes as much as 100 fold (122). The equilibrium 

potential for the fast e.p.s.p. in the SCG is about -30 mV 

(122). This suggests that, as in the case of the motor 

end-plate, stimulation of nicotinic receptors results in 

the opening of cation-selective channels. In the case of 

the rat and rabbit SCG, the action potential is associated 

with influx of Na+ and Ca+ (123). Thus, regenerative 

Ca+2-spikes can be obtained in the presence of 1.0 yM 

tetrodotoxin (TTX) and 5 jjM tetraethyl ammonium (TEA) 

(123). The size of the action potential is proportional to 

the log of the external Ca+^-concentration. During the 

spike, Ca+2-influx appears as a shoulder on the falling 

phase of the action potential in normal Locke's solution. 

Ca+2-influx also triggers a K+-current responsible for 

the hyperpolarizing afterpotential seen in most SCG cells. 

This last K+-current is not particularly 

voltage-sensitive, but seems to be highly Ca+2-dependent, 

and is seen in all SCG cells that have Ca+2-spikes (123). 

The slow e.p.s.p. has been studied with 

voltage-clamp techniques (124). These studies have shown 

the presence of a time- and voltage-dependent K+-current 

distinct from that responsible for delayed rectification 



(repolarization) in sympathetic neurons. The time and 

voltage-dependence of this current, termed the M-current 

(124), suggests that it provides a steady outward current 

at membrane potentials between -60 to -25 mV. Closing of 

this channel leads to depolarization, and agents such as 

acetylcholine and angiotensin II which produce slow 

depolarizations, appear to close this channel (124). These 

studies also identified two other K+-currents, one 

responsible for delayed rectification analagous to that 

described by Hodgkin and Huxley (125), and a variable, 

Ca+2-dependent, K+-current responsible for the 

hyperpolarizing afterpotential (126). 

The slow i.p.s.p. has not yet been studied with 

voltage clamp, but current clamp experiments suggest that 

it is associated with an increase in resting 

K+-conductance (127). 

Most investigators now believe that the slow 

i.p.s.p. in the rat and rabbit SCG requires an interneuron 

as originally proposed by Eccles and Libet (119). The best 

evidence comes from Dun and Karczmar (128), These workers 

found that iontophoretic application of acetylcholine by 

tetanic pulses mimicks all of the effects of tetanic stimu

lation of preganglionic nerves. Thus, fast e.p.s.p.s, slow 

i.p.s.p.s, and slow e.p.s.p.s were observed. Curare 

blocked the fast e.p.s.p.s while atropine blocked the slow 

potentials. Haloperidol, a dopamine antagonist, blocked 
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only the slow i.p.s.p. (128). In solutions low in Ca+2, 

or containing TTX, only the slow e.p.s.p. remained, sug

gesting that an interneuron is necessary to evoke a slow 

i.p.s.p. The slow i.p.s.p. evoked by iontophoresis of 

acetylcholine was identical in all respects to the slow 

i.p.s.p. elicited by repetitive stimulation of the pregang

lionic fibers (128). Morphological evidence supporting the 

existence of an interneuron has already been presented 

(101, 102, 103). The sucrose-gap technique has been used 

to examine slow potentials in the SCG of several species 

(129), N-waves, P-waves, and LN-waves are seen in the dog, 

cat, rabbit, and rat (129). Only N-waves and LN-waves are 

found in the guinea pig SCG. All waves were potentiated by 

neostigmine and blocked by atropine. P-waves, when 

observed (all species except the guinea pig), were blocked 

by haloperidol but not by phentolamine, suggesting a 

dopaminergic rather than noradrenergic interneuron (129). 

None of these waves were associated with detectable changes 

in cAMP concentration. Thus, the interneuron is a 

muscarinic-cholinoceptive, dopaminergic cell (129). 

Brown and Caulfield have characterized one popula

tion of hyperpolarizing catecholamine receptors in the rat 

SCG as (^-adrenoceptors (83). This is confusing in light 

of the evidence suggesting that the interneuron releases 

dopamine (107, 128, 129). Perhaps dopamine stimulates 

o^-adrenoceptors .in situ. 
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Several groups have found that dopamine stimulates 

an adenylate cyclase in the rabbit SCG (130, 131), but it 

is not clear whether this adenylate cyclase is localized on 

satellite cells or on principal ganglion cells, where it 

has been hypothesized to mediate synaptic transmission 

(130, 131). The question of cyclic nucleotide regulation 

of slow (or fast) synaptic events in heterogenous tissues 

such as sympathetic ganglia awaits the development of more 

sensitive and specific pharmacologic and histologic probes. 

Synaptic transmission in prevertebral ganglia is 

not as well understood as in the SCG, and the question of 

the existence of interoceptive reflex arcs was only 

recently resolved. 

Fast nicotinic transmission in the guinea pig IMG 

is essentially identical to the SCG. The first 

intracellular recordings were by Crowcroft and Szurszewski 

(132). These workers found resting potentials of -55 to 

-65 mV, action potential amplitudes greater than 100 mV, 20 

mV hyperpolarizing afterpotentials, and blockade of evoked 

action potentials by nicotinic blocking agents. 

Orthodromic potentials were evoked by stimulation of lumbar 

splanchnic, lumbar colonic, intermesenteric, or hypogastric 

nerve trunks (132). As many as four action potentials 

could be elicited by supramaximal stimulation of any of 

these trunks, suggesting the existence of fibers of differ

ent conduction velocities and marked convergence of 
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input (132). Distention of the colon produced an increase 

in nerve activity recorded in the IMG (37). These poten

tials occasionally summed to reach threshold. 

Interestingly, superfusion of the IMG with 10"^ M norepi

nephrine reduces the size of these potentials (38). Phar

macological relaxation of either the relaxed or distended 

colon reduced "spontaneous" activity in the IMG, while 

agents which increased the tone of the colon increased 

activity recorded in the IMG (38). The efferent fibers of 

the IMG projecting to the colon reduce the 

mechanosensitivity of the afferent, colonic-IMG pathways, 

and this is blocked by phentolamine (38). The 

mechanoceptors in the colon are responsive at, and propor

tional to, physiological levels of colonic intraluminal 

pressure (39). Indeed, mechanoceptors responding to 

tension have been observed in the colon (133). These 

mechanoceptors resemble Pacinian corpuscles, and are found 

in series with the colonic smooth muscle cells. Hence, 

they probably represent tension receptors rather than 

volume receptors. Pacinian corpuscles can be modulated by 

the sympathetic nervous system (134), and this could 

explain the observed control of the afferent input to the 

IMG by sympathetic stimulation (38). The colonic-IMG 

pathways represent a closed feedback loop whereby the tone 

of the colon can regulate activity in the IMG, and whereby 

the IMG can affect the activity of mechanosensitive 
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afferent fibers. The IMG can, therefore, integrate affer

ent information with preganglionic input from the CNS to 

produce an appropriate efferent output to the viscera. 

