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I. INTRODUCTION

The sympathetic ganglia were originally thought to act as simple
relay stations from the central nervous system to the peripheral vis-
ceral organs. The ganglia received impulses exclusively from pregan-
glionic cholinergic neurons and relayed these impulses in a diffuse
fashion to the viscera via noradrenergic nerves; no integrative func-
tions were thought to occur in the ganglia. More recently, the sympa-
thetic ganglia, in particular the prevertebral ganglia, have been found
to have a much more complex organization and, accordingly, a more inte-
grative function has been attributed to these structures.

The prevertebral ganglia receive a number of inputs from multiple
nerve trunks. Not all of these inputs originate in the preganglionic
nuclei of the spinal cord; fibers also arise from cells bodies in the
viscera. Additionally, afferent fibers with cell bodies in the dorsal
root ganglia (DRG) traverse and apparently effect synapses in the prev-
ertebral ganglia. Finally, a number of neuropeptides have been found in
neural structures in sympathetic ganglia. Some of these peptides exert
specific neurotransmitter-like effects at selected sites in the central
and peripheral nervous systems and also in the prevertebral ganglia.

In the present studies, synaptic transmission in the inferior mes-
enteric ganglion (IMG) of the rabbit was investigated by intracellular

recordings of the electrical activity of ganglionic neurons, and the



jocalization of a number of neuropeptides in this structure was studied
using immunohistochemistry. The major objectives of this investigation
were to delineate the basic electrical properties of these cells,.to
examine cholinergic transmission in this ganglion and to examine the
role that certain peptides or other noncholinergic transmitters may have

in synaptic transmission in this structure.
A. Structure of the Inferior Mesenteric Ganglion

1. General Organization of the Autonomic Ganglia

The autonomic ganglia are aggregates of nerve cells surrounded by
glial cells and connective tissue. The ganglionic neurons receive pre-
ganglionic fibers from neurons in the central nervous system and send
postganglionic fibers to the effector organs--smooth muscles, glands and
the heart. The parasympathetic ganglia receive preganglionic fibers
from neurons situated in the brain stem and sacral spinal cord. The
sympathetic ganglia, of interest here, receive preganglionic fibers from
neurons in the thoracic through lumbar spinal cord levels. The cell
bodies of the sympathetic preganglionic neurons are mainly located in
the nucleus intermediclateralis of the spinal cord.

Sympathetic ganglia can be classified into two types according to
anatomical position--paravertebral and prevertebral. The paravertebral
ganglia are the sympathetic chaiﬁ ganglia. These ganglia and the com-
missures connecting them form the sympathetic trunks situated bilater-
ally along the ventro-lateral aspect of the spinal column from the first

thoracic segment caudally through upper lumbar segments. Each ganglion



is connected with its corresponding spinal nerve by communicating rami.
Preganglionic fibers enter the ganglia via the white rami;. postgan-
glionic axons exit through the gray rami and join the spinal nerves to
travel to the effector organs.

The prevertebral ganglia are distinct from the sympathetic trunk
in the abdominal cavity (additionally the cervical ganglia may be con-
sidered prevertebral). The abdominal prevertebral ganglia lie close to
the median sagittal plane of the body, ventral to the abdominal aorta.
This includes the celiac, superior mesenteric and inferior mesenteric
ganglia and the hypogastric and pelvic plexuses. The preganglionic

fibers to these ganglia traverse the paravertebral ganglia in long

nerves (Skok, 1973; Gabella, 1976).

2. Anatomy of the Inferior Mesenteric Ganglion

Detailed studies of the anatomy of the autonomic nervous system
were performed by Langley and Anderson (see below); subsequent studies
have confirmed the accuracy of their descriptions (Trumble, 1933). The
nomenclature used by Langley and Anderson has been retained here. A
schematic diagram of the rabbit IMG and surrounding structures is pre-
sented in Figure 1 of the Results section.

The IMG of the rabbit consists of a long and narrow ganglion found
near the inferior mesenteric artery close to the aorta. Several fine
filaments exit from the lumbar spinal cord and traverse the sympathetic
trunks to enter the IMG. These are the inferior splanchnic nerves.
Frequently, one or more of these fibers joins the aortic branch of the

ascending mesenteric nerve to enter the ganglion (Langley & Anderson,



1896b). Five or six nerve filaments leave the upper part of the gan-
glion laterally and pass anteriorly along the inferior mesenteric vein;
these are the branches of the ascending mesenteric nerve. These
branches join strands from the superior mesenteric ganglion and give off
filaments along the vasculature to the colon. The ascending mesenteric
nerve is much larger in the rabbit than in the cat. Two other fiber
bundles leave the anterior end of the IMG, continue anteriorly near the
aorta and also join the superior mesenteric plexus. These are the
ascending aortic branches. Several nerve strands are seen emanating
from the posterior end of the IMG. The largest of these is the hypogas-
tric nerve, which in the rabbit is actually composed of two hypogastric
nerves united into a common trunk. Other fibers accompany the inferior
mesenteric artery and its branches and constitute the colonic nerves.
These are less conspicuous in the rabbit than in the cat. It is sug-
gested that more fibers for the upper part of the colon course through
the mesentery in the rabbit than in the cat; thus, the ascending mesen-
teric branches are larger and the colonic branches smaller in the rab-

bit.

3. Morphology of the Inferior Mesenteric Ganglion
The detailed structure of the rabbit IMG has been studied only to
a limited extent. Histological examinations have been performed with
respect to the IMG of the human and of the cat and the ultrastructure of
the cat IMG has been examined. In more recent studies on the neural
connections between the IMG and other structures the guinea pig prepara-

tion has been used.



a. Histology

Histological examination of the human IMG reveals ganglion cells
of medium size which are stellate in form (Kuntz, 1940). The celis have
long dendrites which branch relatively infrequently and radiate from the
cell bodies in all directions. Some cells alsoc have short, or acces-
sory, dendrites with numerous short branches. Adjacent cells are inti-
mately related through their dendrites. A single ganglion cell may
become related with a relatively large number of neighbeoring cells. 1In
some instances, terminal arborizations of dendrites form dendritic nests
around the cell bodies of adjacent cells. Contacts are apparently
formed between the cell bodies and the proximal portions of the den-
drites.

Axons enter the IMG in bundles containing preganglionic fibers as
well as visceral afferents traversing the ganglion. Axons leave these
bundles and ramify among the dendrites. Many synaptic contacts are made
with a single axon contacting more than one ganglion cell (Kuntz, 1940).
Postganglionic axons arising within the IMG do not ramify among the gan-
glion cells but aggregate into bundles which emerge from the ganglion.
The caliber of these axons is so similar to that of the preganglionic
fibers that the two cannot be distinguished on the basis of size.

The morphology is essentially the same in the cat but cells with
short dendrites are less common (Kuntz, 1940) and pericellular and peri-
dendritic nests are observed less frequently (M'Fadden, Loughridge &
Milroy, 1935; Kuntz, 1940). Cat ganglion cells are about 20-40 um in

size (M'Fadden et al., 1935).



Using the histochemical method of Faick and Hillarp for the
fluorescent localization of monoamines (Falck, 1962), Hamberger, Norberg
and Sjoqvist (1964) found noradrenergic terminals surrounding cat sympa-
thetic ganglion cells in basket-like structures (Hamberger, Norberg &
Sjogvist, 1964). These terminals apparently correspond to the periden-
dritic nests of neighboring cells observed by Kuntz (1940). Of all the
sympathetic ganglia examined (in both rabbit and cat) the prevertebral
ganglia have the most well-developed systems of such terminals (Hamber-
ger, Norberg & Ungerstedt, 1965). Removal of the paravertebral ganglia
from L3-L7, removal of the celiac ganglia, section of the colonic nerves
or section of the hypogastric nerves does not alter the peridendritic
nests (Hamberger & Norberg, 1965); thus, they apparently originate

within the IMG.

b. Ultrastructure

The perikaryva of the IMG neurons have very few synapses (Elfvin,
1971a). Axosomatic synapses are seen only occasionally. Short and long
processes are connected to the perikarya. The short processes are con-
nected with the rest of the cytoplasm by a stalk about 100 nm in diame-
ter. These short processes extend 1-3 um from the surface of the cell
body. The long processes are connected by a stalk which is 1-3 um wide.
Often several synaptic sites are seen on both types of processes. Some-
times, a single preganglionic terminal synapses with both a short pro-
cess and the surface of the perikaryon. The presynaptic regions contain
clear vesicles and are presumably acetylcholine (ACh) containing neu-

rons. In the short cell processes small dense core vesicles are found.



These processes form dendrodendritic and dendrosomatic contacts with
adjacent ganglion cells. The number of dendrodendritic comtacts is
about the same as the number of axodendritic contacts made by thevpre-
ganglionic fibers (Elfvin, 1971c). These short processes containing
closely packed dense core vesicles correspond to the fluorescent basket-
like networks seen with the Falck-Hillarp technique.

In addition to the classical axodendritic synapses made by the
preganglionic fibers with the IMG cells, specialized axoaxonic synaptic
contacts are seen between separate preganglionic cholinergic fibers
(Elfvin, 1971b). Chromaffin or small intensely fluorescent (SIF) cells
are practically absent in the cat IMG; however, a granule-containing
cell which is apparently comparable tc the SIF cell has been found in
the rabbit IMG (Elfvin, 1968). These cells are about 10-25 um in diame-

ter and occur in groups of three to five cells.
c. Neural Connections

1) Fiber Types

In the cat, the inferior splanchnic nerves are composed mainly of
small, myelinated fibers, 1-3 um in diameter, but some unmyelinated
fibers are also present (M'Fadden et al., 1935; Harris, 1943). A
smaller number of fibers are found in the range of 4-6 um and 1% are on
the order of 10-12 um (M'Fadden et al., 1935). The postganglionic
fibers are mainly unmyelinated (M'Fadden et al., 1935; Harris, 1943).
Some small myelinated fibers, about 2 um in diameter, are seen scattered

in the peripherally coursing nerve bundles.



2) Possible Origins of Fibers

Degeneration studies have indicated several possible’ sources of

the fibers coursing to and through the IMG.

a)

b)

c)

d)

The majority of myelinated fibers in the hypogastric nerve are
most likely preganglionic fibers from the lumbar spinal cord
passing through the IMG to innervate cells located in the hypo-
gastric-pelvic plexus (Kuntz, 1940; Harris, 1943).

Alternatively, Harris (1943) has suggested that these are pregan-
glionic components of the sacral spinal nerves ascending in the
hypogastric nerve from the pelvic plexus through the IMG to the
colon; however, this does not appear to be the case since others
have concluded that no fibers from the sacral spinal cord pass
through the IMG to innervate the colon (Langley & Anderson 1896a;
M'Fadden et al., 1935; Garry & Gillespie, 1955).

Visceral afferent fibers with cell bodies in the DRG (Kuntz,
1940; Harris, 1943).

Fibers which originate in the enteric plexuses to teminate in the

IMG (Kuntz, 1940).

The latter two possibilities are the most likely in the cat colonic

nerve, as very few preganglionic fibers pass through the IMG to continue

in this nerve (Harris, 1943).

3) Number of Fibers

Visceral afferents. Central to the IMG, 2,500 visceral afferents

were seen in the splanchnic nerves (Harris, 1943). Peripherally, a

total of 5,000 afferent fibers were seen, 3,000 in the colonic nerve and
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2,000 in the hypogastric nerve. The difference is explainable by assum-
ing that upon reaching the IMG each fiber from the spinal .ganglion gives
off one collateral. An alternative explanation is that some of fhese
visceral afferent fibers do not have their cell bodies in the DRG, but
are fibers of enteric origin which synapse in the IMG and do not con-
tinue more centrally. This group contains both myelinated and unmyeli-
nated fibers. Most of the myelinated fibers are of small (1-3 um), some
of medium (4-6 um) and some of large (7-10 um) diameter. The visceral
afferent fibers reaching the colon are exclusively unmyelinated while
some of those in the hypogastric nerve are myelinated.

Preganglionic/Postganglionic Sympathetics. In the IMG of the cat,

approximately 3,000 postganglionic sympathetic fibers enter the IMG from
the lumbar region of the spinal cord. The ascending nerves had been
severed to allow examination exclusively of the lumbar inputs. A total
of 9,500 fibers exit the IMG in the colonic and hypogastric nerves.
Thus, 2 of 3 postganglionic sympathetic fibers in the colonic and hypo-
gastric nerves have their origin in the IMG, if one assumes that none of
the postganglionic fibers give off collaterals. Of the 4,000 pregan-
glionic fibers entering the IMG from the lumbar nerves, 1,000 pass
through and descend in the hypogastric nerve. If those fibers passing
through the ganglion effect synapses the ratio of preganglionics to
postganglionics is 1/1.5, if not the ratio is 1/3 (Harris, 1943).

Widely varying values have been reported for the preganglionic/
postganglionic ratio in other ganglia. Several factors contribute to

this variation. First, it appears that the value obtained depends on
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the animal examined. For example, in the superior cervical ganglia
(SCG) of the cat reported values range from 1/11 to 1/32 (Billingsley &
Ranson, 1918; Wolf, 1941), in the dog a ratio of 1/8 was calculatéd
(Sanbe, 1961) and in the human values as high as 1/196 have been
reported (Ebbesson, 1968). There is even considerable variation among
primates as in the SCG of the squirrel monkey a value of 1/28 was found
(Ebbesson, 1968). A second factor is the ganglion examined, as in the
human lumbar sympathetic chain ganglia ratios around 1/70 have been
reported (Webber, 1955). These differences partly reflect variation in
the number of neurons in the ganglion rather than in the number of pre-
ganglionic fibers. The number of neurons in the human SCG is about 10
times greater than the number in the same ganglion in the cat and 20
times as much as the value obtained in the rabbit, while the number of
preganglionics in these species is of the same magnitude (Ebbesson,
1963). Brooks-Fournier and Coggeshall (1981) have reported a much
higher ratio in the rat SCG (1/4). These authors point out that the
preganglionic nerve trunks also contain sensory and postganglionic
fibers. In previous work the presence of these non-preganglionic axons
in the preganglionic nerve trunks was not considered. Furthermore,
accurate counts of the number of the unmyelinated postganglionic axons
is only possible under the electron microscope.

Low preganglionic/postganglionic ratios have been taken as support
for a diffuse control of the viscera by the sympathetic system, as com-
pared to a more precise control of the parasympathetic system. In view

of the fact that many of the reported values of preganglionic/postgan-
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glionic may overestimate the number of preganglionic fibers and underes-

timate the number of postganglionic fibers, this interpretation may not

be juStified .

B. Function of the Inferior Mesenteric Ganglion

1. Viseral Innervation
Classical studies on the effector organ responses to electrical
stimulation of the IMG and associated nerve trunks were conducted by
Langley and Anderson in the 1890's. Visual observation was made of the
various organs, including the bladder, genital organs and gastrointesti-

nal tract, following electrical stimulation at various sites.

a. Bladder
The IMG was shown to be involved in the innervation of the blad-
der. Stimulation of the lumbar nerves resulted in a contraction of the
base of the bladder (Langley & Anderson, 1895b). The fibers involved in

this response travel in the hypogastric nerve.

b. Genitalia
Effects were also observed on the internal genital organs--the
vasa deferentia and seminal vesicles in the male and the uterus and
vagina in the female (Langley & Anderson, 1895c). The response in all
cases was a slight contraction of the musculature. These effects are

also mediated by fibers travelling in the hypogastric nerve.
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c. Gastrointestinal Tract

1) Stimulation of the Sympathetic Chain

As early as 1890, Langley had reported that the nerves to the rab-
bit descending colon and rectum leave the spinal cord in two regionms,
termed the upper and lower sets or the lumbar and sacral nerves. The
nerves from the lumbar region (the sympathetic nerves) were found to
travel to the IMG and then, via the ascending mesenteric, colonic and
hypogastric nerves, to the colon and rectum. Stimulation of these lum-
bar sympathetic nerves resulted in an inhibition and pallor (vasocon-
striction) of the descending colon and rectum, while stimulation of the
sacral fibers (the parasympathetic nerves) produced a strong contraction
(Langley, 1891).

Systematic studies on stimulation of the sympathetic chain ganglia
showed that the second lumbar sympathetic nerve is the rostral-most
which contains an appreciable number of fibers to the descending colon
and rectum (Langley & Anderson, 1895a). Maximal effects were obtained
by stimulating the fourth or fifth ganglion. By the seventh ganglion
little or no response was seen; hence, the second to fifth lumbar sympa-
thetic nerves carry fibers which affect the colon and rectum. These
results have been confirmed, almost 100 years later, by Krier, Schmalz &
Szurszewski (1982) who showed by stimulating the preganglionic fibers in
the lumbar white rami to the cat IMG that the principal source of sympa-
thetic innervation arises at L3 and L4.

Stimulation of the lumbar sympathetic nerves in both rabbit and

cat caused pallor of the descending colon and rectum, including the
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embrane of the internal anal sphincter. In the rabbit inhibitory

mucus m

effects were seen On both muscle coats of the large intestine while a
rather weak dilation of the internal anal sphincter was seen. In the
cat inhibition of the descending colon and rectum was weak but there was

a strong contraction of the internal anal sphincter (Langley & Anderson,

1895a) .

2) Stimulation of the Nerves of the IMG

The inferior splanchnic nerves innervate the IMG and contain those
branches from the sympathetic trunk which, when stimulated, cause inhib-
ition and vasoconstriction in the colon. Inhibition and pallor in the
upper part of the descending colon are observed following stimulation of
the ascending mesenteric nerve. Stimulation of the colonic fibers,
which travel along the inferior mesenteric artery towards the coloen,
results in effects on the whole of the descending colon and rectum which
are greatest an inch or two on either side of the artery. Stimulation
of the hypogastric nerve, which leaves the IMG caudally, reveals an
inhibition and pallor in the rectum and in the adjoining part of the
descending colon (Langley & Anderson, 1895a).

Following injection of nicotine or curare it was found that stimu-
lation of the spinal branches (lumbar sympathetic nerves and inferior
splanchnic nerves) to the IMG was ineffective in eliciting a response
(Langley & Anderson, 1895d). As the electrodes were moved down the
nerves, towards the IMG, responses were seen only upon reaching the IMG.
From these studies it was concluded that the fibers from the lumbar sym-

pathetic chain run directly to the IMG.
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Nearly all the preganglionic sympathetic fibers which affect the
large intestine synapse in the IMG. A considerable portion of the
fibers to the bladder and internal anal sphincter, as well as a s&aller
and variable proportion of the fibers for the intermal genital organs
and sometimes a few fibers to the external genital organs, also end in

the IMG (Langley & Anderson, 1895d).

2. Modulation of Intestinal Motility

Just prior to the beginning of the twentieth century, two labora-
tories had investigated the innervation of the large intestine and had
come to the same conclusion--that stimulation of the lumbar splanchnics
or of the colonic nerves results in an inhibition of the large intes-
tine, while stimulation of the sacral nerves results in contraction
(Langley & Anderson, 1895a; Bayliss & Starling, 1900). There was appar-
ently very little interest in this part of the autonomic nervous system
until the late 1920's, when interest in the role of the IMG again
increased as investigations on intestinal motility advanced. In gen-
eral, the visual observations of these early investigators have been

subsequently confirmed with more quantitative methods.

a. In situ Studies
Following stimulation of the lumbar sympathetics, the colonic
nerves or the hypogastric nervesra marked contraction of the internal
anal sphincter occurs in anesthetized dogs (Learmonth & Markowitz,
1929). The effect is greatest following hypogastric nerve stimulation.

The colonic nerves also exert inhibitory effects on the colon (Learmonth
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& Markowitz, 1930). Section of the colonic nerves is followed immedi-
ately by an increase in intracolonic pressure and in some cases by an
increased amplitude of the contractions of the colon. This reveais a
tonic inhibitory influence on the musculature of the distal colon. On
this basis, section of the inferior mesenteric plexus was suggested as a
treatment of Hirschsprung's disease (Rankin & Learmonth, 1930, 1932) and
was used successfully in a few cases (Ross, 1935). It is now known that
Hirschsprung's disease is due to a congenital absence of the enteric
plexuses. Current therapy involves resection of the affected region of
the colon (Kleinhaus, Boley, Sheran & Sieber, 1979).

Others found that section of the preganglionics or postganglionics
of the IMG or removal of the IMG had little effect on the movements of
the colon in cats (M'Fadden et al., 1935). This study differed from the
above in that examinations were not performed acutely, but observations
were made at least one week following surgery. Colonic motility was
measured by X-ray observation of the movements of radio-opaque meals or
enemas. Although no hypermotility was observed, there was a decrease in
transit time through the colon, apparently due to diminished resistance
at the internal anal sphincter, a structure shown above to be contracted
by stimulation of the fibers of the IMG.

Garry (1933b) examined the responses in the large bowel of the cat
to stimulation of the lumbar sympathetic outflow. Movements of the
large bowel and the anal canal were recorded by two balloons inserted
through the anus. Intestinal motility was stimulated by movement, but

not distention, of either of the balloons. Stimulation of the lumbar
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etics exerted an inhibitory influence on the response of both the

s ympath

large bowel and the internal anal sphincter to movement of either bal-
loon.

In another study, the behavior of the large bowel of the cat was
also measured by a balloon inserted through the anus (Garry, 1933a);
when the lumbar sympathetic outflow was intact the bowel was inactive.
Section cof the entire lumbar outflow resulted in increased tone and
rhythmical activity in the colon. Section of only the spinal rami to
the IMG caused a slight increase in tone and rhythmic contractions
appeared. Subsequent section of the colonic and hypogastric nerves led
to a marked increase in both tone and rhythmicity. Division of the
hypogastrics alone had little effect, but section of the colonics led to
a marked increase in gut activity, even when the hypogastrics were
intact. These studies indicated that, in the absence of lumbar spinal
inputs, inhibition of the colon was maintained from the IMG via the lum-
bar colonic nerves.

The role of the IMG in the control of intestinal motility has also
been examined in dogs (Lawson, 1934). The colonic or hypogastric nerves
were sectioned for stimulation. After stimulation of the colonic nerves
an inhibition of the colon was observed accompanied by a contraction of
the internal anal sphincter. Stimulation of the hypogastric nerves pro-
duced consistent effects only in the distal segment of the colon and at
the internal amal sphincter. When the spinal rami to the IMG were cut,
the inhibitory phase was prolonged. Subsequent section of the colonic

nerves when stimulating the hypogastric nerves or section of the hypo-



17
gastric nerves while stimulating the colonic nerves further prolonged
the inhibition. Lawson (1934) concludes that the cells of. the IMG act
jndependently of preganglionic influences and that the relationships of

the response of one intestinal segment to other segments depends on

either automatic or reflex activity in the cells of the IMG.

b. In vitro Studies

The rabbit isolated colon has been used to examine the effects of
the colonic and pelvic nerves in vitro (Garry & Gillespie, 1955). Pel-
vic nerve stimulation results in contraction of the colon with the maxi-
mal response occurring at 10 Hz. A contraction could be obtained with
frequencies as low as 1 Hz. As reported in situ, stimulation of the
colonic nerves caused an inhibition of the colon. These fibers required
a higher frequency of activation as the maximal response was seen at 100
Hz and no response could be elicited below 5 Hz. The inhibition showed
no fatigue and was followed by a sudden sharp contraction following ces-
sation of stimulation. The effects of pelvic stimulation, but not the
response to colonic nerve stimulation, were antagonized by hexamethonium
and atropine. The inhibitory response involved an amine transmitter
since it disappeared in colons taken from reserpinized animals (Gilles-

pie & Mackenna, 1961).

