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ABSTRACT 

Noncholinergic neurotransmission was studied in vitro in the 

guinea pig inferior mesenteric ganglion (IMG) using the technique of 

intracellular recording. First, the role of substance P (SP) in non

cholinergic transmission was examined. Forty-four percent of IMG neurons 

depolarized upon superfusion of SP (1-10 x 10-7M); however, some neurons 

that were insensitive to SP still exhibited slow excitatory potentials 

(EPSPs) in response to nerve stimulation. During exposure to SP, slow 

EPSPs were depressed by 52% compared to paired control EPSPs. In 

animals treated with systemic doses of capsaicin (50-350 mg/kg), mean 

slow EPSP amplitude was 3.5 mV compared to 6.8 mV in untreated animals. 

Arginine-vasopressin (AVP) was tested for its electrophysiological 

effects on IMG neurons and synaptic transmission. AVP (0.5-10 x 10-7M) 

produced a depolarization in 67% of neurons, accompanied by an increase 

in membrane resistance of 44%. The depolarizations and increase in 

resistance were blocked by a specific V1 receptor antagonist. During 

AVP-induced depolarizations, slow EPSPs were reversibly depressed in the· 

majority of neurons by a mean of 71% relative to paired control 

EPSPs. The V1 antagonist blocked slow EPSPs in only 10% of neurons 

tested. A group of neurons exhibiting slow EPSPs was exposed separately 

to both AVP and SP. Some neurons were exclusively sensitive to either SP 

or AVP, others were sensitive to both peptides, and still others were 

sensitive to neither peptide. The physiologic role of noncholinergic 

xiii 
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transmission was examined using a preparation consisting of a segment of 

distal colon attached to the IMG. Distension of the colon segment 

produced a slow depolarization resistant to cholinergic antagonists in 

44% of IMG neurons. Distension-induced noncholinergic depolarizations 

increased in amplitude with colonic intraluminal pressure and with 

membrane hyperpolarization, and were accompanied by an increase in 

membrane input resistance of 21%. Capsaicin in vivo reduced the number 

of neurons exhibiting the nonch~linergic mechanosensory depolarization, 

and in vitro capsaicin and SP desensitization reduced the amplitude of 

the depolarization. These results suggest that 1) both SP and AVP may 

be transmitters of nonchol inergic potential s in the IMG, 2) some IMG 

neurons receive heterogeneous peptidergic innervation, and 3) non

cholinergic transmission in the IMG is involved in sensory regulation of 

visceral autonomic function~ 



The autonomic 

visceral, functions. 

INTRODUCTION 

nervous system controls th~ body's organ, or 

Through its regulation of such vital functions as 

circulation, respiration, body temperature, digestion, excretion, and 

secretion, the autonomic nervous system keeps the body's internal 

environment in harmony with the dictates of the external environment. 

Any imbalance in the autonomic "equilibrium" can adversely affect an 

individual's well-being, and even threaten his life. Many diseases and 

physiologic disturbances (e.g. hypertension, incontinence, anxiety) 

involve visceral organs or carry autonomic sequelae. No wonder there is 

vigorous pursuit in the medical and basic science communities of drugs 

that modify autonomic function. However, effective pharmacologic 

manipulation of autonomic disorders can only derive from detailed 

knowledge of the principles and mechanisms of autonomic function. It is 

in this spirit that the present research was conducted. 

The autonomic nervous system comprises two functionally distinct 

divisions: the parasympathetic and sympathetic. Parasympathetic 

activity is highest when the organism is at rest, that is, when 

unstressed. It slows the heart rate, lowers blood pressure, increases 

gastrointestinal motility, empties the ul"inary bladder, and constricts 

the pupils, to name a few of its actions. The sympathetic division is 

activated in times of stress and is often physiologically antagonistic 

to its parasympathetic counterpart. Responses to sympathetic activation 

1 
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include an acceleration of heart rate, increase in blood pressure, 

shunting of blood to skeletal muscle, increase in blood sugar, decrease 

of gastrointestinal motility and dilation of the pupils. 

The Sympathetic Division of the Autonomic Nervous System 

The primary center of sympathetic influence, and indeed of all 

autonomic influence, is the hypothalamus. Receiving afferent input 

from many brain areas (Pick 1970), the hypothalamus directs an 

integrated sympathetic outflow specifically from its posterior and 

lateral nuclei. Stimulation of these nuclei evoke typical sympathetic 

responses of cardiac acceleration, sweating, hyperglycemia, and shutdown 

of gastrointestinal motility. 

The peripheral motor pathways of the autonomic nervous system 

are described in relation to what are the hallmark of this system: 

ganglia. Ganglia embody the synaptic connections between the 

"preganglionic" fibers issuing from neurons in the central nervous 

system, and "postganglionic" neurons which emanate from the ganglia to 

innervate visceral effectors. 

Sympathetic preganglionic fibers emanate from cell bodies in the 

lateral horn of the thoracic and lumbar (T1 to L4) segments of the cord. 

These fibers, Type-B myelinated, leave the cord through the ventral 

roots, enter the spinal nerves and course through the white rami to the 

paravertebral ganglia. Known collectively as the sympathetic chains, 

these ganglia lie in columns positioned bilaterally along the spinal 

cord; thus there are two ganglia corresponding to each vertebral 
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segment. Some of the sympathetic preganglionic fibers synapse on 

postganglionic neurons in the paravertebral ganglia, whose unmyelinated 

Type-C fibers then pass via the gray rami and spinal nerves to sweat 

glands, blood vessels and skin. Still other preganglionic fibers 

continue distally from the paravertebral ganglia via splanchnic nerves 

to synaptic junctions in the abdominal prevertebral ganglia. 

Prevertebral Sympathetic Ganglia 

The prevertebral sympathetic ganglia lie separate from the 

paravertebral chain gangl ia and consist of the cel iac, superior 

mesenteric and inferior mesenteric gangl i a (Fig. 1). These gangl i a 1 ie 

along the aorta, the celiac and superior mesenteric ganglia (the celiac 

plexus) clustered at the superior mesenteric artery/aorta junction and 

the inferior mesenteric ganglion (IMG) near the inferior mesenteric 

artery/aorta junction. Axons of prevertebral ganglionic neurons 

inner v ate the viscera 1 organs of the abdomen and the mesenteri c 

v ascu 1 ature. Viscera 1 act i vi ties med i ated through the ce 1 i ac plexus 

incl ude (Skok 1973) inhibition of moti 1 ity in the stomach, small 

intestine and upper large intestine, promotion of gastric and pancreatic 

secretion, inhibition of bile secretion, and vasomotor effects. 

Stimul ation of postgangl ionic nerves of the IMG inhibits 1 arge 

intestinal moti 1 ity and secretion, increases tone in the bl adder and 

internal anal sphincters, relaxes the bladder detrusor muscle thus 

inhibiting urination, and constricts visceral vasculature. 
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Anatomy 

The structure and organization of sympathetic ganglia, including 

the prevertebral ganglia have been reviewed extensively (Dail and Barton 

1983; Gabella 1976, pp. 3-47; Kreulen 1983; Kuntz 1940 pp. 18-57, Skok 

1973). The IMG, in which all of the results of this dissertation were 

obtained, is a two-lobed ganglion bisected by the inferior mesenteric 

artery. The IMG, like all sympathetic ganglia, is encapsulated by layers 

of connect i ve tissue. These tough capsu 1 es have broken many an 

i ntrace 11 u 1 ar mi croe 1 ectrode and may decrease permeabi 1 ity into the 

ganglia of solutions superfused over them in vitro. However, in 

contrast to some other sympathetic gangl ia studied, IMGs of guinea pigs 

and mice appear to be readily permeable to test markers (Al-Khafaji et 

ale 1983). 

Three bas i c ce 11 types make up the prevertebra 1 gang 1 i a. G 1 i a 1 

cells are inexcitable and probably have a nutritive role. Chromaffin 

cells, called small intensely fluorescent (SIF) cells based on their 

intense fluorescent staining by the Falck-Hil larp method, contain 

cat e c h 0 1 am i n e s , w h i chi nth e g u i n e a pig pre v e r t e bra 1 g an g 1 i a i s 

norepinephrine (Elfvin, Hokfelt and Goldstein 1975). SIF cells are small 

in diameter (5 to 15 um) and relative number compared to principal 

ganglion cells (Taxi, Derer and Domich 1983). The function of SIF cells 

in ganglionic transmission is unknown; they may function as interneurons 

in some gangl ia. 

The largest neuronal population in these ganglia is the 

principal gangl ion cell s. These noradrenergic neurons vary in size 

among species, having cell body diameters of 10 to 20 um in guinea pigs 
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(Szurszewski 1981) and 25 to 40 urn in cats (Leranth 1978). The neurons 

are mu1tipo1 ar and radiate extensive dendritic processes in all 

directions. Curiously, the dendrites often contain granulated vesicles 

1 ike those seen in noradrenergic nerve terminals (E1fvin 1971). Varicose 

dendrites have also been documented in the rat superior cervical 

gang1 ion (Kondo~ Dun and Pappas 1980). Dendrites from one principal 

neuron often intertwine with dendrites of adjacent neurons and 

occasionally form perice11 u1 ar nests around adjacent cell bodies (Kuntz 

1940). E1ec~ron microscopy has revealed dendro-dendritic and dendro

somatic synaptic contacts (E1fvin 1971), suggesting the interesting if 

cavalier hypothesis that noradrenergic transmission (and 

transmission/modulation by other co-localized transmitters) may occur 

at these sites. The axons of principal gang1 ion cell s extend to 

visceral organs and vascu1 ature in postgang1 ionic nerve trunks, which 

for the IMG are the lumbar colonic and hypogastric nerves. Additionally, 

there is some evidence, though 1 imited, that axon co11 atera1 s of 

principal neurons innervate other principal neurons (Gri 110 1966, 

Wi 11 i ams and Jew 1983). 

Principal neurons of the IMG receive preganglionic input from 

fibers emanating from spinal cord segments L2-L 5 (Krier, Schmalz and 

Szurszewski 1982) and traveling in the lumbar splanchnic and inter

mesenteric nerves. It used to be thought that sympathetic ganglion 

cells were innervated exclusively by preganglionic axons; now we know 

that they also receive rich and diverse afferent, or sensory, 

innervation. 
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Visceral Afferent Innervation 

Langley· (1921) defined the autonomic nervous system as a purely 

efferent, or motor, system. Sympathetic gangl ia, according to his 

paradigm, were way stations of exclusively centrifugal impulse 

conduction: pregangl ionic to postgangl ionic. This concept had to be 

revised when evidence for afferent autonomic influences emerged. 

Afferent innervation of prevertebral ganglia was discovered using 

anatomic and physiologic approaches. In studies by Kuntz (1938, 1940) 

and Kuntz and Saccomanno (1944), complete decentralization of IMGs and 

celiac ganglia of cats failed to degenerate all terminal networks in the 

ganglia, suggesting that the surviving fibers originated outside of the 

spinal cord. After the lumbar colonic nerve was severed, some fibers in 

its dis tal sturn p f ail edt 0 d e g e n era t e , com pel 1 i n g the aut h 0 r s to 

conclude that some axons reached the IMG from the distal colon, perhaps 

axons of enteric gangl ion cell s. Simi 1 ar anatomical evidence for 

IIvisceral afferentsll of colonic origin was presented by McLennan and 

Pascoe (1954) in the rabbit, who supported their anatomical evidence 

with electrophysiological evidence. Job and Lundberg (1952) stimulated 

one hypogastric nerve of a decentralized IMG and recorded impulses in 

the other hypogastric nerve and in the lumbar colonic nerve, suggesting 

that the impu 1 ses were conducted to the IMG along viscera 1 afferent 

fibers whose trophic centers were distal to the ganglion, perhaps in the 

bl adder. Feher (1982) appl ied horseradish peroxidase to cut mesenteric 

nerves projecting to the celiac ganglion of the cat and found label ling 

of cell bodies in the wall of the intestine. Degeneration studies by 

Ungvary and Leranth (1970) established that some centripetal fibers 
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course to the prevertebra 1 gang 1 i a. from the ga 11 bladder and sma 11 

intestine as well. Afferent fibers running in the mesenteric nerves of 

rabbits accounted for 30% of the total fiber composition, according to 

Ross (1958), suggesting a significant visceral afferent transmission. 

More recent immunohistochemical techniques designed to localize peptides 

in neurons and map peptidergic fiber projections have established the 

presence of many peptide-containing afferent fibers reaching the ganglia 

from peripheral sites (Da1sgaard et ale 1983a). 

Another type of afferent fiber innervating prevertebra1 ganglia 

originates in neurons of dorsal root, or spinal, ganglia; these are 

"primary sensory afferents". Neuroanatomica1 tracing studies using dyes 

and the enzyme horseradish peroxidase (HRP) have shown that primary 

afferent fibers reach the IMG via the lumbar splanchnic and 

intermesenteric nerves, with some continuing distally in the 

postganglionic nerves (Dalsgaard and E1fvin 1982, E1fvin and Dalsgaard 

1977). Co 11 atera 1 branches of the afferent fi bers make synapt i c 

connections with ganglionic neurons. It is significant that some of the 

fibers reaching the IMG stain positively for substance P (SP) which 

evidence suggests is a neurotransmitter in the IMG (reviewed below). 

Visceral Afferent Transmission 

Cho 1 i nerg i c Nature. Light was shed on the nature of viscera 1 

afferent transmission to the prevertebra1 ganglia in 1971 by Crowcroft 

Holman and Szurszewski. Using a preparation of IMG left attached to a 

segment of distal colon in vitro, they recorded (intrace11 u1 ar1y) 

spontaneous asynchronous synaptic activity which was abolished by 
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cutting the lumbar colonic n~rve. The synaptic activity, consisting of 

fast EPSPs and occasional action potentials, disappeared upon 

sup e r f u s ion 0 f the g an g 1 ion wit h the n i cot i n i can tag 0 n i s t d i h Y d r 0 -8 -

erythroidine. These results suggested the existence of an afferent 

pathway of cholinergic neurons from the colon to the IMG. Since 'then, 

asynchronous synaptic activity of visceral origin has been confirmed in 

the guinea pig IMG (King and Szurszewski 1984a, Szurszewski and Weems 

1976a, Weems and Szurszewski 1977) and also recorded in rat IMG (Kreulen 

1982) and guinea pig celiac and superior mesenteric ganglia (Kreulen and 

Szurszewski 1979a,b). In one study, a full 79% of neurons tested 

exhibited spontaneous synaptic activity (Szurszewski and Weems 1976a). 

The chol inergic nature of the afferent synaptic activity has 

been supported by electrophysiological experiments and ultrastructural 

analysis of afferent nerve terminals in the prevertebral ganglia 

(Bulygin 1983). Small clear vesicles thought to contain Ach 

predominated, although some large dense-core vesicles possibly 

containing peptides were seen. The average conduction v~locity of 

cholinergic afferents is about 0.3 mis, indi~ative of C-fibers (King and 

Szurszewski 1984), as was proposed earl ier (Job and Lundberg 1952) on 

the basis of the stimulus strength necessary to recruit the afferents 

into firing. 

Mechanosensory Nature. Crowcroft and co-workers also found that 

the frequency and amplitude of synaptic potentials in the IMG increased 

when the colon segment was distended with air (0.5 to 4 ml), thus 

implicating colonic afferents in transmission of mechanosensory stimuli. 

In the presence of dihydro-s-erythroidine, no synaptic activity occurred 
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at rest or during distension. In the celiac plexus, Kreulen' and 

Szurszewski (1979b) recorded increased synaptic activity due to colon 

distension (0 to 20 cm H20) in 33% of celiac ganglion cells and 54% of 

superior mesenteric gangl ion cells. The activity remained elevated for 

the duration of distension, showing no adaptation or desensitization. 

The mechanosensory afferent fibers are thought to originate from cell 

bodies in the gut wal 1. Recordin~ extracel lularly from dorsal roots (L1-

L4), King and Szurszewski (1984a) failed to detect multiunit discharges 

in response to either peripheral nerve stimulation or colon distension. 

Conversely, stimul ation of dorsal roots fai 1 ed to evoke discharges in 

lumbar colonic nerves, and failed to elicit fast EPSPs in IMG neurons. 

These electrophysiologic data suggest that spinal afferents do not make 

lien pass'ant" chol inergic, synapses in the IMG or participate in 

mechanosensory transmission from the colon to the IMG. This seems a 

reasonable assumption insomuch as spinal gangl ion cells are devoid of 

Ach and cho 1 ine acetyl transferase (Fe 1 dberg and Vogt 1948, Hebb 1955, 

Hebb and Silver 1956). Some primary afferent fibers that have been 

histochemically shown to innervate the colon (Dalsgaard and Elfvin 1982, 

El fvin and Dal sgaard 1977, King and Szurszewski 1984a), although small 

in number, may be invol ved in n'Ociception rather than in mechanosensory 

transmi ss ion. 

Spontaneous afferent input to the IMG from visceral organs other 

than the co 1 on has not yet been demonstrated. Kreu 1 en, Mui rand 

Szurszewski (1983) observed no synaptic activity in the celiac plexus as 

a result of distension of the stomach, although electrical stimulation 

of the gastroduodenal nerve which connects them elicited synaptic 
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potential s in a small popul ation of cell s. It is interesting that in 

dog and cat IMGs in which all four nerve trunks were severed to 

interrupt visceral connections, many neurons showed continuous 

asynchronous synaptic activity that could be abolished by hexamethonium 

(Jule and Szurszewski 1983, King and Szurszewski 1984b). This 

cholinergic activity may represent afferent input from mesenteric blood 

vessels, or as suggested by Jule and Szurszewski, may arise from 

presynaptic neurons intrinsic to the ganglion. 

Thus, afferent impulses are conveyed to prevertebral ganglia by 

visceral sensory fibers sensitive to intraluminal pressure. The 

transmitter released by the afferent fibers has been pharmacologically 

identified as Ach. However Weems and Szurszewski (1978) noted that in 

addition to fast synaptic potentials, colon distension of as little as 1 

to 2 cm H20 produced a slow depolarizing shift of 2 to 8 mV. 

Ironically, the same year Neild recorded the first noncholinergic slow 

EPSPs in the same ganglion. Weems and Szurszewski attributed the 

d i stens i on- i nd uced slow depo 1 ar i zat i on to summat i on of asynchronou s 

chol inergic EPSPs, but this was only specul ation. Another possibi 1 ity 

is that the slow depolarization is independently mediated by a 

nonchol inergic transmitter, perhaps one or more of the peptides 

contained in visceral or primary sensory afferents. 

Role in Visceral Reflexes 

By virtue of their afferent to efferent synaptic connections, 

the pre vertebral ganglia set up neural communication loops that mediate 

visceral reflexes. Kuntz and co-workers (1940, 1941, 1944) were the 
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first to confer a physiological relevance to reflexes observed by others 

(Langley and Anderson 1896, Sokownin 1877). They showed that distension 

of a distal segment of colon or stimulation of mesenteric nerves in vivo 

caused inhibition of mati 1 ity in a more proximal segment; this after 

decentralization of the IMG to preclude any influence from preganglionic 

(or primary sensory) nerve fibers. The so-cal led "intestino-intestinal" 

inhibitory reflex was studied in vitro by Kreulen and co-workers (1979a, 

b; 1983) who mapped, electrophysiologically, the afferent and efferent 

pathways through the prevertebral gangl ia. Although the intestino

intestinal reflex occurs independent of central influence, many of the 

ganglion cells receiving mechanosensory input also receive preganglionic 

input, suggesting that both central and peripheral inputs to 

postganglionic sympathetic ganglion cells contribute to the regulation 

of gastrointestinal function in situ (Szurszewski and Weems 1976). 

Other reflexes involving prevertebral ganglia have been documented, 

including a ga"stro-duodenal inhibitory reflex (Kreulen, Muir and 

Szurszewski 1983), a rectal-ileal inhibitory reflex (Bulygin 1983), and 

a reflex inhibition of hepatic bile flow by colon distension (Kuntz and 

Van Buskirk 1941). 

Noncholinergic Transmission ~ Sympathetic Ganglia 

Evolution of the Concept 

It was Feldberg and Gaddum (1934) who first described the nature 

of chemical transmission in a sympathetic gangl ion. They determined 

in the superior cervical ganglion of the cat that acetylcholine (Ach) 
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was 1 iberated from pregangl ionic nerves upon stimul ation. Thus began 

the classical conception of ganglionic transmission as cholinergic. 

(Da 1 e 1934). The effect of Ach on postgang 1 i oni c neurons mimi cked the 

excitation produced by nicotine, and therefore was termed "nicotinic". 

This was in contrast to its muscarine-l ike, or "muscarinic", effect at 

parasympathetic neuroeffector junctions, which could be blocked by 

atropine. Later electrophysiologic and pharmacologic experiments 

(reviewed by Blackman and Purves 1968, Paton 1954) verified that indeed 

Ach satisfied the criteria for a neurotransmitter at ganglionic 

synapses. Much of this work involved studies of the fast EPSP, the 

electrical potential recorded intracel lularly in postganglionic neurons 

after single pregangl ionic stimul i. Some of the evidence was that I} 

nicotinic antagonists tubocurarine and hexamethonium reduced fast EPSP 

amplitude, whereas atropine had no effect, 2} the reversal potential of 

the fast EPSP was identical to the depol arization produced by Ach, and 

3} cholinesterase inhibitors potentiated the fast EPSP (Weight 1983, pp. 

312-314). That nicotinically-acting Ach was the sole mediator of 

transmission in autonomic gangl ia went uncontested for nearly three 

decades. Then in 1961, using extracellular recording techniques, Eccles 

and Libet presented evidence that a catecholamine, later identified as 

dopamine (Libet and Owman 1974) mediated a slow hyperpolarization in the 

rabbit superior cervical ganglion. 

Slow Synaptic Potentials 

Slow potentials had been recorded as early as 1940 in mammalian 

sympathetic ganglia (Eccles 1952, Therman et al. 1940) and 'later in 
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rep til ian (L a p 0 r tea n d deN 0 19 5 0 a, b) and am phi b ian (L i bet, Chi chi b u , 

and To s a k a 1968) s ym p at he tic g an g 1 i a. The s low "s u r fa c e pot e n t i a 1 s" 

recorded extracellularly in rabbit superior cervical and frog 

paravertebral sympathetic ganglia were cal led the positive (P) wave and 

the 1 ate negative (LN) wave. In 1955, the first intracell ul ar recording 

was don e ina s ym pat h e tic g an g 1 ion ( E c c 1 e s 1955 ) • Soon aft e r , 

intracellularly-recorded slow synaptic potentials were described and 

the extracellularly-recorded P and LN waves became known as the slow 

inhibitory (hyperpolarizing) postsynaptic potential (IPSP) and the slow 

excitatory (depolarizing) postsynaptic potential (EPSP). These slow 

potentials were generated by repetitive nerve stimulation, and lasted 

for 10 to 30 seconds (L ibet 1970). 

In both the rabbit superior cervical ganglion and frog 

paravertebral gangl ion, there is strong evidence that slow IPSPs and 

slow EPSPs are mediated by Ach acting on muscarinic receptors, in that 

both responses are abol ished by atropine. However, it has been 

proposed, and remains somewhat controversial, that slow IPSPs are 

mediated by a disynaptic mechanism, whereby muscarinically-acting Ach 

released preganglionically causes subsequent release of dopamine from 

chromaffin cell interneurons (Eccles and Libet 1961). According to the 

"disynaptic hypothesis", dopamine then acts directly on postganglionic 

neurons to produce the slow IPSP. The evidence for and against the 

disynaptic hypothesis is voluminous and beyond the scope of this 

dissertation to cover (see Gallagher et ale 1980, Kobayashi and Tosaka 

1983, Libet 1970, Weight 1983, Weight and Smith 1980). 

The fi rst true noncho 1 i nerg i c slow potent i a 1 recorded in 
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autonomic gangl ia was discovered by Nishi and Koketsu (1968) in the 

bullfrog paravertebral sympathetic gangl ion. Repetitive (10 to 50 Hz) 

preganglionic stimulation resulted in a slow negative potential that was 

resistant to nicotinic and muscarinic blockade by tubocurarine and 

atropine, respectively. This slow depol arization reached its maximum 

ampl itude 1 ater than the slow EPSP, and therefore was named the 1 ate 

late negative (LLN) wave, or the late slow EPSP. Unlike the muscarinic 

slow potentials, the late slow EPSP had an extremely long duration of 5 

to 10 min. 

A depolarization similar to the late slow EPSP was characterized 

a decade later in the guinea pig IMG (Neild 1978). Called simply the 

slow EPSP, this synaptic potential persisted in the presence of 

tubocurarine, atropine and guanethidine, attesting against a cholinergic 

or adrenergic mechanism of transmission. The noncholinergic slow EPSP 

is generated by repetitive (10 to 30 Hz) stimulation of any of the four 

associated nerves: lumbar splanchnic, intermesenteric, lumbar colonic or 

hypogastric. It is calcium dependent, has a time course similar to the 

amphibian late slow EPSP, and can reach amplitudes of up to 20 mV. 

Recently, a slow EPSP was also described in the guinea pig celiac 

ganglia (Dun and Ma 1984). 

It has been reported that repetitive presynaptic stimul ation 

also produces a slow IPSP in the guinea pig inferior mesenteric ganglion 

(Ma, Dun and Jiang 1983). This potential was distinguished from the 

afterhyperpolarization that follows a train of action potentials as it 

occurred when action potentials during stimulation were blocked by 

tubocurarine. The slow IPSP preceded the slow EPSP, had a mean 
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It was 

unaffected by nicotinic and muscarinic antagonists and by the a

adrenoceptor antagonist, phenoxybenzamine, suggesting a noncholinergic, 

nonadrenergic mediation. 

Discovery of noncholinergic potentials was a step in the 

direction of modifying the cl assical "one-transmitter" theory of 

ganglionic transmission; the next step would be to determine the 

transmitter(s) of these potentials. 

The Case for Luteinizing Hormone-Releasing Hormone 

In searching for the transmitter of nonchol inergic slow EPSPs, 

Kuffl er and coworkers app 1 ied a number of transmitter candidates onto 

the bullfrog paravertebral ganglion preparation in vitro, to see whether 

any produced a slow depolarization resembling the late slow EPSP 

(Kuffl er 1980). Gamma aminobutyric acid, L-octopamine, adenosine 

triphosphate, serotonin, and the peptides neurotensin, bombesin, 

thyrotrophin releasing hormone, somatostatin, substance P (SP), and 

angiotensins I and II all fai led to mimic the synaptic response. One 

peptide, luteinizing hormone-releasing hormone (LHRH), did cause a slow 

depol arization, recorded intracell ul arly. The experiments to follow 

would provide convincing evidence that LHRH is the transmitter of the 

1 ate slow EPSP in bullfrog paravertebral sympathetic gangl ia. 

Transmitter Criteria. To earn the venerable distinction of 

"neurotransmitter", a cand i date substance must sat i sfy cert ai n cri teri a 

(Orrego 1979), which include demonstration of: 1) presence of the 

transmitter candidate in presynaptic nerve terminals and a mechanism for 
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its synthesis, 2) calcium-dependent release upon stimulation of 

presynaptic nerves, 3) mimicry by the candidate of the postsynaptic 

membrane effects produced by nerve stimul ation, 4) antagonism by the 

same pharmacological agent of the membrane effects produced by the 

candidate and by nerve stimul ation, and 5) a 'mechanism of removal or 

inactivation of the candidate. 

Presence. Using radioimmunoassay, Jan, Jan and Kuffl er (1980) 

d e t e c ted L H R H - 1 ike i mm uno rea c t i v i t y (a p pro x • 300 p g / m g' pro t e in) .j n 

ext r act s 0 f b u 1 1 fro g s ym pat h e tic c h a ins., Un i 1 ate r a 1 sec t ion 0 f the 

spinal nerves to the ganglia resulted in a 95% depletion of 

immunoreactivity from the denervated ganglia and a three-fold 

accumul ation of irmlUnoreactivity in nerve segments central to the cut, 

compared to that quantitated on the contralateral (control) side. These 

observations suggested that an LHRH-l ike peptide was being transported 

to the ganglion via fibers whose cell bodies were located in the spinal 

cord. Definitive proof of this was obtained by immunohistochemical 

staining of ganglia with antisera to LHRH, which revealed 

immunoreactivity in synaptic boutons of preganglionic C fibers. 

Purification and HPLC analysis of the extracted peptide indicated that 

it was not identical to mammalian LHRH, thus warranting use of the term 

"LHRH-l ike" to describe the peptide. 

Release. LHRH-like immunoreactivity was also found in the 

bathing medium following 1 hr of continuous pregangl ionic nerve 

stimulation (Jan and Jan 1982). In the absence of calcium in the 

bathing medium, only low background levels of LHRH-like immunoreactivity 

were detected following stimulation, attesting to a calcium-dependent 
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mechanism of presynaptic release. Absence of calcium abolished the late 

slow EPSP but not the depolarization produced by LHRH, indicating that, 

indeed, only the presynaptic rel ease, and not the postsynaptic effect, 

of the LHRH-like peptide was calcium dependent. 

Antagonism. Several peptide analogues of LHRH, having various 

amino acid substitutions, were screened as possible antagonists of the 

LHRH-induced depolarization and the late slow EPSP. Three of these 

analogues, which had been shown to block LH release from rat pituitary, 

were reported to be specific blockers of both responses in bullfrog 

gangl ia. The analogue [D-pGl ul,D-Phe2,D-Trp3,6]-LHRH, reportedly 

abol ished the LHRH and synaptically-evoked depol arizations without 

altering membrane potential, resistance, nicotinic fast EPSPs, or 

muscarinic slow EPSPs (Jan, Jan and Kuffler 1980). In a 1 ater report, 

however, the antagonist was shown to have partial agonist activity, 

causing a transient depolarization of cell membranes (Jan and Jan 1982). 