This conclusion is strongly supported by extracellular 

recordings made by Davison and Hersteinsson (135). These 

workers found that stimulation of the lumbar splanchnic, 

lumbar colonic, hypogastric, or intermesenteric nerves 

evoked activity in the IMG and in all of the nerve trunks 

except the preganglionic lumbar splanchnic nerves (135). 

These responses showed a considerable synaptic delay, were 

blocked by nicotine, and were therefore reflexive in nature 

(135) . 

The celiac-superior mesenteric ganglia are 

electrophysiologically similar to the IMG. Afferent fibers 

were described by Kuntz and Saccomano (136), who found that 

distension of the large bowel caused inhibition of motility 

in the small bowel, even after "complete" decentralization 

of the celiac plexus. This reflex was blocked when the 

celiac plexus was treated with nicotine, but not when the 

bowel was transected at the level of the ileal-cecal junc

tion (136). This inhibitory reflex is therefore due to an 

extrinsic, peripheral, reflex arc. Extracellular 

recordings demonstrated afferent fibers with a variety of 

conduction velocities (137). 

Intracellular recordings by Kreulen and Szurszewski 

verified and extended these observations (40, 41, 42). 
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Thus, celiac plexus neurons have electrophysiologic 

properties similar to the IMG. Resting potentials are -54 

+1.9 mV and hyperpolarizing afterpotentials of at least 10 

mV amplitude are common. The celiac plexus receives 

mechanoceptor input from the colon similar to that in the 

IMG (41). As in the case of the IMG, the afferent fibers 

are cholinergic nerves that act on nicotinic receptors. 

However, unlike the IMG, the pattern of input depends on 

the location of the particular principal ganglion cell in 

the celiac plexus (40). This apparent "viscerotopic" 

organization is reflected in differences in responses of 

cells to orad or caudad colonic distention, depending on 

the location of the cell in either the superior mesenteric 

ganglia or the right or left celiac ganglia (41). Kreulen 

and Szurszewski concluded that several of these pathways 

are involved in colo-colonic reflexes (42). Additionally, 

these authors found cells that responded to stimulation of 

afferent nerve trunks, but not to colonic distention. 

These cells may receive afferent input from more proximal 

parts of the alimentary tract, or from other viscera, and 

may therefore coordinate complex reflex movements of the 

viscera (41). 

Synchronous repetitive stimulation of afferent fib

ers in the guinea pig IMG produces a slow e.p.s.p. (138, 

139, 140). This depolarization is associated with a fall 

in input conductance, and may therefore be caused by a 



decreased M-current (124). Depolarization may exceed 

threshold, resulting in a train of action potentials 

lasting up to a minute (139). The transmitter(s) is not 

known for certain, but may be substance P (140, 141). Sim

ilar slow e.p.s.p.s are observed in the celiac plexus 

(142), and in the feline IMG (143). Slow i.p.s.p.s hav^ 

not been reported in mammalian prevertebral ganglia. 

Unlike the slow potentials in the SCG, slow potentials in 

the prevertebral ganglia are not affected by agents that 

modify cholinergic or adrenergic neurotransmission (138). 

Although fast synaptic transmission in prevertebral 

ganglia resembles the SCG, the pattern and pharmacology of 

slow transmission is distinct. Slow transmission in pre

vertebral ganglia does not appear to require interneurons, 

SIF cells, or biogenic amines. Slow transmission may be a 

second type of afferent input important in the integration 

of fast efferent and visceral afferent input to preverte

bral ganglia. 

Pharmacological Modulation of Synaptic Transmission 
in Sympathetic Ganglia 

In 1939, Marazzi used extracellular recording tech

niques to determine that the intravenous administration of 

5 yg of epinephrine would attenuate transmission through 

the stellate ganglion of the dog (144). In the same year, 

he found that stimulation of the splanchnic nerves 

innervating the adrenal medulla would produce the same 
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effect (145). Because painting of epinephrine onto sympa

thetic ganglia had previously been shown to produce vaso

dilation in peripheral vascular beds (146), Marazzi sugges

ted that this action of epinephrine prepared animals for 

"fight or flight" by redistributing blood flow. Bulbring 

verified this report in 1945 (147), finding that epine

phrine inhibited synaptic transmission in the perfused SCG 

of the cat. She also noticed accumulation of epinephrine 

in the venous perfusate after prolonged preganglionic 

stimulation; she suggested that epinephrine was released 

from chromaffin cells (SIF cells) in the ganglion (147). 

More recently, stimulation of the cervical sympa

thetic trunk in the isolated rabbit SCG was shown to 

release norepinephrine and several metabolites (148). Nor

epinephrine release was Ca+2-dependent, and was abolished 

by prior decentralization of the ganglion (148), It was 

suggested that noradrenergic nerves course along the inter-

ganglionic chains to innervate various ganglia. These fib

ers could be postganglionic axons originating in caudal 

ganglia. 

Several catecholamines produce direct postsynaptic 

effects on the principal ganglin cells in the SCG of sev

eral species. In one study, iontophoresis of dopamine onto 

the SCG of the rabbit hyperpolarized about half of the 

tested cells (149). This effect was blocked by 10~7 M 

haloperidol. The effect of dopamine was not mimicked by 
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iontophoresis of cAMP or its analogs (149). Libet has also 

observed a direct hyperpolarizing response to dopamine in 

the rabbit SCG (150). This hyperpolarization is not assoc

iated with a change in input conductance (150). The 

hyperpolarizing responses to dopamine were not associated 

with any change in cyclic nucleotide levels (130), Other 

workers have observed hyperpolarizing responses to dopamine 

in the SCG of several species (151, 152). It is now 

generally accepted that cAMP does not mediate the 

hyperpolarizing response to dopamine (130, 150) and this 

conclusion is supported by biochemical experiments (153). 

Libet has noted that dopamine can potentiate the 

slow depolarization caused by muscarinic agonists (154), 

and this effect of dopamine may be mediated by cAMP (130). 

Skok has recently described hyperpolarizations 

caused by norepinephrine in the SCG of the rabbit (127). 

Two populations of cells were described; norepinephrine can 

hyperpolarize ganglion cells by either an increase or no 

change in input conductance. Brown and Caulfield have used 

the sucrose gap technique to analyze the receptor type 

mediating the postsynaptic actions of catecholamines (83). 

Their results indicate that these reponses are mediated 

by (^-adrenoceptors• T^e hyperpolarizing effects of cate

cholamines are slightly potentiated by inhibitors of 

catechol-o-methyl transferase, which limits access of cate

cholamines to the interior of the ganglion (155). 
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Catecholamines affect the shape of the action 

potential, as well as the resting membrane potential and 

input conductance. It has been observed that norepine

phrine reduces the Ca+2-spike elicited in the presence of 

TTX and TEA (156). This effect was blocked by phentolamine 

but not by p-adrenoceptor blocking agents. Dopamine ago

nists and antagonists were not studied (156). 