3. The Inferior Mesenteric Ganglion as a Reflex Center
Prior to 1937, the evidence for independent activity in mammalian
sympathetic ganglia was unconvincing, particularly in view of the preva-

lent concept that the ganglia served merely as relay stations from the
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nervous system to the peripheral visceral organs (Gaskell, 1916;

central

Langley, 1921). Garry (1933a) and Lawson (1934), however,.had offered
.vidence for continued inhibition of the intestine by the ING following
acute decentralization, but it was possible that this result was an
artifact of trauma and exposure. To clarify these findings, Lawson and
Holt (1937) recorded colonic motility as an index of the activity of the
IMG in unanesthetized dogs. Two to four weeks following ramisection of
the IMG, tone levels were decreased in the anal canal and proximal colon
and raised in the middle colon. Contraction height was not uniformly
affected except in the distal colon, where there was an increase.
Removal of the IMG following ramisection gave essentially similar
results. Basal tone levels were not uniformly affected; in some cases
tone was lower. Contractility was increased throughout the colon, most
in the distal colon and anal canal, least in the proximal segment. The
increase in contractility following ganglionectomy was established
within twelve hours and no progressive changes were noted. These
results were interpreted as further evidence that control of the colon
by the decentralized IMG is a result of nervous activity in the ganglion
itself. Following extirpation of the lumbar segments of the sympathetic
trunk and ascending mesenteric nerves, a large percentage, but not all,
of the axons in the ganglia degenerate (Kuntz, 1940; Harris, 1943).
Foliowing removal of the IMG (M'Fadden et al., 19353) or section of the
colonic nerves (Kuntz, 1940), intact fibers can still be seen in the
distal part of the colonic nerves. Kuntz (1940) suggests that these are

fibers of enteric origin which travel centripetally in the colonic

nerves; thus, the IMG may be a reflex center.



19

Degeneration experiments revealing the persistence of axons in the
distal ends of nerve fibers following nerve section more centrally fur-
ther suggested that the IMG was a reflex center. To test this hyfothe-
sis, Kuntz (1940) extirpated the lumbar segments of the sympathetic
trunks and severed the ascending mesenteric nerves connecting the celi-
ac-superior mesenteric ganglion plexus with the IMG of anesthetized
cats. The colon was transected in order to interrupt the enteric plex-
uses and balloons were placed in the proximal and distal segments of the
colon. When the proximal segment was quiescent, inflation of the distal
colon had no effect; but when the proximal segment was undergoing rhyth-
mic contractions, inflation of the balloon in the distal segment com-
monly resulted in inhibition. In these experiments, all neural pathways
from the distal segment of the large intestine to the proximal segment
were interrupted, except pathways through the IMG. Thus, the response
of the proximal segment following distention of the distal colon can be
explained as a reflex response through the IMG. Others, however, were
unable to show the persistence of intestino-intestinal reflexes through
decentralized prevertebral ganglia (Youmans, Karstens & Aumann, 1942).
In this study jejeunal activity in dogs was measured. Inhibitory
reflexes were only observed when the connections of the celiac ganglion
with the spinal cord were intact.

In view of these discrepancies, Kuntz and Saccomanno (1944) com-
bined anatomical and physiological techniques to demonstrate that the
IMG can modulate reflexes in the absence of central connections. Axon

terminations persist in the IMG following decentralization and intact
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fibers can be found in the distal segments of nerves from the IMG fol-
lowing section of these nerves. On the assumption that soine of these
distal fibers make synapses in the IMG, they were regarded as the affe-
rent limb of a reflex arc. The physiological experiments showed that
following removal of the spinal cord from the first thoracic segment
caudalward an inhibition of the proximal colon was still observed fol-
lJowing distention of the distal segment. This response was not mediated
by the enteric plexuses as the colon had been transected between the
distending and recording balloons. In the acute experiments it was quite
possible that the response was a pseudo-reflex, mediated through
branches of the visceral afferent fibers; however, a similar response
was also seen seven days after decentralization of the IMG by bilateral
extirpation of the lumbar sympathetic trunk and section of the ascending
and hypogastric nerves. By this time the dorsal root afferents had
undergone degeneration. It is concluded that impulses arising in the
colon are conducted to the IMG through axons of enteric ganglion cells.
These axons synapse onto IMG neurons which transmit impulses back to the
colon forming a true reflex arc. More direct evidence for the involve-

ment of the IMG in peripheral reflex activity has been provided by the

electrophysiological studies described below.

C. Electrophysiology of the Inferior Mesenteric Ganglion
The first investigations of the electrophysiology of synaptic
transmission through the IMG appeared shortly after studies which
recorded the electrical activity of crayfish ganglia (Adrian, 1931),
sympathetié nerves (Adrian, Bronk & Phillips, 1932) and the superior

cervical ganglion (Eccles, 1935).
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1. Extracellular Recordings
Through the use of extracellular recordings from the nerves asso-
ciated with the IMG, information has been obtained on the conduction
velocity in the associated nerve fibers, on the synaptic delay occurring

in the ganglion and on the conduction/reflex pathways through the gan-

glion.

a. Conduction Velocity and Synaptic Delay

In the cat, several types of fibers have been found in the nerve
trunks associated with the IMG according to conduction velocity. Two
groups of fibers were seen in the splanchnic nerves: one with a maximum
conduction velocity of 10 m/sec and the second at 0.9 m/sec (Lloyd,
1937). Others calculated the conduction velocity of the fast fibers to
be 2-7 m/sec and of the slower group to be 0.5-2 m/sec (Krier et al.,
1982). There are only a few fibers of the latter type in the inferior
splanchnics. In the hypogastric nerve the largest group is slow con-
ducting (0.9-1.6 m/sec) while faster conducting fibers (9.7-12.8 m/sec)
are fewer in number (Lloyd, 1937). Adrian et al. (1932) described slow
fibers conducting at 0.8 m/sec in the hypogastric nerve of the cat.

In the rabbit IMG in vitro, the inferior splanchnic fibers conduct
at a rate not less than 5 m/sec (Brown & Pascoe, 1952). These results
were obtained at temperatures from 20-22°C. Three groups of fibers are
seen in the ascending mesenteric nerve. The largest group consists of
fibers conducting at 0.45 m/sec; these are postganglionic fibers. A
smaller number of lower threshold fibers conduct at 2 m/sec and do not

synapse in the ganglion. A small group of high threshold fibers conduct
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at 0.25 m/sec. These are presumably preganglionic fibers of small size.
The synaptic delay following ascending or inferior splanchnic nerve
stimulation is similar (see below).

Estimates of the synaptic delay for these responses have varied
from around 5 to 33 msec. Synaptic delay in the IMG of the cat in situ
was determined to be between 4.5 and 6 msec (Lloyd, 1937). A similar
value was reported in a later study where the minimum synaptic delay was
calculated to be 5 msec (Job & Lundberg, 1952). 1In the celiac-superior
mesenteric ganglion of the guinea pig in vitro at 37°C a synaptic delay
of 9.3 msec has been reported (Kreulen & Szurszewski, 1979b). In the
rabbit IMG in vitro a much longer delay of 33 msec was found at 20-22°C

(Brown & Pascoe, 1952).

b. Pathways Through the Ganglion

Studies on cat, rabbit and guinea pig IMG have delineated a com-
plex network of conduction pathways through this ganglion. For example,
in the cat IMG in situ stimulation of the inferior splanchnic rerves
resulted in synaptic responses in the colonic and hypogastric nerves
(Lloyd, 1937). Following stimulation of the hypogastric nerve synaptic
responses were recorded in both the same nerve and in the colonic nerve
while an antidromic response was seen in the inferior splanchnic nerves
(Lloyd, 1937; Job & Lundberg, 1952). In the rabbit IMG in vitro synap-
tic responses were recorded in the ascending mesenteric nerve following
stimulation of the same nerve or following stimulation of the inferior

splanchnic nerves (Brown & Pascoe, 1952).
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In vivo experiments on the connections of the guinea pig IMG have
also illustrated the complexity of synaptic connections in. this ganglion
(Davison & Hersteinsson, 1975). Following stimulation of any one.of the
nerve trunks of the IMG synaptic responses can be recorded from the same
nerve or from any of the other nerves. The only exception to this is
that stimulation of inferior splanchnic fibers does not evoke activity
in any of the other splanchnic fibers. Thus, all of the nerves associ-
ated with the guinea pig IMG contain fibers which make synaptic contacts
in the ganglion and also contain postganglionic fibers except for the

inferior splanchnic fibers, which may not contain postganglicnics.

c. Peripheral Reflex Pathways

Job & Lundberg (1952) examined the responses in the colonic and
hypogastric nerves of the cat following hypogastric nerve stimulation.
Degeneration after excision of the sympathetic ganglia from the ninth
thoracic to the fifth lumbar level, section of the dorsal and ventral
roots or section of the preganglionic nerves did not alter the respon-
ses; thus, the presynaptic fibers which carry the reflex do not origi-
nate central to the IMG. 1f the hypogastric nerve is sectioned and
allowed to degenerate, stimulation and recording on the peripheral part
of this nerve reveals an action potential. Consequently, the origin of
these fibers must be located peripherally to the IMG.

Similar findings have been obtained in other studies. McLennan &
Pascoe (1954) examined the origin of the high threshold, slow conducting
fibers observed in the ascending mesenteric nerve by Brown & Pascoe

{1952). Degeneration following section of the inferior splanchnic
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fibers, vagal fibers or the sympathetic trunks did not affect these
fibers. Variable effects were seen following removal of the celiac-su-
perior mesenteric ganglion complex. As noted above, some of the fibers
in the ascending branches do intermingle with the celiac-superior mesen-
teric plexus while others course towards the colon; hence, removal of
the celiac-superior mesenteric complex would remove some of these
fibers. Section of the ascending branches themselves was the only
manipulation which resulted in a disappearance of the response; however,
section of the ascending mesenteric nerve did mnot exclusively involve
the slow preganglionic fibers but also involved postganglionic fibers.
To solve this problem, the ascending branches were severed close to the
ganglion and, after degenerationof the postganglionic fibers, the seg-
ment of the nerve rostral to the section was examined. The slow fibers
remained; therefore, the cells of origin must lie in the rostral distri-
bution of the ascending mesenteric nerves. These fibers definitely do
not enter the abdomen in the vagi or thoracic splanchnics and are proba-
bly not collaterals of dorsal root afferents. As has been suggested for
the cat IMG, the most likely explanation in the rabbit is that these are
fibers of enteric origin.

Recording from the colonic nerves in vivo in anesthetized cats
most commonly revealed irregularly grouped discharges (De Groat & Krier,
1979). Injection of ganglionic blocking agents blocked the activity
while section of the inferior splanchnic nerves reduced the activity in
the colonic nerves. The activity in the colonic nerves was found to

depend on activity from the upper lumbar levels of the cord. This was
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jllustrated by the finding that transection of the cervical (C2-C3) or
thoracic (T10-T13) spinal cord did not alter colonic nerve. activity;
put, procaine injected at L3-L4 or bilateral section of the lumbaf ven-
tral roots markedly depressed colonic nerve activity. Furthermore,
colonic nerve activity was correlated with intestinal motility. Pro-
caine injection or ablation of the spinal cord at L1-L5 decreased
colonic nerve activity, and thereby increased intraluminal pressure and
unmasked or enhanced slow rhythmic waves in the colon. Subsequent sec-
tion of the colonic nerves resulted in a further increase in basal pres-
sure and of the intestinal contractions. This indicates that the iso-
lated lumbar spinal cord as well as the decentralized IMG can generate
tonic inhibitory input to the large intestine (De Groat & Krier, 1979).

Following stimulation of the colonic nerves an outcoming asynchro-
nous reflex activity could be recorded in the same nerves. The reflexes
were depressed by hexamethonium. Section of the lumbar spinal dorsal
roots or ablation of the cord from L1-L5 markedly reduced, but did not
abolish, the response to colonic nerve stimulation (De Groat & Krier,
1979). This indicates at least twc possible reflexes involved in
colonic nerve activity. First, a spinal reflex which depends on the
integrity of the dorsal root afferents and second, a peripheral reflex

initiated in the IMG itself.

2. Intracellular Recordings
Several studies have examined the electrical properties of single
cells in the guinea pig IMG (see below). These studies also serve to

illustrate the complexity of synaptic transmission in the IMG with
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respect to multiple input pathways. Additionally, the use of an iso-
1ated IMG-colon preparation has allowed direct comparison of intracellu-
lar responses to the activity of the colon. Most recently, intraéellu—
lar recordings have revealed that peptides exert specific effects on

these cells and may play a role in synaptic transmission in this gan-

glion.

a. Basic Properties of Ganglion Cells

The first intracellular studies on this ganglion used the guinea
pig IMG in vitro (Crowcroft & Szurszewski, 1971). Three types of cells
were found in the IMG. Most were of the first type, which responded to
direct intracellular or presynaptic stimulation with an action poten-
tial. The maximum resting membrane potential (Er) in these cells was
-65 mV. The second type cf cell had a more negative Er’ ranging from
-75 to -85 mV, and required larger depolarizations to initiate action
potentials. The third type of cell also had a high Er’ but was inexci-
table; these are presumably glial cells.

There is evidence that the Type II cells may have actually been
damaged Type I cells. Neild (1978) observed that during the first min-
ute of penetration, some Type I cells spontaneously hyperpolarized to
become Type II cells. These cells would then gradually depolarize over
a period of 5 to 10 min and again become Type I, although the impalement
was usually lost before complete recovery. A similar phenomenon was
seen in the present studies on neurons in the rabbit IMG. Most subse-
quent studies have described only one type of excitable cell with Er

around -50 mV (Szurszewski & Weems, 1976; Krier et al., 1982).
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In the guinea pig IMG, a depolarization of 10-20 mV elicits an

action potential which is often > 100 mV in amplitude (Crowcroft &
gzurszewski, 1971). With sustained depolarizations the cells fire at
frequencies up to 150-170 spikes per sec. With hyperpolarizing cur-
rents, some cells exhibit linear current-voltage relationships, while
other cells rectify beyond 15-20 mV more negative than Er' Input resis-
tance (Rin) ranges from 40-150 MQ. A 5-18 mV depolarization is needed
to reach threshold for an action potential in the cat IMG. Reported
values of Rin for the neurons in the cat IMG have a range of 15-56 MQ

with a mean of 46 MQ (Krier et al., 1982).

b. Synaptic Inputs to Ganglion Cells

Most cells in the guinea pig IMG receive synaptic input from all
of the nerve trunks entering the ganglion (Crowcroft & Szurszewski,
1971). Examination of the increase in the nicotinc fast excitatory
postsynaptic potentials (F-EPSP) with increasing stimulus intensity
revealed that each neuron in the guinea pig IMG receives at least ten
presynaptic inputs from each of the colonic and ascending mesenteric
nerves, three to five inputs via each hypogastric nerve and one to three
fibers from each splanchnic nerve; therefore, the total number of inputs
to a single cell in this ganglion would approximate 40. In the cat IMG
it was found that some cells receive synaptic input from two or three
different lumbar sympathetic rami, most often from adjacent segments.
The number of inputs from a single ramus to one cell ranged from 1-13

with a mean of 5 per cell (Krier et al., 1982).
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Following the fast nicotinic responses, an afterhyperpolarization
of up to 15 mV lasting 0.2 to 0.5 sec and an afterdepolarization of up
to 5 mV and lasting as long as 10 sec were observed. The amplituae of
the afterhyperpolarization was positively related to the number of
action potentials. This afterhyperpolarization was not seen during
nicotinic blockade which prevented repetitive spiking. The afterdepo-
larization was observed in the presence of cholinergic antagonists. A
much more prolonged response was seen in three of six cells examined
following presynaptié stimulation at 15-30 Hz for 1 sec. This response
consisted of an increase of Rin with no detectable change in Er. During
the increased Rin’ direct depolarizing pulses were more effective in
eliciting action potentials. This effect lasted about 2 min. No slow

hyperpolarizing responses were observed (Crowcroft & Szurszewski, 1971).

c. IMG-Colon Preparations

The hypothesis that the IMG receives input from neurons in the
colon has been confirmed using an in vitro IMG-colon preparation (Crow-
croft, Holman & Szurszewski, 1971). This preparation consists of the
IMG attached to the colon by the colonic nerves. The preparation is
placed in a two compartment organ bath, the IMG in one compartment and
the colon in the other. 1In this manner the input to IMG neurons can be
examined by intracellular recording and drugs can be applied selectively
to the IMG or to the colon. With this preparation, continuous electri-
cal activity consisting of action potentials or F-EPSPs was recorded
from neurons in all regions of the IMG. This spontaneous activity was

indistinguishable from that elicited by submaximal stimulation of the



perve trunks connected to the IMG. When the colonic nerves were cut an
immediate and irreversible abolition of the spontaneous activity occur-
red. In addition, when the colonic nerves were left intact, spontaneous
activity was reversibly abolished by application of tetrodotoxin (TTX)
to the colon. At this time, stimulation of the other nerve trunks to
the IMG was still effective in elicting a synaptic response; thus, the
spontaneous activity must be initiated in the colon. Application of the
cholinergic nicotinic antagonist dihydro-f-erythoidine (DHPE) to the IMG
blocked both spontaneous and evoked activity indicating that spontaneous
activity in the IMG is mediated by the activation of nicotinic recep-
tors. DHBE applied to the colon depressed, but did not completely abo-
lish, the spontaneous activity recorded from the IMG cells while not
affecting nerve-evoked responses. Part of the spontaneous activity from
the colon, therefore, must result from cholinergic activation in the
colon.

The activity in the IMG cells is related to intestinal intralumi-
nal pressure. The input to the IMG from the colon in vitro can be acti-
vated by raising the intraluminal pressure of the colon above 5 cm HZO;
the input to the IMG increased as pressure increased above this level
(Weems & Szurszewski, 1977). At least part of this input, therefore,
seems to be dependent on mechanoreceptors in the gut. Mechanoreceptors
have been classified as slowly adpating or rapidly adapting and both
types are found in the gastrointestinal tract. Since a continuous
increase in intraluminal pressure did not result in an adaptation of the
afferent input it is presumed to be from the slowly adapting type of

mechanoreceptor.
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Agents which have a relaxant effect on the intestine also resulted
in a decrease in the spontaneous activity recorded from IMG cells.
papaverine, isoproterenol, adenosine triphosphate and atropine ali
exhibited this effect. Carbachol, ACh and serotonin (5-HT), which
excite the colon, increased the synaptic activity. The effects of car-
bachol and ACh were blocked by atropine applied to the colon (Crowcroft
et al., 1971; Szurszewski & Weems, 1976).

Furthermore, repetitive stimulation of the nerve trunks to the IMG
has been shown to result in a transient inhibition of the spontaneous
activity from the colon. Following stimulation at 20 Hz for 1 sec the
inhibition lasted 1.5 sec. An increase in duration or frequency of
stimulation resulted in a longer period of inhibition. The inhibition
was not due to the afterhyperpclarization following action potentials.
The inhibition was mimicked by application of norepinephrine (NE) to the
colon, but only a slight inhibitory effect was seen when NE was added to
the IMG. Both the synaptic and the NE inhibition of the spontaneous
activity were antagonized by addition of the a-adrenergic antagonists
phentolamine and phenoxybenzamine to the colon (Crowcroft et al., 1971).
In reserpinized animals repetitive stimulation of the nerve trunks
failed to inhibit the spontaneous synaptic activity (Szurszewski &
Weems, 1976). A period of enhanced excitability followed the symapti-
cally induced inhibition. This probably correlates with the increased
Rin seen above.

These results provide direct evidence for a peripheral reflex arc
involving the IMG and the distal colon. The noradrenergic cells of the

IMG act to depress the activity of excitatory neurons in the colon. In
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turn, these neurons send fibers to the IMG in a feedback loop similar to
recurrent inhibition. Since blockade of the nicotinic receptors in the
IMG suppresses the spontaneous activity, the fibers from the colon must
release ACh. Simlarly, DHBE was able to suppress, but not completely,
the spontaneous activity when applied to the colon; thus, some, but not
all, of the enteric cholinergic neurons must themselves be driven by
cholinergic inputs.

Similar reflex activity involving the colon was also seen in other
prevertebral ganglia, the celiac and superior mesenteric ganglia. The
preparation consisted of the celiac-superior mesenteric ganglion
attached to an orad segment of the colon via the celiac nerves and the
IMG attached to an aborad segment of the colon via the colonic nerves
and the superior mesenteric ganglion and IMG connected by the ascending
mesenteric nerve (Kreulen & Szurszewski, 1979a). As in the IMG, sponta-
neous synaptic activity was observed in the neurons of the celiac gan-
glion. This activity disappeared when the celiac nerves were cut. With
this preparation the two segments of the colon could be distended sepa-
rately. When one segment was distended, inhibition was usually observed
in the other segment. This reflex must be mediated by the prevertbral
ganglia as the only connections of the two segments were through these
ganglia. When the ascending mesenteric nerves connecting the ganglia

were severed this reflex disappeared.

D. Noncholinergic Transmission in Sympathetic Ganglia
Excitatory transmission in sympathetic ganglia not blocked by cho-

linergic antagonists was first identified in bullfrog paravertebral
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ganglia. Henceforth, slow noncholinergic depolarizations have been
identified in the IMG and myenteric plexus of the guinea pig and in the

SCG of the rabbit.
1. Bullfrog Sympathetic Ganglia

a. Description of Slow Potentials

With extracellular electrodes on the postganglionic fibers of the
ninth or tenth ganglion of the bullfrog sympathetic chain, Nishi & Kok-
etsu (1968) observed early afterdischarges (EAD) and late afterdisc-
harges (LAD) following repetitive stimulation of the preganglionic
fibers. The EAD appeared during stimulation, reached a maximum immedi-
ately following cessation of stimulation and diminished in about 30 sec
(at 25°C). This response was blocked by atropine. In contrast, the LAD
occurred immediately or shortly after the cessation of stimulation,
reached a maximum in about 30 sec and lasted for more than 2 min; fur-
thermore, this response was insensitive to cholinergic antagonists.
Using sucrose gap recordings, potential changes of the whole ganglion
were measured which correspond in time to the EAD and LAD; these are the
late negative (LN) and late late negative (LLN) potentials, repsec-
tively. Direct evidence that the LN and LLN waves are postsynaptic
petentials was obtained by intracellular recordings which revealed a
long lasting depolarization of the ganglion cells, the amplitude of
which was dependent on the frequency and duration of preganglionic stim-
ulation. Atropine depressed the initial phase of this slow depolariza-
tion while enhancing the late phase. Hence, the early component of the

slow depolarization is the slow excitatory postsynaptic potential
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(S-EPSP) (Libet & Tosaka, 1966); it relates to the EAD and LN wave. The
latter component of the depolarization, which corresponds to the LAD and
LLN wave, is not blocked by cholinergic antagonists and is referred to
as the late slow excitatory postsynaptic potential (LS-EPSP).