The antagonism was long-lasting, requiring hours of wash to achieve even 

a partial recovery of responses. Apparently, the antagonist blocked 

postsynaptic receptor sites specific for the LHRH-like peptide. 

However, in the original paper and those that followed describing the 

blocking effect of the LHRH analogue, data from only one cell was 

presented (one in which a 100% attenuation was achieved!). In 

addition, for the one example reported, the concentration of LHRH that 

was antagonized was not specified. Was the effecti ve concentration of 

antagonist a thousand-fold greater than the concentration of LHRH? Ten

fo 1 d? How effect i ve were the other two antagon i sts and where are the 

data? We are left to accept on faith the veracity of the authors' 
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claims. 

Ant ago n ism by des ens it i z at ion to L H R H was use d a·s fur the r 

evidence that LHRH and the transmiter of the late slow EPSP act on the 

same postsynaptic receptor. Desensitizatfon of neurons by a particul ar 

transmitter results from persistent exposure of the neuron to the 

transmitter, and attenuates any further effect of that transmitter 

(Triggle 1980). Late slow EPSPs were greatly reduced compared to 

controls in the same neuron after bullfrog ganglia were bathed in 

LHRH (10-6 to 1O-5M) (Jan, Jan and Kuffl er 1979). The authors detected 

no cross-desens it i zat i on between LHRH and SP, conc 1 ud i ng that they act 

on different receptor popul ations (Jan and Jan 1982). 

Mimicry. If LHRH or a related peptide was actually responsible 

for the late slow EPSP, then the conductance change or, inversely, the 

membrane resistance change associated with the LHRH-induced 

depolarization and the late slow EPSP should be identical. Schulman and 

Weight (1976) observed that the 1 ate slow EPSP was accompanied by an 

increase in membrane resistance. Jan, Jan and Kuffler (1980) also 

reported an increase in resistance during the late slow EPSP in 80% of 

cell s tested; they did not indicate whether resistance increased or 

remained unchanged in the remaining 20% of neurons. The mean val ue of 

the resistance increase was' not reported, but in individual neurons the 

increase was never less than 30%. Furthermore, in every cell in which a 

resistance increase occurred during the late slow EPSP, a resistance 

increase also occurred during the LHRH-induced depolarization. 

In a more thorough study, Katayama and Nishi (1982) observed 

both increases and decreases in resistance during the 1 ate slow EPSIl. 
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To preclude the possibility that resistance measurements were influenced 

by membrane rectification (i.e. change in membrane ionic permeabi 1 ity 

due solely to changes in membrane potential), depolarizations were 

null ified by injection of hyper-pol arizing current, a technique often 

referred to as "manual" voltage clamping. Using this technique, the 

authors found that 80% of late slow EPSPs showed an increased resistance 

and 20% a decreased resistance. These late slow EPSPs were cal led Type 

I and Type II, respectively. By voltage clamp analysis of the currents 

associated with late slow EPSPs--the EPSCs--only 24% of EPSCs were pure 

Type I, 8% Type II; the rest produced both Type I and II responses 

depending on the holding potential. The important point, however, is 

that in all cell s tested by either method, LHRH produced conductance 

changes that paralleled those of the late slow EPSP, thus supporting the 

mimicry criterion. 

The ionic basis of the late slow EPSP and LHRH-induced 

depolarization, although apparently identical, remain unresolved. It 

was first proposed that the late slow EPSP arose due to inactivation of 

resting (outward) potassium conductance, Gk (Schu)man and Weight 1976). 

Later, Adams and Brown (1980) discovered that LHRH depresses a voltage

dependent potassium current, the M-current, which is active between 

potentials of -60 mV and -10 mV. Based on this finding, they concluded 

that inhibition of the M-current was the ionic basis for the late slow 

EPSP in bullfrog sympathetic gangl ion neurons. However, if either 

potassium conductance were responsible, then the depolarizations should 

disappear at the potassium equilibrium potential, Ek = -80 mV. On the 

contrary, in 7 of 9 cells tested (Jan and Jan 1982), late slow EPSP and 
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LHRH-induced depolarizations increased as the membrane potential was 

hyperpolarized toward and beyond Ek• This behavior was more suggestive 

of an activated inward sodium conductance. Katayama and Nishi (1982) 

showed that Type I synaptic and LHRH-induced depol arizations decreased 

with hyperpolarization toward Ek, consistent with a potassium mechanism. 

On the other hand, Type II depol arizations increased at more negative 

potentials, arguing against a pure potassium mechanism. Furthermore, in, 

the absence of extracellular sodium, Type II responses (only) from LHRH 

were abolished. These and other data indicated that Type I 

depolarizations are produced by suppression of resting and voltage

dependent potassium currents, whereas Type II responses, although still 

somewhat enigmatic, probably involve an inward sodium conductance. 

Inactivation. The mechanism by which the action of LHRH is 

terminated has not been studied. For most peptides, it is believed that 

i nact i v at i on occurs by prot eo 1 yt i c destruct i on in the ext race 11 u 1 ar 

space. 

The case for LHRH is so far the best one for peptidergic 

transmission. Some questions remain, however. What is the amino acid 

sequence of the endogenous LHRH-like peptide? What physiological 

stimulus causes its release from preganglionic terminals? What is its 

role in ganglionic transmission and in toe physiology of the bullfrog 

autonomic nervous system? With regard to the first question, an answer 

is near. Recently, an LHRH analogue was isolated from teleost fish, and 

unl ike mammal ian LHRH, was chromatographically and immunologically 

indistinguishable from the LHRH-like peptide of bullfrog ganglia (Eiden 

et al •. 1982). Its actions on bullfrog sympathetic gangl ion cell s were 
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found to be qualitatively identical to those of mammalian LHRH, yet it 

was more potent (Jones et ale 1984). This teleost peptide, found to be 

[ Trp 7,Leu 8J-LHRH, may therefore be the endogenous form in bullfrog 

ganglia. 

Data on the effects of LHRH on mammalian prevertegral ganglia 

are confl icting. Tsunoo and coworkers (1982) reported that in 

concentrations of 1-5 x 10-5M, LHRH had no effect on cell membranes, 

whereas Dun and Jiang (1982) claimed that the 'peptide depolarized 

membranes and depressed slow EPSPs. Nevertheless, the ganglionic 

content of LHRH-like immunoreactivity was determined to be only 5~ pg/mg 

protein, about 2 orders of magnitude less that ·in the bullfrog 

sympathetic chain, and thus would not be expected to have a significant 

role as a transmitter. 

The Case for Substance P 

SP is a peptide of eleven amino acids (Fig. 2) that is 

distributed widely in the central and peripheral nervous systems (Pernow 

1983). In the periphery, SP is local ized mainly in primary sensory 

neurons and neurons intrinsic to the gastrointestinal tract. A 

considerable body of evidence has accumulated implicating SP in a 

neurotransmitter role (Nicoll, Schenker and Leeman 1980) throughout the 

nervous system. The case for SP as a transmitter in gangl i a has been 

built primarily in the guinea pig prevertebral sympathetic ganglia; 

name 1 y, the IMG. 

Presence. At roughly the same time that Neild (1978) discovered 

the slow EPSP in IMG neurons, Hokfelt et ale (1977c) detected SP-l ike 



1 2 3 4 5 6 7 8 9 . 10 11 

SUBSTANCE P Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH 2 

ARG-VASOPRESSIN Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH 2 

Fig. 2. Amino Acid Sequences of Substance P and Vasopressin 
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inmunoreactivity in nerve fibers surrounding IMG cells in cat, rat and 

guinea pig. SP immunoreactive axons had varicose swell ings containing 

small clear and 1 arge dense-core vesicles, and estab1 ished synaptic 

connections with postgang1 ionic dendrites, cell bodies, and with 

preganglionic axons (Kondo and Yui 1981, Leranth and Feher 1983). 

A year after Neild's discovery of the noncho1inergic slow EPSP in the 

IMG, Dun and Karczmar (1979) demonstrated that SP induced a membrane 

depo1 arization 1 ike that seen after repetitive nerve stimu1 ation, and 

the case for SP as a transmitter in the IMG began. 

Origin. Although the presence of SP or a SP-1ike peptide had 

been estab1 ished in the IMG, experiments were needed to determine the 

origin of the SP-containing fibers. As earlier immunohistochemical 

(Hokfelt et al. 1975 a,b, 1976) and biochemical studies (Takahashi and 

Otsuka 1975) had indicated the presence of SP in some primary sensory 

neurons, it was suggested by Hokfe1t and co-workers that the SP-positive 

fibers in the IMG were peripheral branches of primary sensory neurons. 

Experimental evidence supported this hypothesis. SP-1ike 

immunoreactivity in the IMG was partially or completely abo1 ished 

following section of the lumbar splanchnic nerves, and inmunoreativity 

"accumu1 ated in their proximal stumps (Baker et al. 1980, Da1 sgaard et 

a 1. 1983a, b, Hayashi and Ohsumi 1983, Matthews and Cue 110 1982). Some 

accumulation of SP-1ike immunoreactivity also occurred in proximal 

stumps of cut intermesenteric nerves, although gang1 ionic content of 

SP-1 ike immunoreactivity was not noticeably diminished (Baker et a1. 

1980, Matthews and Cuello 1982). Cutting the lumbar colonic nerves and 

hypogastric nerves failed to decrease ganglionic levels of 
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immunoreactivity and led to accumulation of immunoreactivity in the 

proximal (ganglionic) ends of the cut nerves. No SP-immunoreactive cell 

bodies were observed in prevertebra1 ganglia (Da1sgaard et a1. 1982a, 

Hokfelt et ale 1977c, Leranth and Feher 1983, Matthews and Cuello 1982). 

These results suggested that most of the ganglionic SP derives 

from neurons central to the ganglion, probably primary sensory neurons 

i nth e do r sal roo t g an g 1 i a. I n dee d , a p p 1 i cat ion 0 f the en z ym e 

horseradish peroxidase to any of its four nerves or to the IMG itself 

resulted in retrograde label ling of cell bodies in dorsal root ganglia, 

primarily at levels T13-L4 (Da1sgaard and E1fvin 1982, E1fvin and 

Da1 sgaard 1977). By combining retrograde dye 1 abe11 ing with antibody 

staining, Da1 sgaard et al. (1982a) provided direct evidence that some 

afferents from dorsal root gang 1 i a to the IMG were SP immunoreactive. 

Taken together, the above data suggested that fibers of some primary 

afferent neurons containing SP travel via the 1 umbar sp1 anchnic and 

intermesenteric nerves to the IMG, where they make synaptic contacts on 

postganglionic neurons, and then continue in the lumbar colonic and 

hypogastric nerves to visceral targets. 

The data also suggest that other primary afferent fibers 

containing ~ther ,neurotransmitter candidates may a1 so extend to the IMG., 

Konishi et a1. (1980) produced noncho1inergic slow EPSPs in IMG cells by 

stimulating dorsal roots (L3)' and argued from this that SP was the 

transmitter responsible. Such evidence was highly circumstantial in 

light of the diversity of putative neurotransmitters present in primary 

sensory neurons (Buck et a1. 1983b, Hokfe1t et a1. 1980), that might be 

released by root stimulation. 
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Another possible site of origin of SP-containing fibers 

extending to the IMG might be the intramural ganglia of visceral organs. 

SP-containing enteric neurons exist in the distal colon (Costa et al. 

1980, Schultzberg et al. 1980), but when all other nerves except the 

1 u mba r colon i c s we res e c t ion ed, 0 n 1 y a few S P - i mm uno rea c t i v e fib e r s 

prevailed in the ganglion (Dalsgaard et al. 1983a). This suggests that 

few SP-containing afferents project centripetally from the colon to the 

IMG. Likewise, cutting all nerves except the hypogastric nerve resulted 

in the persistence of only a few SP-positive fibers; thus, most of the 

SP content of the bladder seems to derive from primary afferent neurons 

(Sharkey et "al. 1983). 

Synthesis. SP contained in nerve fibers innervating the IMG is 

synthesized in cell bodies of spinal ganglia. This conclusion was based 

on the observation that when axonal transport was blocked by colchicine, 

SP-l ike immunoreactivity accumul ated in spinal gangl ion cell bodies 

(Hokfelt et al. 1975b). Inhibition of synthesis by cyclohexamide 

suggests that SP is synthesized by a conventional ribosomal mechanism. 

Radiolabelled methionine and proline residues incubated with rat dorsal 

root gangl ia in vitro were incorporated into a peptide that co-el uted 

with SP by HPLC (Harmar, Schofield and Keen 1981). Ihterestingly, there 

was a latency of 1 to 2 hrs between addition of label led amino acjd 

residues and their appearance in SP, which the authors specul ated was 

evidence of initial incorporation into a high molecular weight 

precursor, from which SP was slowly cleaved. Two precursors containing 

the amino acid sequence for bovine brain SP have since been discovered 

with DNA cloning techniques (Nawa et al. 1983). The synthesized SP is 



27 

then transported in vesicles along the central and peripheral axons of 

the primary afferent neuron to the terminals, which do not posess SP 

synthesizing capability. According to Harmar and Keen (1982), four 

times as much SP-like immunoreactivity was transported peripherally than 

centrally. The turnover time for SP in dorsal root gangl ia was 

calculated to be 3.6 hrs. 

Release. Release of SP-like immunoreactivity has been 

. demonstrated upon depolarizing guinea pig prevertebral ganglia with high 

concentrations of potassium (80 mM) (Tsunoo, Konishi and Otsuka 1982). 

The release was calcium dependent. Proof of SP release by presynaptic 

nerve stimulation has not been obtained. 

Antagonism. Neither the slow EPSP nor the SP-induced 

depolarization is blocked by nicotinic or muscarinic antagonists. As 

was done for LHRH in the bullfrog, the effect of SP desensitization on 

slow EPSPs was studied in the IMG. SP (o.l-i x 10-6M) superfused over 

the ganglion caused a slow depolarization which subsided in the 

continued presence of the peptide. Slow EPSPs were compared in each 

cell before and after desensitization and, remarkably, were always 

greatly depressed or completely abol ished after desensitization, in 

three separate reports (Dun and Jiang 1982, Dun and Karczmar 1979, 

Tsunoo, Konishi and Otsuka 1982). Attenuation of the slow EPSP was also 
,/ 

seen by the latter group during the SP-induced depolarization, when the 

depolarization was annul led with hyperpolarizing current prior to 

repetitive stimulation. These results implied that the transmitter of 

the slow EPSP cross-reacted highly with SP at postsynaptic receptors. 

In recent years, efforts have been made to design receptor 
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antagonists of SP. Sadly, none has emerged as a particularly potent and 

specific blocker of SP-induced responses, universally among tissues. 

Concentrations of antagonists needed to produce minimal blocking effects 

are high (1-100 x 10-6M) and for most, it is not known whether the 

antagonism is competitive. The lack of effective synthetic antagonists 

of SP has hampered efforts positively to confirm SP as a transmitter in 

mammalian prevertebral ganglia. In ganglia, the antagonists are only 

weakly potent and unreliable in blocking the excitation by SP. For 

instance, (D-Pro2,D-Phe7,D-Trp9)-SP was found to block SP-mediated 

contractions of guinea pig ileal smooth muscle (Folkers et ale 1981). 

However, the same analogue (10 uM) failed to block depolarizations 

produced by SP (1 x 10-6M) in nearly 40% of IMG neurons tested (Jiang, 

Dun and Karczmar 1982). The percent attenuation was reported for only 

one neuron and was 50%. The specificity of this analogue is also 

suspect, for it partially attenuated muscarinic slow EPSPs in some 

mammalian superior cervical ganglion neurons (Jiang, Dun and Karczmar 

1982). Further evidence of the 1 ack of antagonistic efficacy of this 

analogue was obtained by Nemeth and col leagues (1983), who found that at 

concentrations as high as 1 x 10-4M, it failed to suppress SP-induced 

depolarizations of myenteric neurons. 

Another an a logue, (0 -Arg1, D-Pro2, 0-Trp7,9 ,Leull )-SP (Rose 11 et 

ale 1983), which has been shown to antagonize the effects of SP on rat 

spinal motoneurons (Yanagisawa et ale 1982) and guinea pig taenia coli 

(Folkers et ale 1984) in vitro, has been tested on the guinea pig IMG. 

Agai n, hi gh concentrat ions (10-15 x 10-6M) were needed to produce on 1 y 

partial suppression of the SP-induceddepolarization, which again was 
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reported only for a single neuron. This analogue displ ayed partial 

agonist properties, consisting of a transient depolarization that was 

found to be due to release of histamine. This analogue is not admirably 

specific for SP, as it is also a bombesin receptor antagonist (Jensen et 

ale 1984), blocks adrenergic IPSPs in guinea pig submucous plexus 

neurons (Surprenant and North 1985), and has a small inhibitory effect 

on Ach in the rat spinal cord (Akagi et al. 1985). 

The present state of the art for SP antagonists is woeful. 

Thus, while both the putative SP analogue antagonists so far tested in 

the IMG have some antagonistic effect on SP responses and even on slow 

EPSPs, they are far from ideal antagonists and would not suffice as 

reliable pharmacologic tools to investigate the physiologic roles of SP 

in ganglionic transmission. The effect of one other SP antagonist, 

Spantide (Folkers et ale 1984), has not been tested in mamm.alian 

prevertebral ganglia. 

Mimicry. SP produces a membrane depolarization of prevertebral 

ganglion cells that mimics the slow EPSP. Studies differ in such 

parameters as SP concentration used, duration and method of application, 

and frequency and duration of nerve stimulation, making it difficult to 

general ize about mean amp 1 itudes and durations of resulting responses. 

The percentage of IMG cell s depol arized by SP was reported to be 85% 

(Dun and Minota 1981), identical to the percentage of cell s found to 

exhibit slow EPSPs upon repetitive nerve stimulation (Dun and Jiang 

1982, Tsunoo, Konishi and Otsuka 1982). It was not determined whether 

both responses occurred a 1 ways in the same ce 11 s, or whether, perhaps, 

some cells sensitive to SP did not exhibit slow EPSPs or vice versa. 
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As was shown for LHRH and the 1 ate slow EPSP, the ion i c 

permeability changes associated with the SP-induced depolarization 

should match those of the slow EPSP. Resistance changes for both 

responses vary greatly among cells and reports conflict with regard to 

the percentage of neurons exhibiting a given resistance change, as 

illustrated in Table 1. All tabulated data correspond to values found 

in guinea pig IMG, except for those of Dun and Ma (1984), which were 

obtained from guinea pig cel iac gangl ia. Early reports of the 

resistance changes associated with the slow EPSP indicated that in the 

vast majority of ce 11 s, res i stance decreased (Dun and Karczmar 1979, 

Nei 1 d 1978). Later reports found that in the majori ty of ce 11 s 

resistance increased. Even results from the same laboratory conflicted: 

Dun and Karczmar ori gi na 11 y found that resistance decreased in 88% and 

increased in 0% of slow EPSPs, whereas later Dun and Jiang found 

resistance increased in 100% of EPSPs, except that in 32% of the cases a 

short-lasting initial decrease was observed. 

Although some membrane rectification occurred which might 

explain differences in frequency of occurrence of a particular response 

between studies that did and those that did not use manual voltage 

clamping, frequencies of occurrence differed diametrically even between 

studies that relied solely on the clamping technique (cf. Dun and Jiang 

1982, Dun and Karczmar 1979). Manual voltage clamping did reveal some 

complex resistance changes in individual neurons that were not observed 

otherwise. For instance, a biphasic resistance change occurred in some 

neurons, cons i st i ng of an in i t i a 1 decrease fo 11 owed by a longer 

increase. A triphasic change was even observed occasionally, whereby an 
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Table 1. Changes in Membrane Resistance During Slow EPSPs and Substance 
P-Induced Depolarizations in the Inferior Mesenteric Ganglion 
Determined by Various Investigators. 

Method: + manua 11 y va ltage clamped 
- not manua 11 y clamped 

(1) biphasic and triphasic resistance changes observed when 
some ce 11 s were manua 11 y clamped 

(2) biphas'ic: initial decrease followed by longer-lasting 
increase 

(3) biphasit: initial increase followed by longer-lasting 
decrease 

(4) when some ce 11 s were manua 11 y clamped, 75% of them showed 
increase in resistance during both slow EPSP and SP
induced depolarization 

(5) slow EPSP and SP-induced depolarizations each elicited in 
same cell; relative resistance changes for both responses 
were parallel in each cell 

Slow EPSP 

Occurrence Resistance (% cells) 
l! cells) Increase Decrease .No Change Method Reference 

70 4 96 0 Neild 1978 

major. 0 88 12 + Dun & Karczmar 1979 

80 24 48 28 _(1 ) Jiang & Dun 1981 

85 100 32(2) 0 + Dun & Jiang 1982 

40 37 23 _ (4) Tsunoo et al 1982(5) 

71 83 0 17 Dun & Ma 1984 

96 0 4 + Dun & Ma 1984 

SP-Induced Depolarization 

11 89 0 + Dun & Karczmar 1979 

85 33 28 39 Dun & Minota 1981 

53 47(3) 0 + Dun & Minota 1981 

40 37 23 _(4) Tsunoo et al 1982(5) 
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initial increase was fol lowed by a short-lasting decrease and finally a 

prolonged increase in resistance. 

For SP-induced depolarizations, it was first reported that 

resistance usually decreased (Dun and Karczmar 1979). Later 

investigations indicated that a similar percentage of responses 

exhibited increases, decreases, and no change (Dun and Minota 1981, 

Tsunoo, Konishi and Otsuka 1982). Again, some membrane rectification 

occurred in occasional cells causing variation in the proportion of 

n e u ron s s how i n gag i v en res i s tan c e c han g e i nth e clam p e d v e r sus 

unc 1 amped states. The on 1 y report compari ng the res i stance changes 

during slow EPSPs and SP-induced depolarizations ~ the same cell was 

that of Tsunoo and coworkers, which showed that the changes were always 

parallel, thus supporting the mimicry criterion. 

The variety of resistance changes observed in different neurons 

and with i nth e s am e n e u ron d uri n g the s low E P SPa n d S P - i n d u c e d 

depolarization have made explaining the ionic mechanism involved 

somewhat difficult. The diversity of changes attests to the involvement 

of more than one ionic conductance. Increased membrane resistance 

seems consistent with an inactivation of resting or voltage-dependent 

Gk• However, hyperpolarizing the membrane toward Ek augmented both the 

slow EPSP and SP-induced depolarizations in the majority of neurons, 

discounting this as the only mechanism (Dun and Minota 1981, Jiang and 

Dun 1981). Both responses were partially attenuated in low-sodium or 

sodium-free Krebs solution, suggesting a contribution of an inward 

sod i u m cur r e n t • T his w 0 u 1 d ex p 1 a i nth e inc rea sed am p 1 i t u d e 0 f 

depolarizations at more negative potentials and the decreases in 
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resistance often observed. Lowering the extracellular calcium or 

chloride ion concentration had no effect on the SP-induced 

depol arization, suggesting these ions probably are not invol ved in the 

transmitter's action. So the electrogenic mechanisms contributing to 

the slow EPSP ar.e complex, invol ving at the least inactivation of a Gk 

and activation of a GNa. 

Inactivation. SP is quickly degraded in most tissues by 

proteolytic cleavage into inactive fragments (Pernow 1983, pp. 115-116; 

Watson 1983). Both cytosolic and membrane-bound peptidases capable of 

degrading SP have been extracted from the brain, and it is 1 ikely that 

one or more membrane-bound form~ work at ganglionic synapses. Efforts 

to demonstrate a neuronal re-uptake system for SP have fai 1 ed (Sagawa 

1977) • 

Capsaicin's Role.i!l the Case for Substance P One measure that 

has been heavily relied upon in implicating sensory SP in the mediation 

of slow EPSPs has been depletion of the peptide by capsaicin, in vitro. 

The acrid component of a class of hot peppers, capsaicin releases and 

ultimately depletes SP from primary sensory (C) neurons and fibers of 

laboratory animals when given systemically (Buck and Burks 1983, Cuello 

et ale 1981, Jessell, Iversen and Cuello 1978, Nagy et ale 1980). It is 

worth summarizing the ways in which capsaicin-related experiments have 

been used to support a transmitter role for SP in prevertebral ganglia. 

Because its SP-depleting action is exclusive to primary afferent 

C fibers, capsaicin has been and sti 11 is used to discriminate between 

sensory and nonsensory SP fibers in the central and peripheral nervous 

system. All studies of SP content in prevertebra1 ganglia of capsaicin-
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pretreated animals indicate nearly total depletion of SP-like 

immunoreactivity, measured by immunofluorescent visualization (Dalsgaard 

et al. 1983c, Matthews and Cuello 1982, Wilkin et al. 19133) and 

radioimmunoassay (Gamse et al. 1981). The cumulative doses of capsaicin 

ranged from 125 mg/kg to 360 mg/kg, all well above the 50 mg/kg 

necessary to effect maximal depletion of SP in dorsal root ganglia (Buck 

et a 1. 1983a) determi ned by radi oinmunoassay. 

The reason that some SP immunoreactivity persists in 

prevertebral ganglia following capsaicin treatment is not known. Three 

possible explanations come to mind: 1) capsaicin treatment simply failed 

to deplete lLLl the sensory stores of SP, 2) residual SP was contained in 

a population of capsaicin-resistant primary sensory fibers (Gamse, 

Holzer and Lembeck 1980), possibly myelinated A-delta fibers (Leeman and 

Gamse 1981), or 3) residual SP is contained in sensory fibers emanating 

from visceral sites such as the colon. The latter alternative seems 

unlikely because denervation experiments do not support this and 

because the SP-like immunoreactivity that remained in the 1MG after 

capsaicin treatm~nt disappeared fol lowing ligation of the lumbar 

spl anchnic nerves (Dal sgaard et al. 1983c). Whether or not they 

represent capsaicin-resistant primary afferents is not known. 

Capsaicin superfused over the 1MG mimics the depolarizing action 

of SP, presumably because it releases SP which then exerts its 

postsynaptic excitation. Accumulation of SP has been detected in the 

bathing medium following incubation of prevertebral gangl ia with 

capsaicin (1-33 x 10- 6M) (Gamse et al. 1981, Konishi et al. 1980) and 

the release is calcium dependent. The depleting effect of capsaicin on 
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sensory substance P is tantamount to antagonizing the action of SP.. In 

this regard, it is a much more efficacious blocker of SP effects than 

are the SP analogues. 

Capsaicin (0.2-12 x 10-6M) continuously appl ied to the IMG in 

vitro caused a long-lasting membrane depolarization fol lowed by a marked 

attenuation of slow EPSPs (to < 20% the amplitude of paired controls), 

but had no effect on fast EPSPs or on the membrane resp0nse to SP 

(Konishi et ale 1980). The depression of slow EPSPs was irreversible 

(Tsunoo, Konishi and Otsuka 1982) and a second administration of 

capsaicin produced only a small depolarization. The depolarization and 

slow EPSP attenuation were interpreted by the authors as due to the 

selective release and depletion, respectively, of SP from sensory nerve 

terminals in the ganglion. 

While capsaicin's action is evidently a presynaptic one 

involving release of SP, interpretations have been based on the faith 

that in vitro capsaicin releases SP exclusively, for which there is 

evidence to the contrary. Locally appl ied capsaicin has been reported 

to release or deplete somatostatin, cholecystokinin, acetylchol ine, 

serotonin and prostaglandins (Buck and Burks 1983), all of which are 

present in prevertebral ganglia. The possibility therefore exists that 

capsaicin caused the release from the IMG of other depolarizing agents 

in addition to SP (although apparently not Ach). Capsaicin's effect on 

levels of other putative transmitters in pre vertebra 1 ganglia has not 

been studied, except for vasoactive intestinal polypeptide, which was 

not affected by capsaicin (Konishi et ale 1980). 

Thus, while the capsaicin-related experiments appear convincing 
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in support of a transmitter role for sensory SP, the data should be 

accepted with some caution. Overrel iance on the sti 11 unproven 

specificity of locally-appl ied capsaicin for SP may have led to some 

erroneous conclusions. It would be of interest to determine the effect 

of in vivo capsaicin on the slow EPSP, as this method of appl ication 

appears to be more selective for SP (Buck et ale 1983a). Interestingly, 

Akagi et ale (1985) found that in vivo capsaicin abolished slow 

depolarizations recorded in spinal cord ventral roots upon stimulation 

of dorsal roots, for which there is other strong evidence that sensory 

SP is the transmitter. 

There was a weak attempt to implicate SP as a transmitter of 

some late slow EPSPs in bullfrog sj1T1pathetic ganglia. It was found to 

be present in in presynaptic fibers; however, the total gangl ionic 

concentration was low (40 pg/mg protein) and no SP-containing synaptic 

boutons were evident (Jan and Jan 1982). Double labelling with 

antibodies to SP and LHRH revealed separate distributions of these 

peptides. At the same time that Kuffler (1980) reported no effect of SP 

on bullfrog ganglion cells, Nishi et ale (1980) claimed that it caused 

slow depolarizations and decreased the amplitude of late slow EPSPs. Jan 

and Jan (1982) confirmed the depolarizing action of SP but did not 

detect any effect of the pept ide on 1 ate slow EPSPs. They added that 

all ce 11 s tested depo 1 ar i zed to both SP and LHRH, wi thout any cros s

desensitization occurring between the two. Nishi's group al so found 

that resistance changes--either increases or decreases--associated with 

SP-induced depolarizations matched those of the slow EPSP in every cell 

tested. 