Catecholamines exert presynaptic effects on 

synaptic transmission in the SCG. Christ and Nishi 

observed that norepinephrine inhibits acetylcholine release 

in cholinergic fibers of the rat SCG (76) . Similar effects 

were produced by dopamine in the rabbit SCG (77). In the 

above studies, catecholamines exerted both pre- and post

synaptic effects. In the guinea pig SCG, where no slow 

i.p.s.p. is observed, norepinephrine blocks synaptic trans

mission without producing detectable changes in input 

conductance, resting membrane potential, or excitability 

(157). Norepinephrine appeared to block synaptic transmis

sion by inhibiting acetylcholine release from cholinergic 

nerves. This effect was mediated by an a-adrenoceptor 

(157). 

The effects of adrenergic agents on neurons in 

paravertebral ganglia depend on the pathway involved. 

Thus, 6,7-dihydroxy-2-dimethyl aminotetralin, a dopamine 

agonist, blocked synaptic transmission in stellate ganglion 
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fibers projecting to the carotid artery, but not in fibers 

projecting to the forelimb vasculature (158). 

Several other drugs alter synaptic transmission in 

paravertebral ganglia. Muscarinic agonists produce a slow 

depolarization in the SCG (128, 130, 159, 160). The musca

rinic response can be potentiated by dopamine by means of a 

cAMP-dependent mechanism (130) . This action of dopamine 

should not be confused with the hyperpolarizing response to 

dopamine which does not appear to be mediated by cAMP (130, 

149). Depolarization by muscarinic agonists is associated 

with a fall in input conductance (161) , perhaps due to in-

activation of the M-current (126). It has been suggested 

that the muscarinic depolarization is mediated by guanylate 

cyclase and a cGMP-dependent protein kinase (162). 

However, it has recently been shown that cGMP and its 

analogs induce membrane potential changes associated with 

an increase in input conductance rather than the decrease 

in input conductance observed with muscarinic agonists 

(163). In the rat SCG, the actions of muscarinic agonists 

are mimicked by angiotensin II, both producing 

depolarizations associated with a fall in K+-conductance 

(164). Voltage clamp experiments indicate that muscarinic 

agonists and angiotension II inactivate the same 

voltage-sensitive K+-conductance, known as the M-current 

(126). 
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Dun and Karczmar have recently shown that serotonin 

inhibits the release of acetylcholine from preganglionic 

fibers in the rabbit SCG (165), Serotonin reduced fast 

e.p.s.p. amplitude at concentrations of 1-100 uM, but did 

not affect membrane potential or input conductance in the 

majority of cells tested. Some cells were depolarized with 

an increase in input conductance, but these effects were 

transient compared to the duration of the synaptic block. 

Quantal content, but not quantal size of evoked e.p.s.p.s, 

was decreased by serotonin, and no effect was observed on 

e.p.s.p.s elicited by iontophoresis of acetylcholine (165). 

Similar effects are produced by prostaglandin E in 

the rabbit SCG (166). At concentrations of 0.01-0.5 jjM, 

prostaglandin E reduces the amplitude of orthodromically 

evoked e.p.s.p.s without affecting membrane potential or 

input conductance (166). Higher concentrations, around 

1 yM, caused depolarizations associated with increases in 

input conductance. 

The effects of drugs on synaptic transmission in 

prevertebral ganglia have not been extensively studied. 

Morphine inhibits the release of acetylcholine from 

preganglionic and afferent fibers in the guinea pig IMG 

(167). Morphine produces a decrease in quantal content of 

e.p.s.p.s with little effect on quantal size. The effects 

of morphine are blocked by naloxone (167). Similar effects 

are observed in the eighth abdominal ganglion of the 
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frog (168). In this latter study, increasing the 

Ca+2-concentration in the external medium reduced the 

effects of morphine, as did opiate antagonists (168). Leu-

and met-enkephalin inhibit acetylcholine release in the IMG 

and in the celiac plexus. No postsynaptic effects were 

observed (169). A second study by the same authors 

verified this result, and showed that the effects of 

enkephalins were antagonized by naloxone (90). 

Several workers have shown that substance P causes 

a depolarization of principal ganglion cells in the guinea 

pig IMG (138, 139, 140). The effect of substance P appears 

to be associated with a fall in K+-conductance in most 

cells. A similar mechanism is observed in the late phase 

of the slow e.p.s.p. in the guinea pig IMG (139). The 

effect of substance P rapidly desensitizes, and when this 

occurs, the slow e.p.s.p. is allegedly attenuated (141). 

Enkephalin acts on afferent fibers to reduce the release of 

substance P evoked by synchronous stimulation of afferent 

fibers projecting to the IMG. Hence, enkephalin reduces 

the size of the slow e.p.s.p. (141). Naloxone has been 

reported to increase the size of the slow e.p.s.p., but not 

the fast e.p.s.p., in the guinea pig IMG (170). Thus enke

phalin may exert a tonic inhibitory influence on the 

release of substance P, but not of acetylcholine (170). 

Enkephalins also inhibit substance P release from the 

trigeminal nucleus (171), and from the substantia 



38 

gelatinosa (172). This lattec observation is intriguing in 

light of the fact that substance P-containing neurons in 

the IMG have their cell bodies in the dorsal root ganglia 

(48), and that visceral afferent fibers make indirect 

trans-synaptic contacts with preganglionic cell bodies and 

dendrites in the intermediolateral nuclei of the spine 

(173). 

It is likely that the actions of drugs on sympathe

tic ganglia reflect neurochemical mechanisms utilized for 

integration of efferent and afferent input in ganglia. 

Despite pharmacologic, physiologic/ and morphologic data 

available for half a century, scientists insist on defining 

and describing the sympathetic nervous system as being 

purely efferent. There is no value to this idea and it 

should be abandoned. 

Statement of the Problem 

Experiments over an 80-year period have demon

strated that neurotransmission is usually chemical, espe

cially in mammalian sympathetic ganglia. Neurotransmission 

can be modified by drugs and endogenous substances, fre

quently by modulating the amount of neurotransmitter 

released per impulse at the nerve terminal. Catecholamine 

agonists inhibit neurotransmitter release in a variety of 

systems by interacting with presynaptic c^-adrenoceptors. 

Alpha2-adrenoceptors also mediate inhibitory or excitatory 
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effects on postsynaptic sites, In the SCG of several 

species, but not the guinea pig# stimulation of 

c^-adrenoceptors on the principal ganglion neurons 

hyperpolarizes these cells. This may be physiologically 

important in mediating the slow i.p.s.p. evoked by repeti

tive stimulation of the cervical sympathetic nerve# or it 

may be used by interganglionic noradrenergic pathways. The 

i.p.s.p. requires a dopaminergic interneuron that has been 

described morphologically. The guinea pig SCG does not 

contain an interneuron, and it is incapable of producing a 

slow i.p.s.p. Here, catecholamines exert inhibitory 

effects on synaptic transmission by means of a 

presynaptic, a-adrenergic mechanism. The a-adrenoceptor in 

this case has not been extensively characterized. 