A S-EPSP and a slow inhibitory postsynaptic potential (S-IPSP) can
also be recorded from sympathetic ganglion cells (Kuba & Koketsu, 1978).
The S-EPSP is due to an action of ACh on muscarinic receptors of the
ganglion cells (Libet, 1970). The S-IPSP is also sensitive to musca-
rinic blockade; however, the exact nature of this potential is in dis-
pute (Horn & Dodd, 1983). These potentials have not been examined in
detail in this thesis.

A LS-EPSP is observed in 90% of the B cells and 75% of the C cells
in the bullfrog ninth and tenth lumbar ganglia (Jan & Jan, 1982). The
optimal frequency for the LS-EPSP is 5-10 Hz; with 20-50 stimuli, the
LS-EPSP amplitude is 5-10 mV. In 80% of the cells, the LS-EPSP is

accompanied by an increase in Rin'

b. The Transmitter of the LS-EPSP in the Bullfrog
The transmitter mediating the LS-EPSP in the bullfrog has been
recently identified to be a luteinizing hormone releasing hormone
(LHRH)-1like peptide (Jan, Jan & Kuffler, 1979, 1980; Jan & Jan, 1982).
Several findings have led to this conclusion:
1) An LHRH-like substance is found in the bullfrog sympathetic chain
by radioimmunoassay. This substance is not identical to mamma-

lian LHRH.
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4)

5)

6)
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After section of the preganglionic nerves, 95% of this LHRH-like

peptide disappears from the ganglion while the content triples in

the spinal nerves proximal to the cut; thus, the LHRH-1like ﬁep-
tide is contained in the preganglionic fibers.

LHRH-immunoreactive fibers have been identified surrounding the

cell bodies of the ganglionic neurons.

An LHRH-1like peptide can be released in a Ca++-dependent manner

by raising K+ concentration or by stimulation of the pregan-

glionic nerves.

When applied to the ganglion cells by pressure ejection, LHRH

causes a slow depolarization.

a) This depolarization is accompanied by an increased Rin’ as is
the LS-EPSP.

b) When Ca++ in the Ringer solution is replaced by Mg++, in order
to prevent transmitter release, the response following presy-
naptic stimulation is blocked. The response to applied LHRH
is unchanged under these conditions, indicating a direct
action of LHRH on the postsynaptic membrane.

The effects of various analogs of LHRH in the bullfrog ganglia is

the same as the effects of these analogs on the release of

luteinizing hormone in rats. Analog antagonists block the

LS-EPSP and the response to applied LHRH while analog agonists

mimic the LS-EPSP. None of these compounds affected cholinergic

transmission.

Another peptide, substance P (SP), also depolarizes and increases

of neurons in the bullfrog ganglia by a direct postsynaptic action
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(Jan & Jan, 1982). SP does not appear to be involved in the generation
of the LS-EPSP since no cross-desensitization is observed between SP and
the LS-EPSP in the bullfrog and LHRH analogs have no effect on thé SP
responses. Also, LHRH is still effective after desensitization of the
cells to SP; therefore, LHRH and SP must act at different sites.
Although SP-immunoreactivity is contained in bundles of axons passing
through the ganglion, no SP-postive synaptic boutons are seen and the
distribution of SP-fibers is distinct from that of the LHRH fibers which

surround C cells.

2. Guinea Pig Celiac Ganglion

A slow noncholinergic depolarization has recently been recorded
from cells in the guinea pig celiac ganglion (Dun & Ma, 1983). This
response was observed in 70% of the cells in this ganglion. The
response was very long lasting with a mean duration of 160 sec and its
amplitude averaged about 5 mV. The response was accompanied by an
increase or no change in Rin'

Pharmacological analysis of this response indicated that, in some
of the celiac ganglion cells, the slow depolarization may be mediated by
5-HT (Dun, Kiraly & Ma, 1983). Several lines of evidence led to the
conclusion that this response is mediated by 5-HT. First, 5-HT depolar-
ized 63% of the cells in this ganglion. The membrane resistance change
during the 5-HT induced depolarization and the nerve evoked response
were always the same in a given cell. Also, the effects of membrane

polarization on the 5-HT and nerve responses were always changed in par-

allel. Secondly, pharmacolgical manipulations indicated an involvement
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of 5-HT. The 5-HT receptor antagonist cyproheptadine suppressed the
noncholinergic depolarization and the 5-HT induced response. Superfus-
ing the ganglion with fluoxetine, a 5-HT uptake inhibitor, increaged the
amplitude of both the LS-EPSP and the 5-HT response. The 5-HT precur-
sor, L-tryptophan, also resulted in an enhancement of the LS-EPSP, but
not of the 5-HT response. The final evidence was obtained from immuno-
histochemical studies which showed the presence of 5-HT immunoreactive

fibers in this ganglion.
3. Guinea Pig Inferior Mesenteric Ganglion

a. Characteristics of the LS-EPSP

A mammalian counterpart of the LS-EPSP observed in amphibian gang-
lia was first reported in the guinea pig IMG (Neild, 1978). Stimulation
of the hypogastric nerves at 20-30 Hz for 1-5 sec results in a depolari-
zation of 2-20 mV (Neild, 1978; Dun & Jiang, 1982), the average value
being about 4 mV (Dun & Jiang, 1982). The depolarization usually
appears 0.5-5 sec after the stimulus burst, reaching a peak in 10-25 sec
(Neild, 1978; Tsunoo, Konishi & Otsuka, 1982). The half decay time of
the response has been reported to be 51 sec (Tsunoo et al., 1982),
although the mean total duration has been found to be only 54 sec (Dun &
Jiang, 1982) or 90 sec (Neild, 1978). The time course ranges from 20
sec to 4 min following hypogastric nerve stimulation at 10-30 Hz for 1-5
sec. A slow depolarization was observed in 70-80% of the cells in the
guinea pig IMG (Neild, 1978; Tsunoo et al., 1982). This response is
very similar to the LS-EPSP observed in bullfrog sympathetic ganglia and

will be referred to also as the LS-EPSP.
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There is a great diversity in the types of membrane resistance
changes which have been reported to accompany the LS-EPSP din the guinea
pig IMG. In the first study on this slow depolarization (Neild, i978),
a decrease of Rin was observed in 96% of the cells. A decrease of 15%
was observed for responses < 7 mV in amplitude and of 26% when the
response was > 7 mV. This seems to be consistent with a rectification
of the membrane with depolarization. The author claims, however, that
while a depolarization of the cell by passing current through the elec-
trode did result in a decreased Rin’ the decrease was never as great as
that seen during the synaptically evoked depolarization. In the remain-
ing cells (4%) an increase in Rin was observed. The cells were not
clamped in a study which found that for a small depolarization an
increase in Rin was usually observed (Konishi, Tsunoo & Otsuka, 1979b),
but if the depolarization exceeded 15 mV Rin usually decreased. It is
concluded that the observed decrease is probably due to delayed rectifi-
cation of the membrane.

Unfortunately, when the cell is held at Er during the response, so
resistance changes can be examined in the absence of membrane potential
(Em) changes, a variety of results are still obtained and the nature of
the resistance change differs according to different investigators. Dun
and Jiang (1982) found three types of resistance change: 1) an increase
of 21% beginning 20-30 sec follo&ing stimulation was seen in 45% of the
cells, 2) a small (16%) decrease followed by a sustained increase of
about 25%, was seen in 32% of the cells and 3) a monophasic increase
averaging 22% occurred in the remainder. Tsunoo et al. (1982) reported
only two types of changes when the cells were held at Er: an increase of

30% in two thirds of the cells and no change in the remainder.
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The relationship between Em and the LS-EPSP also varies. In some
cells, membrane hyperpolarization resulted in an increased LS-EPSP
amplitude (Dun & Jiang, 1982). 1In other cells the amplitude decréased
at moderately hyperpolarized levels while further hyperpolarization
resulted in a return of the LS-EPSP. 1In conclusion, it appears that the
jonic mechanism of the LS-EPSP is complex, involving changes in membrane
conductance to more than one ion species.

The amplitude of the slow depolarization is positively correlated
with the frequency and duration of presynaptic stimulation. Neild
(1978) found that with a 2 sec duration the lowest effective frequency
was 10 Hz, but if a 1 Hz stimulus is continued for several seconds a
small, but detectable, depolarization can be evoked (Dun & Jiang, 1982).
In most cells, the maximum depolarization is elicited at 20-30 Hz for
2-5 sec while at higher frequencies the depolarization becomes progres-
sively smaller (Dun & Jiang, 1982). The slow depolarization was not
affected by d-tubocurarine (d-TC), atropine or guanethidine, indicating
that it is not mediated by cholinergic or adrenergic receptors, but was
reversibly abolished by the replacement of external Ca++ with Mg++
(Neild, 1978), indicating that it is probably a result of the action of
a synaptically released transmitter. Also, the occurrence of a LS-EPSP
in the guinea pig IMG does not follow stimulation of specific nerve
trunks associated with the ganglion, but a LS-EPSP can be seen in some
cells following stimulation of any of the nerve trunks entering the gan-
glion (Dun & Jiang, 1982; Tsunoo et al., 1982). Different outcomes do,
however, result from dorsal and ventral root stimulation: ventral root
stimulation (L2,L3) produces only F-EPSPs, while dorsal root stimulation

elicits only a LS-EPSP (Tsunoo et al., 1982).
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There is also evidence for a LS-EPSP in the rabbit SCG where the
LIN wave has been recorded (Ashe & Libet, 1981). The amplitude of the
response was found to depend on both the frequency and duration of pre-
synaptic stimulation. These authors conclude that the number of impul-
ses is the most important factor in determining the amplitude of the LLN
response. The pharmacology of the LLN wave recorded from the rabbit SCG

has not been investigated.

b. The Transmitter of the LS-EPSP in the Guinea Pig
When SP was applied to the guinea pig IMG a depolarization ensued
which was electrophysiologically and pharmacologically similar to the
LS-EPSP elicited by repetitive stimulation of the hypogastric nerves
(Dun & Karczmar, 1979). Following desensitization by continuous applica-
tion of SP, presynaptic stimulation failed to elicit the LS-EPSP. Thus,
it was suggested that SP may be involved in LS-EPSP in the guinea pig

IMG. These findings have been confirmed and extended.

1) Actions of Substance P

When applied to the guinea pig IMG by superfusion, SP (0.5 uM)
caused a depolarization in about 85% of the ganglionic neurons, a bipha-
sic response in 5% and no effect in the remaining 10% (Dun & Minota,
1981). The biphasic response consisted of an initial small hyperpolari-
zation followed by a depolarization. The average amplitude of the
response in those cells exhibiting a monophasic depolarization was 9 mV.
With a 10-20 sec application of SP the response lasted a little over 3
min. SP acts directly on the post-synaptic membrane since the SP

response was not altered in a low Ca++/high Mg++ Krebs or by TTX (Dun &
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Minota, 1981; Tsunoco et al., 1982). D-TC (50 uM), atropine (1 uM),
DHBE, and hexamethonium had no effect, ruling out an actioh of ACh (Dun
& Minota, 1981; Tsunoo et al., 1982). In neurons clamped at Er of
around -50 to =60 mV, SP elicited two types of changes in Rin' In half
of the cells Rin increased briefly by 20%, followed by a more prolonged
decrease of 23%. 1In the other half of the cells, an increase of about
75% was observed. 1In cells with Er higher than -70 mV, the depolariza-
tion caused by SP was much larger and accompanied by a large increase in
Rin' Much of this increase was probably due to anomalous rectification
of the membrane since the current-voltage relations of these cells
exhibited anomalous rectification and these cells exhibited a much
smaller increase in Rin when the membrane potential was clamped at Er'

The effects of Em on the SP response were of two types. In some
cells, conditioning hyperpolarization of the membrane enhanced the SP
depolarization. The extrapolated equilibrium potential for these cells
averaged -32 mV. In the second type of cell, the SP depolarization was
attenuated as Em approached the potassium equilibrium potential. When
external Na+ is replaced by sucrose or Tris, the SP depolarization is
reduced to about 20% of the control response. In addition, high K+
reduces the response by about one half (Dun & Minota, 1981).

The action of SP on the neurons of the guinea pig IMG thus seems
to involve changes in conductance to more than one ion including a com-

bination of increased sodium conductane (G a) and decreased potassium

N
conductance (GK). Substance P has been shown to depolarize neurons at

various sites in the central and peripheral nervous systems (Krnjevic,

1977; Otsuka & Konishi, 1977; Katayama & North, 1978; Nicoll, 1978);
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however, the mechanism of action depends on the neurons being examined.
An increased Rin was observed in the myenteric plexus of the guinea pig
(Katayama & North, 1978) and in cat motoneurons (Krnjevic, 1977),‘while
poth a decrease and increase was seen in the guinea pig IMG (Dun &
Minota, 1981). A decreased Rin was observed in spinal motoneurons
(Nicoll, 1978).

One suggestion for the different conductance changes observed in
the IMG in response to SP is that GNa activation and GK inactivation
occur at different locations on the cell (Dun & Minota, 1981). Whenever
GK was found to constitute the primary effect of SP, the peptide was
applied iontophoretiéally to the soma of the neuron, while in those
studies using bath application where the entire neuronal surface 1is
exposed to SP, various resistance changes have been observed. It is
possible then that GK inactivation occurs primarily at the soma membrane
while G a activation is the predominant effect away from the soma mem-

N

brane, for instance on the dendritic membrane.

2) Substance P Mimics the LS-EPSP
Several lines of evidence support the hypothesis that SP is the
transmitter of the LS-EPSP in the guinea pig IMG. First, changes in Rin
during an SP depolarization are similar to those which occur during a
synaptically induced depolarization. For a particular cell both the
LS-EPSP and SP depolarization are associated with a membrane resistance
change of the same type (Dun & Jiang, 1982; Tsunoo et al., 1982).

Second, the LS-EPSP has been shown to disappear following desen-

sitzation with SP. With prolonged application of SP the LS-EPSP could
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not be elicited. Following washout of SP the LS-EPSP returned (Dun &
Jiang, 1982; Tsunoo et al., 1982). Also, an SP analog which differen-
tially antagonizes the effects of SP on smooth muscle has a depressant
effect on the LS-EPSP in the guinea pig IMG in a concentration-dependent
manner (Jiang, Dun & Karczmar, 1982a). This effect seems specific for
the LS-EPSP since the nicotinic F-EPSP is unaffected as is the musca-
rinic slow excitatory postsynaptic potential in the rabbit SCG.

Other substances which have been suggested as possible transmit-
ters have also been tested on the guinea pig IMG, but do not affect the
LS-EPSP (Tsunoo et al., 1982). Angiotensin II depolarized cells in the
IMG; an angiotensin II antagonist blocked the depolarizing action of
angiotensin II but did not affect the LS-EPSP or SP depolarization.

LHRH failed to depolarize IMG cells. 5-HT, however, did depolarize the
cells; this action was antagonized by methysergide, but methysergide did
not affect LS-EPSP or SP depolarization. Norepinephrine and ¥-amino
butyric acid also depolarized IMG cells and were antagonized by phento-
lamine and picrotoxin, respectively. Neither of these antagonists
affected the LS-EPSP or SP depoclarization. The following substances
were without effect on IMG cells: L-glutamate, glycine, thyrotropin-re-

leasing hormone and somatostatin (SOM).

3) Release of Substance P
Using radicimmunoassay techniques it has been shown that an SP-im-
munoreactive material can be released from the IMG following incubation
of the ganglion in a high K+ solution (Konishi et al., 1979b) and that

. . ++ , . . ,
this release is Ca -dependent. Following section of the inferior
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Splanchnic nerves to the IMG, an accumulation of SP was found in the
central stump of these nerves. Proximal to the section the SP content
was &4 times greater than that in the ganglionic segments indicatiﬁg that
the cell bodies of origin of the SP fibers are not located within the

IMG. Similar effects were observed following hypogastric nerve section

(Tsunoo et al., 1982).

4) Release and Depletion of SP by Capsaicin

Further evidence for the involvement of SP in the LS-EPSP is pro-
vided by studies on capsaicin. This compound has been shown to cause
the release and subsequent depletion of SP (Jessell, Iversen & Cuello,
1978; Gamse, Leeman, Holzer & Lembeck, 198la; Gamse, Wax, Zigmond, &
Leeman, 1981b). Application of capsaicin (0.5-100 uM) to the guinea pig
IMG caused a depolarization occured which was similar to the LS-EPSP
(Tsunoo et al., 1982; Dun & Kiraly, 1983). The peak amplitude of the
LS-EPSP which could be elicited was positively correlated to the ampli-
tude of the depolarization following capsaicin application in a given
cell, but the duration of the capsaicin depolarization was significantly
longer than the LS-EPSP. Capsaicin only caused a depolarization in
those cells exhibiting a LS-EPSP and did not affect Em’ Rin or the
F-EPSP in those cells that did not show a LS-EPSP. Capsaicin apparently
resulted in a depletion of the transmitter of the LS-EPSP since follow-
ing the application of capsaicin, nerve stimulation failed to elicit a
LS-EPSP. In a few cells, however, a partial restoration of the LS-EPSP
was seen about an hour after washout of capsaicin. Also, a second

application of capsaicin was usually ineffective in eliciting a depolar-
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ization. After capsaicin, however, SP was still effective in eliciting
a slow depolarization, indicating no change in postsynaptic sensitivity.
In any given cell, the three depolarizations, synaptic, SP or capgaicin,
always caused similar resistance changes.

Further evidence for a presynaptic site of action of capsaicin was
obtained by experiments in Ca++-free perfusing solution. In this case,
capsaicin was ineffective. In ganglia pretreated with TTX, however, a
capsaicin depolarization could still be induced. This supports the
hypothesis that capsaicin causes a presynaptic release of transmitter
that does not depend on the generation of action potentials. Capsaicin
was ineffective in a few cells (8%). In these cells, the LS-EPSP was
not affected by prolonged superfusion with SP. 1In bullfrog ganglia,
where the mediator of the LS-EPSP is presumed to be an LHRH-1like pep-
tide, capsaicin had no effect (Dun & Kiraly, 1983).

Capsaicin (0.9-1.5 uM) also stimulated the release of SP into a
perfusate of the IMG in vitro (Tsunoco et al., 1982). The amount of SP
released following incubation in capsaicin~containing solution was about
5 times greater than spontaneous release. The release of another neuro-
peptide, vasoactvie intestinal polypeptide (VIP), which has also been
localized to the IMG by immunohistochemistry, was not affected by cap-
saicin. The effects of capsaicin on the release of SP is not observed
in a low Ca++/high Mg++ medium.

In conclusion, the electrophysiological evidence above supports
the hypothesis that peptides mediate the LS-EPSP, SP in the guinea pig
IMG and LHRH in the bullfrog paravertebral ganglia. These data are fur-
ther supported by the immunohistochemical studies and retrograde tracing

experiments presented in following sections.
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4. Effects of Enkephalins in the Guinea Pig IMG

The opiate peptides have also been shown to exert specific effects
on neural transmission in the guinea pig IMG. Met-enkephalin, Leﬁ-enke—
phalin and (D-Alaz)-Met-enkephalinamide, a metabolically stable Met-
enkephalin analog, all exert similar effects, the only quantitative dif-
ference being that (D-Alaz)-Met-enkephalinamide is more potent (Konishi,
Tsunoo & Otsuka, 1979%9a); thus, these substances will be referred to col-
lectively as enkephalins (ENK).

When the IMG is perfused with a solution containing ENK the ampli-
tude of the F-EPSP evoked by presynaptic stimulation was depressed by
about 50% (Konishi et al., 1979a). ENK had little or no effect on
either Em or Rin' The ENK effect was mediated by opiate receptors since
it was blocked by the specific opiate antagonist naloxone. Naloxone
itself did not produce a significant change of the amplitude of the
F-EPSP. ENK did not affect the response to iontophoretically applied
ACh or SP, indicating no change in the sensitivity of the postsynaptic
membrane. Quantal analysis revealed that the effect of ENK was to
increase the number of failures of F-EPSPs and to reduce quantal con-
tent. These results suggested a presynaptic site of action of ENK in
this preparation.

A presynaptic site of action has also been suggested for ENK
effects on the LS-EPSP in this ganglion (Jiang, Simmons & Dun, 1982b).
ENK depressed the amplitude of the LS-EPSP in about 70% of the cells
tested by an average of 30%. In 90% of these cells ENK was without
effect on either Em or Rin' Pretreatment of the ganglion with naloxone

Or naltrexone effectively prevented the effects of ENK in all cells
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tested. The direct effects of SP on the postsynaptic membrane were not
affected by ENK or the antagonists. Additionally, it was found that the
administration of naloxone or naltrexone alone to the IMG resulteé in an
increased amplitude of the LS-EPSP in about one half of the cells.

These findings suggest that endogenous ENK may play a role in the modu-
lation of the LS-EPSP in this ganglion and that the site of action of

ENK would be presynaptic.

E. The Localization of Peptides in the IMG
Immunoreactivity to a number of peptides has been examined in the
sympathetic ganglia of the guinea pig, cat and rat. Avian pancreatic
polypeptide (APP), bombesin (BOM), cholecystokinin (CCK), ENK, SOM and
VIP immunoreactivity have been demonstrated in the IMG of several spec-
ies; however, there are no reports concerning rabbit sympathetic gang-

lia.

1. Avian Pancreatic Polypeptide

In the rat, APP-like immunoreactivity was observed in the cell
bodies of the superior cervical, stellate and celiac ganglia. APP immu-
noreactivity was also observed in the sympathetic ganglia of the cat.
The highest proportion of labeled cells was found in the celiac gan-
glion. Many cells were seen in the superior cervical and seventh lumbar
ganglia. Somewhat lower numbers were found in the superior and inferior
mesenteric ganglia. No APP immunoreactivity was seen to occur in vari-
cose nerve terminals in these ganglia (Lundberg, Hokfelt, Anggard, Kim-
mel, Goldstein & Markey, 1980; Lundberg, Hokfelt, Anggard, Terenius,

Elde, Markey, Goldstein & Kimmel, 1982). A large number of the cells in
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the superior cervical ganglion of the guinea pig were alsc found to be
App-positive. APP-like immunoreactive cell bodies were also found in
the prevertebral ganglia of the guinea pig. In the celiac-superiér mes-
enteric complex the number of APP labeled cells varied in different

regions of the ganglion, while in the inferior mesenteric ganglion the

cells were distributed more evenly (Lundberg et al., 1982).

2. Bombesin

Dense networks of bombesin-immunoreactive nerve fibers have been
observed in the celiac-superior mesenteric ganglion complex of the rat
and guinea pig and in the guinea pig IMG (Schultzberg, 1983). No men-
tion is made of BOM-immunoreactivity in the rat IMG. In the rat celiac-
superior mesenteric ganglion and in the guinea pig IMG the fibers were
evenly distributed. In the guinea pig celiac-superior mesenteric gan-
glion fibers were not seen in all regions of the ganglion. Radioimmu-
noassay also revealed differences between the rat and guinea pig celiac
ganglia with regard to BOM content--the rat ganglion contained four

times more BOM per gram of tissue than the guinea pig ganglion.