37 

Although the data are not conclusive, SP cannot be dismissed as 

a possible transmitter of slow potentials in the bullfrog. The failure 

of in vitro capsaicin to cause a depo1 arization or attenuation of 1 ate 

slow EPSPs in bullfrog ganglion cells has been interpreted as evidence 

against such a role for SP (Dun and Kiraly 1983). However, because the 

SP-containing neurons may not be capsaicin-sensitive (primary sensory 

neurons), this interpretation is faulty. Although their case for LHRH 

is certainly more concrete, even the Jans (p. 236, 1982) admit that SP 

may med i ate 1 ate slow EPSPs ina popu 1 at i on of bu 11 frog sympathet i c 

gang1 ion neurons. 

The physiological significance of noncho1inergic transmission in 

sympathetic ganglia remains unknown. There is no evidence, in fact, that 

"peptidergic" or nonchol inergic transmission occurs intrinsically in 

sympathetic gang1 ia; that is, as a result of physiologic, rather than 

artificial (electrical) stimuli. It is attractive to think that 

non c h 0 1 i n erg' i c t ran s m iss ion i s not jus tan II art i f act 0 f 

e1ectrophysiologyt', as this adds a new dimension to the classical one

transmitter theory of gang1 ionic transmission. Slow depo1 arizations 

produced by the peptides SP and LHRH, for example, would be expected to 

enhance gang1 ionic transmission by initiating postsynaptic neuronal 

firing directly, or more probably by facilitating ongoing cholinergic 

transmission. Such could be accomplished by 1) depolarizing the 

membrane closer to firing threshold, 2) lowering the firing threshold, 

as occurs with inhibition of M-current, or 3) increasing passive 

membrane resistance, such that a given postsynaptic current results in a 

1 arger voltage deflection (EPSP). There is evidence that SP and LHRH 
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can influence synaptic transmission by each of these mechanisms. 

Vasopressin and Other Putative Noncholinergic Transmitters 

A plethora of other neuroactive substances, mostly peptides, has 

been identified by radioimmunoassay or immunohistochemistry in mammalian 

prevertebral ganglia. These include'enkephalin (Schultzberg et al. 

1979), bombes i n (Kondo, Iwanaga and Yanai hara 1983, Schu ltzberg 1983), 

vas 0 act i v e i n t est ina 1 p 0.1 y pep tid e ( H 0 k f e 1 t eta 1. 1 9 7 7 b ) , 

cholecystokinin (Larsson and Rehfeld 1979), dynorphin (Dalsgaard et al. 

1983b), neurotensin (Lundberg et al.1980), serotonin (Kiraly, Ma and Dun 

1983), neuropeptide Y (Lundberg et al. 1982), and somatostatin (Hokfelt 

et al. 1977a). Many are contained in axons projecting primarily from 

the intestine (Dalsgaard et al. 1983b), while enkephalin resides in 

preganglionic fibers (Dalsgaard et al. 1982b), and somatostatin and 

neuropeptide Yare co-localized with norepinephrine in principal 

postgangl ionic neurons. Whi 1 e all of these substances are regarded as 

neurotransmitter candi dates on account of thei r presence in gang 1 i a, 

their electrophysiological effects remain 1 argely unexplored, or at 

least, unpublished. 

Most recently, immunoreactivitY,to the neurohypophyseal hormone 

arginine-vasopressin (AVP) has been detected in significant quantities 

in rat sympathetic ganglia, including the celiac ganglion (Hanley et al. 

1983). AVP comprises 9 amino acids (Fig. 2), whose sequence is not 

homologous in any way with that of SP. Immunofluorescence localized the 

peptide in gangl ion cell bodies and fibers that stained positively for 

dopami ne-B-hydroxy 1 ase, suggest i ng its co- 1 oc ali z at i on wi th nor-
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epinephrine in principal postganglionic neurons. It is now recognized 

that this nine amino acid peptide is, in addition to being a circulating 

hormone with vasoconstrictor and antidiuretic actions, also a putative 

neurotransmitter in the central nervous system (Buijs 1983). 

Proposed neurotransmitter functions of vasopressin include 

involvement in thermoregulation, central autonomic control and learning 

processes. In central nervous system preparations in vitro, vasopressin 

is excitatory. Vasopressin in micromolar or lower concentrations 

increased the rate of spontaneous neuronal discharges in rat hippocampal 

(Muh 1 etha 1 er, Dreifuss and Gahwi 1 er 1982) and paraventri cu 1 ar neurons 

(Yamashita et al. 1984) in slice preparations. Vasopressin produced a 

depolarization of motoneurons (Suzue et al. 1981) and pregangl ionic 

sympathetic neurons (Backman and Henry 1984) in the spinal cord. Only 

once has vasopressin been applied to an isolated ganglion in vitro, and 

Wali (1984) found that it slightly depressed « 20% of control 

ampl itude) compound action potentials elicited by preganglionic nerve 

stimulation in rabbit superior cervical ganglia. This rather surprising 

inhibitory effect of vasopressin has not yet been corroborated by the 

more cell-specific intracellular recording technique. 



METHODS 

Preparation ·of Inferior Mesenteric Ganglion for Recording 

Guinea pigs of either sex weighing 125 to 350 g were killed by 

cervical dislocation and their abdomens opened by midline incision to 

expose the abdominal viscera. The IMG was quickly located and excised 

yielding a crude preparation bounded dorsally by the aorta, ventrally by 

the colon, rostrally by the celiac ganglia, and caudally by a cut 

through the terminal colon near the rectum. The preparation was pinned 

in a silicon-coated Petri dish containing oxygenated Krebs solution at 

room temperature. Excess connective tissue and mesentery were 

thoroughly di.ssected away from the IMG and associated nerves, while the 

bathing Krebs solution was evacuated and replaced as necessary to allow 

clear visualization of the preparation under the dissecting microscope. 

The crude preparation was then pinned on its other side and the fine· 

dissection repeated. Lastly, the colon was cut away and discarded. 

The ganglionic preparation was then transferred to a recording 

bath and secured to its silicon floor with wire pins, including 5 to 

10 filament pins (0.005 in. dia., 2 mm length) closely circumscribing 

the ganglion itself. These not only insured that the ganglion remained 

motionless during recording, but also help prevent bubbles from forming 

underneath the mesentery which could interrupt impalements. The bath, 

having a volume of 2 to 3 ml, was perfused at a rate of 2-4 ml/min with 
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Krebs solution (mM: NaCl 118.5, KCl 4.7, MgC1 2 1.2, NaHC0 3 23.8, CaC1 2 

2.5, KH 2P03 1.2, dextrose 5.5) bubbled with 95% 02/5% CO 2• The Krebs 

perfusing the bath was kept at room temperature until the start of 

experimentation as this was found to inhibit the formation of bubbles 

underneath the preparation. When experiments were started the bath 

temperature was rai sed to 36-37 °c and mai ntai ned at that temperature 

throughout the day. O.ne or more of the 1 umbar spl anchnic, 

intermesenteric, lumbar colonic and hypogastric nerves were cleared of 

mesentery and pl aced in bipol ar pl atinum stimul ating electrodes. The 

entire dissection and preparatory procedure was complete in approx. 40 

min. 

Preparation of Inferior Mesenteric Ganglion/Colon for Recording 

The dis sec t i 01'1 pro c e d u ref 0 r t his pre par at ion was the s am e as 

above, except that the colon segment was 1 eft attached and its 

connection to the IMG through the lumbar colonic nerve preserved. Care 

was taken during the dissection not to handle the colon segment or poke 

pins through it, except at the ends which would eventually be cut off. 

The IMG and the remaining 3.5 to 4.0 em of distal colon were mounted in 

separate compartments of a two-compartment recording bath perfused 

separately with Krebs solution. The IMG/colon preparation is illustrated 

in Fig 3. The intermediate mesentery containing the lumbar colonic 

nerve was draped over the barrier separating the two compartments and 

covered with moist gauze to prevent drying by exposure to air. The 

ganglion was pinned and the nerves (except the lumbar colonic nerve) 
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Fig. 3. Inferior Mesenteric Ganglion/Colon Preparation. 
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placed in stimulating electrodes as described above. Any intraluminal 

fecal pellets were usually expelled within a few minutes by natural 

contractions of the segment. Then the caudal end of the segment was 

ligated and pinned to the bath floor at a point'distal to the ligature, 

and the oral end was fitted and tied around a flared glass fluid inlet. 

The fluid inlet was connected to a 12-ml syringe filled with Krebs 

solution for distending the colon segment. After the ganglion had been 

pinned out and the colon attached to the distension appar'atus, 3 or 4 

pins were placed in the mesentery along ~he barrier in the ganglion 

compartment to prevent movement of the ganglion during distension. 

Colon Distension 

The colon was distended by bol us injection of Krebs sol ution, 

reaching the'desired pressure in 2-4 s. Removal of the fl uid from the 

colon segment followed a similar time course. Colonic intraluminal 

pressure was quantified in centimeters of water (cm H20) ascending in an 

open vertical manometer placed in parallel with the syringe and with a 

pressure transducer. The open manometer prov i ded a reservoi r into 

which solution could be expelled from the intraluminal volume of the 

distended colon during a spontaneous contractions. Contractions were 

followed by back-fil ling of the colon segment with solution previously 

expelled. In this way, colonic contractions produced transient 

increases in the volume of solution in the manometer, though usually not 

exceeding 5% of the total vol ume Ct 1 cm H20 for a distension of 20 cm 

H20) • 
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Method of Drug Application 

Drugs and pept ides di sso 1 ved in Krebs so 1 ut i on were app 1 i ed by 

superfusion or by pressu.re ejection. For pressure ejection, peptides 

were loaded into silanized micropipettes with tip diameters of 10 to 15 

urn. Immediately prior to ejection, the pipettes were positioned as 

close as possible to the recording site without jarring the recording 

electrode or the preparation itself. Ejection was performed using a 

General Val ve Picospritzer II apparatus. Immediately after ejection, 

the pressure pipette was removed from the bathing medium immediately 

after ejection to avoid passive dilution of the peptide solution in the 

pipette. 

Drugs and pept i des were superfused through the gang 1 ion 

compartment only, and at a flow rate slightly faster than for the Krebs 

solution superfused through the colon compartment. This flow rate 

differential insured that the known concentration of compound in the 

ganglion compartment would not be diluted significantly by fluid flowing 

over (the gauze br~dge acts as a wick) from the colon compartment. 

Blockade of cholinergic transmission was routinely desired and was 

accomplished by addition to the superfusing Krebs solution of the 

nicotinic and muscarinic antagonists hexamethonium (1-5 x 10-4M) and 

atropine (2 x 10-6M), respectively. 

Intracellular Recording 

Fig. 4 is a schematic diagram of the intracell ul ar recording 

apparatus. Intracellular responses were recorded using filament glass 
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m i c roe 1 e c t rod e s (F red e ric k H a e r & Co.) f ill e d with 3 M K C 1 and h a v, i n g 

tip resistances of 30 to 100 Mn. A ch10rided silver wire partially 

submerged in the bathing Kreb sol ution served as the reference 

electrode. Microe1ectrodes were pu1 led on a Kopf Model 700 or a Brown

F1 aming Model P-77 micropipette puller and best results were obtained 

when electrodes used were pulled that same day. Signals from the 

electrode were fed into a WP Instruments Mode 1 M-707 electrometer and 

displayed on a Nicolet 201 digital oscilloscope and stored 

simultaneously on a Hewlett Packard 3964A magnetic tape recorder. 

Membrane potential was read from a digital voltmeter. The recording bath 

was illuminated from below with a Dolan-Jenner fiber optic v'ariab1e 

1 ight source and the bath temperature monitored with a Yellow Springs 

Instruments Model 43 tel e-thermometer probe. Bipo1 ar p1 atinum 

stimulating electrodes were driven with Grass S-44 and S-88 stimulators 

in conjunction with Stimulus Isolation Units (SIU 5) to minimize 

artifact. Current and voltage tracings were reproduced from' tape or 

stored oscilloscope display on a Gould 3054 continuous-feed chart 

recorder or a Gould 2400 X-Y Plotter. 

Cells were impaled under the microscope by lightly tapping the 

manipulator stand as the electrode was lowered through the plane of the 

gang1 ion in gradual steps. An audio output monitor aided in the 

impalement, emitting characteristic sounds indicative of successful 

impalement. 

Direct injection of current into a neuron while monitoring 

voltage was made possible through an active bridge circuit in the 

electrometer. Direct hyperpolarizing or depolarizing current was 
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OSCilloscope 

Tope recorder 

Fig. 4. Schematic Representation of Intracellular Recording Apparatus. 
(Modified from Purves 1981, Fig. 1) 
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injected intracellularly when it was desired to manually ~old (clamp) 

the m em bra n e pot e n t i a 1 0 fan e u ron to a des ire d 1 eve 1 • S qua r e 

hyperpolarizing current pulses (90-100 ms duration) of constant 

magnitude were injected intracell ul arly to monitor cell ul ar input 

resistance; the corresponding voltage pulses exibited the characteristic 

RC configuration of neuronal membranes. By Ohm's Law (V=IR), with 

current maintained constant, a change in the voltage deflection 

signifies a proportional change in input resistance. Changes in input 

resistance were quantified by measuring with a ruler the amplitudes of 

hyperpolarizing voltage pulses from pen recordings of intracellular 

experiments. 

Synaptic potentials were elicited by presynaptic nerve 

stimulation with bipolar platinum electrodes. Subthreshold fast EPSPs 

were evoked by single shocks of the nerve at voltages adjusted below the 

threshold for firing of action potentials. Slow EPSPs were elicited by 

supramax ima 1 presynapt i c st imu 1 at i on at a frequency of 15-20 Hz; these 

stimulation parameters were chosen based on the observation that slow 

EPSP amplitude was under these conditions. 

Handling of Peptides 

Precautions were taken in the preparation and handling of 

peptides to avoid degradation, oxidation, or loss due to adherence to 

container surfaces (Beckman Peptide News 1982). Peptides, refrigerated 

since purchase, were disso1 ved by gentle stirring in 0.01 M acetic acid 

(SP) or deionized water (bombesin, SP antagonists, AVP, AVP antagonist) 
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that ~ad been bubbled with nitrogen gas, yielding stock solutions of 10-

3M concentration. Cholecystokinin was relatively insoluble in water and 

dissol ved better upon addition of 1 M acetic acid (0.3% final vol ume); 

the concentration of cholecystokinin stock solution was 10-4M). In 

1 ater months, steri 1 i zed dei on i zed water was used for water so 1 ub 1 e 

peptide stock solutions as an added precaution against microbial 

breakdown of peptide during storage. Stock solution aliquots were 

pipetted into polypropylene microcentrifuge vials, topped off with 

nitrogen gas, capped and immediately frozen in dessicated storage 

containers. Adhesion of peptides to gl ass or pl astics such as 

polycarbonate and polystyrene was avoided by using only polypropylene or 

silanized (Sigmacote) glass vials and containers. The glass heating 

coils in the recording bath, through whith solutions were infused, were 

silanized every two or three months. Peptide solutions used during 

experimentation were not vortexed vigorously or bubbled with oxygen at 

any time. V i a 1 s contai n i ng stock so 1 ut ions were thawed on 1 yonce and 

never re-frozen; any dilute or stock peptide solution remaining at day's 

end was discarded. All peptides were purchased from Peninsul a 

Laboratories, except for some lots of SP which were purchased from 

Cambridge Research Biochemicals, and some lots of AVP which were 

obtained from Vega Biochemicals. 

High Performance Liquid ChromatographY 

The stability of AVP in Krebs solution over time was assessed by 

high performance 1 iquid chromatography (HPLC). The retention time of 
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AVP was determined by the method ~f external standard, after which AVP 

(10- 6M, 300 u 1) was i nj ected hour 1 y for 5 hrs. The s amp 1 es were 

injected into a Perkin Elmer Series 4 liquid chromatograph, with a 

Beckman ultrasphere 5 ODS separation column (25 cm x 4 mm) maintained at 

37 °C. Flow rate was 2 ml Imino Separation was achieved with a 1 inear 

solvent gradient of 5% to 20% acetonitrile over 30 min in 0.1 M sodium 

dihydrophosphate buffer. Elution products were detected at 210 nm 

wavelength with a Waters Model 401 ultraviolet detector. Chromatograms 

were recorded on a Linear Manuf Town State strip chart recorder and peak 

areas were integrated by an Hewlett-Packard Model 3390A integrator • 

.!!:!. Vivo Capsaicin 

Capsa.icin (Sigma or ICN Pharmaceutical s) was dissol ved in 

ethanol and Tween 80 (Sigma), then di 1 uted with sal ine to a final 

composition of 10% ethanol:lO%Tween 80:80% saline (v:v:v). Guinea pigs 

received subcutaneous doses of 50, 100, or 350 mg/kg capsaicin injected 

over 1, 2, and 3 days, respectively (50 or 100 mg/ml, 1 ml/kg). 

Control animals received vehicle only. Immediately prior to the first 

injection, all animals were made to inhale a mist of 0.75% isoproterenol 

to amel iorate capsaicin-induced bronchoconstriction. Following 

capsaicin treatment the animals were placed in a chamber gassed with 95% 

O2:5% CO2 for 30 min. Treated and control guinea pigs were maintained 

for 4 to 10 days before their ganglia were dissected out for 

experimentation. Just before each animal was ki 11 ed, it was tested for 

chemosensitivity to the corneal irritant zingerone (Pfaltz and Bauer), 
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which is markedly attenuated in animals depleted of sensory SP (Miller 

et ale 1982). 

Statistical Analysis of Data 

Statistical analyses were performed on a TI SR-51 II calculator. 

The effects of pharmacological (e.g. drugs, peptides) and physiological 

man i p u 1 at ion s (e • g. colon dis ten s ion, man u a 1 vol tag e clam pin g ) 0 n a 

given neuronal response to nerve stimulation, colon distension, etc. 

were determined in individual neurons. That is, in a single neuron the 

particular response was compared before (control), during, and when 

possible after (washout) imposing the particular manipulation (e.g. 

cholinergic blockade). In this way, each neuron served as its own 

control. Responses obtained during pharmacologic or physiologic 

manipulation was expressed quantitatively, relative to its own paired 

control in the same neuron, usually as a percent change from control. 

Mean val ues "t standard error of mean (S.E.M.) of paired response 

differences from several neurons were calculated and, where appropriate, 

tested for statistical significance by comparison against the null 

hypothesis (0% change in paired responses) using the two-tailed 

Student's t-test for paired data. 

In in vivo capsaicin experiments, whe~e the effect of capsaicin 

was determined from responses in two popul ation sampl es (treated vs. 

untreated), a two-sampl e Student's t-test was used. Comparison of 

several group means was made with a one-way analysis of variance 

(ANOVA). Linear contrast was used when it was desired to determine which 



group mean was significantly different from the rest. 

significance required a P value of less than 0.05. 
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For all tests, 

In general, the data obtained in the present ~tudy were not 

amenable to statistical analysis by parametric or non-parametric tests 

because ganglionic neurons do not constitute a homogeneous population on 

which to evaluate an effect. For instance, not all IMG neurons are 

sensitive to SP, presumably because some do not possess surface 

receptors for this peptide. If only 20f 10 neurons depolarized in the 

presence of SP (the two with SP receptors), a statistical analysis would 

. reveal that SP had no significant effect on the "popu1 ation" of neurons 

tested. In fact, SP did have a significant effect on that minority 

population of neurons having surface receptors for the peptide, while it 

had no effect on the neuronal popu1 ation devoid of SP receptors. Thus, 

in many cases the data are classified instead according to the number of 

cells showing an increase, decrease, or no change in response to a given 

treatment, without combining them--perhaps erroneous1y--into a single 

population for analysis. 



RESULTS 

Electrophysiologic Properties of Neurons 

Intracellular recordings were made from neurons distributed 

throughout both lobes of the IMG. Successfu 1 impa 1 ement of exc itab 1 e 

neurons of the IMG was usually indicated by the pattern of intracellular 

potential ~hanges shown for a typical cell in Fig. 5. Immediately after 

imp a 1 em e nt, a rap i d de pol a r i z at ion ens u ed, c au sin gin ten sen e u ron a 1 

firing lasting seconds to minutes. Then the potential abruptly dropped 

approx imate 1 y 25 mV, presumab 1 y ref 1 ect i ng the rap i d sea 1 i ng of the 

neu ron a 1 membr ane arou nd the penet r at in g m i croe 1 ect rode, before 

gradually rising to a "resting" level over the next few minutes. In 

other neurons, impa 1 ement was accompani ed by "i nj ury" di scharges of 20 

to 60 Hz also lasting seconds to minutes; the discharges stopped as the 

membrane hyperpolarized. Experiments were conducted only after the 

membrane had remained at a constant 1 evel for at 1 east one min. 

Impalements in individual neurons were held for various lengths 

of time, occasionally for up to 3 or 4 hours. In comparing responses, 

particularly slow responses such as slow EPSPs and peptide-induced 

depolarizations, of a single neuron before, during and after drug 

treatment, it was usually necessary to maintain the impalement for at 

least 1 hr to al low sufficient time for membrane repolarization, washout 

of drugs, etc. Because impa 1 ements were samet imes lost before 
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compl etion of an entire experiment, some Figures in this section wi 11 

not 'contain the final "washout" response showing reversibi 1 ity of that 

response. The limitations imposed by the necessity for long impalement 

durations prevented aquisition of 1 arge "n" numbers for many 

experiments. 

Generally, preparations exhibited consistent responsiveness to 

nerve stimulation, peptide administration, and colon distension for 

about 4 hrs, after which the preparations seemed to become less "viable" 

and their responsiveness decl ined. Experiments were terminated when 

responsiveness decl ined so as not to bias the results with fewer and 

smaller responses to pharmacological and physiologi~al manipulations. 

In a sample of 50 neurons tested, the mean resting potential was 

-59! 1 mV (-44 mV to -93 mV). Cells with resting potentials less (more 

positive) than -40 mV were not used for experimentation, because 

low membrane res i stance and sma 11 synapt i c responses of these neurons 

suggested that they had been damaged duri ng impa 1 ement. Input 

resistance in a sample of 11 neurons was 54 ! 7 Mn (11 Mn to 101 Mn) and 

was constant between !20 mV of rest potential, that is, voltage-current 

rel ationships were 1 inear (corr. coeff. > 0.990) in that range (n=5). 

Two such voltage-current rel ationships are graphed in Fig. 6 and are 

clearly linear. The slope of the lines correspond to input resistance, 

which for one neuron was 43 Mn and for the other was 81 Mn. No 

spontaneously discharging (pacemaker) neurons were observed, and only 

rarely was asynchronous synaptic activity observed in ganglia not 

attached to abdominal viscera. 
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Fig. 6. Neuronal Voltage-Current Relationship. 

Plotted points represent voltage deflections (mV) cor
responding to intracell ul ar injection of depol arizing and 
hyperpolarizing current pulses (pA). The origin of the plot 
corresponds to resting membrane potential (0 pA injected 
current). By Ohm's Law the slope of the relationship 
corresponds to neuronal input resistance. For two typical 
neurons shown here, slopes are linear (correlation coefficient 
> 0.995), ref 1 ect i ng input res i st ances of 81 M Q and 43 MQ, 
respectively. The linear slope of the V-I relationship 
indicates lack of membrane rectification. 
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Substance t and Noncho)inergic Transmission 

Substance P Depolarization 

SP (0.1-1.0 x 10-6M, 10 s-10 mi n) superfused over the IMG caused 

a membrane depo1 a~ization in 44% (28 of 64) of neurons tested. In the 

rest of the neurons, SP had no effect on membrane potential. The effect 

of SP was not altered by the presence of the chol inergic antagonists 

hexamethonium (100 x 10-6M) and atropine (2 x 10-6M) in the superfusing 

Krebs sol ution. Depo1 arization amp1 itudes ranged from 2.0 mV to 15.5 

mV, with the'mean being 7.4! 0.6 mV (! S.E.M.). In the example in Fig. 

7A, superfusion of SP (5 x 10- 7M) resulted in a 15-mV depolarization 

that 1 asted approximately 4 min, at which time the membrane had 

comp 1 ete 1 y repo 1 ari zed. Cont i nuous superfus i on of SP resu 1 ted ina 

partial or full tachyphylaxis of the depolarization to the initial 

membrane potent i a 1 by 5.1 :!: 0.7 mi n of superfus ion (n=4) (Fi g. 8). 

Change in Input Resistance 

The resistance changes accompanying SP depo1arizations were 

measured in thirteen neurons by monitoring the amplitudes of injected 

hyperpo1 arizing pu1 sese In nine neurons, resistance increased re1 ative 

to pre-depolarization levels by 23:!: 4% (9% to 47% range). In one 

neuron resistance decreased by 13%, and in the remaining three neurons 

resistance did not change. In Fig. 7A it can be seen that 

hyperpo 1 ari zi ng pu 1 se amp 1 itude increased to a max imum at the peak of 

the SP-induced depolarization. In B, quantitative comparison of pulses 

prior to and at the peak of the depolarization indicates that resistance 
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Fig. 7. Substance P Depolarization and Increase in 
Resistance. 

A: SP (5 x lO-7M) superfused over the IMG for 1 min produced a 
membrane depo 1 ari zat i on (lower trace) and an increase in the 
amplitude of hyperpolarizing potential pulses (appearing as 
downward deflections); the potential pulses were produced by 
intracellular injection of constant anodal current pulses of 
90 ms duration (upper trace). B: Hyperpol arizing potential 
pulses were expanded at a faster sweep speed of the pen 
recorder for quantitative comparison. Rl is a control pulse 
recorded before SP superfusion (refer to A), and R2 was 
recorded at the peak of the SP-induced depol arization. The 
amplitude of R2 is 43% greater than the amplitude of Rl' 
reflecting an increase in resistance of that magnitude for 
this neuron. 
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Fig. 8. Desensitization to Substance P 

SP (5 x 10-7 M) was superfused continuously over the IMG 
(duration indicated by horizontal bar) producing ,an initial 
slow depolarization of 10 mV, followed by a partial return of 
the membrane potential to the initial level (dashed line); 
this indicates a desensitization of the neuron to SP. 
Desensitization is a technique employed routinely as a means 
of lIantagonizingli the action of SP in ganglia, in lieu of 
effective SP receptor antagonists. 
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increased 43% in this neuron. In six neurons the membrane potential was 

a 11 owed to depo 1 ari ze to a max imum, and then was clamped with 

hyperpolarizing current to the initial level. Only in the neuron in 

which resistance decreased was there evidence for membrane 

rectification; here the resistance decrease was much greater at the peak 

of the depolarization than at the clamped potential. 

Effect of Antagonists 

To study the role of SP in mediating noncholinergic slow 

potentials, it would be necessary to antagonize the action of SP. For 

this reason, two putative SP antagonists were tested for their abil ity 

to inhibit the SP-induced depolarization and the slow EPSP. The 

analogue [D-Arg1,D-Pro2,D-Trp7,9,Leu11]-Sp, superfused at concentrations 

of 1-2 x 10-6M for 4 to 15 min produced transient depolarizations of 8 

to 14 mV 1 asting several minutes in five of twel ve neurons tested in 

seven ganglia. A second administration of the analogue on the same 

preparation did not result in depolarization of other neurons in that 

preparation (n=~). The analogue did not attenuate the SP-induced 

depolarization in any of three neurons tested, one of which is shown in 

Fig. 9A. The antagonist did not depolarize this neuron, although a 

previous administration did depolarize a neuron recorded from earlier in 

the same preparation. In two neurons the depolarization was unaffected 

by the analogue, while in the other neuron it was increased by 21% over 

control. The effect of the analogue on slow EPSPs was mixed: in three 

neurons slow EPSP amplitude was decreased by a mean of 25! 5% from 

contro 1, in two neurons it was increased, and in two neurons the 



Fig. 9. Effect of Substance P Antagonists. 

A: This trace de~on5tra~es the7l~ck ~fl effect of the SP 
antagonist [D-Arg ,D-Pro ,D-Trp ',Leu h-SP on depolari
zations induced by SP. First, SP (1 x 10- M) was superfused 
for 1.5 min (thin horizontal bar), producing a slow 
depolarization that subsided shortly after SP superfusion was 
stopped. When the membrane pot£ntial returned to the resting 
level, the antagonist (2 x 10- M) was superfused for a period 
of 10 min (thick horizontal bar) .. In this neuron, the 
antagonist did not produce a depol arization, which has been 
suggested by others to result from release of endogenous 
histamine. It should be indicated, however, that a 
depol arization was produced by the antagonist in an earl ier 
ex per i men tin the s am ega n g 1 ion; per hap s ref 1 e c tin g the 
release and depletion of histamine from the ganglion. As can 
be seen, superfusion of SP immediately fol lowing antagonist 
produced a depolarization that was not diminished from the 
control; a similar depolarization was also produced later 
after a period of washing with Krebs solution. B: The SP 
antagonist Spantide depressed electrically-evoked slow EPSPs 
in some neurons. The trace shown was recorded from a 
different neuron than in A. Vertical calibration is the same 
as in A. The Krebs sol~tion bathing the gangl iOtf. contained 
hexamethonium (5 x 10- M) and atropine (2 x 10- M). In this 
neuron, 20-Hz stimulation of the hypogastric nerve for 4 s 
( 0 pen t ria n g 1 e) eli cit e d a con t r 0 1 's low E P S P 0 f 16.0 m V, at 
the peak of which the neuron fired a few action potentials 
(vertical deflections). When the membrane potent~al had 
returned to the resting level, Spantide (5 x 10- M) was 
superfused (horizontal bar) for about 15 min, during which 
time the cell membrane depolarized 7 mV and gradually returned 
to baseline potential (not shown). Then the hypogastric nerve 
was stimulated as before but this time resulted in a slow EPSP 
of on 1 y 9.2 mV, an attenuat i on of 42% from contra 1 amp 1 itude. 
The impalement was lost during subsequent washing with Krebs 
solution. Attenuation of the noncholinergic slow EPSP by the 
antagonist suggests that SP was invol ved in mediating this 
synaptic response. 
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Fig. 9. Effect of Substance P Antagonists. 
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amplitude went unchanged. 