Prevertebral ganglia are more complex in 

organization, receiving both afferent and efferent input 

from several end organs and the CNS. SIF cells in prever

tebral ganglia are not interneurons, but are located close 

to the vasculature of the ganglion. Thus they probably 

have an endocrine rather than interneuronal role. Prever

tebral ganglia do not have a dopaminergic i.p.s.p. or a 

muscarinic slow e.p.s.p. Instead, they have a slow 

e.p.s.p. that is not blocked by haloperidol, phentolamine, 

or atropine. One of the transmitters involved in the slow 

e.p.s.p. of the guinea pig IMG is probably substance P, an 

undecapeptide. Fast and slow synaptic transmission in the 
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IMG is blocked by opioids; this action is reversed by 

naloxone, which can potentiate the slow e.p.s.p. The 

effects of adrenergic agents on slo'w and fast synaptic 

transmission in the guinea pig IMG, or for that matter any 

prevertebral ganglia, have never been systematically 

studied. This thesis will show that a-adrenoceptor ago

nists block fast, but not slow synaptic transmission in the 

guinea pig IMG. These effects are essentially presynaptic 

in nature, and are mediated by o^-adrenoceptors. These 

findings will be discussed in relation to the integration 

of afferent and efferent neural input to the ganglia, and 

the pharmacology of therapeutically important agents such 

as clonidine and a-methyldopa. 



CHAPTER 2 

METHODS 

The techniques used in this study are essentially 

identical to those used in several previous studies (37, 

38, 39, 132). 

Guinea Pig IMG Preparation 

Young male guinea pigs weighing 150-250 g were used 

because the dissection was facilitated in animals that did 

not yet have copious amounts of adipose tissue in the 

mesocolon. Animals were sacrificed by a blow on the head 

and partially exsanguinated. The IMG was located and 

removed with the mesocolon attached between the descending 

colon and the abdominal aorta (Figure 1). This preparation 

was pinned out in a 13 ml organ bath described by Weems and 

Szurszewski (38). The ureters and connective tissue were 

trimmed away, and the preparation was superfused with Krebs 

solution of the following composition (mM): KC1 (4.7), 

MgCl2 (2.5), NaHC03 (23.8), KH2PO4U.2), dextrose 

(5.5), CaCl2(2.5). The solution was bubbled with 95% 

02_5% CO2 and maintained at 35-37°C. Under these 

conditions, the pH was 7.3-7.4. Bipolar platinum 

41 
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electrodes were placed on both hypogastric nerves, the 

lumbar colonic nerves, and occasionally on the lumbar 

splanchnic and intermesenteric nerves as well. The routine 

superfusion rate was 8-10 ml per minute. 

Recording Techniques 

Intracellular recordings were made with glass 

microelectrodes filled with 3 M KC1. Electrode resistances 

ranged from 40-80 Mfi. The signal was amplified (WP-M707), 

displayed on a digital oscilloscope (Nicolet 201), and 

stored on magnetic tape. Input conductance was determined 

by injecting current through the recording electrode by 

means of a bridge circuit. This served to directly 

stimulate cells and to determine rheobase current. 

Rheobase current is here defined as the minimum amount of 

depolarizing current, delivered as a 90 msec square wave, 

required to elicit an action potential. Direct (through 

the recording electrode), or orthodromically evoked nerve 

stimuli were delivered by Grass S88 stimulators and Grass 

SIU-5 stimulus isolation units. Because of differences in 

the amount of connective tissue adhering to the nerve 

trunks, stimulus intensities between experiments are not 

comparable. 
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Drug Delivery 

Drugs were either applied to the reservoir and 

superfused over the preparation, or injected by means of a 

pressure pipette placed 5 mM "upstream" from the ganglion; 

drugs were injected in microliter volumes. There is a 

considerable degree of uncertainty as to the concentration 

of drugs at the ganglia with both of these methods of drug 

delivery, and this is a major source of uncontrolled 

variability both within and between experiments. This is a 

common problem in previously published works? similar 

difficulties are encountered with iontophoresis and 

pneumatic pressure injection units. 

Drugs used are clonidine HC1 (courtesy of 

Boehringer-Ingelheim), acetylcholine chloride, 

1-norepinephrine bitartate, 1-epinephrine bitartate, 

yohimbine HC1, dl-isoproterenol HCL (all from Sigma), and 

methoxamine HCL (Burroughs Wellcome). All drugs were 

dissolved in Krebs solution and had a pH of 7.3-7.4. 0.5 

mg/ml ascorbic acid (Sigma) was added to catecholamine 

solutions to insure stability. 
* 

Temperature Regulation 

The temperature of the Krebs solution adjacent to 

the ganglia was monitored with a Yellow Springs thermister 

probe (401), and read from a telethermometer. Krebs 

solution was warmed to 39°C before superfusion over the 
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preparation. Evaporative cooling brought the temperature 

down to 35-37°C adjacent to the ganglia. The extent of 

evaporative cooling was approximately proportional to the 

flow rate. Thus decreasing the flow rate decreased the 

temperature. Stopping flow brought the temperature to 27°C 

in a matter of minutes. 
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CHAPTER 3 

RESULTS 

Stimulus parameters for each experiment are provi

ded on the legends of the appropriate figures. Data were 

analyzed for cells with resting membrane potentials greater 

than 140 mV and action potentials that overshot 0 mV. The 

mean resting potential was 153 +_ 3.8 mV (mean + SEM). 

Resting potentials were calculated at the end of each 

experiment by withdrawing the recording electrode from the 

cell into the superfusate. 

Application of square wave stimuli to the lumbar 

colonic, hypogastric, lumbar splanchnic, or intermesenteric 

nerves produced e.p.s.p.s in the principal ganglion cells. 

These e.p.s.p.s could reach threshold to produce 

regenerative action potentials (Figure 2). Antidromic 

spikes, characterized by the absence of a synaptic "hump" 

on the rising phase of the action potential, were occasion

ally observed (Figure 3). 

Tetanic supramaximal stimulation of the lumbar 

colonic or hypogastric nerves produced slow e.p.s.p.s. as 

previously reported (139). These e.p.s.p.s. lasted up to 

one minute, and occasionally reached threshold, resulting 
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Figure 2. Graded orthodromic potentials in principal 
ganglionic neurons in the guinea pig IMG. 
Lumbar colonic nerve, 40 V, 50 V, 60Vf 70 V, 
0.4 msec. 
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Figure 3. Antidromic spike recorded from principal 
ganglionic neurons in the guinea pig IMG. 
Note absence of synaptic "hump" on the 
first spike. Hypogastric nerve, 150 V, 
0.4 msec. 
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in trains of action potentials {Figure 4). In several 

cells, slow i.p.s.p.s were seen following the slow e.p.s.p. 

(Figure 5). This slow i.p.s.p. has not been previously 

reported in IMG preparations. Tetanic direct stimulation 

produced after-train hyperpolarizations (Figure 6), but no 

slow e.p.s.p.s or i.p.s.p.s This is consistent with 

previous reports (132), and can be attributed to an 

activation of an electrogenic sodium pump as seen in 

invertebrate ganglion cells (174). 