3. Cholecystokinin
CCK has also been observed in the guinea pig IMG and celiac gan-
glion (Dalsgaard, Hokfelt, Schultzberg, Lundberg, Terenius, Dockray &
Goldstein, 1983). CCK fibers form a dense network surrounding the gan-

glion cells in the guinea pig IMG.
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4. Enkephalins

In the IMG of the guinea pig dense networks of ENK-immunoreactive
nerve terminals exhibiting strongly fluorescent varicosities and thin
intervaricose fibers were observed following incubation with either met-
or leu-ENK antisera (Schultzberg, Hokfelt, Lundberg, Terenius, Elfvin &
Elde, 1978; Schultzberg, Hokfelt, Terenius, Elfvin, Lundberg, Brandt,
Elde & Goldstein, 1979). The majority of principal ganglionic neurons
were surrounded by strands of fluorescent fibers but sometimes small
groups of cells were seen which lacked fluorescence. No ENK-immunoreac-
tivity was present in the principal ganglionic neurons but a few SIF
cells apparently contained ENK. A smaller number of strongly fluores-
cent fibers were seen in the celiac-superior mesenteric ganglion sur-
rounding a smaller percentage of the ganglion cells. A few ENK-immuno-
reactive fibefs were also present in the superior cervical ganglion.

The rat IMG and celiac-superior mesenteric complex contain medium
to strongly fluorescent varicose nerve terminals using met-ENK antisera
while a weaker fluorescence was seen after incubation with leu-ENK
antisera (Schultzberg et al., 1979). The density of the ENK fluores-
cence varied throughout the ganglion with many fluorescent strands in
some areas and few in other parts. The rat superior cervical ganglion,
in addition to a patchy network of ENK fibers similar to the preverte-

bral ganglia, also exhibited a medium intensity fluorescence in a minor-

ity of the ganglionic neurons.
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5. Somatostatin

Unlike the above peptides which were found in nerve -fibers in the
IMG, SOM has been found to be present in the cell bodies of most éympa-
thetic ganglia studied, including the superior cervical, celiac-superior
mesenteric and inferior mesenteric ganglia of the guinea pig and the
middle cervical, celiac-superior mesenteric and inferior mesenteric
ganglia of the rat (Hokfelt, Elfvin, Elde, Schultzberg, Goldstein &
Luft, 1977a). The immunofluorescence was localized in the cytoplasm,
often forming a continuous ring around the nucleus and extending short
distances into the cell processes.

As with the other neuropeptides, the most intense labeling was
seen in the abdominal prevertebral ganglia, particularly in the guinea
pig (Hokfelt et al., 1977a). About two thirds of the principal ganglion
cells in this ganglion were labeled. Sixty percent of the cells in the
inferior part of celiac-superior mesenteric ganglion were labeled while
only 25% were labeled in the superior part of this complex. Very few
cells were labeled in the superior cervical ganglion.

In the rat the appearance and distribution of SOM-immunoreactivity
was similar to that seen in the guinea pig. Although the numbers were
not quantified, the number of cells labeled was less numerous (Hokfelt

et al., 1977a).

6. Substance P
All sympathetic ganglia studied to date including: the superior
cervical, stellate, celiac-superior mesenteric and inferior mesenteric

ganglia of the guinea pig; the superior cervical, celiac-superior and
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inferior mesenteric ganglia of the cat; and the superior cervical, mid-
dle cervical, stellate, celiac-superior mesenteric and inferior mesen-
teric ganglia of the rat, have been found to contain SP immunoreactive
fibers in varying amounts (Hokfelt, Elfvin, Schultzberg, Goldstein &
Nilsson, 1977c). No SP immunoreactivity was observed in the cell bodies
of the sympathetic ganglionic neurons in this study (Hokfelt et al.,
1977¢); however, SP immunofluorescence has been observed in most of the
cell bodies in cultures of the superior cervical ganglia of neonatal
rats (Kessler, Adler, Bohn & Black, 1981).

In the guinea pig, the highest density of SP immunoreactive fibers
was found in the celiac-superior mesenteric and inferior mesenteric
ganglia (Hokfelt et al., 1977c¢). In the IMG strongly fluorescent beaded
fibers were seen with the number of fibers varying in different parts of
the ganglion. Fluorescent nerve bundles frequently apposed and sur-
rounded ganglion cell somata. In the celiac-superior mesenteric gan-
glion, the appearance was somewhat different with the axons running
singly, rather than in bundles, and forming a more delicate network.
Comparatively few SP immunoreactive fibers were seen in the stellate and
superior cervical ganglia.

In the cat IMG and celiac-superior mesenteric ganglia, SP immuno-
reactivity was found to be of a more moderate intensity than in the same
ganglia in the guinea pig (Hokfelt et al., 1977c). Thin, non-varicose
axons of low fluorescence intensity and nerve terminals with strongly
fluorescent varicosites frequently were seen surrounding the ganglion
cells. In the superior cervical ganglion only a few fluorescent fibers

were present.
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In the rat IMG and celiac-superior mesenteric ganglia, a moderate
gp fluorescence formed a plexus surrounding almost all of the ganglion
cells. Im the stellate, superior cervical and middle cervical gaﬂglia

only singly occurring fibers were present (Hokfelt et al., 1977c).

7. Vasoactive Intestinal Polypeptide

The vast majority of cells in the guinea pig IMG were surrounded
by a very dense network of strongly VIP-immunoreactive varicose nerve
fibers (Hokfelt, Elfvin, Schultzberg, Fuxe, Said, Mutt & Goldstein,
1977b). Occasionally, small groups of principal ganglionic neurons were
seen devoid of fluorescent fibers. The inferior part of the celiac-su-
perior mesenteric ganglion complex had a similar distribution of VIP-im-
munoreactive fibers. Additionally, single cell bodies were labeled,
usually occurring in areas where relatively few fluorescent fibers were
seen. The superior part of the celiac-superior mesenteric complex con-
tains similar dense networks interspersed with more frequently occurring
areas containing a few or no fibers. In the superior cervical ganglion
a sparse network of thin fibers was present, but no cell bodies were
immunoreactive.

VIP-immunofluorescence was generally much less intense in the rat
ganglia and cell bodies were never labeled (Hokfelt et al., 1977b). In
the IMG and the celiac-superior mesenteric ganglion plexus, a regular
network of weakly fluorescent fibers was seen surrounding most of the
ganglionic neurons. In the superior cervical ganglion, single varicose
fibers were observed while the middle cervical ganglion showed no VIP-

immunoreactivity.



8. Coexistence of Peptides and Noradrenaline

As seen above, APP-, SOM- and VIP-immunorecactive principal gan-
glion cell somata have been found in the prevertebral ganglia.

Recently, the pattern of coexistence of the various peptides has been
studied and the cells have been classified according to the presence or
absence of specific peptide immunoreactivity (Lundberg et al., 1982).

In the guinea pig IMG, the principal ganglion cells have been cat-
egorized into four types according to peptide immunoreactivity (Lundberg
et al., 1982). The first type of cell contains both somatostatin and
noradrenaline. The second type of cell contains both APP and noradrena-
line. These two types were found to be mutually exclusive in that APP-
and SOM-immunoreactivity were never observed in the same neurons. The
third type of cell contains only noradrenaline, showing no immunoreac-
tivity to APP, SOM or VIP. The fourth type of cell is the singly occur-
ring VIP-immunoreactive cell. This type was not labeled by antibodies
to tyrosine hydroxylase or dopamine-B-hydroxylase and therefore is

thought to contain VIP but not noradrenaline.

F. Tracing Pathways of the IMG
The physiological studies mentioned above provide evidence for a
complicated system of pathways to and from the IMG. Additionally, the
immunohistochemical findings suggest that neuropeptides are involved in
neurctransmission in this ganglion. Anatomical studies on the connec-
tivity of the IMG have recently been combined with peptide immunchisto-
chemistry to further examine these pathways. These studies provide

direct evidence for inputs to the IMG from a variety of sites and for
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the presence of peptides in specific pathways of the ganglion. These
findings also support the electrophysiological findings which suggest a
neurotramsmitter function of peptides in this ganglion. All of tﬁe fol-

jowing studies have used the guinea pig IMG.

1. Application of HRP to the IMG

Following injection of horseradish peroxidase (HRP) into the IMG
widely distributed labeled cell bodies were seen (Dalsgaard & Elfvin,
1982). In the celiac-superior mesenteric plexus labeled cells appeared
singly or in small groups and were apparently distributed at random.
HRP-labeled cell bodies were also observed in ganglia of the pelvic
plexus at the most caudal end of the hypogastric nerves and usually
occurred singly. A small number of HRP-positive cell bodies were also
observed in the nodose ganglia. After injection of the fluorescent
tracer True blue into the IMG, labeled cell bodies were also seen in the
enteric nervous system and in the DRG. Some of the cell bodies of the
ganglia in the myenteric plexus of the distal colon were clearly
labeled. Also, in the submucus plexus an occasional fluorescent cell

was seen.

2. Application of HRP to the Nerve Trunks
Following application of HRP to the severed ends of the hypogas-
tric nerve, labeled cell bodies could be seen in the IMG, in the celiac-
superior mesenteric plexus, in the spinal cord and also in the DRG
(Dalsgaard & Elfvin, 1982). A number of randomly distributed postgan-
glionic neurons were labeled in the IMG, while only a few labeled cells

appeared in the celiac-superior mesenteric ganglia. Confirming the



54
physiological findings that a significant number of preganglionic fibers
descend in the hypogastric nerve, sympathetic preganglionic cell bodies
1abeled with HRP were found in the nucleus intermediolateralis ana
nucleus intercalatus of the spinal cord.

When HRP was applied to the cut colonic nerves heavily labeled
cells were seen in the IMG (Dalsgaard & Elfvin, 1982). C(Cells were also
iabeled in the caudal part of the superior mesenteric ganglion. Labeled
axons could be detected in the ascending mesenteric nerve connecting the
IMG with the superior mesenteric ganglion. Labeled cells could also be
found in the DRG, but no cells filled with HRP were seen in the spinal
cord.

HRP tracing studies have also shown that the connections of the
IMG, the celiac and the superior mesenteric ganglia with the colon are
different (Kreulen & Szurszewski, 1979b). When HRP was applied to the
cut ends of the celiac nerves, which travel to the colon from the celiac
ganglion, labeled cells were observed in the celiac ganglion, a few
cells in the superior mesenteric ganglion, but no cells in the IMG were
labeled. When applied to the colonic nerves, dense filling was observed
throughout the IMG, in some cells in the superior mesenteric ganglion
and very few in the celiac ganglion. This anatomical finding correlates
with electrophysiological studies. A higher percentage of neurons in
the rostral part of the celiac ganglion receive input from celiac nerves
than from the ascending mesenteric nerves (Kreulen & Szurszewski,
1979a). 1In the IMG, however, the inputs are not patterned; cells in all
parts of the IMG receive synaptic inputs from all of the associated

nerve trunks (Crowcroft & Szurszewski, 1971).
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3. Preganglionic Fibers to the IMG
The HRP technique has been used to study in detail the origin of
the preganglionic fibers to the IMG (Dalsgaard & Elfvin, 1979). The
sympathetic nuclei in the spinal cord include the nucleus intermediola-
teralis, the nucleus intercalatus and the nucleus intermediomedialis.
After application of HRP to the guinea pig IMG, labeled preganglionic
neurons were found in the intermediolateralis and intercalatus nuclei.
The cells were located bilaterally in the spinal cord, in contrast to
the superior cervical ganglia which receive fibers only from the ipsila-
teral cord. Labeled cells could be found from the level of T13 to L&4.
Only a few cells were seen at these limiting levels. In agreement with
the physiological studies, the highest proportion of labeled cells were

seen at L2 and L3.

4. Enkephalin-containing Preganglionic Neurons

As mentioned previously, a dense network of enkephalin-containing
nerve terminals was found to surround the ganglion cells in the guinea
pig IMG (Schultzberg et al., 1978, 1979). The origin of these fibers
has been studied using a combination of retrograde tracing and immuno-
histochemistry.

Following incubation of slices from the L2 and L3 levels of the
spinal cord with antibodies to enkephalin many fluorescent cell bodies
were seen in the nuclei which contain the sympathetic preganglionic neu-
rons (Dalsgaard, Hokfelt, Elfvin & Terenius, 1982b). Most of the enke-
phalin immunoreactive cells were in the nucleus intermediolateralis with

a few in the nucleus intercalatus. These cells have been compared with
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the labeling obtained following application of a retrogradely trans-
ported dye to the IMG. About 40% of the cells which contained engepah-
lin were also found to be preganglionic to the IMG. Of the remaining
cells some were labeled with enkephalin only and some with the tracer
only. At the electron microscopic level numerous axo-axonic contacts
were observed in the guinea pig IMG, as reported previously for the cat
MG (Elfvin, 1971b).

These results give strong evidence for the existence of enkepha-
lin-containing preganglionic neurons originating in the L2 and L3 levels
of the spinal sympathetic nuclei projecting to the IMG. Again, The ana-
tomical findings correspond well to the physiological findings as enke-
phalins have been shown to exert a presynaptic inhibitory effect on

synaptic transmission in the IMG (Konishi et al., 197%a; Jiang et al.,

1982b).

5. Substance P-containing Sensory Neurons

When HRP was applied to the IMG labeled cell bodies were also
found in the DRG at the T13 to L5 levels (Elfvin & Dalsgaard, 1977).
Labeled cells occurred in the L2 and L3 DRG in rather large numbers. A
similar distribution of labeled cells in the DRG was seen following
application of HRP to the cut ends of the hypogastric or colonic nerves.
This indicates that the fibers of the DRG traverse the IMG, probably on
a course to the viscera.

When the inferior splanchnic nerves were severed, there was a
marked accumulation of SP-immuncreactive material in the central stumps

of these nerves indicating that SP is being transported from cell bodies
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central to the IMG (Matthews & Cuello, 1982). When combined with sec-
tion of the ascending mesenteric nerve there was a complete loss of SP-
immunoreactive fibers from the IMG. When the hypogastric or colonic
nerves were sectioned the appearance of the SP network in the IMG did
not change, but there was an accumulation of immunoreactivity in the
ganglionic stumps of these nerves. Additionally, capsaicin treatment
completely abolished the SP-immunoreactivity from the IMG. At the
ultrastructural level using peroxidase-antiperoxidase immunohistochemis-
try SP-immunoreactivity was seen in vesicle-containing nerve varicosi-
ties in the IMG. Some of these fibers made synapses with dendrites in
the ganglion and showed features typical of axo-dendritic synapses

In a further study, retrograde tracing was again combined with
immunohistochemistry for the localization of substance P in the DRG
(Dalsgaard, Hokfelt, Elfvin, Skirboll & Emson, 1982a). As seen follow-
ing HRP transport, the fluorescent dye retrogradely transported from the
IMG was seen in the cell bodies of the DRG, usually in singly occurring
small cells, but occasionally in small groups. Incubation of the sec-
tions of the DRG with antisera to SP revealed the occurrence of small
evenly distributed SP-labeled cells. Comparison of the retrogradely-la-
beled cells with the SP-immunoreactive cells revealed that some of the
cells were labeled with both techniques. There were also DRG cells
labeled by only one of the techniques.

Electrophysiological studies have demonstrated that SP is the
probable mediator of the LS-EPSP in this ganglion and have suggested
that the SP fibers are collaterals of primary sensory neurons (Dun &

Jiang, 1982; Tsunoo et al., 1982). The anatomical studies combining
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sp-immunohistochemistry and retrograde tracing strongly support this

hypothesis.

6. Peptidergic Neurons from the Colon
In contrast to ENK and SP fibers which originate centrally to the IMG in
the spinal cord and DRG, respectively, the other peptides which have
peen found in the IMG appear to have a peripheral origin, at least in

the guinea pig IMG. These include BOM, CCK and VIP.

a. Bombesin

In the normal guinea pig a dense network of BCM-immunoreactive
fibers was observed in the guinea pig IMG (Dalsgaard et al., 1983;
Schultzberg, 1983). These fibers remained following section of the
splanchnic, ascending mesenteric and hypogastric nerves, leaving the
colonic nerves. When the colonic nerves were ligated BOM-immunoreactiv-
ity accumulated distal to the ligation. BOM fibers were not observed in
the other nerves. These results indicated that the BOM fibers reach the
IMG exclusively via the colonic nerves (Dalsgaard et al., 1983). These
fibers may be involved in an afferent projection from the colon to the
IMG since BOM-immunoreactivity has been observed in the gastrointestinal

tract (Dockray, Vaillant & Walsh, 1979).

b. Cholecystokinin
The normally dense network of CCK-immunoreactive fibers in the
guinea pig IMG disappears following complete denervation of this gan-
glion (Dalsgaard et al., 1983). Similar to the case with BOM, cutting

all the nerves except the colonic nerves revealed a pattern of CCK



59
fibers similar to that seen in the normal animals. Ligation of the
colonic nerves resulted in an accumulation of CCK-immunoreactivity dis-
tally. Although a few CCK fibers were found in the other nerves, CCK
fibers to the IMG travel mainly in the colonic nerves. CCK-immunoreac-
tive cell bodies have been found in the gastrointestinal tract (Schultz-

berg, Hokfelt, Nilsson, Terenius, Rehfeld, Brown, Elde, Goldstein &

Said, 1980) and may project from the colon to the IMG.

c. Vasoactive Intestinal Polypeptide

The VIP fibers appear to take several routes to the IMG. The
major supply of VIP fibers was found to travel in the hypogastric and
colonic nerves. Some VIP fibers also enter via the ascending mesenteric
nerve and a few via the inferior splanchnic nerves. When the colonic or
hypogastric nerves were ligated a heavy accumulation of immunoreactivity
was seen distal to the ligature, with a small amount seen proximally.
In the ascending mesenteric nerve there was accumulation on both sides
of the ligature and in the inferior splanchnic nerves the accumulation
was proximal to the IMG (Dalsgaard et al., 1983). Thus, the VIP fibers
reach the ganglion through several different pathways. Most fibers
originate in the distal colon, suggesting yet another peptidegic affe-
rent pathway from the colon to the IMG. Some neurons must also enter
through the hypogastric nerve; these probably originate from VIP cells
in the pelvic plexus. The fibers entering in the ascending mesenteric
nerve may originate in the celiac-superior mesenteric ganglion since

VIP-containing cells have been described there (Hokfelt et al., 1977b).
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The above data have led to an evolution in our concept of the
function of the IMG. These studies have shown that, at least in the
guinea pig, the IMG consists of a sophisticated neural network involved
in the integration of both central and peripheral neural inputs. Some
postsynaptic potentials in the IMG are mediated (in the case of SP) or

modulated (in the case of ENK) by peptides in addition to the '"classi-

cal” transmitter, ACh.



ITI. SPECIFIC AIMS

The subject of this dissertation is the examination of synaptic

transmission in the inferior mesenteric ganglion of the rabbit. The

hypotheses tested are:

1.

Are the basic electrical properties of the neurons in the rabbit
IMG‘Similar to those of cells contained in other sympathetic
ganglia? This will be examined with intracellular recordings
from the IMG in vitro. The passive electrical properties to be
measured include: resting membrane potential, membrane time con-
stant and membrane voltage-current relations. Active properties
of the cells which will be examined include: action potential
threshold, amplitude and duration, and afterhyperpolarization
amplitude, half-decay time and duration. Somatic action poten-
tials will be elicited by direct intracellular current injection
(direct spike) or by electrical stimulation of the cell axon
(antidromic spike).

Do rabbit IMG neurons resemble cells in the guinea pig IMG with
regard to nicotinic cholinergic inputs? To answer this question
the properties of the F-EPSP will be examined. The action poten-
tial elicited by suprathreshold presynaptic stimulation (ortho-
dromic spike) will be chafacterized according to the criteria

used for the direct and antidromic action potentials described
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above. Additionally, the synaptic potentials following stimula-
tion of the various nerve trunks associated with the ganglion
will be examined to determine the number of inputs received by a
single cell in the rabbit IMG.

Does a late slow excitatory postsynaptic potential occur in the
neurons of the rabbit IMG? To test this, the responses of the
cells to repetitive presynaptic stimulation will be examined in
the presence of cholinergic antagonists. The slow response will
be characterized as to its amplitude, time course and accompany-
ing input resistance changes. Also, the dependence of the
response on the frequency and duration of stimulation will be
determined.

Is the LS-EPSP in the rabbit IMG mediated by substance P, as is
apparently the case in the guinea pig IMG? Immunohistochemical
and pharmacological techniques will be combined to test this
hypothesis. To examine the involvement of certain putative
transmitters in this response, SP and several other substances
will be applied during intracellular recordings to determine if
they mimic or antagonize the LS-EPSP. Lastly, the presence of SP
and other neuropeptides in neural structures within the rabbit

IMG will be examined by immunohistochemistry.



IIT. METHODS

White rabbits (male, 1.5-2.0 kg) were used for both electrophy-

siological (Purves, 1981) and immunohistochemical (Sternberger, 1979)

experiments.

A. Electrophysiological Studies

1. Dissection of the IMG and Associated Nerve Trunks

The rabbits were sacrificed by cervical dislocation, the abdomen
immediately opened and the intestines moved to the animal's left side,
thus exposing the posterior wall of the abdomen. Thereafter, the dis-
section was conducted under a dissecting microscope. The inferior mes-
enteric artery is easily located as it exits the aorta. The IMG is seen
about a centimeter along this artery.

The peritoneum overlying the ganglion and associated nerve trunks
was first cut. Next, the nerve trunks were carefully isolated. The
aortic branch of the ascending mesenteric nerve extends rostrally from
the IMG and was isolated most easily. The main portion of the ascending
mesenteric nerve exits laterally from the IMG and travels along the
ascending mesenteric vein; therefore, this nerve trunk had to be care-
fully stripped from the associated vascular tissue. Isolation of the
hypogastric nerve required clamping of the inferior mesenteric artery

which passes through the caudal part of the ganglionic tissue. Follow-
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ing isolation of the various nerve trunks, the ganglion was freed of

connective tissue and removed from the animal. During the. dissection
oxygenated Krebs solution was applied to the ganglion and surrounaing
structures.

After excision, the IMG was placed in a beaker containing Krebs
solution and transferred to the recording chamber. This chamber (0.5 ml
capacity) consisted of a plexiglass bath lined with Sylgard. The gan-
glion was secured in the bath by pins inserted through the edge of the
ganglion or through the connective tissue surrounding the ganglion, with
care being taken not to damage the entering nerves. Connective tissue
was removed as thoroughly as possible from the ganglion and the nerve
trunks. The distal ends of the nerve trunks were ligated and pulled
into glass capillary tubes. Silver wire electrodes were inserted into
these tubes for electrical stimulation of the nerve trunks. The gan-
glion was constantly perfused with a modified Krebs-bicarbonate buffer
(117 mM NaCl; 4.7 mM KC1l; 1.2 mM MgCl; 1.2 mM Na HZPOA; 2.5 mM CaClz; 25
mM NaHCOS; 11.5 mM glucose; gassed with 95% 02/5% COZ) at 36-37°C. The
flow rate was approximately 2.5 ml/min. All drugs were dissolved in
this solution and applied by superfusion. The drugs used and the

sources of each are listed in Table 1.