The other analogue tested was [D-Arg1,D-Trp7,9,Leu11]-Sp, or 

Spantide. Spantide (1-5 x 10- 6M) also exhibited partial agonistic 

activity, causing transient depolarizations of 4 to 12 mV in five of the 

ten 'neurons tested in eight gangl ia. Its effect on SP-induced 

depol arizations, assessed in six cell s, was again variable and non

significant statistically (p > 0.05 by paired Student's t-test). 

Spantide depressed slow EPSPs in 3 of 6 neurons by 13% to 42% while it 

slightly increased the amplitude in one neuron and had no effect in two 

other neurons. In the neuron represented in Fig. 9B, Spantide decreased 

the slow EPSP elicited by stimulation of the hypogastric nerve from 16.0 

mV (contro 1) to 9.2 mV, a 42% decrease from contro 1 amp 1 i tude. 

Effect of Desensitization 

Because the SP antagonists were so poorly efficacious, another 

means of "antagonizing" the effects of SP was employed, a type of 

receptor desensitization. Slow EPSPs were elicited by repetitive 

stimul ation during the depol arization induced by superfusion of SP and 

compared to control responses in each neuron. This might be more 

accurate 1 y descri bed as receptor "saturat ion", because the membrane was 

not allowed to repol arize (or "desensitize") after reaching the 

depol arization pl ateau, but rather was cl amped to the initial basel ine 

at which time the second slow EPSP was evoked. The typical result is 

shown in Fig. 10. Following a control slow EPSP of 16.6 mV, SP was 

superfused which produced a depolarization that peaked at 10.7 mV above 

baseline. Then the depolarization was annulled with hyperpolarizing 
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Fig. 10. Substance P Attenuates Slow EPSP. 

5 min 

A slow EPSP of 16.6 mV was elicited in this neuron by 
supramaximal stimul ation of the hypogastric n'erve for 4 s at 
20 Hz (lower trace, open triangle). Several action potentials 
occurred at the peak of the depo 1 ari zat i on; these were 
intrinsically, not chol inergically mediated as cholinergic 
transmission was

6
blocked with hexamethonium (5 x 10- M) and 

atroffine (2 x 10- M). After the membrane repol arized, SP (1 x 
10- M) was superfused over the ganglion producing a 
depol arization that reached a maximum ampl itude of nearly 11 
mV. Then the membrane potential was manually clamped back to 
resting 1 evel by intracell ul ar injection of hyperpol ariz"jng 
current (upper trace), to eliminate a possible voltage 
dependent change in the characteristics of the slow EPSP to be 
elicited. With the potential clamped hypogastric nerve 
stimulation elicited a slow EPSP that was clearly diminished 
in amplitude compared to control, measuring only 11.5 mV. 
Complete reversal of the attenuation was evident after several 
minutes of washing with Krebs solution. This result suggests 
that SP was involved at least in part in the mediation of the 
slow EPSP produced by hypogastric nerve stimulation. 
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current and a second slow EPSP elicited. The amplitude of this 

potent i a 1 was now 11.5 mV, or 59% of contro 1 amp 1 i tude. After SP 

superfusion was ceased and the preparation washed with Krebs solution 

for about 10 min, the slow EPSP returned to control amplitude. This was 

one of nine neurons out of ten tested in wh i ch slow EPSPs were 

reversibly depressed in the presence of excess SP (0.5-1 x 10-6M). The 

degree of depression in individual.cells ranged from 26% to 100%, with a 

. mean of 52 ± 10%. I n on 1 y one neuron was the slow EPSP una 1 tered in 

the presence of excess SP. In cell s not sensitive to SP, that is, in 

cells that did not depolarize in response to SP superfusion, slow EPSPs 

el icited subsequent to SP superfusion were not different from their 

respective controls. 

In Vivo Capsaicin 

As a prel iminary test to determine whether administered 

capsaicin had reached the systemic circulation in sufficient quantities 

to elicit antinociceptive effects, chemosensitivity to the irritant 

zingerone was assessed in treated and control animals. Sensory function 

in each guinea pig was assessed at least four days after capsaicin 

treatment by observing the animal's response to corneal appl ication of 

zingerone (1% w/v) to one eye. Such application caused vehicle-treated 

animals to close the affected eye for 10-20 s and wipe it vigorously 

with front and/or hind paws. In contrast, none of the capsaicin-treated 

animals showed any response to zingerone appl ication. Application of 

saline produced no response in control or capsaicin-treated guinea pigs. 

These results were identical to those of Miller et ale (1982) and Buck 
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et al. (1983a), who found that capsaicin rendered all guinea pigs 

completely refractory to corneal irritation by zingerone. 

If, as proposed in the literature, SP released from primary 

afferent neurons were the sole mediator of slow EPSPs in the IMG, then 

it would be expected that depletion of sensory SP by capsaicin would 

eliminate them. This hypothesis was tested by comparing slow EPSPs in 

ganglia from capsaicin-treated and control guinea pigs (Peters and 

Kreulen 1984a). Intracellular recordings were obtained from seventy-six 

cells in fourteen ganglia. Representative slow EPSPs from neurons of a 

control and capsaicin-treated animal are contrasted in Fig. 11. EPSP 

amplitudes in capsaicin-treated animals were consistently smaller than 

those in controls. The mean EPSP amplitude in each of the three 

capsaicin dose groups was nearly identical and each was significantly 

sma 1 1 e r t han the con t r 0 1 mea n (F i g. 12) . The mea n am p 1 it u d e 0 f s low 

EPSPs in all capsaicin groups was 3.5 :to.4 mV (0.5 mV to 10.0 mV), which 

was about 50% of the control group mean of 6.8 :t 0.6 mV (1.2 mV to 17.8 

mV) (p < 0.001 by ANOVA). The percentage of non-responses to repetitive 

stimul ation (sol id bars) did not vary consistently with dose. Fast 

EPSPs were sampled in some neurons and did not differ in amplitude 

between treatment and control group~, suggesting that capsaicin's 

depressant effect was specific for slow EPSPs. 

Resting membrane potential did not differ significantly between 

treatment and control groups. Slow EPSPs were elicited at resting 

membrane potentials from -41 mV to -80 mV (mean = -52 mV). To 

determine whether slow EPSP ampl itude varied with resting potential, 

mean slow EPSP amplitudes were calculated for groups of cells having 
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Fi g. 11. Representat i ve Slow EPSPs from Contro 1 and 
Capsaicin-Treated Guinea Pigs. 

Noncholinergic slow EPSPs were elicited in IMG neurons by 15-
Hz supramaximal stimulation of hypogastric nerves for 5 s 
(horizontal bars). Gangl ia were superfused continuous

4
l y with 

K reb s sol uti 0 n go n t a i n i n g hex am e tho n i u m ( 1 x 10- M) and 
atropi ne (2 x 10- M). The slow EPSPs 1 abe 11 ed IIContro 111 and 
IICapsaicin" were el icited in gangl ia from an untreated animal s 
and animals treated in vivo with capsaicin (350 mg/kg, 
subcutaneous), respectively. The traces represent the 
average response characteristics obtained for each group. 
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Fig. 12. Effect of In Vivo Capsaicin on Occurrence and 
Amplitude of Slow EPSPs. 

Slow EPSPs were elicited in IMG neurons of untreated (control) 
guinea pigs and guinea pis treated with 50, 100, or 350 mg/kg 
capsaicin in vivo; stimulation parameters were the same in all 
experiments (15 Hz, 5 s). Responses were pooled for each dose 
group for determi nat i on of frequency of occurrence and mean 
ampl itude. Hatched bar = control group, open bars = 
capsaicin-treated groups, dark bars = % of stimulations that 
failed to elicit a slow EPSP (% non-responding trials). 
Number in parentheses indicates number of neurons tested; 3 
ganglia per dose group, except high dose group which comprised 
5 g an g 1 i a. Mea n s low E P S P am p 1 it u d e i n e a c h cap s a i c i n do s e 
group was significantly reduced compared to the control mean 
(*p < 0.01, **p < 0.001 by two-sampl e two-tai 1 ed Students t-

!~:tJ:5 Ih~.4c~~~ i ~~~r~~a~o~m~~~ i~~~ ~~a~ 1 ~h~ag;n~~~ ~ n mg:a~u~~ 
6.8 :!: 0.6 m V (p < 0.001 by AND V A) • The per c e n tag e 0 f non
responses to repetitive stimulation did not vary consistently 
with dose. No treatment-control differences were observed in 
the amplitudes of evoked fast EPSPs, indicating that 
capsaicin's effect was specific for the nonchol inergic 
response. These resul ts suggest that other transmitter( s) 
in addition to primary sensory SP may co-mediate synaptic 
responses to repetitive nerve stimulation. 
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resting membrane potentials of -41 to -50, -51 to -60, -61 to -70, and 

-71 to -80 niV. The mean amp 1 i tudes for all membrane potent i a 1 groups 

we ret h e s am e (p < 0.05 by AN 0 V A) • 0 c cas ion all y, n e r v est i m u 1 at ion 

failed to elicit a slow EPSP, and because of the likelihood that a lack 

of response indicates absence of synaptic connection, such non-responses 

were not included in the calculation of mean amplitudes. No significant 

differences ins low EPSP amp 1 itude were observed with respect to the 

particul ar nerve stimul ated, except for the 50 mg/kg group, in which 

stimulation of the lumbar splanchnic nerves evoked smaller-than-average 

ampl itudes (p < 0.05 by 1 inear contrast). 

Two cells from capsaicin-treated ganglia were desensitized to SP 

to see whether this would further attenuate or abolish the slow EPSP. 

Three cells from control ganglia were also tested for comparison. SP (1 

x 10-6M) was superfused for 10-15 min, causin~ depolarizations of 4 to 

11 mV; the mean was 7.3 mV in control and 5.5 mV in capsaicin-treated 

gangl ia. The potential returned to near the initial level after 4 to 7 

min of superfusion, at which time the cell s were presumed to be 

desensitized. Subsequent repetitive stimulations produced slow EPSPs 

that were diminished by 50% from pre-desensitization amplitudes, in both 

control and capsaicin-treated ganglia. SP desensitization did not, 

however, alter membrane resistance or the ampl itude of chol inergic fast 

EPSPs. 
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Vasopressin and Noncholinergic Transmission 

Pressure Ejection of Vasopressin 

In light of the above evidence that SP might not be the 

exclusive mediator of slow potentials in the IMG, other putative 

transmitter substances were sought for testing of possible 

electr-ophysiologic effects. With the discovery by Hanley et al. (1984) 

of vasopressin in neurons of mammalian prevertebral ganglia, it seemed 

worthwhile to determine whether this peptide had transmitter-like 

effects on IMG cell s. Arginine-vasopressin (AVP) was appl ied by 

pressure ejection (1-30 x 10-5M, 10-500 ms pul ses, 10-30 p.s.i.) from 

silanized micropipettes to fourteen neurons from three ganglia (Peters 

and Kreulen 1984b). AVP produced slow depolarizations in 5 (36%) 

neurons and no membrane potential change in the rest. As shown in Fig. 

13, depol arization began after a 1 atentcy of several seconds from the 

time of ejection (solid triangle) and reached peak amplitudes ranging 

+ from 1.0 mV to 7.2 mV, with a mean of 3.1 - 0.7 mV. The depolarizations 

1 asted between 66 and 400 s (240 '± 40 s) before repol arizing to the 

initial resting potential. The cell exempl ified in Fig. 13, 1 ike the 

other four cells, began firing action potentials at the peak of the 

depolarization. Membrane resistance was monitored in four of the cells 

during AVP administration; in three cell s resistance increased by 29 :!: 

9%, while in the other cell resistance did not change. The depolarizing 

action of AVP was not the result of intraganglionic release of 

acetylcholine, because the depolarizations occurred despite the presence 
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AVP 10-4M, 30ms 
·~10mv 

1 MIN 

Fig. 13. Depolarization by Pressure Ejection of Vasopressin. 

This trace represents the first demonstration of an exc~tatory 
effect of AVP in a sympathetic ganglion. AVP (1 x 10- M) was 
ejected from a silanized micropipette placed close to the 
surface of the IMG at the site of intracellular recording. A 
30-ms pressure pulse caused a potent excitation consisting of 
a depolarization and intense neuronal discharge (large 
vertical deflections) lasting several min (lower trace). 
Input resistance was monitored by intracellular injection of 
hyperpol arizing current pul ses (90 ms) (upper trace); 
corresponding voltage deflections increased following AVP 
ejection, reflecting an increase in resistance. Resistance 
remained increased even ·after the membrane potential had 
returned to its initial level following the discharge 
act ivity. 
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of hexamethonium (1 x 10-4M) and atropine (2 x 10-6M) in the superfusing 

Krebs so 1 ut ion. 

Stability of Vasopressin in Krebs Solution 

AVP superfused over the IMG was drawn 'throughout the day from a 

reservoir of AVP solution made up each day from frozen stock solution. 

Thus, it was important to determine whether the AVP underwent any 

degradation over this period of experimentation. HPLC analysis of AVP 

(10-6M) dissolved in Krebs solution reveal,ed a single large peak with a 

retention time of 19.5 min (Fig. 14). Samples of this solution analyzed 

hourly for five hours produced identical chromatograms, showing a single 

major peak whose integrated area decreased by only 10% over the five 

hours. This small decrease may reflect actual degradation of peptide or 

experimental error due, for example, to variation in amount of sample 

injected per trial. An extremely minor peak occurred at the retention 

time of 20.7 min, but its area also did not change over time. This 

experiment indicated that AVP was indeed stabl e in standing sol ution 

over the time course of daily experimentation. 

Vasopressin Depolarization 

AVP (0.05-1 x 10-6M) applied to the IMG by superfusion produced 

a depolarization in 67% (62 of 92) of IMG neurons from 43 ganglia 

(Peters and Kreul en 1984c, Peters and Kreul en in press). 

Depo 1 ari zat ions ranged from 1.5 mV to 23 mV (6.3 ± 0.4 mV) and from 3 to 

greater than 15 min in duration. The depol arizations occurred despite 

the presence in the bathing medium of hexamethonium (1-5 x 10-6M) and 



Fig. 14. HPLC Analysis of Vasopressin Stability. 

AVP
6

was dissolved in Krebs solution to a concentration of 1 x 
10- M and aliqouts analyzed over the course of 5 hrs. 
Chromatograms of absorbance (wavelength = 210 nm) in 
absorbance units full scale (AUFS) versus time after s-ample 
i nj ect i on (mi n) were obt a i ned at 0, 1, 3, arid 5 hrs after the 
AVP solution was prepared. 0 hr corresponds to a sample 
injected immediately after the solution was prepared. AVP 
eluted at 19.5 min as a single peak, ~ich at 0 hr corresponds 
to an injected quantity of 1.00 x 10- moles; quantitation by 
pea~ integration of AVP in la~r chromatograms indicate 0.95 1 
10- moles (1 hr), 0.91 x 10- moles (3 hr), and 0.90 x 10-
moles AVP (5 hr). This represents a 10% change in sample 
quantity over 5 hrs, which is within the experimental error 
for reproducibility of sampling by HPLC. 
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Fig. 14. HPLC Analysis of Vasopressin Stability. 
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atropine (2 x 10-6M), precluding any involvement of Ach in mediating 

the response. Occasionally, depo1arizations were sufficient to trigger 

action potentials, as shown for one cell in Fig. 15. The action 

potentials did not arise from cholinergic EPSPs because they occurred in 

the presence of cholinergic antagonists; rather, they were generated by 

an intrinsic neuronal threshold mechanism. The trace in Fig. 15 also 

illustrates the relatively long duration typical of AVP-induced 

depol arizations" compared to depo1 arizations by SP (cf. Fig. 7A). 

Continuous superfusion of AVP resulted in tachyphylaxis of the membrane 

depolarization (Fig. 16), with partial or complete repo1arization to a 

steady-state po~ential occurring by times varying from 3 to 20 min after 

the onset of depol arization. This was a simi 1 ar phenomenon to that 

seen during continuous superfusion of SP, shown in Fig. B. 

To determi ne whether AV P produced its effect direct 1 y on 

postsynaptic membranes, or by a Ca2+ -medi ated presynaptic rel ease of 

another endogenous excitatory agent, AVP was administered in normal (2.5 

mM Ca2+ 11.2 mM Mg2+) and Ca2+ -defi c i ent (0.25 mM Ca2+ /12 mM Mg2+) Krebs 

solutions. The result is shown in Fig. 17. After the first (control) 

depolarization by AVP, the normal Krebs solution was replaced with Ca2+

deficient Krebs solution, while monitoring fast synaptic potentials 

evoked by periodic nerve stimul ation (not shown). When synaptic 

transmission was abolished, AVP was once again superfused over the IMG. 

The depolarization elicited in Ca2+-deficient medium was quantitatively 

simi 1 ar to that in normal medium (n=2), suggesting that AVP acts by a 

direct postsynaptic mechanism. 
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AVP5x10-7 M 2 min 

Fig. 15. Depolarization by Superfusion of Vasopressin. 

Vasopressin (5 x 10-7M) was superfused over the IMG for 1 min 
(horizontal bar), causing a depol arization and intense 
neuronal discharge (lower trace). The depolarization lasted 5 
min, by which time the membrane potential had returned to its 
resting 1 evel. Hyperpol arizing current pul ses (upper trace) 
were injected intracel lularly to monitor changes in membrane 
resistance. The s~perfusing Krebs solu~ion contained 
hexamethonium (1 x 10- M) and atropine .(2 x 10- M). 

mV 



74 

1111111111111111111111111111111111111111111111111111111111111111111111111111111111111 10.3 nA 

__ ...... 15 mV 
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Fig. 16. Vasopressin Desensitization. 

Continuous superfusion of AVP (5 x 10-8M, horizontal bar) over 
the IMG produced a depol arization that reached a maximum of 
4.5 mV, before gradually subsiding in the continuous presence 
of AVP (lower trace). Complete desensitization to AVP was 
evident when the membrane potential had returned to the 
resting level (dashed line), approx 7 min after the beginning 
of the depolarization. Hyperpolarizing current pulses (upper 
trace) were injected intracell ul arly through the recording 
electrode to monitor input resistance. T~e superfusing Krebs 
sol~tion contained hexamethonium (1 x 10- M) and atropine (2 x 
10- M). 
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Fig. 17. Determination of Direct Postsynaptic Effect of 
Vasopressin. 

AVP (I x 10- 7M) was superfused over the IMG for 2 min (thin 
horizontal bars), producing a~embrane dep~larization that was 
simi Lar .in normal (2.5 mM Ca +/1.2 mM Mg +) and 1 ow-Ca (0.25 
mM Ca~+/ 12 mM Mg2T) Krebs solutions. Low-Ca Krebs solution 
was superfused during the period indicated by the thick 
horizontal bar; the second administration of AVP was made 
after evoked chol inergic EPSPs had disappeared, indicating 
interruption of synaptic transmission (not shown). This 
experiment indicates that AVP acts directly on postsynaptic 
membranes and not by a Ca-dependent re 1 ease of an endogenous 
excitatory substance. 
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Change. in Input Resistance 

The effect of AVP on input resistance was assessed in twelve 

neurons from nine gang1 ia. Resistance was increased during the 

depo1 arization in all but one neuron, in which no change occurred. 

Increases in individual ne~rons ranged from 11% to 68% above control 

1 eve 1 s a n.d a v era g e d 44 "± 6 %. I nth e e x am p 1 e s how n i n Fig. 18 A, the 

AVP-induced depo1 arization was annu11 ed briefly by hyperpo1 arizing 

current injection (upper trace), at which time the pu1 ses were visibly 

larger than those prior to the depolarization. This is shown 

quantitatively in B in which hyperpolarizing pulses were expanded from 

their designated positions in A. During the AVP-induced depolarization 

( R 2 ), the p u 1 seam p 1 i t u dew a s 64% 1 a r g e r t han con t r 0 1 am p 1 it u d e (R 1 ) , 

reflecting a resistance increase of that magnitude in the neuron. 

Sometimes the resistance increase out1 asted the depo1 arization, 

returning to control level up to several minutes after the membrane 

potent i a 1 had already fu 11 y repo 1 ari zed. 

Vasopressin and Cholinergic Transmission 

From the previous observation that that AVP increased membrane 

res i stance inmost IMG neurons, it was expected that AVP wou 1 d enhance 

cholinergic transmission. To explore the influence of AVP on cholinergic 

transmission, the effect of AVP on fast EPSPs was studied in three IMG 

neurons. Fast EPSPs, evoked by stimu1 ating the intermesenteric nerve 

with 0.2 ms pulses at subthreshold voltage, were monitored while AVP was 

superfused over the IMG. The effect on fast EPSPs was the same in all 

three neurons, and is shown in Fig. 19. Shortly after administration 



Fig. 18. Vasopressin-Induced Increase in Input Resistance. 

A: Hyperpolarizing current pulses (100 ms) were injected 
intracell ul arly (upper trace) to monitor change in membrane 
input {esistance produced by AVP. In the lower trace, AVP (1 
x 10- M) was superfused over the IMG, producing a maximum 
depolarization of approx. 6 mV. To preclude the possiblity of 
membrane rectification, the membrane potential was manually 
clam p e d b r i e fly tot h e i n it i all eve 1 wit h h Y per pol a r i z i n g 
current. Representative hyperpolarizing pulses from before 
(R1) and during (R2) the AVP-induced depol arization (cl amped) 
are expanded at a faster sweep speed in B. When the cl amping 
current was released, some action potentials fired 
spontaneous 1 y, presumab 1 y because the membrane potent i a 1 had 
reached threshold level for firing. Note in the lower trace 
in A that the amplitude of hyperpolarizing potential pulses at 
the end of the trace remained greater than control amplitude, 
even though the membrane potential had returned to its initial 
level. B: Hyperpolarizing potential pulses corresponding to 
regions marked R1 and R2 are expanded for quantitative 
comparison. R2 is 64% 1 arger than Rl" indicating an increase 
in resistance of that magnitude. 
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Fig. 18. Vasopressin-Induced Increase in Input Resistance. 
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Fig. 19. Enhancement of Cholinergic Transmission by 
Vasopressin. 

The top and bottom hal ves of this figure represent a 
continuous recording from a single IMG neuron. In each half, 
upper trace is current and lower trace is voltage. Fast 
cholinergic EPSPs were evoked by subthreshold stimulation of 
hypogastric nerves (0.2 ms pul ses) with a bipol ar pl atinum 
stimulating electrode; fast EPSPs appear as small upward 
deflections due to slow tr

7ace. After several control EPSPs 
were elicited, AVP (5 x 10- M) was superfused beginning at the 
arrow (underneath voltage trace). When the membrane began to 
depol arize above basel ine potential (broken 1 ine), EPSPs 
reached thresho 1 d for fi ri ng action potentials, whi ch appear 
as large vertical deflections. The action potentials 
persisted when the membrane potential was hyperpolarized to 
the baseline potential with intracellular current injection 
(lower half of figure), indicating that the depolarization per 
se was not responsible for the cholinergic enhancement. 

78 



79 

of AVP (5 x 10-7M), the membrane began to depolarize, and subthreshold 

fast EPSPs reached threshold for firing action potentials. To test 

w h e the r the E P SPa u g men tat ion was due 0 n 1 y tot h e de pol a r i z at ion, the 

potential was clamped to its initial level. As shown, action potentials 

persisted despite this manipul ation. Once AVP superfusion was halted 

and the depo 1 ari zat i on subs i ded, the act i on potent i a 1 s were rep 1 aced 

once again by EPSPs (not shown). This enhancement of cholinergic 

transmission was anticipated from the previous observation that AVP 

increased membrane resistance. 

V1 Antagonist and Vasopressin Depolarization 

The V1 antagonist d(CH2)5Tyr(Me)-AVP was tested for its abi 1 ity 

to block AVP-induced depolarizations in eight neurons from seven 

ganglia. In each neuron in which AVP (1-5 x 10- 7M) produced a 

(control) depolarization, the antagonist (0.5-1 x 10-6M) was then 

infused for 5 to 11 min and fol lowed immediately by a second superfusion 

of AVP (Fig. 20). The antagonist had no measureable effect on membrane 

potential or resistance in any of the neurons tested. As in the 

example, the antagonist decreased or completely abolished the 

depolarizations produced by AVP in seven of eight neurons, by a mean of 

82 ± 12% (29% to 100% range) (p < 0.05 by paired Student1s t-test). In 

the 0 the r n e u ron, the de pol a r i z at ion am p 1 i t u dew as inc rea sed 47% 

fol lowing treatment with the antagonist. The inhibition was completely 

reversible after washing for 10 to 25 min with Krebs solution. 
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VI Antagonist and Slow EPSPs 

Experiments were carried out to determine whether the VI 

antagonist attenuated slow EPSPs, which would provide evidence that AVP 

was involved in their mediation. Out of twelve neurons tested, slow 

EPSPs were diminished compared to paired controls in two neurons after 

exposure to the antagon i st (1-10 x 10- 6M) for up to 25 mi n. One 

experiment is reproduced in Fig. 21, in which the antagonist reversibly 

decreased the slow EPSP from 9.0 mV (contro 1) to 3.8 mV, or to 42% of 

control amplitude. In the other ten cells, however, slow EPSPs were not 

altered or were slightly increased in amplitude fo1 lowing treatment with 

the antagonist. Possible explanations for the differential effect of 

the VI antagonist on AVP-induced and nerve-evoked depo1 arizations are 

given in the Discussion. 

Effect of Desensitization 

The effect of desensitization, or receptor saturation by AVP on 

slow EPSPs was tested in eighteen neurons from eleven gang1 ia. The 

procedure fo1 lowed in most experiments was like that described earlier 

for SP, where after a control slow EPSP, a second repetitive stimulation 

was initiated during manual clamp of the AVP-induced depolarization to 

base 1 i ne potent i a 1. In a few neurons though, true desens i t i zat i on to 

AVP was effected before the second repetitive stimu1 ation. This was 

accomplished by continuous superfusion of AVP over the ganglion until 

the initial depolarization subsided, as occurred for the neuron in Fig. 

16. S 1 ow E P S Psi n f if tee nne u ron s (83 % ) we r ere d u c e din am p 1 it u d e i n 

the presence of excess AVP (0.5-[ x 10-6M), by a mean of 71 ± 8% (23% to 
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Fig. 20. VI Antagonist Blocks Vasopressin-Induced 
Depolarization. 

This figure represents a
7
continuous recording from a single 

IMG neuron. AVP (5 x 10- M) was superfused for 2 min (sol id 
horizontal bar), producing a depolarization and an increase in 
input resistance (increased amplitude of hyperpolarizing 
potential deflections). After the membrane potential had 
returned to its initial level, the VI antagonist 
d(CH 2)sTyr:(Me)-AVP (1 x 10-6M) was superfused for 5 min 
(dasnea line) fol lowed by a solution containing antagonist and 
AVP in the same respective concentrations. In the presence of 
antagonist, AVP failed to elicit a depolarization or an 
increase in resistance even after 4 min of superfusion. The 
AVP-induced depolarization and increase in resistance 
reappeared after 10 min of washing with Krebs solution. This 
result suggests that the postsynaptic excitatory effect of AVP 
is mediated by a VI receptor mechanism. 



CONTROL A VP antagonist ( 1 J,lM) WASHOUT 

Fig. 21. VI Antagonist Attenuates Slow EPSP. 

Noncholinergic slow EPSPs were elicited by 20-Hz supramaximal 
stimul ation of the intermesenteric nerve for 4 s (thin 
hori zonta 1 bars). Contro 1 EPSP amp 1 itude was 5.0 mV; after 8 
min of superfusion of VI antagonist (1 x 10- M) repetitive 
stimulation resulted in a slow EPSP of 3.8 mV, only 42% of 
con t r 0 1 am p 1 i t u de. The at ten u at ion was f u 1 1 y rever sed 
following nearly 7 min of washing with Krebs solution, when 
repetitive stimulation produced a slow EPSP of 9.3 mV. This 
result suggests that AVP was involved in mediating the 
noncholinergic slow EPSP in this neuron. 
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100% range) relative to paired control EPSPs. An example of AVP's 

depressant effect on slow EPSPs is shown in Fig. 23 (ignore the sP 

administration, which produced no effect). In this example the slow 

EPSP produced during the AVP-induced depolarization (nullified briefly. 

with hyperpolarizing current) was depressed to 36% of the paired control 

EPSP amplitude. In two neurons, slow EPSPs were increased and in the 

other were unchanged during the AVP-induc~d depolarization. Note that 

even after a subsequent period of washing with Krebs solution, the slow 

E P S P had s til 1 not f u 1 1 y rever sed to con t r 0 1 am p 1 it u de, and the 

excitabi 1 ity of the neuron was sti 11 increased, as ref1 ected by the 

greater "no i se" of the potent i a 1 trace. A longer period of washing 

was desired but not achieved as the impalement was lost. 

Sensitivities of Ganglionic Neurons to Substance ~ and Vasopressin 

To explore the possibility that individual neurons in the IMG 

are sensitive to more than one peptide, intrace11 u1 ar recordings were 

made from twenty-five neurons in 14 ganglia exposed separately to SP and 

AVP. All neurons chosen for testing exhibited slow EPSPs following 

repetitive stimulation of at least one of the four nerves. The peptides 

were superfused at concentrations of 0.5-1 x 10-6M for 1 to 2 min, 

with sufficient time a1 lowed for the effects of one peptide to subside 

before infusion of the other. To insure that the order of infusion of 

the peptides did not bias the results, SP was administered first and AVP 

second in roughly hal f of the neurons and in the reverse order in the 

rest of the neurons. 
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The results are summarized in Fig. 22. The information reported 

in this Figure was obtained in cells for which the effects of each 

individual peptide have already been reported in previous sections of 

the Results. Nearly half of all neurons (12) were depolarized to 

varying degrees by AVP but not at all by SP. In contrast, only three 

neurons (12%) were depolarized exclusively by SP. Seven neurons (28%) 

were sensitive to both peptides, which elicited depolarizations of 4.5 

mV to 22.5 mV. In the majority of these neurons, the depol arizat'ion 

produced by AVP was 1 arger, by 37 "!:9% (n=5) than that produced by the 

same concentration of SP appl ied for the same length of time. Finally, 

neither SP nor AVP altered membrane potential in three neurons (12%), 

despite the fact that all three neurons exhibited a slow EPSP upon 

repetitive nerve stimulation. The proportion of neurons of this type is 

quite probably an underestimate, as many experiments done for other 

purposes were terminated if the neuron failed to respond to one peptide. 