The resting membrane potential of principal ganglin 

cells of the guinea pig IMG is strongly 

temperature-dependent (Figure 7), and this suggests that 

Na+
f K+-ATPase plays a role in the continued 

maintenance of the resting membrane potential. Activation 

of this Na+, K+-ATPase may be responsible for the 

aftertrain hyperpolarization elicited by tetanic direct 

stimulation (Figure 6). 

Slow e.p.s.p.s are associated with a short increase 

in input conductance followed by a more prolonged decrease 

in input conductance (Figure 8). Note that Figure 8 shows 

the change in input resistance, the reciprocal of input 

conductance. The later phase of the slow e.p.s.p. may 

therefore be caused by a decrease in resting 

K+-conductance. 

Responses to drugs seem to depend on whether the 

drugs are placed in a reservoir and superfused over the 
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Figure 4. Slow e.p.s.p.s in the guinea pig IMG. 
Calibration bars are 20 mV, vertical, 
and 5 S, horizontal. Slow e.p.s.p.s 
are evoked in all three cells by 
stimulation of lumbar colonic nerve 
at 20 Hz, 150 V, 0.4 msec, for 5 S. 
Note the variability in the magnitude 
and duration of the slow e.p.s.p. 
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Figure 5. Slow i.p.s.p. following slow e,p.s.p, in the 
guinea pig IMG. Calibration bars are 20 m.V, 
vertical, and 5 S, horizontal. Slow i.p.s.p. 
was evoked by stimulation of lumbar colonic 
nerve at 20 Hz, 150 V, 0.25 msec, for 5 S. 



Figure 6. Hyperpolarization after train of spikes 
delivered by direct stimulation through 
the recording electrode. Arrow shows 
point of maximum hyperpolarization. 
Note similarity to hyperpolarizations 

shown in Figure 4. 
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Figure 7. The effects of temperature on resting membrane 
potential in four principal ganglionic neurons 
in the guinea pig IMG. Resting potential was 
monitored as temperature was increased from 
room temperature (stop-flow conditions) to 
35° C. Increasing the temperature increased 
polarization in all cells tested. Regression 
coefficient was determined by least squares 
analysis. The regression line was drawn by 
hand. 
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Figure 8. Input conductance changes during a slow e.p.s.p. 
in the guinea pig IMG. Slow e.p.s.p. is evoked 
by stimulation of the hypogastric nerve at 20 Hz, 
0.4 msec, for 5 S. Input conductance is deter
mined by injection of 70 msec hyperpolarizing 
current pulses of constant magnitude. Note 
initial increase in input conductance followed 
by late decrease. Input conductance is the 
inverse of input resistance. 
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preparation, or pressure injected directly into the organ 

bath. The reasons for this are not clear. Dead time and 

mixing phenomena resulting from changing superfusion 

reservoirs, and from eddy currents occurring at the inlet 

of the organ bath, insure a long latency period prior to 

observation of drug effects. Furthermore, the wash out 

period is also prolonged. Consequently, it is difficult to 

hold cells long enough to determine the reversibility of a 

drug effect, and effects observed are usually not fully 

reversible. 

Superfusion of 10~® M norepinephrine produced 

both hyperpolarizations and depolarizations (Figure 9). Of 

the 24 cells tested in this manner, 13 hyperpolarized, 7 

depolarized, and 4 showed no change in resting membrane 

potential. These responses were of small magnitude, were 

associated with both increases and decreases in input 

conductance, and did not appear to affect synaptic 

transmission as monitored by e.p.s.p. amplitude. Changes 

in input conductance were not correlated with changes in 

membrane potential, and changes in membrane potential were 

only rarely reversible. 

Pressure injection of 200 yL of 10 mM 

norepinephrine dissolved in Krebs solution, pH 7.3-7.4, 

decreased e.p.s.p. amplitude in all cells tested. Slight 

depolarizations, hyperpolarizations, and decreases in input 

conductance were often seen, but these effects were 
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Figure 9. Effects of superfusion of 10" M norepinephrine 
on resting membrane potential in principal 
ganglionic neurons in the guinea pig IMG. 
Calibration bars are 5 mV, vertical and 30 S, 
horizontal. Arrows mark the start of super-
fusion with norepinephrine. 
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transient compared to the duration of attenuated e.p.s.p. 

amplitude (Figure 10). Injected norepinephrine did not 

affect the excitability of cells directly stimulated at 

rheobase current (Figure 10). 

Epinephrine, clonidine, methoxamine, and 

isoproterenal also reduced e.p.s.p. amplitude in the IMG 

(Figure 11). The order of potency was clonidine >> epine

phrine - norepinephrine _> methoxamine > isoproterenol. 

Isoproterenol tended to markedly depolarize cells, as well 

as to increase input conductance, but these effects were 

caused only by high concentrations of isoproterenol and 

were not temporally correlated with attenuation of synaptic 

transmission. 

Pressure injection of 10-80 yL of 10 mM clonidine 

dissolved in Krebs solution, pH 7.3-7.4, produced 

inhibition of synaptic transmission in all cells tested 

(Figure 11). Clonidine did not decrease the excitability 

of cells directly stimulated at rheobase current, and in 

some cases actually increased excitability by decreasing 

the input conductance (Figure 12). Clonidine did not 

affect action potentials evoked by antidromic invasion or 

anode break excitation (Figure 13). Thus, although 

adrenergic agonists are not devoid of postsynaptic effects, 

the attenuation of synaptic transmission can be attributed 

to presynaptic inhibition. 
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Figure 10. Effects of pressure injection of 200 uL 
of 10 mM norepinephrine on synaptic 
transmission and principal neuron excit
ability in the guinea pig IMG. The top 
trace shows the effect of norepinephrine 
on an orthodromic fast e.p.s.p. The arrow 
is after pressure injection of norepinephrine. 
The bottom trace is the effect of norepineph
rine on action potentials evoked by direct 
stimulation through the recording electrode 
at rheobase current. The arrow is after 
norepinephrine. 

t 
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Figure 11. Effects of adrenergic agonists on fast 
synaptic transmission in the guinea pig IMG. 
Top trace is effects of pressure injection 
of 10 and 25 yL of 10 mM clonidine. Note 
the slight decrease in input conductance. 
Second trace shows effects of pressure 
injection of 200 yL of 10 mM epinephrine. 
Note slight depolarization. Third trace 
shows effects of pressure injection of 
400 yL of 10 mM methoxamine. Note hyper-
polarization and decrease in input conduct
ance. Bottom trace shows effects of 
pressure injection of 600 yL of 10 mM 
isoproterenol. Note slight depolarization. 
All agents attenuated orthodromic fast 
e.p.s.p. amplitude. 
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Figure 12. Effects of clonidine on action potential 
evoked by direct stimulation through the 
recording electrode. Stimulation is at 
rheobase current, as defined in text. In 
this cell, clonidine decreases the input 
conductance (arrow). 
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Figure 13. Effects of pressure injection of 
25 yL of 10 mM clonidine on fast e.p.s.p. 
amplitude and postsynaptic excitability in 
the guinea pig IMG. Top trace shows that 
clonidine attenuates the orthodromic spike 
but does not alter the antidromic spike. 
Stimulation parameters were lumbar colonic 
nerve, 150 V, 0.4 msec. Bottom trace shows 
that clonidine attenuates orthodromic fast 
e.p.s.p. amplitude but does not affect 
anode break excitation. Stimulation of 
hypogastric nerve, 80 V, 0.4 msec, is super 
imposed on hyperpolarizing current pulse of 
90 msec duration. The hyperpolarizing 
current pulse evokes the anode break spike. 
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The rank order of agonists potency strongly 

suggests mediation by ^-adrenoceptors. Pressure injection 

of 200 yL of 0.1 mM yohimbine in Krebs solution, pH 7.3, 

partially antagonized the effects of clonidine in a small 

number of cells (N = 3, out of 6 tested; Figure 14). 