2. Intracellular Recordings
The electrodes used for intracellular recording consisted of glass
capillary tubing of 1.0 or 1.2 mm outer diameter, with extruded fiber,
pulled to give a resistance of 30-60 MR when filled with 3M KCl. Elec-

trodes of this type typically have outer tip diameters of < 0.5 um
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DRUGS USED IN THE PRESENT STUDIES

AND THEIR SOURCES

Source

Drug

Atropine sulfate

Capsaicin

Dihydroergotamine tartrate
5-Hydroxytryptamine creatinine sulfate
Luteinizing hormone releasing hormone

(D-p—Glul,D—Phez,D—Trps,G) - Luteinizing
%ormone releasing hormone

Norepinephrine hydrochloride
Substance P

2 7
(D—Argl,D—Pro ,D=-Trp ’9, Leull) -
Substance P

(D-Pro>,D-Phe’ ,D-Trp ) - Substance P
d-Tubocurarine chloride

Vasocactive intestinal polypeptide
(porcine)

Sigma
Sigma
Sigma
Sigma

Bachem, Peninsula

Peninsula
Sigma

Bachem, Peninsula, Sigma

Dr. S. Rosell
Peninsula

Sigma

Bachem, Peninsula
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(Purves, 1981). The electrodes were back-filled with 3M KC1. Poten-
tials were recorded using a WPI Model M-701 electrometer which contains
active bridge circuitry for injecting current through the microelec-
trode. The outputs of the M-701 were connected to a dual beam oscillo-
scope (Tektronix Type 502A) for the simultaneous display of recorded
potentials and monitor of applied current. A camera attached to the
oscilloscope provided permanent records of "fast" electrical events.
Output was also displayed on a Gould Brush pen recorder (Model 2200).
In figures reproduced from the pen recorder tracings the action poten-
tial amplitude is attenuated due to the frequency response of the

recorder. A Grass stimulator (Model S-8) was used for the injection of

intracellular current and another for stimulation of the nerve trunks.

a. Impalement of a Principal Ganglionic Neuron

To obtain a successful impalement of a ganglion cell, the elec-
trode was moved slowly through the ganglion under manual control with
the micromanipulator. Ganglion cells were impaled by staccato tapping
on the micromanipulator or by overcompensation of the negative capacity
adjustment to oscillation (Baylor, Fuortes & 0O'Bryan, 1971). Upon
impalement a sudden potential change of -40 mV to -60 mV was observed.
A successful impalement was confirmed by observing the electrotonic
potential following the passage of anodal current pulses and the action
potential following cathodal pulses. A cell was considered suitable for
study if it had a rapidly rising action potential > 50 mV in amplitude.
Data collection was begun after allowing sufficient time for the cell to

stabilize.
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b. Statistical Analyses

All values are expressed as the mean * standard error of the mean.
Data comparisons of ratio level data were made using the t-test wﬁen
comparing two groups of data and analysis of variance followed by Dun-
can's multiple range test for comparisons involving more than two
groups. For nominal level data a X2 test was used. A level of signifi-
cance of 0.05 was chosen. All statistical analyses were performed using

the Statistical Analysis System (SAS) computer program.

B. Immunohistochemical Studies

The immunohistochemical procedure involves five basic steps: 1)
fixation of the tissue, 2) sectioning of the tissue, 3) incubation with
primary antiserum, 4) incubation with labeled antibodies and 5) micro-
scopic examination of the stained tissue. The buffers used in these
experiments are listed in Table 2.

Two different immunostaining procedures were used. The first
technique involved the use of a fluorescein isothiocyanate labeled sec-
ondary antibody; this is the FITC technique. 1In the second procedure a
biotinylated secondary antibody was used followed by an avi-
din:biotinylated horseradish peroxidase complex; this is the ABC techni-

que.
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TABLE 2

BUFFERS USED IN THE IMMUNOHISTOCHEMICAL EXPERIMENTS

Solution Composition
catT-free Tyrode's 116 mM NaCl; 5.4 mM KCl; 1.6 mM

MgClo; 0.4 mM MgSO,; 1.2 mM NaHpPOy;
5.6 mM Glucose; 26.2 mM NaHCOq

Fixative 0.05 M NaH2PO ; 0.05 M Na,HPO,;
+ 47 paraformaldehyde or 0.4%
p-benzoquinone

Sorenson's 0.03 M KHpPO,; 0.07 M Na,HPO,

Phosphate Buffered Saline 0.05 M Na,HPO4; 0.14 M NaCl

Tris Buffered Saline 0.05 M Trizma-7.6; 0.15 M NaCl
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1. Fixation of Tissue

a. Transcardial Perfusion

Rabbits were anesthetized with pentobarbital (35 mg/kg i.p.), the
chest opened and a perfusion cannula inserted through the left ventricle
into the aorta. The animal was first perfused with 500 ml ice cold
Ca++-free Tyrode's solution followed by 1-2 L of ice cold fixative (4%
paraformaldehyde in sodium phosphate buffer). The IMG was then removed,
placed in a refrigerator in fixative for 90 min and then transferred to
Sorenson's buffer containing 5% or 10% sucrose for at least 12 hr before

sectioning.

b. Post-fixation
Following dissection of the IMG or following an electrophysiologi-
cal experiment the IMG was placed directly into the fixative (either 4%
paraformaldehyde or 0.4% p-benzoquinone in sodium phosphate buffer) and
left overnight in the refrigerator. The following day the IMG was
transferred to Sorenson's buffer containing 5% or 10% sucrose and left

for at least 12 hr prior to sectioning.

2. Sectioning of Tissue
The IMG was sliced into thin sections (15 um) on a cryostat-micro-
tome at -20°C. The sections were thaw-mounted onto gelatinized micro-
scope slides. The mounted sections were then warmed to room temperature
for 20 min and rehydrated in phosphate buffered saline (PBS) or Tris

buffered saline (TBS).
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3. Incubation with the Primary Antibody
After rehydration, the sections were incubated with the primary

antibody. The primary antibody uses as its antigen the substance‘to be
jocalized. These antibodies were diluted in 0.3% Triton X-100 in PBS
and applied to the microscope slides. For the FITC-labeling the sec-
tions were incubated overnight at 4°C. For the ABC technique the sec-
tions were incubated 60 min at room temperature. All primary antibodies

were raised in rabbits and obtained from ImmunoNuclear Corporation.

4. Incubation with the Labeled Antibodies

After blotting off the primary antibody and rinsing the sections
for 20 min in buffer, the secondary antibody was applied for 30 min at
room temperature. For immunofluorescence this consisted of FITC-labeled
goat anti-rabbit IgG applied for 30 min at room temperature. These sec-
tions were then mounted in PBS:glycerin (1:3) and examined under a
fluorescence microscope.

For the ABC technique the secondary antibody was biotinylated goat
anti-rabbit IgG. Following another rinse, an avidin:biotinylated hor-
seradish peroxidase complex was applied. Avidin has an extremely high
affinity for biotin and the binding of avidin to biotin is practically
irreversible; thus, avidin serves to link the biotinylated secondary
antibody and the biotinylated horseradish peroxidase complex. This com-
plex was applied for one hour. Following another rinse, the sectioms
were reacted with diaminobenzidine (DAB) solution. DAB is oxidized by
horseradish peroxidase to form a brown precipitate thus revealing the
localization of the antigen of interest. The sections were then dehyd-

rated, coverslipped and examined under a light microscope.
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5. Controls for Labeling Specificity

Immunohistochemical results must be interpreted with caution since
antisera may react.not only with the antigen against which they wére
raised but also with structurally related compounds, e. g. precursors of
the antigen. For this reason, immunohistochemical results are discussed
in terms of "immunoreactivity" or "like-immunoreactivity" (Hokfelt,
Lundberg, Schultzberg, Johansson, Skirboll, Anggard, Fredholm, Hamber-
ger, Pernow, Rehfeld & Goldstein, 1980). This also emphasizes the need
for proper controls with immunohistochemical studies.

There are two types of immunohistochemical controls termed first
level controls and second level controls (Larsson, 1981). First level
controls examine the specificity of the interaction between the primary
antibody and the tissue antigen. Second level controls are used to
evaluate the quality of the tissue and to evaluate the detection system.
For the first level controls, or preabsorption controls, the primary
antibodies at working dilutions were incubated overnight at £°C with 1
ug/ml of the antigen. The primary antibody should combine with the
antigen during this incubation, making its binding sites unavailable for
combination with the antigen in the tissue.

The second level controls, which involve the omission of antibod-
ies at various stages, were particularly important in these studies
since all of the primary antibodies used were raised in rabbits. It was
necessary, therefore, to use an anti-rabbit IgG secondary antibody, for
example, goat anti-rabbit IgG. Thus, an anti-rabbit antibody was being

applied to a rabbit peripheral tissue. Consequently, it was expected
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that problems might occur with unwanted binding of the secondary anti-
body. The original studies using an FITC-labeled goat anti-rabbit IgG
secondary antibody revealed a high degree of background fluorescence in
the rabbit IMG, but not in rabbit brain sections, in the absence of a
primary antibody. These results indicated that, in addition to binding
to the primary antibody, the FITC-labeled secondary antibody was binding
to rabbit IgGs present in this peripheral tissue, but not in the central
nervous system which is less accessible to IgGs. The procedure chosen
to decrease this background staining was to pre-treat the IMG sectiomns

with a solution of 1 volume KMnO4 (2.5%) and 1 volume H '04 (5%) in

2S

50-100 volumes H,_ O before applying the primary antibody. This treatment

2
has been used to elute antibodies from immunohistochemically stained
sections in double-labeling experiments (Tramu, Pillez & Leonardelli,
1978). It was found that this treatment resulted in a marked decrease
in background fluorescence. The other second level control with the
FITC technique was omission of the secondary antibody, which gave blank
specimens. With the ABC technique, a similar problem was encountered;
however, the biotinylated goat anti-rabbit IgG secondary antibody can be
applied at a much lower concentration with this technique. Here, the
background staining was much less intense, leaving the stained nerve
fibers more clearly visible. Other second level controls for the ABC

technique were omission of the secondary antibody, omission of the ABC

complex, omission of the DAB step and omission of all antibodies.



IV. RESULTS
A. Anatomy

The rabbit IMG is an elliptoid ganglion located just rostral to or
surrounding the inferior mesenteric artery, peripheral to the exit of
this artery from the abdominal aorta (Figure 1). The ganglion may be up
to 1 cm in length and 2 mm thick at its widest point. Frequently, two
clusters of ganglion cells are seen, with the major part of the IMG
superior to the inferior mesenteric artery connected by nerve strands
with a smaller accessory ganglion inferior to the artery. At other
times, the accessory part of the IMG is indistinguishable and the IMG
appears as a continuous ring of tissue surrounding the inferior mesen-
teric artery.

The large number of nerves in the vicinity of the IMG form a
frequently intermingling plexus of fibers. Some of these fibers enter
or exit the IMG. The major nerve trunks of the ganglion are the
ascending mesenteric nerve, the aortic branch of the ascending
mesenteric nerve, the hypogastric nerve and the inferior splanchnic
nerves.

As it exits the IMG, the ascending mesenteric nerve is not a
single nerve, but consists of several groups of fibers which leave the
IMG laterally and join to course rostrally along the inferior mesenteric

vein. Some of these fibers can be followed to the superior mesenteric-

73
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FIGURE 1. Anatomical arrangement of the inferior mesenteric ganglion
and surrounding structures.
AB - Aortic branch of the ascending mesenteric nerve; AMN -
Ascending mesenteric nerve; AP - Accessory part of the inferior
mesenteric ganglion; HGN - Hypogastric nerve; IMA - Inferior
mesenteric artery; IMG - Inferior mesenteric ganglion; IMV -

Inferior mesenteric vein; ISN - Inferior splanchnic nerves.
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celiac ganglion plexus while others travel along the vasculature toward
the colon. The aortic branch of the ascending mesenteric nerve exits
the rostral pole of the IMG and alsoc travels toward the superior
mesenteric-celiac plexus. The hypogastric nerve exits the caudal pole
of the IMG or the accessory part of the IMG, if present, and travels
toward the hypogastric-pelvic plexus. The inferior splanchnic nerves
include one to three very fine and delicate branches which enter the
medial side of the IMG. These nerves contain the classical
preganglionic sympathetic fibers. Frequently, one of the inferior
splanchnic nerves joins the aortic branch of the ascending mesenteric
nerve to enter the rostral pole of the ganglion. Other fibers from the
IMG travel peripherally along the inferior mesenteric artery to
innervate the colon. These are apparently comparable to the colonic
nerves in the guinea pig and are much less prominent in the rabbit than

in other species.

B. Passive Membrane Properties

Several measurements were made to characterize the basic electri-
cal properties of IMG neurons. The passive membrane properties examined
include Er’ Rin and membrane time constant (Im). These electrical prop-
erties are listed and compared to the properties of other sympathetic
ganglion cells in Table 3.

Membrane potential was measured as the potential change occurring
upon removal of the recording electrode from the cell. The average Er
of the rabbit IMG cells was found to be -49 * 1 mV (n=71) ranging from

=35 to -70 mV. These values do not appear to differ from the Er



BASTC MEMBRANE ELECTRICAL PROPERTIES OF RABBIT IMG

TABLE 3

CELLS

COMPARED WITH 'THE PROPERTIES OF OTHER SYMPATHETIC GANGLION CELLS

N__ij'_—."—Rabbit e Rabbit Cuinea Pig  Cuinea Pig Cat Frog
x * S.E.M. Range n SCG IMG SCG IMG Paravertebral
Resting Membrane Potential (mV) -49 t | -35 to =70 { 71 | ~557 -52° -45 to -90" -52° -65 !
Input Resistance (MQ) 37 ¢+ 2 8 to 160 {129} 407 40 to 150° 41" 46° 20 !
Membrane Time Constant (ms) 8+ 1 2 to 21 | 29| 10.57 4.4"° 10.6!
Threshold Depolarization {mV) 12 £ 1 7 o 25 | 21| 20° 10 to 20° 17" 5 to 18° 25 !
Rheobase (nA) 0.2 +0.03 0.05 to 0.35] 12 0.22° 0.11* 0.312
Chronaxie (ms) 13 £ 3 0.6 to 35 | 12 8.4"
Maximun Frequency of Firing (Hz) 66 + 8 50 to 100 6 150 to 170° 802
1. Nishi & Koketsu, 1960 5. Crowcroft & Szurszewski, 1971

2. Hunt & Riker, 1966

3. Erulkar & Woodward, 1968

I~

Perri, Sacchi & Casella, 1970

6. Szurszewski & Weems,

7. Wallis & North, 1978

1978

8. Krier, Schmalz & Szurszewski, 1982

LL
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reported in other studies on mammalian sympathetic neurons, but the mean
is somewhat less than the value reported in the bullfrog (Table 3). The
frequency distribution of the observed Er is plotted in Figure 2. On

the basis of this distribution the cells in the rabbit IMG are of a sin-

gle type.

The measurement of Rin was calculated using Ohm's law: Rin =V /
I, where I = the current applied through the electrode in nA, V = the
resultant potential change in mV and Rin = the calculated input
resistance in MQ. The pulses were of sufficient duration for the
potential change to reach a steady state. While monitoring Rin on the
pen recorder 200 msec pulses were commonly used; this is well within the
frequency response of the recorder. 1In some cells a series of current
pulses of various amplitudes was applied to construct a voltage-current
curve for the cell to reveal the dependence of Rin on Em. The voltage-
current relationship of a typical rabbit IMG neuron is shown in Figure
3. The slope resistance of this cell was 42 MR. This cell did not show
a decrease in resistance, i. e. anomalous rectification, in the voltage
range to 40 mV more negative than Er, as was found to be typical of the
rabbit IMG cells; however, in some of the cells examined beyond this
level, the slope resistance did decrease. Delayed rectification was
evident with depolarizing pulses. Since the voltage-current curves
revealed little rectification of the membrane in the range of 0-30 mV
more negative than Er’ in most experiments Rin was calculated from the

application of a single current intensity ranging from 0.1-0.25 nA in
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FIGURE 2. Frequency distribution of resting membrane potentials.
Each bar represents the number of cells with resting membrane
potentials falling within 5 mV intervals. The midpoints of the

intervals are labeled from -40 to -65 mV.
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FIGURE 3. Voltage-current relationship of an IMG neuron.
A: Oscilloscope record. Top - Current pulses injected into the
cell. Bottom - Resultant electrotonic potentials of the cell.
Horizontal Calibration - 20 msec, Vertical Calibration - 1 nA
(top), 10 mV (bottom). B: Voltage-current plot of the data
obtained from the record in A. The line is the least squares
regression line through the filled circles (r2=.99). The open
circles represent the steady-state voltage change for the

depolarizing pulses.
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various cells. Once again, a unimodal distribution is obtained when the
frequency distribution of the observed Rin is plotted (Figure 4).‘ The
mean Rin of 129 cells was 37 * 2 M{, which is similar tc the reported
Rin of other sympathetic ganglion cells (Table 3).

Using the oscilloscope records, T, was calculated as the time in
msec required for the anelectrotonic potential to reach 1-1/e (63%) of

its maximum value. Figure 5 shows the frequency distribution of the

recorded Tm which ranged from 2 to 21 msec with a mean of 8 msec.

C. Active Membrane Electrical Properties

Active membrane properties measured include threshold for the ini-
tiation of action potentials, rheobase, chronaxie, action potential
amplitude and duration, and amplitude, duration and half decay time of
the action potential afterhyperpolarization.

An average depolarization of 12 mV from Er was needed in the rab-
bit IMG neurons to reach the threshold for action potential initiation.
This value is consistent with that repcrted elsewhere (Table 3). A fre-
quency distribution of the thresholds is plotted in Figure 6. The
threshold was similar following either direct intracellular stimulation
or following orthodrcomic activation of the cells. The rheobase is the
threshold stimulus intensity for a long current pulse. The rheobase for
these cells was 0.2 nA. At twice this current, the chronaxie, a pulse
of 13 msec duration was required to reach threshold. With long, high
intensity current pulses these cells fired repetitive action potentials
at a frequency up to 100 Hz. Usually, the firing rate was higher at the
beginning of the pulse and then slowed to a steady rate. The cells did

not show accommodation to pulses up to 200 msec duration.
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FIGURE 4. Frequency distribution of input resistances.
Each bar represents the number of cells with input resistances
falling within the 5 MQ intervals. The midpoints of the

intervals are labeled from 15 to 70 MQ.
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FIGURE 5. Frequency distribution of membrane time constants.
Each bar represents the number of cells with membrane time
constants falling within the 3 msec intervals. The midpoints of

the intervals are labeled from 3 to 18 msec.
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FIGURE 6. Frequency distribution of thresholds for the action

potential.

Each bar represents the number of cells with thresholds falling
within the 2 mV intervals. The midpoints of the intervals are

labeled from 8 to 16 mV.
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The action potential in the rabbit IMG cells was studied following
either direct intracellular stimulation with short cathodal pulses,
antidromic stimulation or orthodromic stimulation. The characteristics
of the action potential following each of these stimuli is shown in
Table 4. An antidromic spike was rarely seen in these cells. Of a
total of 204 cells, only 8 exhibited an antidromic spike. The action
potential amplitude was about 65 mV. With an Er of -50 mV this gives an
overshoot of 15 mV. Action potential duration averaged about 4 msec.
The spike was followed by an afterhyperpolarization of 11 mV with a
duration of 250 msec. Analyéis of variance followed by Duncan's
multiple range test showed that the characteristics of the direct,
antidromic and synaptic spikes were not significantly different. Since
several studies in other sympathetic ganglia have reported the
orthodromic spike to be smaller than the direct spike, a paired t-test
was performed on spike amplitude for those cells in which both
orthodromic and direct spikes were measured. This test revealed that
there was no difference between the orthodromic and direct spike
amplitude in rabbit IMG neurons.

The afterhyperpolarization following the action potential returned
to Er in a biphasic manner, with an initial rapid decay followed by a
slower, long-lasting phase. Two K+ conductances have been shown to
contribute to the repolarizing phase of the action potential: a voltage-
dependent GK and a Ca++-activated GK. It was hypothesized that the

biphasic slope and long duration of the afterhyperpolarization may be



Amplitude (mV)
Duration (msec)

After hyperpolarization -
Amplitude (mV)

Duration (msec)

Half Decay Time (msec)

TABLE 4

CHARACTERISTICS OF THE DIRECT, ANTIDROMIC

AND ORTHODROMIC ACTION POTENTIALS IN RABBIT IMG CELLS

65

4.2

10

248

89

Values are mean + S.E.M.

- n in parentheses

Direct Antidromic

+ 3 (19) 68 + 3 (7)
+ 0.4 (14) 3.4 + 0.3 (7)
+ 0.6 (22) 12+ 0.3 (")
+ 18 (13) 253+ 19 (5)
+ 11 (20) 73+ 20 (6)

Orthodromic
63 + 3 (10)
4.3 + 0.6 (7)
11 + 0.8 (10)
288 + 18 (7)
126 + 14 (10)

16
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due to a Ca -activated GK’ as has been shown in a variety of other
neurons including sympathetic postganglionic neurons (Meech, 1978).
Figure 7B shows an antidromic reponse in normal Krebs and in low Ca
Krebs. The latter part of the decay of the afterhyperpclarization
becomes shortened and, as seen in the inset, the amplitude of the

+4
afterhyperpolarization is decreased in a low Ca  solution.

D. Fast Excitatory Postsynaptic Potential
Synaptic responses were elicited by stimulation of the nerve
trunks entering the IMG. Several observations were made on the F-EPSPs

in these cells.