N eve r the 1 e s s, it i sin t ere s tin g t hat sam e I M G n e u ron sin w h i c has low 

EPSP can be elicited fail to respond to either SP or AVP; this suggests 

that there is at least one other putative transmitter of slow potentials 

in this ganglion. 

In seventeen of the neurons descri bed above, impalements were 

maintained long enough to compare separately the effects of SP and AVP 

on slow EPSPs elicited in that neuron. Examples of the different 

permutations of observed effects are shown in Figs. 23 to 26. The 

neurons represented in Figs. 23 and 24 were sensitive to only one of the 

two peptides, while those in Figs. 25 and 26 were depolarized by both SP 

and AVP. The neuron in Fig. 23 was one of near 1 y ha 1 f that were 
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Fig. 22. Sensitivities of Ganglionic Neurons to Substance P 
and Vasopressin. 

Twenty-five IMG neurons were exposed to SP and AVP in sgparate 
sup e r f us ion s 0 f the s am e con c e n t r at ion (0.5 -1. 0 x 10- M) for 
the same duration (1-2 min). Bars indicate number (right 
ordinate) or percent (left ordinate) of IMG neurons responding 
accordingly; all peptide responses were depol arizations. All 
25 neurons represented in the figure exhibited noncholinergic 
slow EPSPs in response to repetitive (20 Hz) stimulation of at 
1 east one of the four nerves associ ated with the IMG: 1 umbar 
splanchnic, lumbar colonic, hypogastric, or intermesenteric. 
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sensitive exclusively to AVP. SP in this neuron had no effect on 

membrane potent i a 1, and the slow EPSP eli cited immed i ate 1 y after SP 

administration was unchanged from the control EPSP. During manual clamp 

of the AVP-induced depol arization, however, the slow EPSP reached an 

ampl itude of only 3.1 mV, 36% of control ampl itude. The opposite 

response was recorded in the neuron in Fig. 24. Th is neuron was 

sensitive exclusively to SP, which reversibly abolished the slow EPSP. 

A slow EPSP was not evoked immediately after infusion of AVP, as it was 

determined in other exper~ments that whenever a peptide failed to alter 

membrane potential, it also failed to decrease the slow EPSP relative to 

control. 

In Fig. 25, it is clear that although both peptides depolarized 

the neuron, the slow EPSP elicited in this case by repetitive 

stimulation of the hypogastric nerve was attenuated only during the AVP

induced depolarization. Slow EPSPs in two of six neurons sensitive to 

both peptides were reversibly attenuated exclusively by AVP, suggesting 

that in these neurons AVP and the noncholinergic transmitter of the slow 

EPSP competed for the same postsynaptic receptors. On the other hand, 

the inability of SP to attenuate the slow EPSP suggests that SP and the 

nonchol inergic transmitter acted on different receptors. In the other 

four neurons, slow EPSPs were partially attenuated by both SP and AVP 

(Fig. 26). This could indicate that both peptides were involved in 

mediating those particular slow EPSPs, or that some cross-interaction 

occurred between SP and AVP and thei r respect i ve receptors. A 1 though 

the latter possibility can not be excluded, it is important to note that 



Fig. 23. Attenuation of Slow EPSP in the Presence of 
Vasopressin but not Substance P, in Neuron 
Sensitive Exclusively to Vasopressin. 

Slow EPSPs were el icited by supramaximal stimul ation of the 
hypogastric nerves at 20 Hz for 5 s (indicated by open 
triangles, lower trace). Initially, repetitive stimul at}on 
elicited a slow EPSP of 8.7 mV. Superfusion of SP (5 x 10- M) 
for 2 min (horizontal bar) failed to depol arize the neuron, 
and subsequent repet it i ve presynapt i c st imu 1 at i on produced a 
slow EPSP not appreciably different f50m control. On the 
contrary, superfusion of AVP (5 x 10- M) (horizontal bar) 
sharply depol arized the neuron and after the membrane 
potential was restored to the initial level by passage of 
hyperpolarizing intracellular current (current indicated in 
upper trace), repetitive stimulation elicited a greatly 
at ten u ate d s low E P S P 0 f 3.1 m V ( 3 6 % 0 f con t r 0 1 am p 1 i t u de) • 
The IInoi s i er ll appearance of the trace at the peak of the AVP
induced depolarization and thereafter is an indication of the 
increased neuronal excitability induced by AVP. As a result, 
several action potentials were triggered spontaneously when 
the hyperpolarizing current injection was discontinued. This 
increased level of excitability was still evident after 
several min of washing with Krebs solution, when a final 
repetitive stimulation elicited a slow EPSP that was still 
attenuated from control. The impalement was lost before a 
complete reversal of the slow EPSP could be achieved. 
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Fig. 23. Attenuation of Slow EPSP in the Presence of 
Vasopressin but not Substance P, in Neuron 
Sensitive Exclusively to Vasopressin. 
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Fig. 24. Attenuationof Slow EPSP in the Presence of 
Substance P but not Vasopressin, in Neuron 
Sensitive Excl usively to Substance P. 

Upper and lower halves of figure represent a continuous 
recording from a single neuron. In each half of figure, upper 
trace is i ntrace 11 u 1 ar current and lower trace is vo 1 tage. 
Constant hyperpolarizing current pulses were injected 
intracell ul arly to monitor neuronal input resistance. The 
experimental protocol was similar to that in Fig. 23; 
repetitive stimulations of hypogastric nerves (20 Hz, 5 s) are 
indicated bY7closed triangles. This neuron was insensitive to 
AVP (5 x 10- M); a slow EPSP was not elicited fol lowing lack 
of AVP depol arization as it was determined in other neurons 
that slow EPSPs in such cases were not appreciably different 
fro m con t r 0 1 • Up 0 n sup e r f us ion 0 f SPa t the s am e 
concentration however, the membrane depol arized, and after 
clamping the membrane potential to resting level, repetitive 
nerve stimulation failed to elicit a slow EPSP. A partial 
recovery of the slow EPSP was recorded fol lowing a period of 
washing the ganglion with Krebs solution. This result 
suggests that the transmitter of the slow ~PSP and SP acted on 
the same postsynaptic receptor population. The fact that the 
neurons in th is and the prev i ous fi gure were depo 1 ari zed by 
only one of the two peptides indicates that no cross
desensitization occurred between the peptides. 
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Fig. 25. Attenuation of Slow EPSP in the Presence of 
Vasopressin but not Substance P, in Neuron S~nsitive 
to Both Peptides. 

Top and bottom traces represent a continuous recording from a 
single IMG neuron. Initial presynaptic stimulation of 
h y P 0 gas t ric n e r v e s 7( 20 Hz, 5 s) pro d u c e d a s low E P S P 0 f 4.3 
m V • A V P ( 5 x 10- M, h 0 r i z 0 n tal bar) c au sed a m em bra n e 
depol arization of 10 mY, which was annulled briefly with 
intracellular passage of hyperpolarizing current; under these 
conditions repetitive presynaptic stimulation elicited a slow 
EPSP of on 1 y 1.2 mV (28% of contro 1 amp 1 itude). After 30 mi n 
of washing with Krebs solution, the slow EPSP had recovered 
to con t r 0 1 am p 1 it u de. L ate r, sup e r f u s ion 0 f S P (h 0 r i z 0 n tal 
bar) at the same concentration produced a depolarization of 7 
mY, smaller than that produced by AVP. But when the potential 
was clam p edt 0 bas eli n e 1 eve 1 and the n e r v est i m u 1 ate d as 
before, a slow EPSP was elicited measuring 4.7 mY, which was 
not appreciably different from control. Thus, although this 
neuron was sensitive to both AVP and SP, only AVP was 
effective in attenuating the slow EPSP. 
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Fig. 25. Attenuation of Slow EPSP in the Presence of 
Vasopressin but not Substance P, in Neuron Sensitive 
to Both Peptides. 
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Fig. 26. Attenuation of Slow EPSP by Substance P and 
Vasopressin, in Neuron Sensitive to Both Peptides. 

Top and bottom halves of the figure represent a continuous 
recording from a single IMG neuron. In both halves of figure, 
upper trace is i ntrace 11 u 1 ar current, lower trace is vo ltage. 
The expe~imental protocol was the same as in the previous 
figure, except for the order of peptide administration. It is 
evident that the slow EPSP was

7
attenuated approximately 

equally by both peptides (5 x 10- M), which produced similar 
membrane depol arizations. This result suggests that both SP 
and AVP were involved in mediating the slow EPSP elicited in 
this neuron by stimul ation of the hypogastric nerve, in 1 ight 
of the indications that little or no cross-desensitization 
occurs between the peptides. 
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Fig. 27. Lack of Cross-Desensitization Between Substance P 
and Vasopressin. 

Substance P (5 x 10-7M) was superfused over the IMG for 1 min 
(horizontal bar), causing a depolarization of 15 mV (lower 
trace). Hyperpolarizing potential pulses resulting from 
intracell ul ar injection of constant anodal current pul ses 
(upper trace) were 1 arger at the peak of the depol arization 
than prior to SP administration, reflecting in this neuron a 
43% increase in membrane input resistance by SP. When the 
~embrane potential had returned to resting level, 'AVP (5 x 10-

M) was superfused, causing a sharp depol arization of 16 mV 
which was annulled briefly by injection of hyperpol arizing 
current for the subsequent administration of SP. The 
corresponding depolarization by SP measured 13.9 mV, only 7% 
reduced compared to control, indicating little if any cross
desens it i zat i on between the two pept i des. After a peri ad of 
washing, another superfusion of SP produced a simi 1 ar 
depolarization and increase in resistance. 

2min 
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some IMG cell s.were excl usively sensitive to one peptide; in these 

cases, cross-reactivity definitely did not occur. 

To investigate further the possibility of cross-reactivity 

between SP' and Avp, the effect of SP was compared in a single neuron in 

the absence arid presence of AVP. In this experiment, shown in Fig. 27, 

SP (5 x 10- 7M)'superfused for 1 min produced a 15-mV depol arization. 

Then AVP (5 x 10-7M) was superfused causing a strong depolarization 

which was annulled oy passage of hyperpolarizing current 

intracell~larly. While the potential was held at the baseline level, 

AVP infusion was stopped and SP was superfused again for 1 min. The 

resulting depolarization was 13.9 mV, only 7% smaller than the control 

depol arization, indicating alack of cross-reacti vity between the two 

peptides. It was interesting that of the six neurons exhibiting 

sensitivity to both peptides, none produced a slow EPSP that was 

diminished exclusively during the SP-induced depolarization, the 

opposite case of that depicted in Fig. 25. 

Effects of Other Putative Peptide Neurotransmitters 

Two other peptides whose effects on ganglionic neurons have not 

been reported in the literature were tested in the IM~ for possible 

effects on neuronal membranes. Bombesin, one of the peptides contained 

in neurons projecting from the intestine to the IMG, was tested on three 

neurons from two gangl ia. Bombesin (3 x 10-4M) was pressure ejected 

(0.5-4.5 s, 20-40 p.s.i.) from si 1 ani zed gl ass micropipettes positioned 



93 

I 0.3 nA 

~8mv 
20 s 

Fig. 28. Depolarization by Cholecystokinin. 

A micropipette containing cholecystokinin (CCK) (5 x 10-6M) 
was lowered over the IMG close to the site of microelectrode 
impalement for pressure ejection. Upper trace is current; 
hyperpolarizing current pulses (90 ms) were delivered 
intracel lularly to monitor membrane resistance. Lower trace 
is voltage response to CCK ejection. In this neuron, ejection 
of CCK (loa ms pu 1 se at arrow) produced a membrane 
depol arization of 8.9 mV 1 asting 2 min, at the peak of which 
input resistance was increased 39%. In this neuron, repeated 
ejections of CCK produced repeated depolarizations (not 
shown). 
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close to the recording site. The peptide had no effect on membrane 

potent i ali n any of the three neurons. 

Cholecystokinin, which also reaches the ganglion in nerve fibers 

originating from peripheral sites, was appl ied by pressure ejection or 

superfusion to nine neurons from two ganglia. When ejected at a 

concentratidn of 5 x 10-6M (100 ms, 10-30 p.s.i.), cholecystokinin 

produced a depolarization in one neuron (Fig. 28), while in four others 

it had no effect on membrane potentiaL The depol arization of 8.9 mV 

lasted two min and was accompanied by a 39% increase in cellular input 

resistance. Repeated ejections of the peptide resulted in repeated 

depolarizations in this neuron. When superfused for two min at a 

concentration of 4 x 10- 7M, cholecystokinin fai led to alter membrane 

potent i ali n four neurons tested. These resu lts suggest that a sma 11 

population of IMG neurons may be sensitive to cholecystokinin and 

perhaps are innervated by cholecystokinin-containing neurons. 

Synaptic Potentials Produced El Colon Distension 

The data reported in this section were obtained using the 

IMG/colon preparation described in the Methods. With the colon segment 

in a non-distended state (intraluminal pressure 0 cm H20) many IMG 

neurons exibited continuous electrical activity consisting of 

asynchronous fast EPSPs and occasional action potentials, as shown in 

Fig. 29A. The asynchronous fast EPSPs were cholinergically (nicotinic) 

mediated, as they were abol ished by hexamethonium (1-5 x 10-4M) (Fig. 

29B). The actual proportion of the neuronal population exhibiting 
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asynchronous activity at rest could not be determined in retrospect, 

because for many preparations chol inergic antagonists were present in 

the superfusing Krebs solution throughout the day. 

Simultaneous Fast and Slow Mechanos~nsory Potentials 

When the colon was distended with fluid, the frequency and 

amplitude of fast EPSPs increased, as shown in Fig. 30 and Fig. 34B. 

Fig. 348 was recorded at a faster sweep speed and thus better 

illustrates the increase in fast synaptic activity upon distension. As 

colonic intraluminal pressure was increased in Fig. 30, so did the level 

of asynchronous synaptic activity (see also Fig. 31). In this neuron, 

distension of the colon to an intraluminal pressure of 5 cm H20 (upper 

trace) resulted immediately in larger fast EPSPs, which appear only as 

upward spikes due to the slow sweep speed of the pen recorder; in the 

inset fast EPSPs appear at a faster sweep speed. After 1 min, the 

intraluminal pressure was stepped up to 10 cm H20, which caused firing 

of some action potential s (only their afterhyperpolarizations were 

reproduced in this slow trace, open arrow) and a slow long-lasting 

depol arization of the membrane from its basel ine level (indicated by 

dashed line). When the colonic intraluminal pressure was restored to ° 
cm H20, fast synaptic activity and membrane potential returned to their 

pre-distension levels. 

Noncholinergic Nature of Slow Mechanosensory Potentials 

Having observed that the mechanosensory stimulus of colon 

distension augmented fast asynchronous synaptic activity superimposed 



Fig. 29. Hexamethonium Blocks Asynchronous Synaptic Activity 
of Colonic Origin. 

Traces in A and B were obtained a single neuron in an IMG left 
connected to a segment of d i sta 1 co 1 on through intact 1 umbar 
colonic nerves. Upper traces were recorded at a slow sweep 
speed; lower traces are expanded from upper traces at a faster 
sweep speed. A: Asynchronous synaptic activity occurring when 
the colon was in a non-distended state (0 cm H20) whi l'e the 
ganglion was superfused with Krebs solution. At the faster 
sweep speed, the upward deflections in the slower trace are 
resolved as fast EPSPs of approximately 50 ms duration and up 
to 5 m V i n am p 1 i t u de. B: Aft e r s ~ per f u s ion 0 f the n i cot i n i c 
antagonist hexamethonium (1 x 10- M) over the ganglion for 3 
min, all -.~ynchronous activity was gone. Thus, asynchronous 
afferent synaptic activity from the colon is chol inergic in 
nature, mediated by Ach acting on nicotinic postsynaptic 
receptors. 
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Fig. 29. Hexamethonium Blocks Asynchronous Synaptic Activity of Colonic Origin. 
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Fig. 30. Colon Distension Enhances Asynchronous Synaptic 
Activity and Produces a Slow Depolarization. 

Upper trace indicates colonic intraluminal pressure, lower 
trace indicates voltage response of IMG neuron. With the 
colon at rest (0 cm H2P), asynchronous synaptic activity is 
ev i dent in the form or fast EPSPs (expanded at f aster sweep 
speed in inset). When the colon was distended by fl uid 
injection to 5 cm H20, the frequency and amplitude of fast 
EPSPs increased above resting level; although the increased 
frequency is not readily apparent in this slow trace (see Fig. 
348), the increased amplitude of fast EPSPs is apparent by 
their larger upward deflections. When intraluminal pressure 
was raised to 10 cm H2), many asynchronous fast EPSPs reached 
threshold for firing action potentials, whose rapid upward 
spikes were clipped in this slow trace but whose slower after
hyperpolarizations appear as downward deflections (open 
arrow). Also at 10 cm H2 0, the membrane potential depolarized 
above the resting lever, indicated by the dashed line. When 
the colonic intral uminal pressure was restored to ° cm H20, 
asynchronous act i v ity decreased and the membrane potent 1 a 1 
returned to resting level. 

97 

10 em 
H2O 

4 mV 



98 

upon a slow depolarization, the question to be answered now was whether 

these two phenomena were independent. That is, could the fast synaptic 

activity which was presumably cholinergic be separated pharmacologically 

from the slow depolarization, whose time course was tantalizingly 

similar to that of noncholinergic slow EPSPs? The approach taken to 

answer this question was to record the response to distension in single 

neurons in the absence and presence of cholinergic antagonists. Fig. 31 

shows the effect of cholinergic blockade on the fast synaptic activity 

and accompanying slow depolarization in a single neuron. In this 

neuron, distension of as little as 2 cm H20 (between arrows) caused an 

enhancement of fast synaptic activity but no depolarizing shift (upper 

left trace). At 10 cm H20, fast synaptic activity was increased more 

dramatically, and superimposed now upon a slow membrane depol arization 

of approximately 5 mV (lower left trace). After addition to the 

superfusing Krebs solution of hexamethonium for approx. 3 min, all fast 

synaptic activity was abolished during distension at both pressures 

(right traces). Atropine (2 x 10-6M) was also routinely administered 

with hexamethonium to prevent the possibility of a muscarinic action of 

Ach. However, despite the presence of cholinergic blockers, distension 

to 10 cm H20 still elicited th.e slow depolarization (lower right trace). 

This experiment indicated that mechanosensory transmission 

induced in the IMG by colon distension could be distinguished 

~harmacological ly into cholinergic and noncholinergic components {Peters 

and Kreulen 1984d, Peters and Kreulen submitted}. The fast asynchronous 

activity was mediated by Ach acting at nicotinic receptors, whereas the 

slow mechanosensory potential was mediated by a different, 
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Fig. 31. Determination of Noncholinergic Nature of Slow 
Depolarization Produced by Colon Distension. 

Colon distensions (between arrows) were executed in the 
absence (control) and presence (cholinergic blocked) of 
chol inergic antagonists hexamethonium (1 x 10" M) and atropine 
(2 x 10- M) in the Krebs solution superfusing the IMG. All 
traces in the figure were recorded in a single IMG neuron. 
Upper and lower traces are responses to distensions of 2 cm 
H20 and 10 cm H20, respectively. In the absence of 
cnolinergic antagonists, distension to 2 cm H20 produced a 
slight increase in frequency and amplitude of asynchronous 
fast EPSPs, but no apparent slow membrane depolarization. 
When cholinergic transmission was blocked (upper right), all 
fast EPSPs were abol ished and distension to the same 
intraluminal pressure had no effect on membrane potential. 
Distension at 10 cm H20 produced a greater increase in 
asynchronous synapt i c act i v ity (lower 1 eft) than occurred at 
the lower intraluminal pressure, and also a membrane 
depol arization of 3-4 mV above resting 1 evel (dashed 1 ine). 
When chol inergic transmission was blocked, all fast 
asynchronous activity was abolished as before, but colon 
distension still elicited a slow depolarization (lower right). 
The distension-induced slow depolarization was thus mediated 
by nonchol inergic mechanosensitive afferent fibers from the 
colon. . 
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noncholinergic, transmitter yet to be identified. The slow 

mechanosensory potential represents the first noncholinergic potential 

el icited in a sympathetic gangl ion by a means other than electrical 

nerve stimulation. Thus, it may be the physiological correlate of the 

e.lectrically-evoked nonchol inergic slow EPSP. 

Characterization of the Noncholinergic Mechanosensory Potential 

General Characteristics 

Most of the experiments designed to characterize the 

noncholinergic mechanosensory potential, or the distension-induced slow 

depolarization, were performed in the absence of cholinergic synaptic 

activity, which was blocked by cholinergic antagonists. Distension of 

the colon segment produced distension-induced slow depolarizations in 

sixty-eight out of 156 neurons from thirty-six ganglia; this represents 

44% of the sampled neuronal population. Neurons exhibiting the response 

were distributed throughout both lobes of the gangl ion; nonchol inergic 

mechanosensory input was not apparently concentrated in any specific 

topographical region of the ganglion. 

Quantitative characterization of the noncholinergic mechano

sensory potential was made by recording responses of a number of IMG 

neurons to colon distensions of 10 to 20 cm H20 for 1 min. Resulting 

slow depolarizations ranged in amplitude from 1.0 mV (approximate limit 

of detectabi 1 ity) to 7.4 mV; the mean ampl itude was 3.4 :!: 0.3 mV (n=21). 

Depol arizations usually began within seconds of distension, reached 

their peak in approx. 1 min and 1 asted an average of 108 't 7s (n=21) 
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before the membrane potential returned to its original level. 

Occasionally, depolarizations reached threshold for initiation of action 

potentials. Repeated distensions while recording from the 'same neuron 

produced corresponding depolarizations, indicating that the 

mechanoreceptive neurons were not damaged by distension. 

In later experiments it was noticed that slow depolarizations 

were occasionally followed by long hyperpolarizations; an example is 

displayed in Fig. 32A. In this neuron, colon distension to an 

intraluminal pressure of 20 em H20 for 1.5 min produced a depolarization 

of 7.4 mV. When the pressure was returned to 0 cm H20, the membrane 

repol arized to basel ine (dashed 1 ine) and continued to hyperpol arize 

another 3.7 mV below baseline potential. Over the next few minutes the 

potent i a 1 gradua 11 y returned to base 1 i ne 1 eve 1. Simi 1 ar after

hyperpolarizations were also observed fol lowing depolarizations produced 

by repetitive nerve stimulation (8) and SP (C). 

During. longer periods of distension, the depolarizations were 

followed by partial or full repol arization to the original membrane 

potential (Fig. 33). In eight neurons tested, distension of the colon 

produced an initial slow depolarization that reached a mean amplitude of 

3.5:!: 0.7 mV at 70:!: 12 s. This was followed by a tachyphylaxis of 86:!: 

7% (from peak of depol arization), with the membrane potential finally 

reaching a stable level after a mean distension period of 228 ± 40 s. 

In fi ve of the ei ght neurons there was 100% tachyphyl axi s of the slow 

depolarization, while in the others only a partial tachyphylaxis 

occurred. As exemplified in Fig. 33, the tachyphylaxis of the 

d'istension-induced slow depolarization had a time course similar to that 



102 

observed during continuous exposure of IMG neurons to SP and AVP (cf. 

Fig s. 8 an d 16). 

In experiments ·where cholinergic transmission was not blocked, 

the level of fast synaptic activity remained fairly constant throughout 

prolonged periods of distension, despite tachyphyl axis of the slow 

depol arization. Some attenuation of fast EPSP ampl itudes can be seen 

during the prolonged distension in Fig. 34A. However, even after 7 min 

of distension, when the slow depolarization had completely desensitized 

to baseline level (dashed line), fast cholinergic activity was still 

enhanced compared to its level before distension. The attenuation of 

fast EPSPs may not reflect actual tachyphylaxis, but rather might be 

expl ained by the decreasing excitabi 1 ity of the membrane as it 

repol arizes (as the nonchol inergic depol arization desensitizes). 

However, the fact that a subsequent distension 1 min after the prolonged 

distension produced only a small increase in fast chol inergic activity 

suggests that tachyphylaxis did indeed occur, or that some other 

inhibitory influence was activated to decrease cholinergic transmission 

in the gang 1 ion. 

It can be seen in Fig. 34A while the colon was distended it 

contracted in a fairly regul ar pattern., as reflected by the transient 

increases in intraluminal pressure (upper trace) that occurred as fluid 

was spontaneous 1 y pushed out of the co 1 on segment. Each contract i on 

initiated a transient increase in cholinergic activity (lower trace) in 

a burst-like pattern (note that the burst began after the onset of 

contraction). This indicates that mechanoreceptor neurons can be 

activated not only by distension, but also by contraction of colonic 
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Fig. 32. 

~5mv 
1 min 

Slow Hyperpolarizations Following Distension
Induced, Nerve-Evoked, and Substance P-Induced 
Depolarizations. 

A: Distension of the colon for 1.5 min (between arrows) to an 
intraluminal pressure of 20 cm H20. B: Repetitive 
supramaximal stimulation of the interme7enteric nerve at 20 Hz 
for 4 ·s. C: Superfusion of SP (5 x 10- M) over the IMG for 1 
min (horizontal bar). A, B, and C were obtained from 
different neurons; dashed line indicates resting membrane 
potential. 
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Fig. 33. Tachyphylaxis of Noncholinergic Mechanosensory 
Depolarization During Prolonged Colon Distension. 

A: Current trace; constant anodal current pulses (90 ms) were 
injected intracel lularly to monitor input resistance. B: 
Trace indicates colonic intraluminal pressure, beginning of 
trace is ° em H20. C: Intracellular recording from an IMG 
neuron during a 7-min period of colon distension. Immediately 
upon distension of the colon, a depolarization occurred in the 
IMG neuron, reaching a maximum amplitude of 4.5 mV in less 
than 1 min. With the colon still distended, the membrane 
potential declined gradually toward resting level, reflecting 
a tachyphylaxis of the noncholinergic distension response. 
Some anode break action potentials were elicited during 
distension (upward deflections cut off), whose after
hyperpolarizations obscured the hyperpolarizing potential 
pulses monitored for resistance changes. However, the pulses 
underlined by the horizontal bar were not obscured and can be 
seen to be larger (26%) than those el icited prior to 
distension, reflecting a 26% increase in resistance during 
distension. By the end of the distension period, the membrane 
potential had returned nearly to resting level, indicating a 
substantial degree of tachyphylaxis of the response. 
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Fig. 34. Tachyphylaxis of Cholinergic Mechanosensory Activity 
During Prolonged Colon Distension. 

A: Colon was distended to 20 cm H20 while recording 
i ntrace 11 u 1 ar 1 y from an IMG neuron. Upper trace is co 1 on i c 
intraluminal pressure (initially ° cm H20), lower trace is 
voltage response of IMG neuron. Distension of the colon 
resulted in an immediate increase in cholinergic asynchronous 
activity (see B) and a depolarization above resting potential 
(dashed 1 ine). By the end of the first distension, the 
membrane potential had returned to resting level, and 
asynchronous synapt i c act i v ity had decreased s 1 i ght 1 y, 
indicating complete tachyphylaxis of noncholinergic 
mechanosensory transmission and partial tachyphylaxis of 
cholinergic mechanosensory transmission. During the 
depolarization, the colon contracted rhythmically as indicated 
by the transient upward deflections in the pressure trace. 
Each contraction elicited a "burst-like" increase in the level 
of asynchronous synaptic activity and a slight decrease in 
membrane potential. A second distension 1 min after the 
first produced little enhancement of asynchronous activity and 
no membrane depolarization, indicating a profound 
tachyphylaxis of both chol inergic and nonchol inergic 
mecnanosensory transmission. B: Trace is expanded from A 
(horizontal bar) at a faster sweep speed, clearly showing the 
increase in frequency and amplitude of fast asynchronous EPSPs 
induced by colon distension (open arrow). 
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smooth muscle. Contractions were seen during distensions in other 

neurons (cf. Fig. 33), but were not as 1 arge or as regul ar as those in 

Fig. 34A. This recording provided the unique opportunity to observe the 

dir~ct consequence of colonic contractile activity on afferent 

ganglionic transmission. It also appears that membrane potential 

increased transiently, though slightly, during the colonic contractions. 

However, in other neurons in which cholinergic activity was blocked 

allowing clear visualization of the noncholinergic depolarization (e.g. 

Fig. 33), no consistent correlation could be recognized between 

contractile activity and membrane potential fluctuation. 

Effect of Tetrodotoxin 

If the distension-induced slow depolarization were a neuronal ly

mediated response, and not for instance merely a mechanical artifact of 

distension, -it shoul d be abol ished when neuronal conduction is arrested 

by tetrodotoxin. Distension-induced slow depolarizations were compared 

i nth e s am e n e u ron (n = 4) be for e and aft e r sup e r f u s ion 0 f the g an g 1 ion 

with tetrodotoxin. The typical result is shown in Fig. 35. Before 

addition of tetrodotoxin, colon distension produced a slow 

depol arization of 3.7 mV (A), and supramaximal stimul ation of the 

hypogastric nerve elicited an action potential. Tetrodotoxin (3 x 10-7M) 

was then superperfused through the ganglion compartment of the bath for 

5 to 15 min, unti 1 the the synaptic response to nerve stimul ation was 

completely abolished, shown in B (left) by the absence of the action 

potential. Subsequent distension of the colon failed to produce a slow 

depol arization (B, right). In all four neurons tetrodotoxin abol ished 
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Fig. 35. Tetrodotoxin Blocks Noncholinergic Mechanosensory 
Depolarization. 