Higher doses of yohimbine abolished excitability, probably 

by local anesthetic effects; direct stimulation at rheobase 

current failed to produce action potentials. Superfusion 

of 10""6 m yohimbine failed to antagonize clonidine in all 

cells. The antagonism observed in a small number of cells 

is consistent with the observed rank order of potency, and 

supports the idea that ot2-adrenoceptors mediate the 

inhibitory effects of adrenergic agonists in the guinea pig 

IMG. 

The inhibition produced by clonidine can be 

overcome by increasing the stimulation frequency from 0.3 

Hz to 3 Hz {Figure 15). similar facilitation has been 

observed in postganglionic sympathetic neurons inhibited by 

clonidine (61). 

Clonidine does not affect slow e.p.s.p.s in the 

guinea pig IMG (Figure 16). Thus clonidine differs from 

opioids, which inhibit both slow and fast synaptic 

transmission in the guinea pig IMG (169, 170). 

To summarize, superfusion of norepinephrine 

produced increases and decreases in both membrane potential 

and input conductance, but no changes in synaptic 
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Figure 14. Effects of yohimbine on the inhibition of 
e.p.s.p. amplitude caused by pressure 
injection of 10 yL of 10 mM clonidine. 
Top trace shows attenuation of orthodromic 
fast e.p.s.p. amplitude by clonidine. Arrow 
shows effects of clonidine. Bottom trace 
shows the effects of pressure injection of 
100 yL of 0.1 mM yohimbine on inhibition 
caused by clonidine. Arrow shows control 
e.p.s.p. The other trace shows the effects 
clonidine after yohimbine. Note slight 
antagonism of the effects of clonidine by 
yohimbine. 
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Figure 15. Effects of stimulation frequency on the 
inhibitory effects of pressure injection 
of 10 yL of 10 mM clonidine. The e.p.s.p. 
left of the arrow was the last of a train 
of stimulations of the lumbar colonic nerve, 
0.3 Hz, 150 V, 0.25 msec. To the right of 
the arrow the parameters are 3.0 Hz, 150 V, 
0.25 msec. Note partial reversal of 
clonidine-induced blockade by increasing the 
s timulation frequency. 
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Figure 16. Effects of pressure injection of 25 yL of 
10 mM clonidine on slow e.p.s.p.s in the 
guinea pig IMG. Slow e.p.s.p. was evoked 
by stimulation of hypogastric nerve at 
20 Hz, 150 V, 0.4 msec, for 5 S. Clonidine 
does not affect slow e.p.s.p.s, in the 
guinea pig IMG. 
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transmission. Pressure injection of adrenergic agonists, 

especially clonidine, produced marked, consistent 

reductions in fast e.p.s.p. amplitude as well as small 

changes in membrane potential and input conductance. The 

postsynaptic effects are not temporally correlated with the 

observed attenuation of fast e.p.s.p. amplitude. Clonidine 

did not affect the excitability of postganglionic cells as 

accessed by direct stimulation at rheobase current, anode 

break excitation, or antidromic invasion. Rank orders of 

agonist potency,and, at least in a few cells, antagonism by 

yohimbine, suggest that a-adrenoceptor agonists inhibit 

synaptic transmission by stimulation of (^-adrenoceptors. 

These ct2~a(3ren0CePt0ES are localized somewhere on 

cholinergic nerves in the IMG. Adrenergic agonists do not 

affect slow e.p.s.p.s in the IMG. 



CHAPTER 4 

DISCUSSION 

Principal ganglionic neurons in the guinea pig IMG 

usually receive input from several efferent and afferent 

fibers. They are also capable of graded responses, in that 

increasing the stimulus strength will lead to larger fast 

e.p.s.p.s. Cells in the IMG are capable of integrating the 

various inputs by spatial and temporal summation (175). 

Thus two convergent subthreshold e.p.s.p.s can sum to 

initiate an action potential (175). 

This type of simple integrative behavior can be 

modified by drugs or endogenous substances in a variety of 

ways. Agents may block the release of acetylcholine from 

various of the neural inputs, as has been shown for opioids 

in prevertebral ganglia (169), or catecholamines in the 

guinea pig SCG (157). Agents can also affect integrative 

behavior by altering the membrane potential, input 

conductance, ion channel gating properties, or postsynaptic 

receptor sensitivity of the principal ganglionic neurons. 

An agent such as substance P may produce small changes in 

membrane potential, but will markedly increase the 

excitability of a neuron by decreasing the input 

66 
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conductance (increasing the input resistance). This is a 

simple consequence of ohm's law, as smaller ionic currents 

will be required to produce a given change in membrane 

potential. Agents that bring the membrane potential close 

to threshold produce complex effects on the excitability of 

a neuron. This is because such depolarizations are usually 

associated with changes in input conductance, and also 

because of the voltage- and time-dependence of the 

inactivation of the Na+-channel as described by Hodgkin 

and Huxley (125). This latter consideration is illustrated 

by depolarization blockade produced by succinylcholine, and 

by anode break excitation produced by injection of long 

square waves of hyperpolarizing current. 

Alpha-adrenergic agonists alter the excitability 

(and hence, integrative activities) in the SCG of several 

species by altering input conductance and membrane 

potential. Erulkar and Woodward obtained intracellular 

recordings from the SCG of the rabbit _in situ (120). These 

workers found graded responses as well as convergent input, 

and concluded that integration occurs in the SCG of the 

rabbit. Catecholamines affect the membrane potential and 

input conductance of the rabbit SCG (130, 149), and are 

released from interneurons to generate a slow i.p.s.p. 

(128). Additionally, noradrenergic fibers appear to 

project to the SCG via the cervical sympathetic trunk 

(148). Norepinephrine hyperpolarizes principal ganglionic 
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neurons in the rabbit SCG, but does so by two distinct 

ionic mechanisms; both increases and decreases in input 

conductance are observed (127). Therefore, in the SCG of 

the rabbit, integration involves more than spatial and 

temporal summation of fast e.p.s.p.s; it also includes slow 

e.p.s.p.s, slow i.p.s.p.s, and possible interganglionic 

noradrenergic pathways. 