1. Characteristics of the F-EPSP

The amplitudes of the F-EPSPs varied from a few mV to threshold.
Because these cells receive a large number of nicotinic cholinergic
inputs, it was frequently difficult to elicit a single F-EPSP. These
data are for those cells where it was possible with low intensity pre-
ganglionic pulses to elicit what appeared to be a single F-EPSP. The
F-EPSP reached its maximum amplitude in 7 * 0.6 msec (n=11) and lasted
42 + 3 msec (n=10). The time required for the F-EPSP to decay from peak
amplitude to 37% (1/e) of this peak was calculated for comparison to T
The time constant of decay of the F-EPSP was 18 £ 2 msec (n = 11). In
these 11 cells Tn averaged 9 msec. A paired t-test revealed the time
constant of decay of the F-EPSP was significantly longer (p < 0.0001)

than the membrane time constant.
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FIGURE 7. Effects of low Ca /high Mg solution on the orthodromic and
antidromic responses in a rabbit IMG neuron.
A: Top - Orthodromic response following stimulation of the
aortic branch of the ascending mesenteric nerve. Bottom - The

. . . . + ++
orthodromic reponse is abolished in low Ca /high Mg  Krebs
solution. Horizontal Calibration - 10 msec, Vertical Calibration
= 10 mV. B: Top - Antidromic response in the same cell
following stimulation of the ascending mesenteric nerve. Note
the long time course and biphasic shape of the spike
afterhyperpolarization. Bottom - In low Ca /high Mg = Krebs
solution an antidromic spike is still present, but the
afterhyperpolarization is shortened and its biphasic shape is no
longer evident. Horizontal Calibration - 50 msec, Vertical
Calibration - 10 mV. Inset - The antidromic response at higher
++
sweep speed in normal Krebs solution (1) and in low Ca /high
++ . . ++ ,

Mg solution (2). The lowering of Ca results in a decreased
amplitude of the afterhyperpolarization. Horizontal Calibration

- 5 msec, Vertical Calibration - 10 mV.
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2. Blockade by d-Tubocurarine

The F-EPSP recorded from postganglionic sympathetic neurons has
been shown to be generated by the action of ACh on nicotinic receﬁtors
of the éostganglionic cell membrane of a number of species (Blackman,
Ginsborg & Ray, 1963; Eccles, 1963; Nishi, 1974; Kuba & Koketsu, 1978).
To test the hypothesis that the F-EPSP in rabbit IMG cells was similar
to that in other sympathetic ganglia, d-TC was applied to 20 ganglion
cells. As demonstrated by Figure 8, the F-EPSP in the rabbit IMG is
blocked by this nicotinic receptor antagonist. In this experiment an
antidromic spike followed by a F-EPSP on the afterhyperpolarization of
the antidromic action potential were recorded using a digital waveform
storage module of the pen recorder. The initial part of each panel
shows the electrotonic pulses that were elicited by hyperpolarizing cur-
rent pulses in order to monitor Rin' This is followed by the antidromic
spike and F-EPSP at high sweep speed. The application of d-TC (50 uM)
first decreased (Figure 8B) and then completely antagonized (Figure 8C)

the F-EPSP while not affecting Em, Rin or the antidromic response.

3. Blockade in low Ca++ solution
Low Ca++ also effectively and reversibly abolished the F-EPSP.
Figure 7A shows a F-EPSP elicited by stimulation of the ascending mesen-
teric nerve. The top panel shows the response in normal Krebs solution.
Following perfusion with low Ca++ Krebs, the F-EPSP is completely

blocked, but an antidromic response can still be elicited (Figure 7B).
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FIGURE 8. Effects of d-tubocurarine on the fast excitatory postsynaptic
potential.
The initial part of each tracing shows membrane potential and
electrotonic potentials elicited by hyperpolarizing current
pulses (lower tracing). This is followed by an antidromic spike
and a F-EPSP superimposed on the spike afterhyperpolarization.
A: Control response. B: Response after 4 min in Krebs
containing d-tubocurarine (50 uM). The F-EPSP is attenuated
while Em’ Rin and the antidromic spike are unaffected. C: After
8 min in d-tubocurarine the F-EPSP is abolished. Horizontal
calibration - 20 sec for the initial part of each record, 5 msec
for the latter part of each record, Vertical calibration - 10 mv

(upper tracing), 0.5 nA (lower tracing).
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4. Number of Inputs

The fast synaptic inputs to cells in the guinea pig IMG are more
complicated than the input to cells in the paravertebral sympathetic
ganglia in that stimulation of any of the nerve trunks attached to this
ganglion can elicit several F~EPSPs (Crowcroft & Szurszewski, 1971).
The number of inputs to a single cell in the rabbit IMG was, therefore,
examined by stimulating the various nerve trunks with presynaptic pulses
of increasing amplitude and duration. Both of these manipulations
resulted in the appearance of an increasing number of F-EPSPs. An
approximation of the number of fast nicotinic inputs to the cells was
made by counting the F-EPSPs occurring with different latencies follow-
ing the presynaptic stimulation and by examining stepwise increases in
amplitude of F-EPSPs occurring at the same latency (Nja & Purves, 1977).

It was found that in 98% (65 of 66) of the cells a F-EPSP could be
elicited following aortic branch stimulation, in 97% (108 of 111) fol-
lowing ascending mesenteric nerve stimulation and in 96% (49 of 51) fol-
lowing hypogastric nerve stimulation. Every cell responded with a
F-EPSP following stimulation of at least one of the nerves. When the
response to stimulation to two nerves was tested it was found that 94%
(63 of 67) of the cells exhibited F-EPSPs following stimulation of each
of the nerves. These inputs rarely consisted of a single F-EPSP from
any of the nerves, but usually consisted of multiple F~-EPSPs as shown in
Figures 9, 10 & 11. These figures show the synaptic inputs received by
a single cell in the rabbit IMG from the aortic branch (Figure 9), from

the ascending mesenteric nerve (Figure 10) and from the hypogastric
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FIGURE 9. Synaptic inputs to a cell of the rabbit IMG following
stimulation of the aortic branch of the ascending mesenteric
nerve.

A-X show the F-EPSPs occurring following stimulation of the
aortic branch of the ascending mesenteric nerve with pulses of
increasing intensity. As the stimulus intensity is increased an
increasing number of F-EPSPs occur in the postganglionic cell.

Horizontal Calibration - 20 msec, Vertical Calibration - 10 mV.
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FIGURE 10. Synaptic inputs to a cell of the rabbit IMG following
stimulation of the ascending mesenteric nerve.
A-K show the F-EPSPs occurring following stimualtion of the
ascending mesenteric nerve with pulses of increasing intensity.
As the stimulus intensity is increased an increasing number of F-
EPSPs occur in the postganglionic cell. Horizontal Calibration -

20 msec, Vertical Calibration - 10 mV.
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FIGURE 11. Synaptic inputs to a cell of the rabbit IMG following
stimulation of the hypogastric nerve.
A-D show the F-EPSPs occurring following stimualtion of the
hypogastric nerve with pulses of increasing intensity. As the
stimulus intensity is increased an increasing number of F-EPSPs
occur in the postganglionic cell. Horizontal Calibration - 20

msec, Vertical Calibration - 10 mV.
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nerve (Figure 11). It was calculated that this particular cell received
17 inputs from the aortic branch, 14 from the ascending mesenteric nerve
and 9 from the hypogastric nerve, giving a total of 40 inputs. The
average number of inputs received by the cells was 12 from the aortic
branch (n=11), 19 from the ascending mesenteric nerve (n=6) and 11 from
the hypogastric nerve (n=5). Thus, the average cell in the rabbit IMG

receives at least 42 nicotinic cholinergic inputs.

E. Conduction Velocity of Pre- and Postganglionic Fibers

The conduction velocity of the postganglionic fibers of the rabbit
IMG was estiﬁated in 5 of the cells which exhibited an antidromic spike.
The distance from the stimulating electrode to the recording electrode
was measured using an eyepiece micrometer in the microscope. Conduction
velocity was calculated by dividing this distance by the latency from
the stimulus artifact to the beginning of the upstroke of the antidromic
spike. The values obtained ranged from 0.25-0.50 m/sec. The mean was
0.35 £ 0.05 m/sec.

The calculation of the conduction velocity of the preganglionic
fibers was slightly more complicated. First, a single cell received a
number of preganglionic inputs which were temporally dispersed; there-
fore, the latency was measured from stimulus artifact to the upstroke of
the first and subsequent F-EPSPs in a given cell. Secondly, this
latency, from stimulus artifact to beginning of F-EPSP, does not only
involve conduction of the impulse but also involves a synaptic delay.

To account for this a factor of 9 msec was subtracted from the observed

latency to obtain conduction time (Kreulen & Szurszewski, 1979b). Using
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this method, two groups of preganglionic fibers were found with regard
to conduction velocity. The largest group was slow conducting fibers
which had conduction velocities ranging from 0.15-0.60 m/sec, with a
mean of 0.24 * 0.03 m/sec. A smaller number of fibers had conduction

velocities ranging from 1.5-6.0 m/sec with a mean of 2.9 £ 0.6 m/sec.

F. Slow Excitatory Postsynaptic Potential

In addition to a nicotinic cholinergic response, some cells in the
rabbit IMG also exhibited a slow muscarinic EPSP. This response was
evident following repetitive presynaptic stimulation. The response of a
cell to stimulation of the ascending mesenteric nerve at 16 Hz for 3 sec
is shown in Figure 12. Following perfusion with Krebs containing atro-
pine (1 uM), the slow depolarization following the initial F-EPSPs is
blocked. Of the cells examined, very few (3 of 41, 7%) exhibited a
S-EPSP and no LS-EPSP. In many cells, both a S-EPSP and LS-EPSP were

seen (see below).

G. Late Slow Excitatory Postsynaptic Potential
In addition to the muscarinic S-EPSP, a much longer lasting depo-
larization was observed in some cells of the rabbit IMG following repet-

itive nerve stimulation.

1. Noncholinergic Nature of the LS-EPSP
This long lasting depolarization was insensitive to antagonism of
nicotinic and muscarinic cholinergic receptors. Figure 13A shows a slow
depolarization elicited by stimulation of the ascending mesenteric nerve

at 16 Hz for 3 sec. Perfusion of the ganglion with d-TC (50 uM) effec-
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FIGURE 12. Muscarinic slow depolarization in a rabbit IMG neuron.
A: Tollowing stimulation of the ascending mesenteric nerve at 16
Hz for 3 sec a slow depolarization occurs following the F-EPSPs
(initial vertical tracings). B: The depolarization is abolished
after 4 min in Krebs containing atropine (1 uM) and an
afterhyperpolarization following the repetitive cellular spiking
is apparent. In this cell, the slow depolarization is

pharmacologically similar to the muscarinic S-EPSP.
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tively blocked the F-EPSPs (initial vertical tracings) but did not
affect the slow depolarization (Figure 13B, n=19). Addition of atropine
(1 M) also did not affect this response, although the rise time éf the
depolarization was increased (Figure 13C).

As noted earlier, a muscarinic S-EPSP also occurred in some
neurons in the rabbit IMG. On this basis, it was thought that the
increased rise time of the LS-EPSP after the addition of atropine, as
seen in Figure 13, might be due to the blockade of a muscarinic S-EPSP,
To assess the contribution of the muscarinic component to the slow
depolarization, the response of 14 cells was examined before and after
perfusion of the IMG with atropine (1 uM). Antagonism of the muscarinic
receptors had no effect on the peak amplitude, Rin change or duration of
the depolarization, but in 10 of the cells an increase in the time to
peak of the reponse was observed. In these cells the time to peak was
increased from an average of 3 sec to an average of 9 sec. One of these
cells is shown before and after addition of atropine in Figures 14 and
15, respectively. In normal Krebs solution the depolarization following
nerve stimulation has peaked at the end of the stimulus train (Figure
14, top). Following perfusion with atropine (1 uM) the peak is not
reached until several seconds following the cessation of nerve
stimulation (Figure 15, top). The bottom tracings of these figures
illustrate that an increased Rin-was observed both in the presence

(Figure 14) and absence (Figure 15) of atropine.
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FIGURE 13. Noncholinergic slow depolarization in a rabbit IMG neuron.
A: Following stimulation of the ascending mesenteric nerve at 16
Hz for 3 sec a long lasting depolarization is observed following
the F-EPSPs (initial vertical tracings). B: After 5 min
perfusion with d-tubocurarine (50 uM) the initial F-EPSPs are
completely blocked, but the slow depolarization remains. C:
Addition of atropine (1 uM) to the perfusate causes an increase
in the rise time of the slow response, but does not antagonize

the long lasting depolarization.
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FIGURE 14. Late slow excitatory postsynaptic potential and accompanying
membrane resistance changes in a rabbit IMG neuron following
stimulation of either of two nerve trunks.
Top: Membrane potential change in a ganglionic cell following
stimulation of the aortic branch of the ascending mesenteric
nerve (AB) or following stimulation of the ascending mesenteric
nerve (AMN) at 30 Hz for 3 sec. Bottom: Membrane resistance
change in the same cell following stimulation of the aortic
branch of the ascending mesenteric nerve (AB) or following
stimulation of the ascending mesenteric nerve (AMN) at 30 Hz for
3 sec. The cell was held at Er following stimulation by passage
through the recording electrocde of hyperpolarizing current (lower
tracing). Note that stimulation causes an increase in Rin with a

time course contiguous with the LS-EPSP.
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FIGURE 15. Late slow excitatory postsynaptic potential and accompanying
membrane resistance changes in a rabbit IMG neuron following
stimulation of either of two nerve trunks in the presence of
atropine (1 uM).
These responses were obtained from the same cell as the previous
figure following perfusion with atropine (1 uM). Top: Membrane
potential change in a ganglionic cell following stimulation of
the aortic branch of the ascending mesenteric nerve (AB) or
following stimulation of the ascending mesenteric nerve (AMN) at
30 Hz for 3 sec. Note the increased rise time of the respomnse
compared to Figure 14. Bottom: Membrane resistance change in
the same cell following stimulation of the aortic branch of the
ascending mesenteric nerve (AB) or following stimulation of the
ascending mesenteric nerve (AMN) at 30 Hz for 3 sec in the
presence of atropine (1 uM). The cell was held at Er following
stimulation by current passed through the recording electrode
(lower tracing). In the absence of a muscarinic component, the
depolarization is still accompanied by an increased Rin’ although

slower in onset.
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2. Characteristics of the LS-EPSP

The characteristics of the LS-EPSP are listed in Table 5. These
data are for responses following presynaptic stimulation at 30 Hz for 3
sec in the presence of atropine. For examples of typical LS-EPSPs in
rabbit IMG cells see Figures 13 and 15. In several cells, hyperpolariz-
ing current was passed through the recording electrode to nullify the
depolarization to examine the Rin change in the absence of Em changes.
One of these cells is shown in Figure 15; This figure shows the respon-
ses elicited following repetitive presynaptic stimulation of the ascend-
ing mesenteric nerve and the aortic branch of the ascending mesenteric
nerve. The top panel shows the potential change. 1In the bottom panel,
the depolarization was nullified by the passage of current through the
recording electrode (manual clamp) and an increased Rin was observed.
An average increase in Rin of 31% (n=20) was observed when the depolari-
zation was prevented by manual clamp. This mean is slightly larger than
the the increase observed with depolarization (Table 5) but this differ-
ence is not statistically significant (paired t-test). A decrease in
Rin was not observed during the LS-EPSP in any of the cells studied. In
about 8% of the cells, however, a detectable change in Rin was not evi-

dent.

3. Occurrence of the LS-EPSP
f all the cells tested, 63% (155 of 247) exhibited a detectable
LS-EPSP. The percentage of cells which showed a LS-EPSP varied, depend-
ing to some extent on the nerve being stimulated. A LS-EPSP was

observed in 70% (54 of 77) of the cells following stimulation of the
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TABLE 5

CHARACTERISTICS OF THE LATE SLOW EXCITATORY
POSTSYNAPTIC POTENTIAL IN RABBIT IMG CELLS
(Following preganglionic stimulation at 30 Hz
for 3 sec in the presence of atropine (1uM))

Mean + S.E.M. Range n

Amplitude (mV) 4.3 + 0.3 1 - 13 64
Time to Peak (sec) 10.0 + 0.6 <3 - 27 63
puration (sec) 159 + 13 23 - 390 38
Half Decay (sec) 61 + 5 17 - 218 54
+ 2 0 - 75 48

% Increase in R, 27
in
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aortic branch of the ascending mesenteric nerve, in 61% (69 of 110) fol-
lowing stimulation of the ascending mesenteric nerve and in 52% (32 of
60) following hypogastric nerve stimulation. A X2 test revealed that
these differences in the proportion of cells showing a LS-EPSP following
stimulation of the different nerves was not statistically significant.
The response following separate stimulation of two of the nerve
trunks was also studied. In 36% (28 of 78) of the cells a LS-EPSP could
be elicited following stimulation of both nerves tested. An example of

such a cell is shown in Figure 15.

4. Topography of Cells Showing & LS-EPSP

As noted in the previous section, a F-EPSP could be elicited in
practically every cell in the IMG following stimulation of any of the
associated nerve trunks irrespective of the location of the cell in the
ganglion. Since the LS-EPSP was not detected in every cell studied, it
was of interest to determine whether or not there was a topographical
organization of the noncholinergic inputs to the ganglion. This possi-
bility was analyzed by noting the relative positions of the cells which
did or did not exhibit a LS-EPSP following stimulation of the various
nerve trunks on a map of the shape of the IMG. This map illustrates the
position of the cell in the rostrocaudal-mediolateral plane. These
results are shown in Figure 16. From this figure it can be seen that a
LS-EPSP could be elicited in cells located throughout the ganglion,

regardless of the nerve trunk being stimulated.
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FIGURE 16. Topographical localization of the neurons in the rat it IMG
which did or did not exhibit a LS-EPSP following stimulatjion of
the different nerve trunks.
Filled circles - Location of cells which did exhibit a LS-EPSP.
Open circles - Location of cells which did not exhibit a LS-EPSP.
AB: Cells examined following stimulation of the aortic branch of
the ascending mesenteric nerve. AMN: Cells examined following
stimulation of the ascending mesenteric nerve. HGN: Cells

examined following stimulation of the hypogastric nerve.
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5. Synaptic Mediation of the LS-EPSP

Several experiments were conducted to ascertain that the LS-EPSP
is indeed the result of the action of a synaptically released neurotran-
smitter. The possibility that the repetitive discharges which follow a
train of preganglionic stimuli could themselves generate a slow poten-
tial change is ruled out by the following findings. First, direct
intracellular stimulation at stimulus parameters which elicited repeti-
tive firing of the cell similar to the firing seen with the pregan-
glionic train did not evoke a slow depolarization of the cells (n=6).
Second, the LS-EPSP was not affected following the blockade of the
spikes by d-TC (Figure 13). Additionally, repetitive nerve stimulation
failed to elicit a LS-EPSP in the presence of TTX (1 uM, n=4). TTIX
blocks veoltage-sensitive Na+ channels in the nerve terminal membrane
(Narahashi, 1974) thus preventing the propagation of action potentials
into the nerve endings. As shown by Figure 17, TTX completely blocked
both the F- and LS-EPSPs. This effect of TTX was reversed with pro-
longed washing.

Since the release of chemical transmitters from the preganglionic
terminal is dependent on the influx of Ca++, the release should be
impaired in a low Ca++ solution. Figure 18 shows the F- and LS-EPSPs
before, during and after perfusion with low Ca++ (0.25 mM)/high Mg++ (12
mM) Krebs sclution. As illustrated, both the F- and LS-EPSP disappear
in this medium. This result was confirmed in 5 other cells.

Collectively, these results provide strong evidence that the LS-
EPSP is indeed a postsynaptic potential mediated by the release of a

chemical transmitter.
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FIGURE 17. Effects of tetrodotoxin on the LS-EPSP in a rabbit IMG
neuron.
Con: F- and LS-EPSPs occur in a rabbit IMG cell following
ascending mesenteric nerve stimulation (8 Hz, 3 sec) in the
presence of atropine (1 uM). TTX: After application of
tetrodotoxin (1 uM) for 5 min both the F- and LS-EPSPs are
blocked (stimulus artifact still apparent). Anelectrotonic
potentials elicited by hyperpolarizing current pulses of 0.1 nA,

200 msec duration, were employed to monitor Rin of this cell.
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FIGURE 18. Effects of low Ca++/high Mg++ Krebs solution on the LS-EPSP.
Con: F- and LS-EPSPs elicited in a rabbit IMG neuron following
stimulation of the ascending mesenteric nerve (16 Hz for 3 sec).
Low Ca: After 4 min perfusion with low Ca++/high Mg++ Krebs the
cell is depolarized by 10 mV and the LS-EPSP greatly attenuated.
Hyperpolarizing current was then applied to return Em to the
original Er' The F- and LS-EPSP have completely disappeared at
this point and following removal of the hyperpolarizing current.
Wash: Following 8 min in normal Krebs Em and the F- and LS-EPSPs

return to the control level.
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6. Relationship Between Presynaptic Stimuli and LS-EPSP

The relationship between the amplitude of the LS-EPSP and the fre-
quency and duration of the presynaptic stimulus train was also stﬁdied.
The frequency was varied from 1-100 Hz and the durations from 1-6 sec.
The response of the cell to preganglionic stimulation at 30 Hz for 3 sec
was chosen as a reference. The results obtained with other stimulus
parameters are expressed as the percent of the response at this refer-
ence for a given cell.

The response of one cell to increasing the frequency and duration
of the presynaptic stimulus train is shown in Figure 19. The left panel
shows the responses to a 3 sec train of stimuli at frequencies from 2 to
100 Hz. The LS-EPSP first becomes evident at 4 Hz and is maximal at 32
Hz. With a 6 sec train a small depolarization is visible even at the 2
Hz frequency. From this figure it can be seen that the amplitude of the
LS-EPSP is directly proportional, within limits, to the number of presy-
naptic impulses. The relationship between presynaptic stimuli and the

LS-EPSP is described in more detail below.

a. Effects of Stimulus Frequency
The amplitude of the LS-EPSP was found to be correlated with the
frequency of presynaptic stimulation. Figure 20 shows a plot of the
percent amplitude of the responses obtained at frequencies from 2-100
Hz. The duration of stimulation was 3 sec. The two most simple equa-
tions to describe this distribution would be a hyperbolic function of
the form: % amplitude = (a x Hz) / (b + Hz) or a logarithmic function of

the form % amplitude = a log Hz, where a and b are constants. Regres-
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FIGURE 19. Response of a cell in the rabbit IMG to presynaptic
stimulation of increasing frequency and duration.
Left: Responses following a 3 sec train of presyvnaptic pulses.
Right: Responses following a 6 sec train of presynaptic pulses.
The frequency of the presynaptic pulses for these train durations
is increased from 2-100 Hz as labeled on the left side. Note the
dependency of the amplitude of the LS-EPSP on the frequency and
duration of nerve stimuli. In the presence of atropine (1 uM).

Horizontal calibration - 30 sec, Vertical calibration - 10 mV.
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sion analysis was performed to determine which of these functions best
described the relationship obtained here. The r2 values obtained for
the fits to the hyperbolic and logarithmic equations were .61 and .44,
respectively, revealing a better fit of the hyperbolic distribution.

The line drawn on Figure 20 was fit by the equation % amplitude = (123 x
Hz) / (11 + Hz), 0 < Hz < 100. The coefficients were obtained from the

regression analysis.

b. Effects of Stimulus Duration
The amplitude of the LS-EPSP was also found to increase with
increasing duration of stimulation. This relationship is shown on Fig-
ure 21. The stimulation in this case was at 30 Hz and the duration was

varied from 1-6 sec.