All traces in the figure were obtained from a single IMG 
neuron. A: Contro 1 responses to nerve st imu 1 at i on and co 1 on 
distension during superfusion of the IMG with regul ar krebs 
solution. The action potential (left) was elicited by 
supramaximal stimulation of the hypogastric nerves (50 V, 0.2 
ms pulse); the downward deflection preceding the action 
potential is the stimulus artifact. The control distension
induced slow depolarization was produced by distension to 20 
cm H20 for 1.5 min (between arrows); the amplitude of the 
depofarization was 3.7 m~. B: Responses after superfusion of 
tetrodotoxin (3 x 10- M) over the gangl ion for 8 min. 
Stimul ation of the hypogastric nerves fai led to el icit any 
synaptic response, indicating complete neuronal conduction 
block; only the stimulation artifact is apparent. Distension 
of the colon as in A failed to elicit a membrane 
depolarization. These data indicate that the distension
induced noncholinergic depolarization is neuronal ly mediated. 
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the distension-induced depol arization, which reappeared in two neurons 

after washing for 10 to 15 min with Krebs solution .. These experiments 

confirmed that the slow mechanosensory potential was indeed neuronally 

medi ated. 

Change in Resistance 

Along with a slow depolarization, distension of the colon also 

produced a reversible increase in membrane resistance in eight of ten 

(80%) neurons tested for this; in the other two neurons resistance did 

not change. The mean increase over pre-distension values ranged from 

8% to 33% in individual neurons, with a mean of 21 "!: 3%. The measured 

change in resistance in a given neuron was the same regardless of 

whether the potential during the depolarization was manually voltage 

cl amped to basel ine or not, suggesting that membrane rectification did 

not occur and that the change in resistance was independent of the 

depol arization. The amount of resistance increase was not rel ated to 

the ampl itude of depol arization. The increase in resistance for one 

neuron is shown in Fig. 36; a hyperpolarizing pulse elicited during 

distension was 22% greater in amplitude than one elicited before 

distension, indicating an increase in resistance of that magnitude. 

The increase in input resistance, or neuronal excitability 

during distension was revealed in another way, shown in Fig. 37. In 

these experiments, subthreshold depolarizing potentials were elicited by 

intracell ul ar current injection and were monitored before, during, and 

after distension of the colon. The potentials shown in A were expanded 

from·their corresponding positions in the slower trace in B. Before 
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Fig. 36. Increase in Input Resistance Induced by Colon" 
Distension. 

A: Upper trace is colonic intraluminal pressure (initially ° 
cm H20), middle trace is current, showing hyperpolarizing 
current pulses injected intracel lularly to monitor changes in 
membrane input resistance, lower trace is intracell ul ar 
voltage recording. When the colon was distended, a 
depolarization of several mV ensued, at the peak of which the 
membrane potential was manually clamped to the resting level 
with passage of hyperpolarizing current (middle trace) into 
the neuron through the recording electrode. After a few 
hyperpolarizing potential pulses were recorded, the clamp was 
released and the distension terminated, resulting in a gradual 
return of the membrane potential to resting level. B: 
Hyperpolarizing potential pulses are shown expanded from the 
trace in A for quantitative comparison. Pulse labelled 
IIcontrol ll was obtained prior to distension, pulse labelled 
IIdistended ll was obtained when the colon was distended and the 
potential clamped to resting level. The latter pulse was 22% 
larger in amplitude than the control pulse, reflecting an 

"increase in input resistance of that magnitude by distension. 
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Fig. 37. Increase in Neuronal Excitability Induced by Colon 
Distension. 

A: Upper trace indicates intracellular current; subthreshold 
depolarizing current pulses (90 ms)· were injected 
intracellularly to monitor changes in neuronal excitability. 
Lower trace is the voltage response recorded'intracel lularly 
from an IMG neuron. The colon was distended to an 
intraluminal pressure of 15 cm H20 (between arrows) while 
monitoring depolarizing pulses (short vertical deflections) 
resulting from current injection. As the membrane depolarized 
during distension the depolarizing pulses reached threshold 
for firing action potentials (large vertical deflections), 
which conttnued even after the membrane pbtential was manually 
hyperpolarized to the resting level. Action potentials 
continued during repolarization of the membrane after 
intraluminal pressure was restored to ° cm H20, until once 
a g a i nth e p u 1 s e s be cam e sub t h res h old and act 1 0 n pot e n t i a 1 s 
ceased. B: Depolarizing pulses are shown expanded at a faster 
sweep speed from their respective pOSitions designated in A_ 
a: pul se with fl at pl ateau obtained prior to distension, b: 
during distension-induced depolarization rising phase the 
potential ~ulse developed an electrotonic shoulder, indicating 
an increase in excitabi 1 ity to near threshol d for firing of 
action potential, c: an action potential was triggered during 
this pulse, even though the membrane potential of the cell was 
manually cl amped to resting level, indicating that the 
depolarization itself was not responsible for suprathreshold 
behavior, and d: potential pulse is similar to pre-distension 
pul ses, indicating that neuronal excitabi 1 ity has decl ined to 
resting level. 



111111111111111 W1JJJ) 111111111111111111111111111111 I 0.4 nA 

c 
I • 

A a b d 

90ms 

a b c d 

Fig. 37. Increase in Neuronal Excitability Induced by Colon 
Distension. 
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distension (a) the potential pulse was subthreshold with a flat plateau. 

As the membrane began to depolarize in response to the distension 

stimulus, an electrotonic shoulder appeared on the potential pulse (b), 

indicating that the excitabi 1 ity was increasing. When this shoul der 

reached firing threshold, an action potential was triggered, which 

persisted when the membrane depolarization was annul led by injection of 

hyperpol arizing current (c). Approximately 1 min after the colon was 

defl ated, action potenti al.s ceased and the depol arizing pul ses once 

again became subthreshold (d). Thus, in this and two other neurons 

tested, increased neuronal excitability during distension was manifested 

by initiation of action potentials from previously subthreshold 

potential pulses. 

Pressure Dependence 

To assess systematically the rel ationship between colonic 

intraluminal pressure and ampl itude of nonchol inergic mechanosensory 

potentials that was noted in preliminary experiments, a series of 

distensions at progressively increasing intraluminal pressures was 

executed while recording from single cells. Distensions were for 30 to 

90 s and sufficient time (6 to 10 min) was al lowed between distensions 

in a given cell to reduce the possibility of desensitization. 

In general, noncholinergic potential amplitude increased over 

the entire range of pressures up to 20 cm H20. There was no consistent 

threshold pressure for generation of the noncholinergic potential; in 

some cells as little as 2 cm H20 was sufficient to induce a 

depolarization of several mV, while in others pressures below 5 cm H20 



112 

produced no measurable depolarization (cf. Fig. 31). The relation.ship 

between pressure and noncholinergic depolarization amplitude was not 

noticeably different between cells in which chol inergic asynchronous 

activity was intact and those in which it was blocked. 

T y pic alp res sur e - am p 1 it u d ere 1 at ion s hip sob t a i ned i n two 

different neurons are displ ayed in Figs. 38 and 39. In Fig. 38A, a 

small depolarization above baseline (dashed line) is evident even at an 

intraluminal pressure of 1 cm H20. As the intraluminal pressure was 

inc rea sed, the de pol a r i z at ion s g r e w 1 a r g e r, rea chi n g a n am p 1 i t u d e 0 f 

over 5 mV at 20 cm H20. Part B of the figure is a graphical 

representation of the pressure-amplitude relationship for distension

induced slow depolarizations in this neuron. That the slope of the 

curve was still positive at the highest intraluminal pressure indicates 

that the response had not yet maximized; higher pressures might have 

resulted in sti 11 1 arger depol arizations. Saturation of the response 

was observed in the experiment depicted in Fig. 39. Here, distension 

at pressures between 5 and 20 cm H20 produced quantitatively simi 1 ar 

depol arizations. The reason for the saturation is not known, it may 

reflect some degree of long-term desensitization or simply a lower 

maximum physiological 1 imit of mechanoreceptor activation in this 

neuron, compared to that in Fig. 38. 

The mea n pre s sur e - am p 1 it u d ere 1 at ion s hip for six n e u ron sis 

graphed in Fig. 40. For each neuron, depol arization ampl itudes were 

expressed as a percent of the maximum amplitude achieved in that neuron, 

or relative amplitude, in order to correct for the variation among 

neurons in absolute depolarization amplitudes at a given pressure. 
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Fig. 38. Relationship Between Colonic Intraluminal Pressure 
and Amplitude of Noncho1inergic Mechanosensory 
Depolarization, Non-Maximizing Response. 

A: Recordings from a single IMG neuron upon distension of the 
distal colon for 30 s (between arrows) at progressively higher 
intraluminal pressures, in cm H20. A period of 6 to 10 min 
was a1 lowed between each distension during which colonic 
intraluminal pressure'was maintained at ° cm H20, this to help 
avoid desensitization of the distension responses. It can be 
seen that even at 1 cm H20, cholinergic asynchronous activity 
increased and there appeared a small membrane depol arization 
above resting membrane potential (dashed 1 ine). As pressure 
increased, so did the level of asynchronous synaptic activity 
and the amplitude of the slow depolarization. B: 
Noncholinergic slow depolarization amplitudes (mV) are plotted 
against colonic intraluminal pressure (cm H20), from traces in 
A. Note that depo1 arization amp 1 itudes were sti 11 increasing 
at the maximum induced pressure of 20 cm H20. 
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Fig. 39. Relationship Between Colonic Intraluminal Pressure 
and Amplitude of Noncholinergic Mechanosensory 
Depolarization, Maximizing Response. 

Experimental protocol was simi 1 ar to that in Fig. 38, except 
that t~e superfusing Krebs solutio~ contained hexamethonium (1 
x 10- M) and atropine (2 x 10- M) to block chol inergic 
transmission. A: Noncholinergic depolarizations were elicited 
by distension of colon (between arrows) for 1 min at 
intraluminal pressures indicated. Dashed lines indicate 
resting membrane potential." In this neuron, unl ike that in 
the previous figure, the depolarization amplitude was largest 
at a pressure of 10 cm H20, and became slightly smaller at 20 
cm H20; possible reasons for this maximization are described 
in text. B: Graphical representation of data in A. 
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Fig. 40. Relationship Between Colonic Intraluminal Pressure 
and Amplitude of Noncho1inergic Mechanosensory 
Depolarization, Mean Curve. 

Mean amplitudes of noncho1inergic distension-induced slow 
depo1arizations (0150) were determined at a series of colonic 
intra1 umina1 pressures in six IMG neurons and are disp1 ayed 
graphically. Because absolute response amplitudes at a 
particular pressure varied widely among neurons, response 
amplitudes in each neuron were expressed relative to the 
maximum amp1 itude achieved in that neuron (% maximum amp1 itude 
0150); in each neuron the largest depolarization was defined 
as 100% max imum amp 1 i tude. The cur v e ri ses steep 1 y at lower 
pressures and more gradua 11 y at hi gher pressures, suggesting 
that the limit of noncho1inergic activation is nearly reached 
at 20 cm H20. 
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Thus, each point represents the mean of six distension-induced slow 

depolarizations. The curve rises steeply at low pressures and more 

gradually at the higher pressures, until its slope is nearly ° between 

15 and 20 cm H20. From this curve, it would appear that at 20 cm H20, 

the noncholinergic mechanosensory pathway is nearly maximally activated. 

Voltage Dependence 

As a preliminary means to understanding the ionic basis of the 

distension-induced slow depolarization, experiments were carried out to 

assess the voltage dependence of this response. It was reported earlier 

that distension-induced noncholinergic depolarizations were associated 

with an increase in input resistance; this might reflect an inhibition 

of resting or voltage-dependent Gk. If this were true, then the 

depolarizations should decrease in amplitude with hyperpolarization of 

the cell membrane toward Ek. The procedure fol lowed was to execute 

distensions at a common intraluminal pressure (15 or 20 cm H20) over a 

series of membrane potentials held constant by intracellular current 

injection. The range of membrane potential over which experiments could 

be conducted was limited usually to between -50 and -100 mV; at 

potentials more positive than -50 mV cells would often spontaneously 

fire action potentials, and at potentials more negative than -100 mV or 

so the membrane potential often became unsteady or erratic. 

The mean value of resting membrane potential for the neurons 

tested was -61 ± 2 mV (range -52 to -70 mV). In seven of eight neurons 

tested the amplitudes of distension-induced slow depolarizations 

increased as the membrane was hyperpolarized; in the other neuron 
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ampl itudes did not change with membrane potential. Fig.41 contains 

plots of distension-induced slow depolarization (DISD) amplitude vs. 

membrane potent i a 1 for four represent at i ve neurons. In ce 11 s 1 to 3, 

ampl itudes increased with increasing membrane potential, except for a 

slight decrease from the trend at -85 mV in eell 3. In these and other 

neurons, potentials more positive than -50 mV often triggered action 

potentials or increased the neuronal excitability (i.e. noise) such that 

small depolarizations could not be measured or themselves reached 

threshold for action potential generation. In some neurons, 

depolarizations increased progressively up to a certain potential, 

'usually -60 to -80 mV, and then decreased at more negative potential s; 

examp 1 es are ce 1 1 4 in Fig. 41 and the neuron represented in Fi g. 42. 

For the neuron in Fig. 42, it can be seen that the maximum 

depolarization of 5.8 mV was attained at a membrane potential of -67 mV, 

but a depol arization el icited at -120 mV was sl ightly smaller at 4.9 mV. 

No reversal of the depolarization to a hyperpolarization was achieved 'in 

any neuron. The relationship between noncholinergic mechanosensory 

amp 1 i tude and membrane potent i ali s not un 1 ike that observed for slow 

EPSPs and SP-induced depolarizations by other investigators (see 

Introduction). It is thus possible that the ionic mechanisms' involved 

in these three responses are similar if not identical. 

The voltage dependence of the long hyperpolarization that 

succeeded some distension-induced slow depolarizations and nerve-evoked 

slow EPSPs is shown in Fig. 43. With the membrane potential (resting) 

at -67 mV, distension of the colon elicited a slow depolarization of 3.7 

mV followed by a hyperpol arization to 3.0 mV below basel ine (A). The 
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Fig. 41. Relationship Between Membrane Potential and 
Amplitude of Noncholinergic Mechanosensory 
Depolarization in Four Separate Neurons. 

Each graph corresponds to a different neuron. In each neuron, 
colon distensions were executed at a constant intraluminal 
pressure with membrane potential held at various levels by 
intracellular injection of depolarizing or hyperpolarizing 
current; asterisks indicate response obtained at resting 
membrane potential. Amplitudes of noncholinergic distension
indiced slow depolarizations (D1S0) are plotted against 
membrane potentiaL In Ce 11 s 1-3, DISD amp 1 itudes increased 
as the membrane was hyperpolarized, with the exception of one 
"stray" point in Cell 3. In Cell 4, DISD ampl itudes 
increased up to a membrane potential of -80 mV, but decreased 
again as the membrane was hyperpolarized further. These 
results are discussed in the text. Distension parameters were 
as follows, CellI: 10 em H20, 1.5 min; Cell 2: 10 cm H20, 1.0 
min; Cell 3: 10 cm H20, 1.5 min; Cell 4: 10 cm H20, 1.0 min. 
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Fig. 42. Nonchol inergic Mechanosensory Oepol arizations, 
Relationship to Membrane Potential in a Single 
Neuron. 

Noncholinergic depolarizations in response to colon distension 
(20 cm H20, 1 min, between arrows) were recorded in a single 
IMG neuron at a series of membrane potentials (MP) maintained 
by intracellular current injection. The Krebs solution 
superfusing the lMG con'tained hexamethonium (5 x 10-4M) and 
atropine (2 x 10- M) to block cholinergic transmission. At a 
potential of -48 mV, a small depolarization is visible, 
mea sur i n gab 0 u t 1. ° m V • The d e pol a r i z at ion am p 1 i t u d e 
increased to 3.9 and 5.8 mV at potent i a 1 s of -58 and -67 mV, 
respectively. However, when the membrane potential was 
hyperpolarized further to -120 mV, the depolarization declined 
to 4.9 mV, similar· to the behavior exhibited by Cell 4 in the 
previous figure. As expl ained in the text, thi·s type of 
voltage-dependent behavior suggests the involvement of 
multiple ionic currents. 
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Fig. 42. Noncholinergic Mechanosensory Depolarizations, 
Relationship to Membrane Potential in a Single 
Neuron. 
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Fig. 43. Relationship Between Membrane Potential and 
Hyperpolarizations Following Distension-Induced and 
Nerve-Evoked Noncholinergic Depolarizations. 

A: Responses to colon distension (20 cm' H20, 1.5 min, between 
arrows) were made from a single neuron at three different 
membrane potentials (MP), maintained by intracellular current 
injection; resting membrane potential was -67 mV. At resting 
potential, colon distension elicited an initial depolarization 
of 3.7 mV above resting potential (dashed 1 ine) followed by a 
hyperpo 1 ari zat i on of 3.0 mV. Hyperpo 1 ari zat i on of the 
membrane to -85 mV increased the amplitudes of depolarization 
and hyperpo 1 ar i z at i on to 7.4 mV and 3.7 mV, respect i vel y. 
However, upon further hyperpolarization of the membrane to 
-114 mV, the depol arization ampl itude decreased (cf. Fig. 42) 
and the subsequent hyperpolarization disappeared. 8: In a 
different neuron, hyperpolarizations fol lowing nerve-evoked 
slow EPSPs exhibited a similar voltage dependent pattern as in 
A. In each case the intermesenteric nerve was stimulated 
supramaximally at 20 Hz for 4 s (open triangles). Neurons in 
A and B were from the ~ame ganglion, which was ~perfused with 
hexamethonium (5 x 10- M) and atropine (2 x 10- M). 
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amplitudes of the depolarization and hyperpolarization increased to 7.4 

mV and 3.7 mV, respectively, at a membrane potential of -85 mV. With 

the membrane potential held at -114 mV, however, the depolarization 

decreased only slightly, whereas the slow hyperpolarization disappeared. 

The s am epa t t ern 0 f pot e n t i a 1 d e pen den ceo c cur red for the 

slow hyperpolarizations following the slow EPSP, shown in (8), 

suggesting that the same ionic mechanism was involved in mediating 

slow hyperpolarizations following both distension- and nerve-evoked 

depolarizations. 

Transmitter of the Noncholinergic Mechanosensory Potential 

,These experiments were intended to determine whether SP is 

involved in mediating the distension-induced slow depolarization in the 

IMG. SP was chosen as the primary candidate because it mimics the 

noncholinergic mechanosensory potential and because it has been 

implicated in the literature as a mediator of slow potentials in the IMG 

and elsewhere. 

Cross-Desensitization of Mechanosensory and Nerve-Evoked Slow Potentials 

The distension-induced slow depolarization is similar to the 

electrically-evoked slow EPSP, and on this basis it could be 

hypothesized that the distension-induced response is the physiologic 

equivalent of the slow EPSP. It would be important to know whether the 

chemical mediator(s) of the distension-induced slow depolarization is 

the same as that for slow EPSPs.· If th is were true, then the response 
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produced by one stimulus should be attenuated during the peak of the 

response produced by the other; this was the same logic behind the 

experiments testing the effect of excess SP and AVP on the slow EPSP. 

Toward this end, experiments were performed in which slow EPSPs elicited 

prior to and during distension-induced slow depolarizations were 

compared in individual neurons. 

In all but one of ten neurons tested in etght different ganglia, 

the amplitude of the control slow EPSP was larger ·than the 

depolarization produced by distension. In eight neurons slow EPSPs were 

smaller during than prior to the distension-induced depolarization. 

This is illustrated in Fig. 44; note that during the depolarization 

induced by colon distension, repetitive nerve stimulation resulted in a 

slow EPSP measuring only 30% the amplitude of the control slow EPSP. 

Slow EPSPs in two neurons increased slightly (10%) during distension. 

The mean percent change in EPSP amplitude from paired controls in all 

ten neurons was a 19 ± 8% decrease, which was statistically significant 

(p < 0.05 by paired Student's t-test). 

These data support the hypothesis that the transmitters involved 

in mediating both responses act on the same postsynaptic receptors and 

therefore may be the same transmitter. If this were true, the question 

arises as to why the amount of cross desensitization was on the average, 

less than 20%. The answer to this might lie in the observation that the 

mechanosensory potential was often much smaller than the slow EPSP. 

This would suggest that the transmitter released during distension 

occupied only a portion of the available receptor population for that 

transmitter, allowing transmitter released during nerve stimulation to 
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Fig. 44. Cross-Desensitization Between Mechanosensory and 
Nerve-Evoked Noncholinergic Slow Depolarizations. 

Stimulation of the lumbar splanchnic nerves at 20 Hz for 4 s 
(open triangle) produced a control slow EPSP of 4.9 mV lasting 
over 2 min. Then the colon was distended to an intraluminal 
pressure of 15 cm H20 (between arrows), causing a membrane 
depolarization of 3.2 mV, at the peak of which the lumbar 
splanchnic nerves were stimulated as before. Under these 
conditions the amplitude of the slow EPSP was just 1.5 mV, or 
31% of control ampl itude. The slow EPSP recovered to near 
control amplitude approximately 21 min after the colonic 
intraluminal pressure was restored to ° cm H20. This 
experiment suggests. that the transmitters of the two 
noncholinergic slow depolarizations occupy the same 
postsynaptic receptors. 
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react with the unoccupied portion. In other words, the safety factor for 

receptor activation may have been high enough that the resulting 

depolarizations produced by either stimulus were nearly, but not 

completely, additive. 

Effect of Substance P Antagonist 

The first experiment to determine the possible involvement of SP 

in mediating noncholinergic mechanosensory potentials was to test the 

effect of the SP antagonist Spantide on this response. In three neurons 

studied, Spantide (5 x 10-6M) infused for 5 to 19 min was ineffective in 

reducing the amplitude of the mechanosensory response. One example is 

shown in Fig. 45 in which Spantide superfused over the ganglion for 7 

min failed to have any effect on the slow depolarization produced by 

distension. In the same neuron (not shown), the excitatory effect of 

superfused SP (1 x 10-6M) was also unaffected by the antagonist. Based 

on the antagonist's poor efficacy in inhibiting the excitatory effect of 

SP in the IMG, its apparent lack of effect on the distension-induced 

slow depolarization cannot be deemed' as conclusive evidence against a 

role for SP in mediating this response. 

Effect of Desensitization to Substance P 

Desensitization to SP, a more reliable means of abolishing 

further effects of SP in the IMG, was indeed more effective in 

attenuating slow depolarizations generated by colon distension. In four 

neurons exhibiting a distension-induced slow depolarization, SP (1 x 

10-6M) superfused over the ganglion produced depolarizations of 4 to 11 
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Fig. 45. Effect of Spantide on Noncholinergic Mechanosensory 
Depolarization. 

In A and B, upper trace is intracellular current, lower trace 
is voltage response; A and B were recorded in the same neuron. 
Krebs

4
solution superfusing the6 IMG contained hexamethonium (1 

x 10- M) and atropine (2 x 10- M). A: Control noncholinergic 
response to distension of distal colon at 15 cm H20 for 2 min 
(between arrows). B: Noncholinergic response to distension 
after sugerfusion of ganglion with the SP antagonist Spantide 
(5 x 10- M) for 7 min. While the antagonist had n0 effect on 
the distension-induced slow depolarization, it a',so had no 
effect on the depolarization produced by exogenously applied 
SP in this neuron (not shown). 
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mV, during which the potential was clamped to baseline and followed by a 

second distension. In all four experiments, the slow mechanosensory 

depolarizations elicited during SP infusion were reduced in amplitude 

compared to control depolarizations. The mean decrease in amplitude 

during SP administration was 49 ± 17% (n=4), and in indivual neurons 

ranged from 28% to 100%. An example is shown in Fig. 46, in which the 

mechanosensory potential was comletely abolished in the presence of SP. 

In this neuron the impalement was lost shortly after the second, 

distension; however, in two experiments impalements were held long 

enough to record a reversal of the attenuation after a period of wash 

with Krebs solution. 

Effect of Capsaicin 

If SP contained in primary sensory neurons were at all involved 

in mediating the excitation induced by colo~ distension, depleting this 

SP with capsaicin would be expected to diminish or abolish such 

excitation. A lack of effect of capsaicin, however, would not 

necessarily discount SP involvement, as SP could be released from 

capsaicin-resistant visceral afferent neurons, perhaps emanating from 

the colon. 

In vitro. The effect of in vitro administration of capsaicin on 

distension-induced slow depolarizations was examined in four neurons 

from three different ganglia. Depolarizations prior to capsaicin ranged 

from 2.2 mV to 6.3 mV. When capsaicin (5-20 x 10-6M) was superfused 

continuously over the ganglia, three of the four neurons depolarized 

strongly (8 to 11 mV) and fired intense trains of action potentials 
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Fig. 46. Desensitization to Substance P Attenuates 
Noncholinergic Mechanosensory Depolarization. 

L..J 
30 s 

In A and B, upper traces indicate colonic intraluminal 
pressure (initially 0 em H20), lower traces are intracellul ar 
recordings from an IMG neuron. A: With the ganglion 
superfused with Krebs solution, distension of the colon 
produced a membrane depolarization of 3.5 mV (dashed 6line is 
resting membrane potential). Then SP (1 x 10- M) was 
superfused over the ganglion (not shown) which caused a 10 mV 
depol arization ,and qn eventual desensitization in the 
continued presence of SP. B: During the SP-induced 
desensitization, distension of the colon failed to elicit a 
measurable depolarization, suggesting that SP was involved in 
mediating the distension-induced noncholinergic depolari
zation. 
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before the membrane repolarized in the continued presence of capsaicin 

Capsaicin produced no depolarization in the other neuron; however, this 

ganglion had been superfused with capsaicin during a previous 

experiment, and depolarized strongly at that· time. After capsaicin, 

distension-induced depolarizations in three of the four neurons were 

smaller, reaching only 43% (mean) the amplitude of their respective 

controls. Partial reversal of the capsaicin-induced attenuation was 

evident in two neurons after as little as 10 min of wash with Krebs 

solution. 

The effects of capsaicin on membrane potential and 

noncholinergic transmission in a single neuron are illustrated in Fig. 

47. Control responses to repetitive stimulation of the hypogastric 

nerve and colon distension prior to capsaicin administration are 

represented in A. It is interesting in comparing these two traces that 

a small amount of asynchronous synaptic activity was induced during the 

distension-induced depolarization but not during the slow EPSP. Then 

capsaicin (2 x 10-5M) was superfused over the ganglion, producing a 

rapid membrane depolarization and neuronal discharges, followed by an 

eventual return of membrane potential to baseline level (0). After 

capsaicin the slow EPSP was completely abolished (B), which perhaps 

lIunmaskedll the large hyperpolarization immediately following repetitive 

stimulation. The distension-induced slow depolarization was not 

abolished by capsaicin, but was decreased to 35% of control amplitude. 

Thus, it could be argued that another substance in addition to SP, or 

perhaps SP from capsaicin-insensitive visceral afferents, was 

responsible for mediating the portion of the distension-induced slow 
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depolarization that persisted after capsaicin treatment. Both responses 

reversed partially after a period of washing with Krebs solution (C). 

However, the reversal of the distension-induced depolarization shown in 

C was evident after only 10 min of washing, at which time repetitive 

stimulation still failed to evoke a slow EPSP (not shown). The partial 

reversal of the slow EPSP shown in C was achieved after 30 min of 

washing. The reason for the difference in reversal times for the two 

potentials is unknown, but may reflect the depletion of two endogenous 

transmitter substances in the ganglion by capsaicin, one with a more 

rapid turnover time than the other. 

The trace in Fig. 48 was recorded from a different neuron 

impaled later in the same preparation as for that in Fig. 47. Capsaicin 

failed to produce a depolarization in this neuron and had no effect on 

the distension-induced slow depolarization. This result could be 

interpreted as indicating that sensory SP was not responsible for 

mediating the distension potential in this neuron. 

1n vivo. The proportion of neurons yielding distension-induced 

slow potentials and the amplitudes of these potentials were compared in 

normal ganglia and ganglia from animals treated in vivo with maximally 

SP-depleting doses of capsaicin, according to the treatment protocol 

described previously. The data in Table 2 reveal that fewer neurons 

exhibited noncholinergic m~chanosensory potentials in ganglia from 

capsaicin- treated animals than controls. In those neurons that did 

exhibit the response in treated ganglia, however, the mean amplitude was 

the same as for those in control ganglia. 



Fig. 47. Effect of In Vitro Capsaicin on Noncho1inergic 
Potentials. 