The present study examined the effects of 
t 

adrenoceptor agonists on slow and fast synaptic 

transmission in a prevertebral ganglion, the guinea pig 

IMG. Pressure injection of adrenergic agents decreased 

fast e.p.s.p. amplitude and attenuated fast synaptic 

transmission (Figure 11). I have interpreted this as a 

presynaptic action because no effect was observed on anode 

break excitation, antidromic invasion, or direct 

stimulation at rheobase current (Figures 12 and 13). 

Postsynaptic effects, although frequently observed, were 

not temporally correlated with attenuation of fast e.p.s.p. 

amplitude, and were not always inhibitory with respect to 

principal ganglion cell excitability. Other investigators 

have shown that adrenergic agonists do not block nicotinic 

cholinergic receptors or the response to nicotinic 

cholinergic agonists (176). 

The rank order of potency of agonists suggested 

that this inhibitory effect was mediated by 

«2-adrenoceptors. In some cells, yohimbine antagonized the 
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effects of clonidine (Figure 14). This was not observed in 

all cells, and this may be due to the very low doses used. 

Higher doses produced postsynaptic effects that abolished 

the excitability of the principal ganglion cells. 

Superfusion of drugs produced inconsistent effects 

that defied interpretation. The reasons for this were 

discussed in Chapter 2. Perhaps the slow changes in drug 

concentrations produced by this method of drug delivery 

produced tachyphylaxis that did not occur when the drugs 

were given in a bolus injection. 

Presynaptic inhibition was once thought to be 

caused by a depolarization of the axon terminal (177). 

This depolarization was hypothesized to decrease the size 

of the action potential, partly because the depolarization 

would produce inactivation of the Na+-channel in the 

terminal membrane, and partly because the action potential 

would arise from a less negative potential (177). The 

attenuated action potential would result in diminished 

neurotransmitter release characterized by decreased quantal 

content of a postsynaptic e.p.s.p. This hypothesis does 

not account for reversal of presynaptic inhibition by 

increasing the external Ca+2-concentration or stimulation 

frequency (55, 165). 

Dunlop and Fischbach have recently shown that 

presynaptic inhibition can be caused by blockade of 

Ca+2-influx essential to the exocytotic release process 
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(178). Raising the external Ca+2-concentration would 

obviously overcome this inhibitory process. The 

facilitation caused by increasing the stimulation frequency 

could be a postsynaptic event, but could also be caused by 

an accumulation of intracellular Ca+2 that would reduce 

the efficiency of presynaptic inhibition. 

In this study, increasing the stimulation frequency 

from 0.3 Hz to 3 Hz partially reversed the attenuation of 

e.p.s.p. amplitude caused by clonidine (Figure 15). This 

was observed in all cells tested. It is therefore possible 

that the inhibition of acetylcholine release caused by 

a2~adrenoceptor agonists in the IMG (or of norepinephrine 

release in postganglionic sympathetic nerves) is a result 

of a decreased Ca+2-influx at the nerve terminal. 

The slow e.p.s.p. in the guinea pig IMG can modify 

integrative activities by decreasing the input conductance 

and membrane potential of the principal ganglionic neurons 

(Figure 8). The slow e.p.s.p. is evoked by synchronous 

tetanic stimulation of large numbers of fibers in the hypo

gastric and lumbar colonic nerves. It is extremely unlik

ely that this sort of synchronous firing occurs in situ, 

and the functional significance of the slow e.p.s.p. in the 

IMG remains unclear. Several workers have shown that 

desensitizing concentrations of substance P attenuate the 

slow e.p.s.p., and that substance P, like the slow 

e.p.s.p., causes depolarizations associated with a decrease 
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in input conductance (141). The slow e.p.s.p. is therefore 

thought to be mediated by substance P. Substance 

P-containing fibers are found in the IMG; they originate in 

the dorsal root ganglia, and may therefore represent 

visceral afferents or collaterals thereof (48). 

Nevertheless, it is unlikely that substance P is the only 

mediator of the slow e.p.s.p. because the initial phase of 

the slow e.p.s.p. is associated with an increase in input 

conductance (Figure 8). However, substance P may be 

released from afferent nerves onto principal ganglionic 

neurons during the late phase of the slow e.p.s.p. This 

could modify ongoing temporal and spatial summation of 

convergent cholinergic input by increasing the "gain" of 

the principal ganglinic cells. Opioids exert a tonic 

inhibitory influence on the slow e.p.s.p. by presynaptic 

inhibition (170). Data in Figure 16 indicate that 

adrenergic agents do not affect slow e.p.s.p.s in the 

guinea pig IMG. 

There are several sources of catecholamines that 

could conceivably act on 012-adrenoceptors to modify fast 

synaptic transmission in the guinea pig IMG. 

Marazzi showed that stimulation of splanchnic 

nerves projecting to the adrenal medulla inhibited synaptic 

transmission in the stallate ganglion of the dog (145). 

Therefore it is possible that circulating catecholamines 

released from the adrenal medulla could modulate fast 
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synaptic transmission in the guinea pig IMG. This may 

function to redistribute blood flow in times of stress as 

well as to modulate basal sympathetic outflow from the IMG. 

Large numbers of SIF cells are located in the 

guinea pig IMG (95, 111). Unlike the SCG of the rabbit, 

where activation of muscarinic receptors triggers the 

release of dopamine from SIF cells, nothing is known about 

the factors responsible for SIF cell degranulation in the 

prevertebral ganglia. Morphologic data indicate that these 

cells are not interneurons, but are located in clusters 

close to highly fenestrated blood vessels (95, 111). Thus 

SIF cells may regulate synaptic transmission by releasing 

catecholamines into the local circulation of the ganglia. 

Nevertheless, the functional role of SIF cells in the 

guinea pig IMG remains a matter of speculation. 

The principal sympathetic ganglion cells are 

predominantly noradrenergic. Therefore it is possible that 

the processes of principal ganglion cells originating in 

the IMG, or other sympathetic ganglia, could synapse with 

preganglionic or afferent cholinergic fibers in the IMG. 

This would modulate acetylcholine release by presynaptic 

inhibition. There are a variety of ways in which this 

could occur. Principal ganglionic neurons in the guinea 

pig IMG have long and short dendrites. The long dendrites 

of several principal ganglionic cells can course together 

in the form of distinct fasiculi within the IMG (35). 
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Indeed, these fasiculi often take the form of pericellular 

dendritic nests. Both the long and short dendrites contain 

high concentrations of catecholamines (111). Elfvin has 

shown the existence of dendroaxonic synapses in the guinea 

pig IMG, and it is possible that noradrenergic dendrites 

synapse with cholinergic axons (99). This may serve as a 

form of negative feedback regulation to limit 

neurotransmission across the synapse. Evidence for this 

type of regulation was recently obtained by Mayagawa et al. 