¢. Number of Pulses

Since the amplitude of the LS-EPSP depends on both the frequency
and duration of the presynaptic stimulation, it follows that there would
be a similar relationship to the number of presynaptic pulses, which is
the product of frequency and duration. As seen on Figure 22, there is a
clear increase in the amplitude of the LS-EPSP as the number of presy-
naptic impulses increases. The same analysis used for the frequency
plot was used to determine the best fit line for this data. For number
of pulses vs. % amplitude an r2 value of .72 was obtained. The line on
Figure 22 is described by the equation: % amplitude = (123 x Pulses) /

(32 + Pulses), 0 Pulses < 300.
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FIGURE 20. Relationship between frequency of nerve stimulation and
amplitude of the LS-EPSP.
Duration of stimulation was 3 sec. Ordinate - Percent amplitude
of the response obtained at 30 Hz. Abscissa - Frequency of
stimulation. The graph shows the mean * 1 standard deviation for
the responses obtained at each frequency. The line is fitted by
the equation: % amplitude = (123 x Hz) / (11 + Hz), 0 < Hz <

100.
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FIGURE 21. Relationship between the duration of the presynaptic train
and amplitude of the LS-EPSP.
Frequency of stimulation was 30 Hz. Ordinate - Percent amplitude
of the response obtained with a 3 sec train. Abscissa - Duration
of stimulation in sec. The graph shows the mean * 1 standard

deviation for for the responses obtained at each duration.
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FIGURE 22. Relationship between the number of presynaptic pulses and
amplitude of the LS-EPSP.
Ordinate - Percent amplitude of the response obtained with 90
pulses. Abscissa - Number of pulses in the stimulus train. The
graph shows the mean * 1 standard deviation for the responses
obtained at each value of pulses. The line is fitted by the
equation: % amplitude = (123 x Pulses) / (32 + Pulses), 0 <

Pulses < 300.



r

oTIX >

MmO C A=

225+
200+

475

100

FIGURE 22

135



136
7. Effects of High Potassium on the LS-EPSP

According to the ionic theory of electrogenesis, potential changes
of neurons are due to changes in membrane permeability to one or more
ions. The fact that the LS-EPSP consisted of a depolarization accompa-
nied by a decrease in membrane conductance suggested that the equilib-
rium potential for the ion species involved was more negative than Er;
thus, the most likely ion involved in this response would be K+. To
test this possibility, the concentration of KCl1 in the Krebs solution
was increased and the membrane was hyperpolarized. Figure 23 shows the
effects of raising [Ko] to 20 mM and subsequent hyperpolarization of the
cell on membrane potential, the spike afterhyperpolarization and the
LS-EPSP. The spike afterhyperpolarization was monitored since it is
known to involve an increase in K+ conductance and should disappear at
the K+ equilibrium potential (EK). Following perfusion with high K+
Krebs the cell is depolarized by 6 mV and the afterhyperpolarization and
the LS-EPSP are reduced in amplitude. Subsequently hyperpolarizing the
membrane to -50 mV results in a disappearance of both the afterhyperpo-
larization and the LS-EPSP. Further hyperpolarization did not result in
a reversal of the LS-EPSP. 1In 6 other cells tested similar results were
obtained. According to the Nernst equation, and assuming [Ki]=160 mM,
in normal Krebs E_=-95 mV. In 20 mM K  E_ is lowered to -56 mV. In the

K K

high K+ Krebs the LS-EPSP disappeared near the level of EK. This indi-
+
cates that a decrease in K conductance is probably involved in the

electrogenesis of the LS-EPSP. Changes in Cl conductance are probably

not involved in the LS~EPSP. Since KCl-filled electrodes were used in
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FIGURE 23. Effects of high K+ and membrane hyperpolarization on the
direct spike and LS-EPSP in a rabbit IMG neuron.
Arrowheads - Direct spike, Arrows - Stimulation of the aortic
branch of the ascending mesenteric nerve (30 Hz, 3 sec). Top:
Responses in normal Krebs solution. Note afterhyperpolarization
of direct spike and amplitude of LS-EPSP. Middle: 1In 20 mM K+
the cell is depolarized by 6 mV. The afterhyperpolarization of
the direct spike is smaller and the amplitude of the LS-EPSP is
decreased. Bottom: Hyperpolarization to -50 mV by current
injection results in a disappearance of the

afterhyperpolarization and of the LS-EPSP.
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these studies, diffusion of Cl  from the electrode into the cell would

tend to make the cl™ equilibrium potential more positive than Er'

8. Pharmacology of the LS-EPSP
In both bullfrog paravertebral ganglia (Jan et al., 1979, 1980;
Jan & Jan, 1982) and in the guinea pig IMG (Jiang et al., 1982a) pep-
tides have been proposed as mediators of the LS-EPSP. Experiments using
several classes of drugs were carried out to examine the possibility
that the LS-EPSP in the rabbit IMG may be mediated by a peptidergic

transmitter.

a. 5-Hydroxytryptamine

This substance has recently been shown to depolarize neurons in
the guinea pig celiac ganglion and has been proposed as the mediator of
a noncholinergic slow depolarization in this ganglion (Dun & Ma, 1983).
5-HT has also been suggested as a mediator of the slow noncholinergic
potential in the guinea pig myenteric plexus (Wood & Mayer, 1978). When
applied to the rabbit IMG, 5-HT had a depolarizing effect on 3 of 15
cells tested. In all cases this depolarization was accompanied by an
increase in membrane resistance. One of the cells which was sensitive
to 5-HT is shown in Figure 24. The LS-EPSP elicited in this cell had a
particularly long-lasting duration (Figure 24, top). When applied to
the ganglion, 5-HT (100 uM) resulted in a depolarization of 9 mv (Fig.
24, middle). During the 5-HT depolarization, the membrane potential was
momentarily returned to the resting level during which time nerve stimu-

lation elicited a LS-EPSP of much smaller amplitude accompanied by an
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FIGURE 24. Effects of 5-hydroxytryptamine on membrane potential, input
resistance and the LS-EPSP in a rabbit IMG neuron.
5-HT (100 uM) application is indicated by the bar. Arrows
indicate stimulation of the ascending mesenteric nerve (16 Hz for
3 sec). Top: Nerve stimulation results in a large, 9 mV, long
lasting, over 6 min, depolarization. Middle: 5-HT (100 uM) is
applied to the cell. After a 1 min delay the cell is depolarized
about 8 mV. After 5 min the cell is returned to the resting
level and the nerve stimulated. A small depolarization occurs
accompanied by an increased Rin' Bottom: After 10 min
continuous perfusion with 5-HT the cell remains depolarized.
Stimulation at the depolarized level results in a very small
depolarization and an increase in the noise level of the

recording.
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increase in Rin' However, repetitive nerve stimulation at the peak of
the 5-HT induced depolarization evoked no detectable LS-EPSP (Figure 24,
bottom). One interesting property of this cell was its apparent.lack of
tachyphylaxis to continued application of 5-HT. Rapid desensitization
to 5-HT occurs at a variety of other sites, including the guinea pig
celiac ganglion (Dun, Kiraly & Ma, 1983). 1In this cell, however, the
depolarization continued, waning by only a few mV, for over one hour of
continuous 5-HT application. During this time small depolarizations
could be elicited by nerve stimulation. In none of the other cells
which were depolarized by 5-HT, nor in the 12 cells not depolarized, was
conclusive evidence obtained that prolonged superfusion of 5-HT could

desensitize the LS-EPSP.

b. Luteinizing Hormone Releasing Hormone

LHRH was of interest since it has been identified as the mediatior
of the LS-EPSP in the bullfrog. LHRH (1-100 uM) had no effect on Em and
Rin of the 4 rabbit IMG neurons tested. Similarly, LS-EPSP elicited in
these cells was not appreciably altered. Moreover, an LHRH antagonist,
(D-p-Glul,D-Phez,D-Trp3’6)-LHRH (100 uM), which has been shown to block
the membrane depolarization induced by LHRH in the bullfrog ganglion
cells (Jan & Jan, 1982), was without effect on the LS~EPSP elicited in

IMG neurons (n=4).

c. Norepinephrine
NE is the classical postganglicnic transmitter in the sympathetic

nervous system and is contained in the principal cells of the IMG
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(Jacobwitz, 1974). Furthermore, catecholamine fluorescent terminals
have been observed abutting on neighboring IMG cells (Elfvin, 1971c)
which make contacts with one another. Therefore, the possibility £hat
NE may be released from these terminals and generate the LS-EPSP was
examined. At low concentrations (1 uM) NE had no effect on Em, Rin or
the LS-EPSP (n=4) With high concentrations (> 100 uM), however, NE did
block the LS-EPSP. This effect was not accompanied by any change in Em
nor by a change in Rin' The most likely explanation is that NE was act-
ing presynaptically to reduce transmitter output. That NE is not
involved in the mediation of the LS-EPSP is further demonstrated by the

experiments in which the LS-EPSP was not antagonized by the adrenergic

antagonist dihydroergotamine (DHE, 10 uM, n=4).

d. Substance P

SP has been proposed as the mediator of the LS-EPSP in the guinea
pig IMG (Dun & Jiang, 1982; Jiang et al., 1982; Tsunoo et al., 1982) and
also as the mediator of slow noncholinergic potentials in the guinea pig
myenteric plexus (Katayama & North, 1978). In the present study, SP
{(1-100 uM) caused a slow depolarization in 5 of the 15 cells tested.
The Rin changes accompanying the depolarization varied from cell to
cell; two cells exhibited an increase in Rin while in the other three
neurons a decrease in Rin was observed. However, the LS-EPSP was not
affected by prolonged application of SP in any of the cells tested.

Tracings from two of the cells which were depolarized by SP are
shown in Figures 23 and 26. In the cell shown in Figure 25, a small

LS-EPSP could be elicited prior to SP application (not shown). SP (10
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uM) caused a depolarization of about 8 mV in this particular cell. Dur-
ing the SP depolarization repetitive stimulation elicited no detectable
1,5-EPSP. After a period of wash the LS-EPSP returned as Em retufned to
the resting level. Next, the cell was depolarized by current injection
to the level of the SP-induced depolarization (Figure 25, bottom).

Under these conditions repetitive stimulation again elicited no detecta-
bel LS-EPSP.

The cell in Figure 26 was also depolarized by SP (10 uM). The
depolarization was accompanied by a decrease in Rin' Em was then
returned to the resting level by hyperpolarizing current during which
time nerve stimulation could again elicit a LS-EPSP. Thus, SP had no
desensitizing effect on the LS-EPSP evoked in this cell,

Several putative SP antagonists have recently been developed

including (D—Proz,D-Phe7,D-Trpg)-SP and (D-Argl,D-Proz,D-

7’9,Leu11)-SP (Folkers, Horig, Rosell, & Bjorkroth, 1981; Rosell,

Trp
Olgart, Gazelius, Panopoulos, Folkers & Horig, 1981; Yanagisawa, Otsuka,
Konishi, Akagi, Folkers & Rosell, 1982). Neither of these compcounds at
concentrations of 10 uM to 100 uM noticeably altered the LS-EPSP, Er or
Rin of 5 rabbit IMG neurons tested.

Capsaicin, which causes release and subsequent depletion of SP,
(Jessell et al., 1978; Gamse et al., 1981a, 1981b) was also tested to
see if it could release SP, thereby causing a LS-EPSP, or deplete SP,
thereby blocking the LS-EPSP, in a manner similar to that reported in

the guinea pig IMG (Dun & Kiraly, 1983). Capsaicin, at concentrations

from 5 uM to 10 uM applied for at least 10 min, did not result in a
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FIGURE 25. Effects of substance P on membrane potential, input
resistance and the LS-EPSP in a rabbit IMG neuron.
Substance P (10 uM) application is indicated by the bar. Arrows
indicate stimulation of the ascending mesenteric nerve (30 Hz for
3 sec). Top: SP depolarized this cell by 8 mV and decreased Rin
by 20%. Following 3.5 min in SP stimulation of the ascending
mesenteric nerve evoked no detectable LS-EPSP. After washout of
SP the membrane potential returned to the original resting level
at which time repetitive stimulation evoked a small LS-EPSP.
Bottom: After 10 min in normal Krebs solution the cell was
depolarized to the level of the SP depolarization by current
injection. Under these conditions, nerve stimulation did not
result in a LS-EPSP. Atropine (1 uM) was present throughout the

experiment.
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FIGURE 26. Effects of substance P on membrane potential, input
resistance and the LS-EPSP in another rabbit IMG neuron.
SP also depolarizes this cell by 8 mV with a decrease in
resistance. During the SP-induced depolarization the cell was
returned to the resting level by current injection. Stimulation
of the ascending mesenteric nerve (16 Hz for 3 sec, arrow)
elicited a LS-EPSP despite the presence of SP. d-TC (50 uM) and

atropine (1 uM) were present throughout the experiment.
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postsynaptic membrane depolarization in any of the cells tested (n=8).

Nor did capsaicin have any affect on the LS-EPSP elicited in these

cells.

e. Vascactive Intestinal Polypeptide
Very dense networks of VIP-immunoreactivity were observed in the
immunohistochemical studies (see below) and it seemed possible that this
peptide may be involved in non-cholinergic transmission in the rabbit
IMG. VIP (1 nM-10 uM) when applied to the ganglion had no effect on the
Er or Rin of any of the 10 cells tested. In 3 cells, however, a slight

increase in the amplitude of the LS-EPSP was observed in the presence of

VIP.

H. Late Slow Inhibitory Postsynaptic Potential

In addition to the LS-EPSP, a slow hyperpolarizing potential was
observed in a small number of the rabbit IMG neurons. Since this poten-
tial appears with a similar time course to the LSfEPSP but is in oppo-
site direction it was termed the late slow inhibitory postsynatpic
potential (LS-IPSP). A LS-IPSP not preceded by a LS-EPSP was observed
in 3% (6 of 174) of the IMG cells examined. In 10% of the cells both a
LS-IPSP and LS-EPSP were observed. This hyperpolarizing potential was
not affected by nicotinic or muscarinic antagonists, but was blocked in
low Ca++/high Mg++ Krebs. Figuré 27 shows the response of a cell to
stimulation of the ascending mesenteric nerve and hypogastric nerve
before (top panel) and after (bottom panel) perfusion with atropine (1

uM). Prior to atropine, stimulation of either nerve results in a slow
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FIGURE 27. Slow depolarization and slow hyperpolarization in a single
rabbit IMG neuron.
A: Stimulation (30 Hz for 3 sec) of the ascending mesenteric
nerve (AMN) or of the hypogastric nerve (HGN) elicits a slow
depolarization. In the case of hypogastric nerve stimulation the
depolarization is followed by a small hyperpolarization. B:
After perfusion with atropine (1 uM), AMN stimulation elicits a
smaller depolarization. The response to HGN stimulation is now

exclusively in the hyperpolarizing direction.
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depolarization. A small hyperpolarization following the slow depolari-
zation is apparent after hypogastric nerve stimulation. After atropine
perfusion the response to ascending mesenteric nerve stimulation.is
reduced while the hyperpolarization following hypogastric nerve stimula-
tion is increased.

An interesting, and consistent, propertyvof the LS-IPSP was its
voltage sensitivity. The amplitude of the LS-IPSP was always increased
in amplitude when the cell was hyperpolarized. Figure 28 illustrates
this point. After hyperpolarizing the membrane by only 5 mV the LS-IPSP
is greatly increased. The LS-IPSP was always accompanied by an increase

in R, .
in

I. Immunohistochemistry of the Rabbit IMG

The purpose of these studies was to determine whether or not cer-
tain peptides were present in the rabbit IMG, which has not been studied
previously. Several antigens were chosen for immunohistochemical local-
ization in the rabbit IMG. These include CCK, ENK, LHRH, SOM, SP and
VIP. As mentioned in the Methods section, there was some difficulty in
examining the rabbit IMG with commercially available antisera, since all
of these antisera were raised in rabbits. Consequently, there was a
significant amount of nonspecific binding of the secondary antibody,
particularly with the FITC technique. These sections were, therefore,
pretreated in a solution containing KMnO4 and H2504 to reduce the
unwanted background staining. It is unclear to what extent this treat-

ment might destroy or otherwise alter the antigenic determinants. This

may partially explain the relative sparsity of ENK and SP immunoreactiv-
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FIGURE 28. Increase in the amplitude of the LS-IPSP following membrane
hyperpolarization.
Repetitive stimulation (30 Hz for 3 sec) of the aortic branch of
the ascending mesenteric nerve at resting potential elicits a
small depolarization followed by a small hyperpolarization. When
inward current is passed to hyperpolarize the cell by 5 mV, the
depolarization is nearly abolished while the LS-IPSP is

accentuated. Note the increased Rin accompanying the LS-IPSP.
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ity we observed in this ganglion. Also, there appeared to be a certain
amount of nonspecific cell body staining with both the FITC and ABC
techniques. Therefore, the presence of substances which ha;e been found
in the cell bodies of other sympathetic ganglia, such as SOM, cannot
definitely determined in the present studies. No significant nonspe-
cific staining of nerve fibers was observed and, therefore, it is con-
cluded that ENK-, SP- and VIP-immunoreactive fibers are present in
fibers in the rabbit IMG. Immunoreactive fibers to CCK, LHRH or SOM

were not observed.

1. Enkephalin Immunoreactivity

The immunoreactivity following incubation with antibody to ENK was
the least intense of the three peptides described here. ENK fibers
appeared throughout the ganglion, usually being more apparent near the
edge of the ganglionic tissue than through the interior of the ganglion.
ENK fibers usually ran seperately to form a weakly immunoreactive net-
work coursing longitudinally through the IMG. Figure 29 illustrates the
ENK fluorescence in the rabbit IMG. The relatively low intensity of ENK
is evident. This was a particular problem in the rabbit IMG due to the
fluorescence of the background, which is evident even with the elution
technique. A section incubated with preabsorbed ENK antibody is shown
in Figure 30. Note the absence of stained fibers and weakly fluorescing
cell bodies. Background was not as much of a problem with the ABC tech-
nique (Figure 31) however, the diffuseness of the ENK immunoreactivity
is still evident here. The lower micrograph in Figure 31 shows the ENK

immunoreactivity around a pair of ganglionic neurons. The ENK fibers
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FIGURE 29. Immunofluorescent micrograph of a rabbit IMG section
incubated with antisera to met-enkephalin.
Faintly ENK-immunoreactive fibers are seen throughout the
ganglionic section. The fibers generally course longitudinally

through the IMG, rarely encircling the ganglion cells. (x 350)
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FIGURE 30. Immunofluorescent micrograph of a rabbit IMG section
incubated with preabsorbed met-enkephalin antisera.
No immunoreactive fibers were seen in sections incubated with
antisera preabsorbed with met-ENK. Preabsorption was with 100 pg

met-ENK per ml diluted antibody. (x 350)
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FIGURE 30
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FIGURE 31. Micrographs of enkephalin-immunoreactivity in rabbit IMG
sections using the ABC technique.
Top: At low power, diffusely distributed ENK-immunoreactive
fibers are seen distributed throughout this ganglion section. (x
525) Bottom: ENK-immunoreactivity distributed around two
ganglionic neurons. Reaction product is seen abutting the cell
bodies at several points, but the fibers do not surround the

cells as do SP or VIP fibers. (x 1050)
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did not appear to surround the cells as completely as do the SP and VIP
fibers. This can be seen in the other micrographs as ENK fibers rarely
encircle the ganglionic neurons. ENK fibers reacted by the ABC techni-

que are also shown in Figure 31, top.

2. Substance P Immunoreactivity
The SP immunoreactive fibers were more obvious than the ENK
fibers. Figure 32 shows a ganglion section reacted for SP with the FITC
technique. The SP fibers course throughout the ganglion, frequently in
bundles of fine nerve fibers which branch out to surround the cell bod-
ies. A section incubated with preabsorbed antibody to SP is shown in
Figure 33. Note the lack of immunoreactive fibers. A cell surrounded
by SP immuncreactive fibers is shown in the bottom panel of Figure 34.
The top micrograph, at lower magnification, further illustrates the dis-

tribution of SP fibers in the rabbit IMG.

3. Vasoactive Intestinal Peptide Immunoreactivity

The most striking of all the peptide immunoreactivity was that
observed following incubation with antibody to VIP (Figure 35). No VIP
immunoreactive fibers were observed following preabsorption of the anti-
bodies with VIP (Figure 36). VIP fibers formed a very dense network
throughout the IMG, running together in strands and surrounding a major-
ity of the ganglion cells. This network appears as a plexus of fibers
in the ganglion. A cell surrounded by VIP immunoreactivity is shown at

high magnification in Figure 37.



163

FIGURE 32. Fluorescence micrograph of a rabbit IMG section incubated
with antisera to substance P.
Fine, varicose SP-immunoreactive fibers course among the ganglion
cells. The fibers frequently travel in bundles. Several fibers

branch to surround the ganglion cell at upper right. (x 350)
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FIGURE 33. Immunofluorescent micrograph of a rabbit IMG section
incubated with preabsorbed substance P antisera.
No immunoreactive fibers were seen in sections incubated with

antisera preabsorbed with SP. Preabsorption was with 100 ug SP

per ml diluted antibody. (x 350)
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FIGURE 34. Micrographs of substance P-immunoreactivity in rabbit IMG
sections using the ABC technique.
Top: At low power, bundles of SP-immunoreactive fibers are seen.
Fibers frequently branch out from these bundles. (x 525) Bottom:
SP-immunoreactivity fibers come in close apposition to and

surround a lightly stained principal ganglionic neuron. (x 1050)
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FIGURE 35. Fluorescence micrograph of vasocactive intestinal
polypeptideimmunoreactivity in a rabbit IMG section.
A dense network of VIP-immmunoreactivity is seen throughout the
ganglion. Many cells are surrounded by VIP-immunoreactive

fibers. (x 350)
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FIGURE 36. Immunofluorescent micrograph of a rabbit IMG section
incubated with preabsorbed vascactive intestinal polypeptide
antisera.
No immunoreactive fibers were seen in sections incubated with
antisera preabsorbed with VIP. Preabsorption was with 100 ug VIP

per ml diluted antibody. (x 350)
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FIGURE 37. Micrographs of vasoactive intestinal polypeptide-
immunoreactivity in rabbit IMG sections using the ABC technique.
Top: At low power, many VIP-immunoreactive fibers are seen
coursing throughout this ganglion section and surrounding a
ganglion cell in the center. (x 525) Bottom: High power
micrograph of a principal ganglionic neuron encircled by

intensely immunoreactive VIP fibers. (x 1050)
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All of the above peptides were also observed in the nerve
trunks of the IMG. No fibers were observed following omission of the
primary antibody (Figure 38) or following preabsorption of the p?imary
antibodies with the antigen of interest (Figures 30, 33 and 36 );
however, some nonspecific staining of cell bodies was observed with both
the FITC and ABC techniques. For example, a cell lightly stained with
reaction product is apparent in the right center of Figure 34. This
finding made it impossible to determine with certainty whether or not

any of these peptides were present in the cell bodies.
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FIGURE 38. Rabbit IMG section processed with the ABC technique in the
absence of a primary antibody.
This ganglion section was processed identically to the other ABC
sections shown except that a primary antibody was omitted. Note
the lack of immunoreactive fibers in the absence of a primary

antibody. (x 525)
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V. DISCUSSION

Previous studies have indicated the complexity of neural transmis-
sion in the prevertebral sympathetic ganglia. This complexity is illus-
trated by the findings that 1) the prevertebral ganglia are innervated
not only by preganglionic neurons of central origin but also receive
afferent inputs from the effector organs, 2) immunoreactivity to a num-
ber of peptides is present in neuronal structures in these ganglia and
3) slow postsynaptic potentials not mediated by ACh can be elicited in
the neurons of these ganglia. These results demonstrate that the prev-
ertebral ganglia do not function solely to relay cholinergic pregan-
glionic impulses from the spinal cord to the peripheral visceral organs,
but these ganglia are also involved in the integration of both centrally
and peripherally originating synaptic impulses involving both ACh and
noncholinergic transmitters. These findings have been obtained mainly
through investigations on the guinea pig prevertebral ganglia. It was
of interest to ascertain whether or not similar phenomena occur in the
prevertebral ganglia of other species. Consequently, the present study
was undertaken to examine synaptic transmission in the rabbit IMG. Nei-
ther the intracellular electrophysioclogy nor the immunohistochemistry of

the rabbit prevertebral ganglia have been previously studied.