All traces in the figure were recorded from a single IMG 
neuron. In A, B, and C upper traces are responses to 
supramaxima1 stimu1 ation of the hypogastric nerves at 20 Hz 
for 4 s (open triangles), lower traces are responses to 
distension of the distal colon at 20 cm H20 for 65 s (between 
arrows). Dashed 1 ines indicate resting membrane potential. 
A: Control responses before superfusion of capsaicin. Nerve
e v 0 ked s low E P S Pre a c he d ape a k am p 1 i t u d e of 11. 2 m V , 
distension-induced depolarization reached a peak amplitude. of 
7.2 mV. A s 1 i ght increase in fast asynchronous syn apt i c 
activity can be seen during colon distension, as cho1 inergic 
antagonists were not present in the superfusing Krebs 
sol~tion. B: Responses after superfusion of capsaicin (2 x 
ro- M) over the IMG for 10 min (see D). Repetitive nerve 
stimulation resulted only in a short-lasting hyper
pol arization, perhaps "unmasked" by the ob1 iteration of the 
slow depo1 arization. Capsaicin attenuated the distension
induced slow depolarization, which reached a peak amplitude of 
on 1 y 2.2 mV (31% of contro 1). C: Both responses reversed 
partially toward control amplitudes after a period of washing 
with Krebs solution; however the distension-induced 
depolarization shown was obtained after only 10 min of 
washing, at which time the nerve-evoked slow EPSP was sti 11 
completely obl iterated (not shown); the slow EPSP shown gas 
obtained after 30 min of washing. 0: Capsaicin (2 x 10- M) 
superfused through the ganglion compartment of the bath 
(horizontal bar) caused a depolarization and intense neuronal 
discharge, followed by a gradual return of the membrane 
potential to near the resting level in the continued presence 
of cap s a i c in. 
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Fig. 47. Effect of In Vitro Capsaicin on Noncholinergic 
Potentials. 
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Fig. 48. Lack of Effect of In Vitro Capsaicin on 
Noncholinergic Mechanosensory Depolarization. 

Recording in this figure was from a subsequent impalement in 
the s am e pre par at ion as t hat i n Fig. 4 7 • C h 0 1 i n erg i c 
antagonists were absent from the bathing Krebs solution. Upper 
trace indicates colonic intraluminal pressure (initially 0 cm 
H20). Lower trace is voltage, recorded intracellularly from 
I~G neuron. The recording was made 1 hr after a previous 
exposure to capsaicin (Fig. 47D). Distension of the colon 
produced a slow depo 1 ar i zat i on of 5.3 mV and an increase in 
fast asynchron.ous syngptic activity. Subsequent superfusion 
of capsaicin (2 x 10- M, horizintal bar) had no effect on 
membrane potential or the distension-induced slow 
depolarization elicited during superfusion of capsaicin. This 
suggests that the slow response to distension was not mediated 
by sensory nerve SP. 

1mln 
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Table 2. Effect of In Vivo Capsaicin on the Distension-Induced Slow 
Depolarization (DISD) in the Guinea Pig Inferior Mesenteric 
Ganglion. 

Data were collected in vitro from inferior mesenteric ganglia 
of untreated guinea pigs or those treated in vivo with 
capsaicin (50-350 mg/kg, subcutaneous). Two vehicle-only 
preparations were tested to insure that vehicle alone did not 
affect the distension potentials; there were no observable 
differences in frequency of occurrence or ampl itude of slow 
depolarizations between this group and untreated animals. 
Therefore, untreated animals were used as controls in these 
experiments. 

Control 

Capsaicin 

DISD Occurrence 
J! Neurons) 

36 

23 

DISD Amplitude 
(mV) 

+ 3.4 - 0.3 

+ 3.4 - 0.7 



DISCUSSION 

Two of the classical concepts of ganglionic transmission in the 

autonomic nervous system have had to be revised in recent years to 

accomodate new experimental fi ndi ngs. Fi rst, the "one-transmitter" 

concept of ganglionic transmission has weakened as numerous other 

bioactive substances in addition to Ach have been localized in neurons 

and nerve fibers within ganglia and shown to have effects on neuronal 

properties. Some of these substances have actions on ganglion cells 

that mimic the synaptic responses seen following nerve stimulation and 

which, like the nerve-evoked synaptic responses, are not suppressed by 

cholinergic receptor blockade. While it remains to be seen how many of 

those substances suspected of being transmitters satisfy all the 

transmitter criteria, enough evidence has accumulated to date to suggest 

that Ach is not the sole synaptic mediator in ganglia. LHRH or a 

related peptide appears to satisfy the criteria for transmitter in 

bullfrog paravertebral ganglia, and is so far the best case for a 

peptide acting as a neurotransmitter anywhere "in the nervous system. 

Secondly, Langley·s definition of ganglia as relays of purely 

centrifugal impulse flow was rebuked by the discovery and detailed 

characterization of centripetal, or afferent, pathways innervating 

sympathetic ganglia. Thus, chemical transmission of neural signals 

occurs across synapses not only between pre- and postganglionic neurons, 

but also between visceral afferent and postganglionic neurons, and 
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perhaps between primary afferent, and postganglionic neurons. The 

experimental results reported in this dissertation lend new information 

to these emerging concepts of transmitter multiplicity and sensory 

innervation of ganglia. 

Re-evaluation ~ Substance f and Noncholinergic Transmission 

In the present study, 44% of IMG neurons depolarized "in the 

presence of SP. This is a much smaller proportion of sensitive neurons 

than that reported by Dun and Minota (1981), who found that 85% of 

IMG neurons were depolarized by SP; the reason for the different results 

is unknown. SP produced a resistance increase in 70% of SP-sensitive 

neurons, a larger proportion than was reported by other investigators~ 

with the exception of Tsunoo, Konishi and Otsuka (1982) when they used 

manual voltage clamp to annul SP-induced depolarizations (Table 1). It 

was also interesting that in the present study, only one neuron (7%) 

exhibited a decrease in resistance in response to SP, much in contrast 

to the 89% of neurons reported by Dun and Karczmar (1979). In the 

present study, relative resistance changes in individual neurons during 

SP excitation were not apparently altered by membrane rectification 

except in one neuron. The reason for the different results obtained by 

different investigators with regard to proportions of neurons exhibiting 

a certain resistance change, or the effect of manual voltage clamping on 

relative resistance changes, is not known. 

The compelling evidence obtained in the last few years that SP 

functions as a neurotransmitter in the guinea pig IMG was quickly and 
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conveniently accepted by the investigators who did the experiments and 

others as conclusive evidence that SP was the sole transmitter of all 

noncholinergic slow EPSPs in the ganglion. However, this conclusion was 

premature in light of 1) the relative inability of analogue antagonists 

convincingly and consistently to antagonize the effects of SP and 2) the 

dubious selectivity of capsaicin applied in vitro for depleting only SP. 

In the present study, two of the reportedly most potent 

antagonists of SP were tested for their ability to depress excitatory 

effect of SP and slow EPSPs. Both [D-Arg1,D-Pro2,D-Trp7,9,Leu11]-Sp and 

Spantide produced tl~ansient depolarizations in some ganglion cells, 

which subsided in the continued presence of the analogue. Konishi et 

al. (1983), who previously studied the effect of the former analogue in 

the IMG, determined that the depolarization was the result of endogenous 

release of histamine by the antagonist. Unlike Konishi's finding that 

the antagonist partially attenuated both SP-induced depolarizations and 

slow EPSPs (reported for only one neuron, however), the present data 

indicated a lack of any consistent effect of this analogue on either 

response. The concentration of .antagonist used in the present study was 

1-2 x 10-6M, which was less than the 1 x 10-5M used by Konishi; this may 

explain the different results observed in the two studies. Spantide, 

. which had not previously been tested for antagonistic properties in the 

IMG attenuated slow EPSPs in 50% of neurons tested. However, it failed 

to attenuate consistently the SP-induced depolarization, casting doubt 

upon its true antagonistic ~fficacy. The lack of selective and potent 

antagonists for SP remains a hindrance to confirming a role for SP in 

ganglionic transmission. 
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Previous studies have indicated that capsaicin applied tQ IMGs 

in vitro abolished all slow EPSPs elicited by repetitive nerve 

stimulation. This was convincing evidence to some that slow EPSPs were 

mediated by SP released from primary sensory fibers. However, because 

in vivo administration of capsaicin seems to be more selective in its 

depletion of SP, it was felt to be important to determine whether in 

vivo capsaicin also abolished slow EPSPs. The smallest dose (50 mg/kg) 

of capsaicin chosen for the experiments was previously determined to 

effect maximal depletion of SP from dorsal root ganglia (Buck et ale 

1983a), and nearly total depletion of SP-like immunoreactivity from 

prevertebral ganglia of guinea pigs (Dalsgaard et ale 1983c, Gamse et 

ale 1981, Matthews and Cuello 1982, Wilkin et ale 1983) . 

. The present results indicated that slow EPSPs in ganglia of 

capsaicin-treated animals of each dose group (50, 100, 350 mg/kg) were 

depressed by about 50% compared to slow EPSPs of control ganglia; fast 

EPSPs were not affected by capsaicin treatment. This suggested that 

the effect of capsaicin was maximal at 50 mg/kg, as higher doses did not 

further depress mean slow EPSP amplitude. The important point was that 

slow EPSPs still persisted even after presumed selective depletion of 

sensory SP from the ganglion~ Desensitization of capsaicin-treated 

ganglia to SP depressed slow EPSP amplitude in individual neurons to 

50% of pre-desensitization (control) amplitudes. Again, even after SP 

desensitization of capsaicin-treated ganglia, slow EPSPs could be 

elicited. 

One explanation for the persistence of slow EPSPs after in vivo 

capsaicin might be that not all primary sensory fibers containin~ SP in 
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the LNG were depleted of the peptide; this hypothesis is supported by 

the immunohistochemical studies in which a small number of SP

immunoreactive fibers persisted after in vivo capsaicin treatment. The 

small residual SP supply may be sufficient to mediate slow EPSPs, 

although smaller than normal, upon repetitive presynaptic stimulation. 

In this regard, the residual amount of norepinephrine present in the 

sympathetic nervous system during recovery from reserpine treatment is 

sufficient'to maintain transmission (Anden, Magnussen and Waldeck 1964). 

Another possibility is that the slow EPSPs are mediated partially by SP 

released from capsaicin-resistant neurons, perhaps originating from 

viscera. This is less likely because immunohistochemical mapping has 

revealed few SP-containing fibers of peripheral origin. 

When ganglia were superfused with SP, noncholinergic EPSPs were 

routinely depressed compared to paired controls, by a mean of 52% of 

control amplitude. Reports by other investigators had also indicated 

that noncholinergic EPSPs were markedly attenuated or abolished in the 

presence of SP (Dun and Karczmar 1979, Dun and Jiang 1982, Tsunoo, 

Konishi and Otsuka 1982), although in none of the reports did the 

authors indicate the range of attenuation among individual neurons or 

the mean percent attenuation. Nevertheless, attenuation of slow EPSPs 

by SP suggests that the transmitter of the EPSP co~petes for the same 

receptor type as SP, and therefore may be SP itself. 

But the question arises as to why in most neurons a sizeable 

slow EPSP could still be elicited in the presence of excess SP (Fig. 

10), just as slow EPSPs could still be elicited after systemic capsaicin 

treatment. Again, the answer may lie in the fact that other substances 
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in addition to SP participate in mediating slow EPSPs. The finding that 

desensitization of capsaicin-treated ganglia to SP further decreased 

slow EPSP amplitude supports the contention that some SP. was still 

released by repetitive nerve stimulation after capsaicin treatment. It 

is important to note that even after in vivo capsaicin and SP 

desensitization, which together would be expected to abolish any effect 

of sensory or non-sensory SP in the ganglion, distinct slow EPSPs could 

be produced. Alternatively, these data raise the intriguing possibility 

that slow EPSPs, at least some of them, are mediated by more than one 

transmitter, perhaps SP and another noncholinergic substance. 

Dual-transmission of slow EPSPs is a novel hypothesis worthy of 

consideration, especially in light of the number of other putative 

transmitters present in ganglia, several of which (AVP, cholecystokinin, 

vasoactive intestinal polypeptide, serotonin) have been shown in this 

and other laboratories to have excitatory effects 

ganglion cells. Each nerve associated with the IMG, 

on prevertebral 

particularly the 

lumbar colonic nerve, is made up of fiber populations containing 

different putative transmitters such as peptides. Thus, it ·is 

conceivable that gross electrical stimulation of a particular nerve 

results in release of more than one such substance from separate nerve 

terminals impinging on the same neuron. Depending on the number of 

different types of fibers impinging on a cell, stimulation of a nerve 

could cause the release of only one or perhaps up to several 

neurotransmitter substances simultaneously. It is also possible that 

two or more neurotransmitters are co-released from the same nerve 

terminals upon stimulation of a particular nerve. The literature is 
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replete with histochemical demonstrations of co-existence of 

neurotransmitters or putative neurotransmitters in neurons (Hokfelt et 

ale 1980, Osborne 1983). For instance, it has been reported that 

cholecystokinin is co-localized with SP in some primary sensory neurons 

(Dalsgaard et ale 1982c). It may be that both peptides are released 

in the IMG by repetitive presynaptic stimulation, and each exerts an 

excitatory effect on neurons having receptors for them; this remains to 

be investigated. 

Shortly after the experiments with in vivo capsaicin were 

initiated in this laboratory, Dun and Kiraly (1983) reported that 

capsaicin administered in vitro was without effect in some neurons that 

exhibited slow EPSPs in the IMG. Capsaicin-resistant slow EPSPs were 

also unaltered in the presence of superfused SP. These data led the 

authors to suggest, as I have, that other noncholinergic transmitters 

in addition to SP may be involved in mediating some slow EPSPs in the 

IMG. In addition, reports from the same laboratory have suggested that 

serotonin mediates a large proportion of slow EPSPs in guinea pig celiac 

ganglia, while SP mediates a smaller proportion (Dun, Kiraly and Ma 

1984). However, some neurons in the celiac ganglia in which slow EPSPs 

were elicited were insensitive to both serotonin and SP, suggesting that 

still other substances yet to be identified mediate slow EPSPs in this 

ganglion. 

It is 

conclusions 

appropriate at this point to express caution in 

from cross-desensitization experiments 

drawing 

between 

depolarizations evoked by nerve stimulation and exogenous peptide or 

(later) colon distension. Depression of slow EPSPs during aSP-induced 
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depolarization, for instance, has been interpreted in the present report 

and in those by other investigators as an indication that both responses 

are mediated by a common transmitter, namely, SP. It is possible, 

however, that SP cross reacts with other neurotransmitter receptors that 

might be present on a neuron, for instance receptors of a structurally 

related tachykinin, or even a completely non-homologous peptide such as 

AVP (although this is apparently not the case for SP and AVP). This 

could be termed "transmitter cross-desensitization" or "cross-

reactivity" and could lead to erroneous implication of 

substance in the mediation of a synaptic response that 

mediated by a different substance. 

a particular 

is actually 

Another type of cross-desensitization could occur between two 

different transmitters acting at distinct populations of receptors if 

the transmitters produced their postsynaptic effects by a common ionic 

mechanism. Thus, a slow EPSP arising due to an decrease in outward 

potassium current, for instance, might be occluded when elicited during 

a peptide-induced depolarization in which potassium conductance had 

already been arrested, even though the transmitter of the slow EPSP was 

different from the applied peptide. In the present study, it was not 

possible to determine whether "ionic cross-reactivity" was responsible 

for the changes in slow synaptic responses observed during various 

man·ipul ations. 

In summary, SP has fulfilled some, but not all, of the criteria 

necessary to identify it as a neurotransmitter in the IMG. While SP 

may be involved in mediating noncholinergic potentials upon release from 

primary sensory terminals in the ganglion, there is now sufficient 
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evidence from this and other laboratories to suggest that other as yet 

unidentified substances participate in this capacity as well. 

Vasopressin ~~ Putative Ganglionic Transmitter 

This was the first intracellular electrophysiologic study of AVP 

in an autonomic ganglion. The electrophysiological data pertaining to 

AVP in this study suggest that AVP is a transmitter of slow 

noncholinergic potentials in the guinea pig IMG. Although more 

experiments are necessary to confirm this hypothesis, the presence of 

AVP or a related peptide in ganglionic neurons and fibers (Hanley et al. 

1983), its excitatory effect on ganglion cell membranes and its 

interaction with noncholinergic potentials, reported here, make this 

peptide a strong candidate for a transmitter role. 

After preliminary experiments indicated that AVP applied by 

pressure ejection was strongly excitatory on IMG neurons, the peptide 

was applied by superfusion in subsequent experiments to characterize 

more specifically its action. AVP in solution for superfusion 

experiments was determined by HPLC to be stable over the period of 

experimentation (5 hrs) to within 10% of its initial concentration. 

Sixty-seven percent of IMG neurons tested were sensitive to AVP, all 

depolarizing in its presence; the remaining neurons showed no response 

to AVP. AVP-induced depolarizations were long-lasting and occasionally 

reached threshold for firing action potentials. A higher proportion of 

neurons were sensitive to AVP than to SP, which depolarized only 44% of 

neurons tested. Continuous superfusion of AVP resulted in a 
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tachyphylaxis of the depolarization, as was observed to occur for SP. 

Membrane resistance was increased by AVP in all but one neuron 

tested. While this could be explained by an inactivation of outward 

potassium current, further investigation into the ionic mechanism of 

depolarization was not carried out. The mean increase in resistance 

produced by AVP was 44%, which was twice as great as the mean increase 

produced by SP in separate experiments. That resistance often remained 

increased for up to several minutes after the depolarization produced by 

AVP had subsided, indicates that the resistance increase and 

depolarization were independent of one another. Indeed, when AVP-

induced depolarizations were annulled with hyperpolarizing current, 

membrane resistance remained increased from pre-depolarization levels. 

The excitatory action of AVP was not due to an endogenous 

cholinergic mechanism, as it occurred in the presence of the cholinergic 

antagonists hexamethonium and atropine. Rather, AVP depolarized 

neuronal membranes directly; this was determined from the observation 

that the AVP-induced depolarization was not diminished in Ca2+-deficient 

bathing medium, despite that fact that all synaptic transmission was 

obliterated. In contrast, Ma and Dun (1985) recently reported that the 

depolarization produced by AVP in lateral horn cells of neonatal rat was 

partially reduced by low Ca2+/high Mg2+ solution or tetrodotoxin, 

suggesting that here AVP acts in part by releasing another excitatory 

substance. 

At present, two types of AVP receptor are recognized (Sawyer and 

Manning 1984): VI receptors, which occur on hepatocytes and vascular 

smooth muscle and are not linked to adenyl ate cyclase, and V2 receptors, 
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which occur on renal tubular cells and are linked to adenylate cyclase. 

Other receptor types, not conforming to classical V1 or V2 

selectivities, have been postulated (Walter, van Ree and de Wied 1978, 

Ferenc et al. 1984) to modulate certain behavioral and neuroendocrine 

functions of AVP. A specifc and potent antagonist has so far been 

designed only for the V1 receptor, although a reasonably effective V2 

agonist has been developed. 

In an attempt to antagonize AVP-induced depolarizations and 

characterize which receptor type (if either) predominates in the IMG, 

the V1 antagonist [1-( e-mercapto-13,13-cyclopentamethylenepropionic acid), 

2-0-methyltyrosine]arginine-vasopressin, abbreviated d[CH2]5Tyr[Me]-AVP, 

was tested. The concentration of antagonist (1-5 x 10-6M) used was 

routinely the same as or up to one order of magnitude greater than the 

concentratfon of AVP (0.5-1 x 10-6M) used to elicit the depolarization. 

A greater concentration differential could not be satisfactorily 

achieved, as lower concentrations of AVP often failed to produce a 

substantial depolarization and higher concentrations of antagonist were 

financially unfeasible. 

The V1 antagonist was effective in reversibly suppressing 

depol arizations produced by superfused AVP; the mean depol arization by 

AVP after treatment with the antagonist amounted to only 18% of paired 

control depolarizations. This was interpreted as indicating that AVP 

acts primari ly by a V1 receptor mechanism in the gangl ion, al though a 

small contribution from V2 or other receptors coul d not be rul ed out. 

The determination of the ganglionic receptor type in guinea pig IMG as 

V1 corroborates a similar finding from Hanley's laboratory in rat 
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sympathetic ganglia. In their study, AVP failed to alter ganglionic 

cyclic AMP level, indicating a lack of functional V2 receptors. In 

addition, AVP stimulated phosphatidylinositol lipid metabolism, an 

action attributed to a VI receptor mechanism (Kirk and Michell 1981) and 

this was blocked by the VI antagonist. 

Experiments were performed to determine whether AVP mediates 

noncholinergic slow EPSPs in the IMG; this appeared to be a strong 

possibility in light of the fact that nearly 70% of ganglionic neurons 

exhibiting slow EPSPs were also depolarized by AVP. The VI antagonist 

was not as effective, however, in supressing noncholinergic slow EPSPs, 

as would be expected if AVP were involved in mediating them. 

Concentrations of up to 10-5M antagonist suppressed slow EPSPs in only 

10% of neurons tested. While at first glance, this result would seem to 

indicate that AVP was not a mediator of slow EPSPs, there are two 

possible alternative explanations. First, the concentrations of 

antagonist used in the experiments may have been too low to antagonize 

effectively the presumably higher synaptic concentration of endogenous 

AVP. It should be mentioned that in most of the experiments, the 

antagonist concentration was 10-6M (not greater, for the sake of cost), 

which for the substance P antagonists reported in the literature was 

insufficient to supress slow EPSPs in the IMG. 

Another possibility is that the endogenously active peptide may 

not be authentic AVP, but a related peptide or enzymatic processing 

fragment of AVP. This hypothesis is supported by Hanley et ale (1984), 

who discovered that the peptide extracted from pooled sympathetic 

ganglia did not co-elute with authentic AVP in HPLC analysis, indicating 
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that the endogenous form was an "AVP-l ike" peptide. In th-js regar~, it 

is noteworthy that sequence fragments of authentic AVP have been 

localized in the central nervous system (Burbach et al. 1984) and 

characterized by HPLC and radioimmunoassay. In addition, several 

synthetic AVP fragments themselves have endocrine and central behavioral 

effects, suggesting that they might be the active principles for some of 

the actions previously attributed to AVP. It is thus conceivable that 

the VI antagonist, while effective in blocking exogenously applied AVP, 

is not specific for the receptor type of the biologically active AVP

like peptide in the IMG. 

In a further attempt to determine whether an AVP-like peptide 

mediates noncholinergic slow EPSPs, 

and AVP-induced depolarizations 

the interaction between slow EPSPs 

were examined. Repetitive nerve 

stimulations during AVP-induced depolarizations resulted in slow EPSPs 

that were markedly diminished (by a mean of 71%) compared to paired 

controls or completely abolished in 83% of neurons. Similar results 

were obtained whether the depolarization by AVP was annulled with 

hyperpolarizing current or was allowed to desensitize in the continuous 

presence of AVP. The depressant effect of AVP was apparently specific 

for the noncholinergic transmitter, because while slow EPSPs were 

reduced, fast cholinergic EPSPs were instead augmented, likely as a 

result of the increased membrane resistance brought on by the peptide. 

While again, caution must be exercised in interpreting the results of 

cross-desensitization experiments such as these, they indicate that AVP 

is probably involved to some extent in mediating noncholinergic 

potentials in the IMG. 
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Nicotinic cholinergic transmission was enhanced by AVP, as 

evidenced by the increase in amplitude of evoked cholinergic fast EPSPs 

during. AVP superfusion. Indeed, as shown in Fig. 19, subthreshold 

EPSPs could be made to fire action potentials under the excitatory 

influence of AVP. Because the effect persisted when the AVP-induced 

depolariz~tion was cancelled with hyperpolarizing current, it cannot 

have occurred simply as a result of the membrane potential moving closer 

to firing threshold. Rather, it can probably be attributed to the 

peptide's increasing of membrane resistance, which by Ohm's Law would be 

expected to result in a greater EPSP for a given postsynaptic current. 

By allowing a greater proportion of fast EPSPs to reach firing 

threshold, AVP could activate a greater proportion of ganglion cells to 

conduct postganglionic impulses, if indeed it were released 

synaptically. 

Evidence for Multiple Peptidergic Inputs ~ Ganglionic Neurons 

Neuronal Populations Classified According to Peptide Sensitivities 

Evidence for noncholinergic transmitters other than Ach in 

ganglia raises the question of whether individual neurons are sensitive 

to only one or perhaps more than one such putative transmitter. It is 

certain that individual prevertebral ganglion cells receive cholinergic 

and noncholinergic innervation, as evidenced by the fast cholinergic and 

slow noncholinergic potentials that can be generated in a cell by 

stimulation of a single nerve. Yet to understand fully the nature of 

ganglionic transmission and its role in the physiology of visceral 
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control, we must take account of all the synaptic inputs impinging upon 

single cells. In attempting to classify neurons in the IMG on the basis 

of their sensitivity to two excitatory peptides SP and AVP, the inherent 

assumption is that sensitivity of a neuron to a peptide implies that the 

neuron is innervated by fibers containing and releasing that peptide 

endogenously under certain circumstances. This is, however, only an 

assumption and is by no means conclusive evidence of an endogenous role 

for the peptide. 

In individual IMG neurons, responses were recorded to separate 

superfusions of SP and AVP at the same concentration and for the same 

duration of application. For testing, each neuron was required to 

exhibit a noncholinergic slow EPSP upon presynaptic nerve stimulation. 

As shown in Fig. 22, all possible permutations of peptide sensitivity 

were observed: sensitivity to SP only, AVP only, both SP and AVP, and 

neither SP nor AVP. The greatest population was of those neurons 

sensitive to AVP only, amounting to nearly half of the sampled neuronal 

population. The population of neurons sensitive exclusively to SP was 

4-fold smaller, comprising only 12% of sampled neurons. Again, the 

physiological significance of this differential sensitivity to the two 

peptides is unknown. But if one accepts for the moment tha~ both are 

neurotransmitters in the ganglion, these data suggest that the 

innervation patterns of SP- and AVP-containing nerve fibers do not 

overlap completely, and that AVP may be the more ubiquitous 

noncholinergic transmitter of the two in the IMG. 

Twenty-eight percent of neurons depolarized upon separate 

exposures to both peptides. This leads to the intriguing possibility 
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that some ganglionic neurons receive synaptic inputs from both SP-and 

AVP-containing fibers. The functional implications of such a 

heterogeneity of peptidergic inputs--both excitatory inputs--are not yet 

apparent. In the majority of dually-sensitive neurons, the 

depolarization produced by AVP was larger than that produced by SP by 

nearly 40%, suggesting that AVP was the more potent agonist of the two. 

In the remaining 12% of ganglion cells in which slow EPSPs were 

elicited, SP and AVP each failed to alter membrane potential. This 

suggests that neither peptide is the endogenous mediator of the 

noncholinergic slow EPSP in these cells. The transmitter(s) underlying 

the slow EPSP in SP- and AVP-insensitive neurons remains to be 

determined, but may derive from the repertoire of other peptide

containing fibers that innervate the ganglion. 

Ther~ appeared to be little, if any, cross-desensitization 

between SP and AVP which might have confused the interpretation of the 

experimental results. Lack of cross-desensitization was evident by the 

fact that some neurons were depolarized by only one of the peptides; if 

the peptides cross-reacted with the other's receptor, it would be 

expected that all neurons would have depolarized in the presence of each 

of the peptides. 

Even in those neurons sensitive to both peptides, little or no 

cross-desensitization occurred, as exemplified in Fig. 27. This was 

somewhat surprising, in light of the fact that the peptides produced 

similar changes in membrane conductance (increase). It appears from the 

figure, however, that the relative resistance increase in response to SP 

was just as great during the AVP-induced depolarization (after membrane 
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potential was restored to baselin~), which also increased resistance, as 

it was during the control response to SP. Because neither activated the 

ionic conductances maximally, the resistance increases produced by the 

two peptides apparently were additive, and an "ionic cross

desensitization" as defined earlier did not occur. The possibility can 

not be excluded that despite the fact that the overall relative 

resistance change produced by the two peptides was similar, the 

individual conductances contributing to the overall resistance ch~nge 

may have been different. A more detailed examination of the individual 

ionic conductances altered by each peptide is needed to address this 

problem. 

Single and Dual Peptidergic Mediation of Slow EPSPs 

The above experiments indicated that some IMG neurons were 

sensitive to either SP or AVP, while others were sensitive to both 

peptides, and still others exhibited no response to either one of the 

peptides. Results presented earlier in this report indicated that slow 

EPSPs were often only partially attenuated during a depolarization of 

one or the other peptide, or in vivo capsaicin, raising the hypothesis 

that more than one noncholinergic transmitter can mediate a single slow 

EPSP. To test this hypothesis, responses to repetitive presynaptic 

nerve stimulation were monitored during separate applications of SP and 

AVP in the same neuron. 

In those neurons insensitive to one or both of the peptides, 

noncholinergic slow EPSPs elicited during superfusion of the ineffective 

peptide were not different from- their paired controls. This finding 



150 

supports the contention that a neuron that is insensitive to a 

particular putative transmitter does not receive synaptic input from 

fibers utilizing this substance as a transmitter. In all cases, 

however, in which a neuron was sensitive exclusively to one of the two 

peptides, slow EPSPs were attenuated in the presence of that peptide 

(cf. Figs. 23, 24). 

In neurons sensitjve to both SP and AVP, only two of the 

expected four possible results were observed to occur. In two of the 

six neurons, slow EPSPs were diminished only during the depolarization 

produced by AVP, and were unaffected during the depolarization by SP. 

This would suggest that the slow EPSP elicited by the particular nerve 

stimulated was mediated at least in part by AVP, but not at all by SP. 

This presents an apparent paradox: why was the neuron sensitive to SP 

if, as implied, SP was not involved in mediating the slow EPSP? 

The answer may be that in the particular nerve stimulated, no 

SP-containing fibers made synaptic connection with the neuron being 

recorded from, but that other nerves may have carried SP-containing 

fibers that impinged synaptically upon this particular neuron. While it 

was not tested, a slow EPSP evoked in the same neuron by stimulating one 

of the other nerves may, in fact, have been suppressed by SP. Each 

nerve associated with the IMG probably contains several different 

transmitter-specific fiber types, several, one, or none of which might 

make a synaptic connection onto a ganglion cell. Thus, it would not be 

surprising that different results would be obtained in experiments such 

as these by stimulating different nerves. This is a highly intriguing 

concept for further study. 
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In the remaining four neurons, slow EPSPs were partially reduced 

during separate depolarizations by SP and AVP. In light of the lack of 

evidence for cross-desensitization between SP and AVP, these examples 

suggest that both peptides were involved in mediating the synaptic 

response to nerve stimulation in each of these neurons. That is, 

stimulation of one nerve may have caused the simultaneous synaptic 

release from separate nerve fiber terminals of SP and AVP respectively. 