(179). These workers found that fast e.p.s.p.s in bullfrog 

sympathetic ganglia were depressed by prior conditioning 

antidromic stimulation. The inhibition was proposed to be 

caused by epinephrine, the neurotransmitter in these 

ganglia (180). These data do not rule out the possibility 

that postganglionic axon collaterals are responsible for 

the observed inhibition, and this could provide an 

additional source of catecholamines to stimulate 

presynaptic (^-adrenoceptors in the guinea pig IMG. 

Indeed, morphologic evidence for recurrent collaterals has 

been obtained in the rat SCG (109, 181, 182). 

Postganglionic fibers have been found in most of 

the interganglionic nerve trunks (27, 109). Stimulation of 

the cervical sympathetic trunk causes a Ca+2-dependent 

release of norepinephrine in the rabbit SCG (148). Since 

the SIF cells in the rabbit SCG are predominantly 

dopaminergic (98), it is likely that a postganglionic 
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noradrenergic pathway projects to the SCG of the rabbit. 

Therefore it is possible that postganglionic noradrenergic 

fibers can originate in one sympathetic ganglion and 

modulate activity in another. Elfvin has found axo-axonic 

synapses in the IMG characterized by small dense-core 

vesicles in one axon, and large clear vesicles in another 

(99). Noradrenergic nerves are often characterized by the 

presence of small electron-dense vesicles (107). Removal 

of one SCG causes degeneration of axons in the 

contralateral SCG of the rat (96), and this suggests that 

axons from one SCG innervate the contralateral SCG, 

although these could be preganglionic fibers of passage as 

well. Jacobowitz and Woodward used fluorescence 

histochemistry to describe catecholamine-containing neurons 

in the SCG of the rabbit (109). They found a number of 

recurrent axon collaterals, but also saw postganglionic 

adrenergic neurons coursing through the cervical 

sympathetic trunk toward the SCG, where they entered the 

pericellular dendrite nest of the principal ganglionic 

neurons (109). Electron micrographs have shown axons 

containing small dense-core vesicles synapsing on the 

perikarya of principal ganglionic cells in the mouse SCG 

(96). These axon terminals were probably adrenergic based 

on heavy labelling of the vesicles by 5-hydroxydopamine, 

which is extremely electron-dense, and has been shown to be 

an excellent marker of adrenergic storage vesicles (183). 
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These nerve terminals did not resemble SIF cell processes, 

and may represent recurrent axon collaterals or 

postganglionic axons arising in other ganglia (96). 

Removal of the feline celiac plexus did not produce 

a detectable decrease in the catecholamine content of the 

IMG as determined by formaldehyde-induced histofluorescence 

(184). However, this technique is not quantitative, 

especially in the presence of a high background of 

fluorescence from SIF cells and principal ganglionic neuron 

dendrites, and this should not be interpreted as evidence 

against interganglionic noradrenergic celiac-IMG pathways. 

More sensitive degeneration techniques are needed to 

ascertain the existence of such a pathway. 

The possibility of the existence of interganglionic 

connections by means of postganglionic fibers provides 

interesting possibilities for the mediation of several 

reflexes. An example is depicted schematically in Figure 

17. The duodenocolic reflex has been described by Tanzy 

(185). Distention of the proximal duodenum elicits 

increased motility in the colon. This increase in colonic 

motility has been ascribed to a decrease in inhibitory 

noradrenergic tone in the colon (185). In this model, the 

presence of chyme in the proximal duodenum activates 

receptor organs of cholinergic neurons projecting to the 

celiac plexus. This would activate principal ganglionic 

neurons in the celiac plexus that project to the IMG. 
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Figure 17. Putative neural pathways mediating the 
duodeno-colic reflex. Neurotransmitters are 
indicated in the diagram. See text for details. 
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Norepinephrine released from these postganglionic axons 

would stimulate a2-adrenoceptors located on the nerve 

terminals of afferent and efferent cholinergic fibers in 

the IMG, consequently reducing noradrenergic tone in the 

distal colon. Analagous pathways from the celiac ganglia 

to the superior mesenteric ganglia could similarly inhibit 

noradrenergic outflow to the proximal colon. Superimposed 

on this pathway is a vagal afferent pathway projecting to 

the CNS. Thus stimulation of receptors in the duodenum 

would activate excitatory descending fibers projecting to 

enkephalinergic cells in the intermediolateral muclei of 

the spinal cord. This would result in the release of 

enkephalin in the IMG, again inhibiting acetylcholine 

release in the IMG. A decrease in noradrenergic tone to 

the colon would result, leading to disinhibition of colonic 

motility. This model is highly speculative, but easily 

testable. 

The function of substance P-containing afferents in 

the IMG is not understood. It is possible that these 

fibers transmit information related to visceral pain. Thus 

painful stimuli could activate substance P-containing 

afferents projecting to the IMG. Substance P would 

increase the excitability of principal ganglionic neurons 

in prevertebral ganglia, thereby increasing sympathetic 

outflow to the entire GI tract. This model could explain 
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paralytic ileus following abdominal surgery. Again, this 

hypothesis is highly speculative, but easily testable. 

The observation that a2~adrenoceptor agonists 

attenuate synaptic transmission in the IMG may help explain 

the hemodynamic alterations caused by agents such as 

clonidine and a-methyl-dopa. 

Attenuation of synaptic transmission in sympathetic 

ganglia would reduce sympathetic outflow. Although the 

hypotensive effects of c^-adrenoceptor agonists are 

usually attributed to actions in the CNS (84, 86, 89, 186), 

no author has considered the possible role of ganglionic 

blockade. The fact that the inhibitory effects of 

clonidine are less apparent at higher stimulation 

frequencies may explain why (^-adrenoceptor agonists 

produce less orthostatic hypotension than other 

antihypertensive agents (187, 188). 

In this thesis, I have attempted to review 

literature pertaining to the structure, ultrastructure, 

physiology, and pharmacology of the sympathetic nervous 

system. Special emphasis has been placed on sympathetic 

ganglia themselves. It is clear that synpathetic ganglia 

are capable of integrative activity. They should not be 

thought of as simple efferent relay stations, and I see no 

value in teaching this to students. This integrative 

activity can be influenced by a number of endogenous 

substances and drugs, including peptides, 
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amine-neurotransmitters, and several therapeutically useful 

agents. I have used intracellular recording techniques to 

show that one class of therapeutically important agents, 

the a2~adrenoceptor agonists, attentuate fast, but not 

slow, synaptic transmission in a mammalian prevertebral 

sympathetic ganglion, the guinea pig IMG. This action is 

attributable to stimulation of a2-adrenoceptors located 

somewhere on the terminals of efferent and afferent choli

nergic nerves. 

I am inclined to believe that these 

a2~adrenoceptors are physiologically and pharmacologi

cally relevant. Thus I have discussed the role that sympa

thetic ganglia and presynaptic receptors may play in 

mediation of two intestinal reflexes and the pharmacologic 

actions of clonidine. 

The verification of these admittedly speculative 

hypotheses requires further experimentation. 
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