While it is possible also that SP and AVP could be co-localized in and 

released from the same fibers, anatomical evidence renders this 

unlikely, as will be described shortly. 

One of the possible results not observed in these experiments 

was a total resistance of slow EPSPs to both of the peptides. In all 

six neurons, the slow EPSP was reduced during depolarizations by at 

least one of the two peptides. Nor was it ever observed in this 

population of neurons that slow EPSPs were reduced exclusively by SP. 

Perhaps if a larger number of neurons were sampled, examples of these 

response permutations would have been found. 

The noncholinergic plural-transmission hypothesis proposed in 

this report and alluded to throughout the Discussion is a deviation from 

the tenet that slow potentials in a single cell are mediated by a single 

noncholinergic transmitter, 

cells. Dun and co-workers 

although the transmitter may differ among 

(1984) reported in celiac ganglia that 

serotonin depressed slow EPSPs in 60% of neurons; the range and mean of 

depressions were not reported. In some of those serotonin-insensitive 

neurons, SP produced a depolarization and depressed slow EPSP amplitude 

(again, no range or mean). The authors conclude that EPSPs in some 
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neurons are mediated by serotonin and in others by SP. However, the 

authors neglected to test the effect of SP on slow EPSPs in serotonin-

sensitive neurons, and therefore may have inadvertantly excluded 

evidence supporting plurality of noncholinergic mediation. 

Functional Implications of Neurotransmitter Diversity 

While it is intellectually attractive to conceive of ganglionic 

transmission as a multiple-transmitter process, it is difficult at 

second glance to explain the operational significance of transmitter 

multiplicity. In the IMG, SP and AVP are both excitatory, and may both 

participate in mediating slow synaptic responses, even in the same 

neuron. By depolarizing ganglion cells and increasing membrane 

resistance, both peptides if released endogenously would facilitate 

cholinergic transmission, resulting in an amplified postganglionic 

discharge. 

But while their effects may overlap to a certain extent, the 

separate origins of SP and AVP in the ganglion suggest a degree of 

functional independence between them. The ganglionic supply of SP 

derive~ almost exclusively from collateral projections of primary 

sensory neurons whose cell bodies lie in dorsal root ganglia (Dalsgaard 

et ale 1982a, Hokfelt et ale 1977c, Matthews and Cuello 1982, Wilkin et 

ale 1983). SP-containing primary afferent neurons have been implicated 

in transmission of certain nociceptive stimuli (Henry 1980), whereby the 

peptide is released from central afferent terminals in the dorsal horn 

of the spinal cord. It may be that stimulation of primary afferent 



fibers evokes the concomitant release of SP from the central 

ganglionic collateral terminals of individual afferent fibers. 

raises the interesting possibility that nociceptive sensory stimuli 

directly influence ganglionic outflow by a strictly peripheral 

mechanism. 
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While SP is likely to function in a sensory capacity, AVP or its 

related peptide probably does not, based on the finding by Hanley et al. 

(1984) that immunoreactivity for the AVP-like peptide was concentrated 

in cells and fibers with the sympathetic ganglia. They found that all 

AVP-immunoreactive cells also stained positively with anti-dopamine-8-

hydroxylase antibody, suggesting that AVP-like peptide was co-localized 

with norepinephrine in some principal ganglion cells. Dually-stained 

varicose fiber plexuses were also observed surrounding some principal 

ganglion cells, suggesting that ganglion cell col laterals or dendrites 

make synaptic connections within the ganglia. This finding corroborates 

evidence by others that such intraganglionic neuronal connections exist 

in prevertabral and other autonomic ganglia (Elfvin 1971, King and 

Szurszewski 1984b, Kuntz 1940, Williams and Jew 1983). 

Based on the apparent localization of the AVP-like peptide in 

principal ganglion cells, several possible types of intraganglionic 

vasopressinergic innervation can be imagined, as depicted in Fig. 49. 

Neurons may receive auto-innervation from their own axon collaterals 

(CellI) containing AVP. Neurons of this type might be activated by a 

specific physiologic stimulus for the purpose of increasing 

excitability, and thus, postganglionic outflow from a select population 

of principal cells. It would be expected that repetitive intracellular 
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stimulation of auto-innervated neurons using AVP as a transmitter would 

result in slow depolarization of the membrane. Indeed, Dun and Minota 

(1982) reported that repetitive intracellular stimulation resulted in 

post-tetanic depolarizations in some guinea pig and rabbit IMG neurons. 

The depol arizations averaged 2.2 mV in ampl itude and 30 s in duration, 

and were demonstrated to be nonchol inergic, as they were not 

supressed by chol inergic antagonists. Their data clearly support an 

excitatory auto-receptive mechanism of innervation 'that could perhaps 

invol ve AVP. However, attempts by this author to generate slow 

depolarizations in a few cells by intracellular stimulation were 

unsuccessful. 

AVP-containing axon col laterals may make intraganglionic axo

axonic, axo-dendritic, or axo-somatic connections on one or more 

neighboring cells; the latter type is depicted for innervation of Cel 1 ~ 

by Cell 2. Cell 3 is a hypothetical example of a sympathetic 

interneuron which could link preganglionic or afferent inputs with 

postganglionic outputs (Cell 4). Although direct evidence for 

sympathetic interneurons is lacking, their existence cannot be excluded, 

particularly in light of the evidence cited above for intraganglionic 

neuron a 1 connect ions. 

Lastly, it is possible that synaptic communication occurs 

between dendrites of principal ganglion cells (Cells 4 and 5), involving 

release of AVP and other transmitter substances. In recent years, 

experimental evidence has emerged indicating that dendrites can store 

and release neurotransmitters in a variety of neuronal systems (Cuello 

1983, Vizi 1983). Using electron microscopy, Elfvin (1971) established 
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Fig. 49. Possible Types of Vasopressinergic Neuron and 
Innervation in the Guinea Pig Inferior Mesenteric 
Ganglion. 
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the existence of synaptic contacts between vesicle-containing dendrites 

of adjacent postganglionic neurons in the cat IMG. While the functional 

significance of dendro-dendritic contacts remains unresolved, the 

possibi 1 ity that neuronal ,excitabi 1 ity and synaptic transmission may be 

modulated by dendrites makes appealing food for thought. 

As the list of potential noncholinergic ganglionic transmitters 

continues to lengthen, it becomes increasingly difficult to justify the 

physiologic necessity for such multiplicity. In addition to SP and AVP, 

preliminary electrophysiological evidence reported in this study 

suggests that the peptide cholecystokinin may also have transmitter-like 

actions in the guinea pig IMG. In addition, Love and Szurszewski (1985) 

reported in a recent abstract that vasoactive intestinal polypeptide 

produced slow depolarizations in this ganglion, suggesting that it too 

may behave as a transmitter. Thus, there are now four nonchol inergic 

transmitter candidates that are excitatory in the IMG; other peptides 

sti 11 remain to be characterized electrophysiologically. 

It would seem improbable that all peptides associated with 

autonomic ganglia act as neurotransmitters, or that their actions are as 

rudimentary as mere "excitation" or "inhibition", as this would be 

redundant. More likely, some have trophic or neuromodulatory roles, 

influencing synaptic transmission in more subtle ways. There is some 

evidence for example that the opiate, enkephalin, modulates presynaptic 

release of Ach and a noncholinergic transmitter in prevertebral ganglia, 

but has little if any direct postsynaptic effect (Jiang, Simmons and Dun 

1982, Konishi, Tsunoo and Otsuka 1982, Szurszewski and Shu 1983). 

Earlier, Bornstein and Fields (1979) deduced the presence of presynaptic 
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opiate receptors based on their observation that morphine depressed the 

ampl itude of evoked and spontaneous fast EPSPs in the IMG. Vasoactive 

intestinal polypeptide reportedly enhanced slow transmission mediated by 

muscarinical.ly-acting Ach in the guinea pig IMG by increasing 

postsynaptic !l1uscarinic receptor sensitivity (t>'lo and Dun 1984). This is 

an intriguing idea, but dubious in that muscarinic chol inergic 

transmission has not been firmly established in this ganglion. In 

bullfrog sympathetic ganglia, SP decreases the sensitivity of nicotinic 

receptors for ACh (Akasu, Kojima and Koketsu 1983), and in rat superior 

cervical gangl ia, SP and somatostatin increases the activity of the 

catecholamine-synthesizing enzyme tyrosine hydroxylase in postganglionic 

neurons (Kessler, Adler and Black 1983). Thus, electrophysiologists 

have begun to examine more atypical and subtle neurochemical influences 

on ion currents, receptor sensitivities, and interactions with other 

neurotransmitters in ganglia. It may turn out that many of the 

"putative neurotransmitters" instead modulate the complex integrative 

process of synaptic transmission. 

Visceral Mechanosensory Inputs to the Inferior Mesenteric Ganglion 

Previous investigators have characterized a mechanosensory 

pathway from the colon to the inferior mesenteric ganglion of the guinea 

pig, which when activated by colon distension, increases cholinergic 

transmission in the ganglion (Crowcroft, Holman and Szurszewski 1971; 

Kreulen and Szurszewski 1979a, b; Szurszewski and Weems 1976; Weems and 

Szurszewski 1977). This was presumed to result from activation of 
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mechanoreceptors located in the colon wall whose projections make 

synaptic contact with ganglion cells. This cholinergic mechanosensory 

pathway constitutes the afferent limb of an intestino-intestinal 

sympathetic reflex (Kreulen and Szurszewski 1979a). The present study 

demonstrates the existence of a pharmacologically distinct 

mechanosensory pathway, which when a~tivated by colon distension, 

produces noncholinergic excitation of IMG neurons. This represents the 

first time that noncholinergic synaptic potentials have been recorded 

intracellularly in sympathetic ganglia in response to a "physiologic" 

stimulus, as opposed to electrical nerve stimulation. Thus, the 

noncholinergic mechanosensory potential may be the physiologic 

equivalent of the electrically-evoked slow EPSP. 

A depolarization of IMG neurons in response to colon distension 

in vitro was observed previously by Weems and Szurszewski (1978) in the 

absence of cholinergic blockade. However, these investigators did not 

distinguish pharmacologically between the slow depolarization and the 

asynchronous synaptic activity, but rather erroneously attributed the 

slow depolarization to summation of asynchronous synaptic potentials. 

As found in the present study, interruption of cholinergic transmission 

in the ganglion abolished all asynchronous activity, but not the slow 

depolarization produced by colon distension. In single neurons, the 

amplitude of depolarization was similar regardless of whether 

cholinergic asynchronous activity was intact or blocked, suggesting that 

summation of cholinergic EPSPs contributed minimally, if at all, to the 

depolarization from baseline potential. That the distension-induced 

noncholinergic depolarization was neuronally mediated and not simply a 
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mechanical artifact of distension was demonstrated by its disappearance 

upon interruption of synaptic transmission in the ganglion by 

tetrodotoxin. Thus, colon distension stimulates the simultaneous release 

from afferent terminal s of Ach and a nonchol inergic transmitter(s); it 

remains to be determi ned whether the transmitters are co-re 1 eased from 

the same nerve terminals or released simultaneously from separate 

cholinergic and noncholinergic afferent fiber terminals. 

The proportion of IMG neurons receiving chol inergic 

mechanosensory input was not determined in this study, but previously 

was f 0 u n d tor e pre sen t 7 9 % 0 f the s am p 1 e d pop u 1 at ion (S z u r s z e w ski and 

Weems 1976). In the present study, noncholinergic afferent input 

elicited by distension was observed in 44% of neurons. In a few 

neurons, distension of the colon augmented cholinergic synaptic activity 

without producing a detectable depolarizing shift, suggesting perhaps 

that input to these neurons was exclusively cholinergic. Taken together 

these data suggest that a greater proportion of IMG neurons are 

innervated by cholinergic than by noncholi~ergic afferent fibers, 

assuming that separate fiber types exist. However, in one neuron 

distension produced a baseline depolarizing shift without any detectable 

asynchronous synaptic activity, suggesting that this neuron was 

innervated exclusively by a ~oncholinergic mechanoreceptor afferent. 

More neurons exhibiting exclusively cholinergic or noncholinergic 

responses to distension may have been observed had more experiments been 

conducted in the absence of cholinergic blockade. 

The fact that a popul ation of IMG neurons receive continuous 

asynchronous cholinergic input with the colon at rest (intraluminal 
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pressure ° cm H20) raises the possibility that neurons may receive 

continuous noncholinergic input as well. If this were true, it would be 

expected that cutting the afferent supply to the IMG (the lumbar colonic 

nerve in this case) would result in a shift of the membrane potential to 

a more negative level. While this was not done in the present study, 

others who have interrupted afferent innervation in this way have not 

reported a consequent hyperpo 1 ari zing sh ift (Kreu 1 en 'and Szurszewsk i 

1979b, Crowcroft, Holman and Szurszewski 1971). A more careful 

e x am ina t ion 0 f t his po s sib i 1 i t y i s r e qui red, howe v e r, i n 1 i g h t 0 f the 

present characterization of the slow depolarization as noncnolinergic. 

During prolonged periods of colon distension, the resulting 

noncholinergic depolarization underwent tachyphylaxis with a similar 

time course as observed for tachyphylaxis of SP- and AVP-induced 

depolarizations. By inference, it coul,d be speculated that the 

distension-induced tachyphylaxis results from continuous presynaptic 

release of an excitatory peptide from mechanosensory afferents impinging 

on IMG neurons. Asynchronous cholinergic activity also decreased over 

several minutes of continuous distension, but remained above the initial 

(resting) levels even when the noncholinergic depolarization had 

completely desensitized. However, as illustrated in Fig. 34A, the level 

of asynchronous input immediately fol lowing restoration of intraluminal 

pressure to ° cm H20 (rest) was considerably lower than the initial 

level. This could reflect activation of an overriding inhibitory 

influence on cholinergic transmission in the ganglion. 

A 1 t ern at i vel y, me c han 0 r e c e p tor sin the colon wa 11m ay h a v e 

become temporari ly refractory due to stretching of the smooth muscl e 
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during distension. This would imply that the mechanoreceptors were 

IItens i on ll receptors and not IIstretch" receptors as proposed by Ki ng and 

Szurszewski (1984a). It was noticed during experiments of this kind that 

a previously actively contracting colon segment was less active and 

somewhat flaccid for several minutes following long periods of 

distension. After only 1 min at 0 cm H20 following the prolonged 

distension in Fig. 34A, a subsequent distension to the same intraluminal 

~ressure yielded this time only a small increase in asynchronous 

activity, barely reaching the resting level of activity prior to the 

first distension, and no depolarizing shift from baseline potential. 

This would indicate that tension mechanoreceptors were refractory even 

when the colon was inflated, probably because now at this same pressure, 

wall tension was less as a result of smooth muscle stretch or relaxation 

by reflex sympathetic inhibition. 

An additional piece of evidence that colonic mechanoreceptors 

are sensitive to tension and not simply stretch was also derived from 

the recording shown in Fig. 34A. It can be seen by comparing the 

intraluminal pressure (upper) trace with the voltage (lower) trace that 

contractions of the colon initiated transient increases in asynchronous 

synaptic activity and concomitant depolarizing shifts in membrane 

potential. This is consistent with the characteristics of a tension 

mechanoreceptor, but not a stretch mechanoreceptor, as the 1 atter woul d 

not be stimulated by a decrease in radial diameter of the colon as 

occurs during contraction. 

Occasionally, the noncholinergic depolarization initiated firing 

of action potentials; because this occurred during cholinergic blockade, 
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the action potentials must have been generated by an intrinsic neuronal 

threshold mechanism. This suggests that noncholinergic afferent input 

alone may sometimes be sufficient to initiate postganglionic discharges 

in situ. The colon segments used in all experiments were no more than 4 

cm in length. It is possible, however, that the mechanosensory 

"receptive field" of individual ganglion cells was more widespread, in 

which case distension of a longer segment of colon would result in 

larger noncholinergic depolarizations and more frequent observations of 

postganglionic discharge. 

Both cho 1 i nerg i c and noncho 1 i nerg i c mechanosen sor y input 

increased as colonic intraluminal pressure was increased. In some 

neurons distension to as 1 ittle as 1-2 cm H20 was sufficient to elicit a 

noncholinergic depolarization, while in others higher pressures were 

n"eeded. Occasionally in experiments where chol inergic transmission in 

the ganglion was not blocked, pressures of this magnitude produced 

increased frequency and amplitude of cholinergic EPSPs but no measurable 

membrane depolarization. Taking all neurons into consideration, 

however, there appeared to be no consistent minimum threshold pressure 

for generation of the noncholinergic mechanosensory potential. In most 

neurons the amplitude of noncholinergic potentials increased with 

increasing intraluminal pressure up to 20 cm H20, which was the maximum 

pressure imposed in the experiments. The relationship between 

intraluminal pressure and depolarization was not linear; the rate of 

increase in amplitude declined as intraluminal pressure approached 20 cm 

H20. Usua 1 1 y, howe v er, the tangent slope of the pressure- amp 1 i tude 

curves for individual neurons was sti 11 positive at 20 cm H20, 
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indicating that the response had not yet maximized, or saturated. 

The increase in chol inergic or nonchol inergic mechanosensory 

responses with increasing intraluminal pressure could be 'explained in 

two ways. First, as tension in the colon wall is increased, the 

frequency of impulses initiated by individual mechanoreceptors may 

increase, resulting in a greater release of transmitter from their 

respective presynaptic terminals. Alternatively, higher pressures may 

recruit mechanoreceptors with higher activation thresholds, thus causing 

release of transmitter from a greater number of mechanoreceptor 

terminals impinging on a single ganglion cell. The tendency for 

di~tension-induced slow depolarizations to approach a maximum at 

pressures near 20 cm H20 probably reflects a near-maximum activation of 

ten s ion me c han 0 r e c e p tor sin the colon wa 1 1 • Colon d i am e t era t t his 

pressure was approximately 0.8 cm, the same diameter observed during 

dissection at points in the colon where two intraluminal f~cal pel lets 

overlapped. This may represent the physiologic limit of radial 

distension; any further distension might only damage or otherwise 

disrupt mechanoreceptor integrity. 

An increase in input resistance accompanied the distension

i n due e d s low de pol a r i z at ion i n m 0 s t n e u ron s. The am 0 u n t 0 fin c rea s e 

during a depolarization remained the same when the potential was 

restored with hyperpolarizing current to the resting level, indicating 

that no membrane rectification occurred over the range of membrane 

potential encompassed by the depolarization. On the basis of the 

increased resistance, it might be considered that the depol arization 

-arises due to inactivation of Gk• This does not appear to be the 
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predominant ionic mechanism, however, as the depolarizations increased 

in ampl itude at membrane potential s approaching Ek• This behavior is 

more consistent with activation of inward GNa , whose equilibrium 

potential is approximately +60 mV. 

Voltage dependent behavior of this type is al so inconsistent 

with a mechanism based on inhibition of M-current (Adams, Brown and 

Constant i 1982). If IMG neurons are tentative 1 y assumed to possess the 

same ionic conductance properties as bullfrog paravertebral gangl ion 

neurons, where the M-current was characterized, then GM should be 

maximally activated at -10 mV and fully deactivated at -70 mV. 

Inhibition of GM by the noncholinergic transmitter released by 

distension would be expected to result in the largest depolarization 

when GM was maximal, that is at -10 mV, and a smaller depolarization as 

the potential approached -70 mV. In fact, just the opposite result was 

observed in the case of the distension-induced slow depol arization, 

which was small or absent at potentials around -40 mV and incr~ased to a 

maximum between -60 and -80 mV. In some neurons, the relationship 

between membrane potential and the distension-induced noncholinergic 

depolarization took on an inverted-V shape; depolarizations became 

smaller again at potentials more ne~ative than about -80 mV. This 

behavior defies ready explanation, but suggests that more than one ionic 

conductance change occurs simultaneously, thus preventing the easy 

identification of anyone conductance without more sophisticated voltage 

cl amping manipul ations. 

During the course of some of the later experiments, it was 

noticed that depolarizations produced by distension, repetitive nerve 
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stimulation (slow EPSP) and SP were fol lowed by slow hyperpolarizations. 

Other investigators have noted slow hyperpolarizations subsequent to 

slow EPSPs (Dun and Jiang 1982) and SP-mediated depolarizations (Dun and 

Minota 1981) in the guinea pig IMG. In the present context, slow 

hyperpol arizations usually 1 asted several minutes and varied in 

amplitude depending on membrane potential. The hyperpolarization 

reached its maximum amplitude at a potential of -85 mV and was nullified 

at -114 mV; a reversal of the hyperpolarization to a depolarization was 

not achieved. Interestingly, the same rel ationship between membrane 

potential and amplitude was observed for hyperpolarizations following 

repetitive presynaptic nerve stimulation. The nature of this response 

remai ns to be estab 1 i shed; it is not known whether it is a transmitter

mediated synaptic event or an ionic sequela of a synaptic event. 

Relationship Between Noncholinergic Mechanosensory 

and Nerve-Evoked Potenti al 

Slow EPSPs elicited by repetitive presynaptic nerve stimulation 

were routinely depressed during the dtstension-induced slow 

depolarization, compared to paired control slow EPSPs. This suggests 

as mentioned already that some receptor commonality exists between the 

transmitter (or one of the transmitters) invol ved in mediating each 

respon see The amount of cross-desensitization was small; the mean 

extent of slow EPSP depression was only 20% of control. Distension was 

chosen as the initial "desensitizing" impetus because the resulting 

depolarization could be maintained long enough to ev'oke and resolve a 
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complete slow EPSP. The opposite sequence, of eliciting a dfstension

induced slow depolarization at the peak of a slow EPSP, was unfeasable 

as membrane potential during slow EPSPs does not maintain at a stable 

plateau, but rather reaches a peak and begins to decline within the 

course of about 30 s. Thus, superimposition of the usually smaller, 

more slowly developing distension-induced depolarization on top of the 

transient slow EPSP would obscure the true amplitude and time course of 

the former response. It is probable that with the method that was 

employed, desensitization, or receptor occupation by the distension

released transmitter(s) did not occur; this ~ould explain why the cross

desensitization between the two noncholinergic potentials was not 

greater. 

Substance f and the Noncholinergic Mechanosensory Potential 

Because of the probabi 1 ity that SP is a messenger of 

noncholinergic transmission in the IMG, and in light of the fact that it 

is contained and perhaps released from sensory fibers (evidently unlike 

AVP), this peptide was investigated for a possible role in mediation of 

distension-induced noncholinergic potentials. The effect of the SP 

antagonist Spantide on the distension-induced slow depolarization was 

invest i gated duri ng the course of other experiments, before its 1 ack of 

antagonistic potency against SP had been firmly established. 

Considering in retrospect its 1 ack of antagonistic potency in the IMG, 

the results of the present experiments are necessarily rendered 

inconclusive. 
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In lieu of an effective antagonist, the technique of SP 

desensitization was once again employed to determine whether SP might be 

involved in mediating noncholinergic mechanosensory potentials. In all 

four neurons tested, distension-induced noncholinergic potentials were 

reduced compared to paired controls or abolished.upon desensitization of 

IMG neurons to SP. This result suggests that SP is indeed involved in 

mediating the response, but does not exclude the possibility that the SP 

was of non-primary sensory origin. 

The effect of SP depletion from primary sensory neurons on the 

nonchol inergic response to colon distension was assessed in separate 

experiments involving in vivo and in vitro administration of capsaicin. 

In ganglia from control animals, 36% of neurons exhibited noncholinergic 

mechanosensory potentials in response to colon distension, compared to 

23% of neurons from ganglia of animals treated with maximalJy SP

depleting doses of capsaicin. Of those depolarizations that occurred in 

capsaicin-treated gangl ia, their mean ampl itude was no different from 

the mean in control ganglia. These results support the hypothesis that 

SP in primary afferent neurons participates in mediation of colonic 

mechanosensory potentials. The data are not convincing enough, however, 

to excl ude the possibi 1 ity that other nonchol inergic transmitters are 

also involved, as a substantial number of neurons still yielded 

noncholinergic mechanosensory potentials after presumed maximal SP 

depletion. 

The effect of direct superfusion of capsaicin on noncholinergic 

t ran sm iss i on in the I MG was ex am i ned so th at responses before, d ur i ng 

and.after capsaicin could be compared in individual neurons. The 
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results obtained in these experiments could then be compared to the 

results of the experiments in which capsaicin was administered in vivo. 

In ganglia previously unexposed to capsaicin, neurons depolarized 

immediately and strongly in response to superfusion of capsaicin, until 

eventually the membrane potential returned to its original level. This 

presumably reflects the release and ultimate depletion of SP from 

primary sensory terminals in the ganglion (Konishi et al. 1980), or 

desensitization to the continued release of SP. A second. administration 

of cap s a i c i nove r the s am ega n g 1 ion 0 n e h 0 u r 1 ate r pro d u c e d no 

depolarization, suggesting that SP had been markedly depleted. 

In the neurons in which superfused capsaicin produced a 

depolarization, distension-induced slow depolarizations were diminished 

by more than half of their paired control ampl itudes. This could be 

i n t e r pre te d as i n d i cat i n gin vol v em e n t 0 f sen s 0 r y S P , but t his 

interpretation is complicated by the finding that the depolarization was 

partially reversed only 10 min after capsaicin superfusion was stopped. 

So quick a restoration of the response would not be expected fol lowing 

depletion of SP. Moreover, in another neuron in which capsaicin 

produced no depolarization, a sizeable noncholinergic mechanosensory 

depolarization could be elicited by distension. 

Taken together, the data from these experiments are equi vocal; 

in one sense they support the hypothesis that primary afferent SP 

mediates noncholinergic mechanosensory transmission, in another sense 

they suggest that capsaicin1s effect is nonspecific, possibly depleting 

other depol arizing agents that have a higher turnover rate. 

If one accepts the interpretation that primary sensory-deri ved 
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SP is involved in mechanosensory transmission, then one must be wi1 ling 

to confer upon some primary afferent neurons the 1 abel of 

"mechanoreceptor". This inference was made by B1 umberg et a1. (1983), 

who recorded extracellular unit discharges from the inferior splanchnic 

nerve of the cat upon distension and contraction of the colon. Based on 

this observation they concluded that primary afferent neurons mediate. 

mechanosensory impulses from their peripheral terminations in the colon, 

through the IMG and on toward the spinal cord. Their study also 

suggested that the mechanosensory responses were nociceptive, which by 

implication would suggest that the afferents involved contained SP. 

Blumberg's results, however, contrast with those of King and Szurszewski 

(1984) in guinea pig, in which extrace11 u1 ar mu1 tiunit discharges were 

never detected in res'ponse to colon distension in dorsal roots (L 3), 

where central ends of many primary afferent neurons with visceral 

connect ions termi n ate. Accord i ng to th is resu 1 t, mech anosen sor y 

a f fer e n t s m u s tor i gin ate i nth e colon and term ina t e i nth ega n g 1 ion, 

without extending further centrally. Likely transmitter candidates for 

this type of afferent are cholecystokinin and vasoactive intestinal 

pol yp e p tid e, bot h 0 f w hie h are con t a i ned inc 0 1 0 n i c a f fer e n t san dar e 

excitatory on IMG neurons. These peptides await investigation as 

possible mechanosensory afferent transmitters. Place your bets! 

Physiological Significance of 

Noncho1inergic Mechanosensory Transmission 

Gastrointestinal function is under the influence of central and 



170 

peripheral autonomic control. Postganglionic neurons of the 

prevertebral ganglia receive and integrate synaptic inputs from 

pregangl ionic sympathetic neurons and from sensory neurons originating 

in abdominal viscera. Chol inergic sensory innervation of prevertebral 

ganglia has been implicated in mediation of reflex activity in the 

gastrointestinal tract (Kreulen and Szurszewski 1979a, Szurszewski and 

Weems 1976, Weems and Szurszewski 1977), which may be important in 

normal digestive function. 

The discovery of a noncholinergic afferent pathway from the 

colon to the IMG adds a new dimension to our understanding of the nature 

of visceral innervation of ganglia. In response to the mechanosensory 

stimulus of colon distension, two different transmitters--Ach and a 

noncholinergic transmitter--are released presynaptically onto principal 

noradrenergic gangl ion cell s of the IMG. The excitatory effect the 

nonchol inergic transmitter would be expected to amplify preganglionic 

and afferent cholinergic activation of postgangl ionic outflow to the 

colon, above the level achievable in the absence of the noncholinergic 

influence. In this way, the noncholinergic pathway may play an integral 

role in the digestive process. The discovery of this nonchol inergic 

pathway from the colon also raises the possibil ity that prevertebral 

ganglia receive noncholinergic innervation from other viscera as well. 



CONCLUSIONS 

1. Substance P is not the only transmitter of slow noncholinergic EPSPs 

in the guinea pig IMG. 

2. Vasopressin or a rel ated peptide may be a transmitter of 

noncholinergic EPSPs in the guinea pig IMG. 

3. Some noncholinergic EPSPs are mediated bymultiple transmitters, 

possibly including SP, AVP, cholecystokinin, vasoactive intestinal 

polypeptide and serotonin. 

4. The guinea pig IMG is innervated by both cholinergic and 

noncholinergic mechanosensory fibers from the colon, both of which 

probably participate in reflex regulation of intestinal motility. 

5. The noncholinergic mechanosensory depolarization is the physiologic 

manifestation of the electrically-evoked slow EPSP. 
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