178
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A. Anatomy

There are several differences between the anatomy of the rabbit
IMG and the IMG of other species, most obviously the size of the gén-
glion. Apparently, as the size of the animal increases, so does the
size of the IMG. For example, in the rat the IMG is a relatively small
and difficult to find ganglion, in the guinea pig the ganglion is some-
what larger, in the cat the IMG consists of several large lobes of gan-
glionic tissue and in the human the IMG appears not as a distinct gan-
glion but as a plexus. The rabbit IMG is larger than the guinea pig IMG
and smaller than the cat IMG. Also, the arrangement of the nerve trunks
of the IMG differs from species to species. In the rabbit the ascending
mesenteric nerve is the most evident of the nerves associated with the
ganglion, while the fibers along the inferior mesenteric artery, the
colonic fibers, are fewer and more diffuse than in the guinea pig or
cat. This finding led Langley & Anderson (1896b) to suggest that in the
rabbit more fibers course to the colon through the ascending mesenteric
nerve. The hypogastric nerve in the rabbit most often appears as a sin-

gle nerve bundle, while in other species two separate nerves are seen.

B. Membrane Properties
While the arrangement of the ganglion shows considerable species
variation, the properties of the principal ganglionic neurons are very
similar in the different species examined, and are, in fact, also simi-
lar to the properties of the cells in other sympathetic ganglia such as
the superior cervical ganglion and the paravertebral ganglia (see Table

3). This similarity generally holds for both passive and active mem-
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brane properties, although subtle differences do exist. Some of the

similarities and differences are discussed below.

1. Current-Voltage Relationship

The current-voltage curves in the rabbit IMG neurons were fairly
linear with hyperpolarization to about 40 mV from Er and with very small
depolarizing pulses (Figure 3). With larger depolarizations delayed
rectification became apparent and with large hyperpolarizations anoma-
lous rectification was seen. Both delayed and anomalous rectification
have been reported for a variety of other sympathetic ganglion prepara-
tions. Delayed rectification has been reported in the sympathetic neu-
rons of the bullfrog paravertebral ganglia (Nishi & Koketsu, 1960),
guinea pig thoracic chain ganglia (Blackman & Purves, 1969), guinea pig
pelvic plexus (Blackman, Crowcroft, Devine, Holman & Yonemura, 1969) and
in the rabbit SCG (Christ & Nishi, 1973). The delayed rectification
involves an increase in membrane conductance as the cell is depolarized.
This increase occurs with a delay after the onset of the depolarization
and is due to the activation of a voltage dependent K+ current (Grund-
fest, 1961). Anomalous rectification has been studied in the rabbit SCG
(Christ & Nishi, 1973) and is apparent at approximately 30-40 mV neg-
ative to Er. Anomalous rectification has also been reported for the
guinea pig IMG (Crowcroft & Szurszewski, 1971) and pelvic ganglia
(Blackman & Purves, 1969; Crowcroft & Szurszewski, 1971). Anomalous
rectification also involves an increase in K+ conductance, but at hyper-
polarized levels (Christ & Nishi, 1973). No anomalous rectification was

observed in the guinea pig paravertebral ganglia, the guinea pig SCG or
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the rat SCG; however, these studies apparently only examined hyperpolar-
izations to levels about 40 mV more negative than the Er value. It is
possible that with greater hyperpolarizations anomalous rectificafion
would have been observed. It has been suggested that the conductance
change during anomalous rectification occurs on the dendritic membrane
rather than at the soma membrane (Christ & Nishi, 1973). Thus, there
may be a correlation between the number of dendrites of a cell and the
degree of anomalous rectification. This would be consistent with the
absence of anomalous rectification in bullfrog sympathetic ganglion
cells (Nishi & Koketsu, 1960) and the presence of anomalous rectifica-
tion in the multipolar rabbit IMG neurons. In conclusion, these voltage

dependent properties have been widely observed in sympathetic neuromns.

2. Action Potential
In the rabbit IMG, as well as in other sympathetic ganglia
(Haefely, 1972), the depolarization needed to reach threshold for the
action potential is similar following either direct intracellular or
orthodromic stimulation. This threshold is similar for a wide variety
of sympathetic ganglia as shown in Table 3. 1In general, a depolariza-
tion to between -40 and -35 mV is needed to result in an action poten-

tial.

a. Amplitude
With regard to action potential amplitude, several studies have
noted that the orthodromic spike was slightly smaller than the direct

spike (Nishi & Koketsu, 1960; Blackman et al., 1969; Perri, Sacchi &
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Casella,1970). The orthodromic spike in the rabbit IMG averaged 2 mV
smaller than the direct spike and 5 mV smaller than the antidromic spike
(Table 4 ); however, statistical tests showed these differences we£e not
significant. Further, a paired t-test for those cells where both direct
and orthodromic spikes were measured did not approach significance. A
possible explanation for the orthodromic spike being smaller than the
direct spike is that during an orthodromic spike the resistance of the
membrane at the synapse is decreased by the acting transmitter. This
results in a low resistance pathway for the shunting of the current gen-
erating the action potential (Fatt & Katz, 1951). 1In the IMG, however,
there are few axosomatic synapses (Elfvin, 1971a) and a decreased resis-
tance of the dendritic membrane would provide little shunting effect on
the soma spike. Therefore, it must be concluded that the amplitudes of
the direct, antidromic and orthodromic spikes are not different in rab-

bit IMG cells.

b. Afterhyperpolarization
The action potential in the rabbit IMG was followed by a long aft-
erhyperpolarization, frequently lasting over 250 msec. The afterhyper-
polarization is generated by increases in K+ conductances. Two K+ con-
ductances have been implicated in the generation of the

, and a Ca++-dependent G

afterhyperpolarization--a voltage-dependent GR

K
The afterhyperpolarization in sympathetic neurons of the rat SCG were

thoroughly investigated by McAfee and Yarowsky (1979). They found both

of these GKs to be involved in the afterhyperpolarization. The voltage-

dependent G,,, also known as the delayed rectifier current, is a short-

K’
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o . ++ ,
latency voltage sensitive conductance while the Ca -dependent GK is of
longer latency and largely dependent on Ca++. Considering these find-
- :
ings and the findings of similar Ca -dependent currents in other neu-

: - ++ .
rons, the question arose as to whether a similar Ca -dependent G, might

K
be involved in the long duration of the aftehryperpolarization of the
rabbit IMG cells. The afterhyperpolarization was reduced in amplitude
and duration in low Ca++ Krebs (Figure 7B). This indicates that a

+
Ca -dependent G, is present in the rabbit IMG cells. Such a finding

K
stresses the importance of Ca++ in controlling the electrical activity
of the cell. The afterhyperpolarization has been shown to be important
in controlling the rate of firing of guinea pig IMG neurons (Weems &
Szurszewski, 1978). Neuronal excitability is reduced during the afte-
rhyperpolarization as a result of both the hyperpolarization and the
accompanying increased membrane conductance. Thus, the afterhyperpolar-
ization serves to regulate the frequency of firing of the postganglionic

++ ,
neurons. Another suggested function of Ca -dependent G, is to provide

K
a link between cellular metabolism and membrane conductance (Meech,

++
1978). Thus, Ca in the cytoplasm can modify the membrane response to
stimulation and can be modified by the metabolic state of the cell.

This may provide a mechanism whereby the intracellular environment can

influence synaptic transmission.

c. Antidromic Spike
The occurrence of an antidromic spike was rare in the rabbit IMG
cells. Only about 4% of the cells examined in this study exhibited

antidromic spikes. This is similar to what occurs in the guinea pig IMG
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(Crowcroft & Szurszewski, 1971; Dun, personal communication) and the cat
IMG (Weems, personal communication) where the appearance of an anti-
dromic spike is an infrequent occurrence. The appearance of an énti-
dromic spike does not seem to depend on the nerve being stimulated since
three of the antidromic spikes followed hypogastric nerve stimulation,
another three followed ascending mesenteric nerve stimulation and the
other two following activiation of the aortic branch of the ascending
mesenteric nerve. Since stimulation of the nerves almost always
resulted in orthodromic action potentials, one possibility would be that
the antidromic spike collided with the propagated orthodromic spike
along the axon, preventing conduction of the antdromic spike to the
soma. This does not seem likely since the conduction velocity of the
postganglionic fibers was greater than that of the preganglionic fibers
and there is a synaptic delay involved in the orthodromic response; how-
ever, such a collision may have been a factor in cells which were inner-
vated by the more rapidly conducting preganglionic fibers or in cells
whose axons took a more circuitous route than the preganglionic fibers.
Another possibility may be that the axons of these cells have electrical
properties which prevent antidromic conduction. There may be points
along the axon where antidromic propagation is difficult. Branch points
in axons would be one possible point; however, it has not been estab-
lished whether or not postganglionic axons give off collaterals prior to
the terminal arborizations at the effector organ. Another point would

be the sudden enlargement at the axon-soma junction.
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3. Conduction Velocity

a. Preganglionic Fibers

A wide range of conduction velocities have been reported for sym-
pathetic preganglionic fibers. For the preganglionic fibers in the sym-
pathetic trunk values of conduction velocity range from 0.5-15 m/sec
(Erulkar & woodward, 1968; Blackman & Purves, 1969; Blackman et al.,
1969; Perri et al., 1970). Also, there is soge interspecies variation
as in the rat cervical sympathetic trunk two groups of fibers conducting
at 0.5-1.0 m/sec and 3-4 m/sec were found while, in the same study,
three groups were found in the guinea pig cervical trunk conducting at
1.5, 4.4 and 15.4 m/sec (Perri et al., 1970). The conduction velocity
of the slow conducting group of fibers to the rabbit IMG is slower than
the above values while the faster group of fibers seen in the present
study is in a similar range to those above.

The conduction velocites in the rabbit IMG are more consistent
with other studies involving the IMG, particularly those of Brown and
Pascoe (1952) and Krier et al. (1982). Both of these studies found two
groups of preganglionic fibers with the fastest group conducting at 2-7
m/sec and the slow group at 0.25 m/sec (Brown & Pascoe, 1952) or 0.5-2
m/sec (Krier et al., 1982). 1In general, the conduction velocity of the
preganglionic fibers to the abdominal prevertebral ganglia are slow con-

ducting fibers. These fibers would therefore be classified as C fibers.
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b. Postganglionic Fibers

The reported conduction velocities of postganglionic sympathetic
fibers are similarly variant, ranging from 0.6-6 m/sec (Eccles, 1935;
Bronk, Tower, Solandt & Larrabee, 1938; Douglas & Ritchie, 1956; Koster-
litz, Thompson & Wallis, 1964). The most frequently reported values
range from 0.6-3 m/sec. The value obtained in the present work is not
far from the value of 0.45 m/sec obtained on the same ganglion with
extracellular recordings (Brown & Pascoe, 1952). In the cat hypogastric
nerve, composed mainly of postganglionic fibers, the largest group of
fibers was found to conduct at 0.9-1.6 m/sec (Lloyd, 1937), which is
slightly larger than the value found here.

There are several factors which may contribute to the variability
of such estimates. First, in the calculation of both pre- and postgan-
glionic conduction velocities, the distance from the stimulating to
recording electrode was estimated as a straight line through the nerve
and the ganglion. It is quite possible that the fiber involved does not
take such a direct route, but may meander through the ganglion on its
way to the cell from which the recording was made. If this is the case,
the distance measured would be an underestimate and, resultantly, so
would the calculated conduction velocity.

The second factor is synaptic delay and involves only the esti-
mates of preganglionic conduction velocity. One method for the calcula-
tion of synaptic delay is to plot latency of the response (y-axis) vs.
distance from stimulating to recording electrode (x-axis) while placing

the stimulating electrode at various points along the preganglionic
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nerve trunk. This gives a line with slope equal to the reciprocal of
the conduction velocity and a y-intercept equal to the synaptic delay.
This is the method used by Kreulen and Szurszewski (1979b) in thé guinea
pig celiac plexus. Their value of synaptic delay equal to 9.3 msec was
used in the calculation of preganglionic conduction velocity here. Our
method of stimulation did not allow for such a calculation. Other esti-
mates of synaptic delay have been somewhat variable. In the cat IMG
values of 4.5-6 msec were obtained (Lloyd, 1937; Job & Lundberg, 1952).
In the rabbit SCG, the delay from stimulation of the preganglionic nerve
terminal to the F-EPSP was only 1.5-2 msec (Christ & Nishi, 1971). If
the actual synaptic delay in the rabbit IMG is larger, conduction veloc-
ity would be an underestimate, if smaller our conduction velocity is an

overestimate.

C. Fast-Excitatory Postsynaptic Potential

The characteristics of the F-EPSP appear very similar for the var-
ious sympathetic ganglia studied (Nishi & Koketsu, 1960; Blackman &
Purves, 1969; Blackman et al., 1969; Perri et al., 1970). The descrip-
tion of the F-EPSP of rabbit IMG cells presented here is consistent with
that presented in these other reports. One invariable finding is that
the time constant of decay of the F-EPSP is longer than T In the rab-
bit IMG cells the time constant of decay of the F-EPSP was twice as long
as 1. This has been taken as evidence that the transmitter action out-
lasts the peak of the F-EPSP (Coombs, Curtis & Eccles, 1956).

The F-EPSP was eliminated in low Ca++ solution and, as expected,

was antagonized by the nicotinic cholinergic antagonist d-TC. These
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results indicate that, as in other sympathetic ganglia, a F-EPSP occurs
following the release of ACh from the preganglionic nerve fibers and the

interaction of ACh with nicotinic receptors on the postganglionic cell.

D. Number of Cholinergic Inputs

There exist a large number of cholinergic inputs to each rabbit
IMG neuron, on average 42. These inputs usually summated to result in
the appearance of two, frequently three, action potentials in the post-
ganglionic cell. In a study on the inputs to the guinea pig SCG the
number of fibers to each cell was estimated at 10 (Nja & Purves, 1977).
In the rabbit SCG this number has been estimated at 8 (Wallis & North,
1978). Similar to the rabbit IMG, cells in the guinea pig IMG receive
an average of 40 inputs (Crowcroft & Szurszewski, 1971).

The number calculated in the present study may even be an underes-
timate. Not all of the fibers which enter the ganglion were examined.
Some of the fibers are attached to the ganglion separately from the
major nerve trunks examined here. For example, some fibers from the IMG
course along the inferior mesenteric artery. These fibers were not
stimulated. Also, we cannot be sure that all of the fibers responded to
stimulation in a given nerve. Perhaps some fibers were insulated from
the stimulus or for some other reason did not respond to the stimulus.
Some of the inputs may have been undetected because they occurred at the
same threshold and with the same latency as another F-EPSP and, thus,
two inputs were counted as one. In any case, the degree of comvergence

of presynaptic inputs to cells in the rabbit IMG is clearly significant.
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On the basis of the results obtained in studies of the SCG, it was
calculated that each preganglionic fiber must innervate 50-240 postgan-
glionic cells (Nja & Purves, 1977; Wallis & North, 1978). This hés been
taken as a further illustration of the diffuse control exerted by the
sympathetic nervous system. In order to determine the number of cells
innervated by each preganglionic fiber the ratio of preganglionic to
postganglionic fibers must be known. This information has not been
determined with respect to the rabbit IMG. An estimate has been made in
the cat IMG, however. This estimate was 1 preganglionic fiber for every
3 postganglionic neurons (Harris, 1943) assuming that none of the pre-
ganglionics passing through the ganglion to the hypogastric nerve
synapsed in the ganglion. If these fibers did synapse the ratio would
be 1/1.5. Further, thisvstudy only counted fibers of lumbar spinal ori-
gin. It is now known that the IMG receives cholinergic inputs of
peripheral origin (Crowcroft et al., 1971) and preganglionics probably
also enter the IMG via the ascending mesenteric nerves. Interspecies
differences in the preganglionic/postganglionic ratio have been shown to
be related more to differences in the number of postganglionic cells
than to differences in the number of preganglionic fibers (Ebbesson,
1963). Since the rabbit IMG is smaller than the cat IMG, and assuming
size is related to cell number, one would expect an even higher ratio in
the rabbit IMG. Considering these factors a preganglionic/postgan-
glionic ratio near 1/1 does not seem unreasonable in the rabbit IMG. If
we accept this ratio then each preganglionic fiber would only innervate

approximately 40 postganglionic neurons, a number considerably smaller
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than the 200 obtained in the SCG. Since some of these inputs may arise
from the gut, the use of the term preganglionic in the present context
is not restricted to the classical preganglionic fibers arising in the
spinal cord, but may alsc include cholinergic fibers arising in the gut.
Since these fibers of different origin cannot be distinguished, the term
preganglionic includes any fiber which causes the appearance of a F-EPSP
in a rabbit IMG neuron.

The number of inputs to the rabbit IMG cells may be indicative of
the degree of dendritic branching of the cells. In the rabbit ciliary
ganglion it has been found that cells which lack dendrites are generally
innervated by a single axon, whereas neurons with increasing numbers of
dendrites receive innervation from a proportionally greater number of
axons (Purves & Hume, 1981). If this organgization extends to the prev-
ertebral ganglia it would be concluded that the rabbit IMG cells have

extensive dendrites.

E. Slow Inhibitory Postsynaptic Potential
A slow IPSP was not observed in the rabbit IMG. A hyperpolariza-

tion was observed following repetitive neruonal spiking in some cells
(see Figure 12 ); however, this was not a synaptic potential since it
was mimicked by direct intracellular stimulation and disappeared when
the spiking was blocked by d-TC. Therefore, this potential was the
result of summating action potential afterhyperpolarizations. A S-IPSP
has been observed in the guinea pig IMG (Ma, Dun & Jiang, 1983). This
response differs from the S-IPSP in other sympathetic ganglia in that it

is not atropine-sensitive. The response that has been termed the
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LS-IPSP in the rabbit IMG does not appear to be equivalent to the S-IPSP
because its time course is much longer and the LS-IPSP was accompanied
by an increased Rin as opposed to the S-IPSP in the guinea pig IMG which

was accompanied by a decreased resistance.

F. Slow Excitatory Postsynaptic Potential

Recorded intracellularly as the S-EPSP, this response was first
recorded extracellularly from mammalian ganglia as the LN wave (Eccles,
1952). The muscarinic nature of this response was revealed with extra-
cellular recordings (Eccles & Libet, 1961) and subsequently confirmed
intracellularly (Libet & Tosaka, 1966). Consistent with other reports
(Kobayashi & Libet, 1968; Weight & Votava, 1970) a decrease in membrane
conductance was observed during the S~EPSP in the rabbit IMG and the
response was blocked by atropine.

Two mechanisms have been proposed as contributing to the S-EPSP in
mammalian neurons (Hashiguchi, Kobayashi, Tosaka & Libet, 1982). In the
range of Em from -20 to -60 mV a voltage sensitive outward potassium
current, the M current (Brown & Adams, 1980), is active. When Em is in
this range suppression of the M current results in a S-EPSP with an
accompanying increase in Rin' At Em more negative than -60 mV the M
current is inactivated and unable to contribute to the S-EPSP. At this
level an increase in intracellular cylic-GMP has been proposed as
responsible for the S-EPSP. No conductance change is involved in this
response. An increased Rin was observed during the S-EPSP in the rabbit
IMG. This may be explained by the fact that the Er of these cells was

above -60 mV, where a suppression of the M current is important.
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G. Late Slow Excitatory Postsynaptic Potential

A LS-EPSP was observed in 63% of the cells in the rabbit IMG.

This is slightly less than the percentage of cells exhibiting a Lé-EPSP

in other ganglia. In the guinea pig IMG this figure was 70-80% (Neild,

1978; Tsunoo et al., 1982). In the bullfrog 90% of B cells and 75% of C
cells exhibit a LS-EPSP (Jan & Jan, 1982). The amplitude of the LS-EPSP
in the rabbit is similar to the response in these other ganglia.

With regard to membrane resistance changes, the LS-EPSP in the
rabbit was again similar to the bullfrog and guinea pig. An increase or
no change in Rin was observed in the rabbit IMG. In the bullfrog the
LS-EPSP is accompanied by an incresed Rin' In the guinea pig an
increase or no change was usually obseved (Dun & Jiang, 1982; Tsunoo et
al., 1982), but in some cells a small initial decrease in Rin was seen
followed by a sustained increase (Dun & Jiang, 1982). Such a decrease
in Rin was not seen in the rabbit IMG cells.

The synaptic nature of the LS-EPSP is illustrated by the findings
that both TTX and low Ca++ resulted in a disappearance of the response.
That the LS-EPSP is not simply an afterpolarization following repetitive
cellular action potentials was shown by the findings that direct intra-
cellular stimulation did not elicit a LS-EPSP and application of d-TC,

which blocked the repetitive spiking, did not affect the LS-EPSP.

1. Topography
The finding that there is no topographical organization of the
cells which show a LS-EPSP in the rabbit IMG is not unusual. F-EPSP

inputs to cells in sympathetic ganglia have alsoc been shown not to be
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topographically organized (Purves & Wigston, 1983). This does not, how-
ever, mean that the innervation of the cells is unselective or random.
In fact, the pattern of innervation to the guinea pig SCG is some&hat
selective. Neurons which project to particular regions of the periphery
are contacted in an organized manner by preganglionic axons arising from
different levels of the spinal cord. Several findings support the view
that individual postsynaptic cells which are mixed randomly throughout
the ganglion may have identifying characteristics that preganglionic
fibers recognize during synapse formation. In this manner, innervation
is based more on cell recognition than on anatomical considerations. At
certain levels within the autonomic nervous system, however, there are
anatomical organizations. The ganglia of the sympathetic chain are
innervated by preganglionic axons arising at different spinal cord lev-
els (Lichtman, Purves & Yip, 1980). Within the ganglion, however, the
organization is not anatomical. Rather, the preganglionic innervation
received by a cell seems to depend on the end organ which it effects.
For example, the sympathetic fibers to the eye receive a large number of
fibers from Tl while those to the ear are mainly innervated by pregan-
glionics from T4 (Lichtman, Purves & Yip, 1979), although the cells
which project to the eye and ear are scattered throughout the SCG.

Considering these findings, it is not surprising that the LS-EPSP
inputs to the rabbit IMG are not topographically organized. The above
results may suggest a similar selectivity of innervation of the cells in
the IMG. Inputs to the IMG have been found from the spinal cord, the

effector organs and from the solar and pelvic plexuses. A selectivity
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of innervation could be important here. Inputs from L1 spinal levels
may innervate IMG cells which project to the upper part of the colon
while those from L3 may innervate the rectum or genitalia. Also,
peripheral inputs from the upper parts of the colon may innervate cells
in the IMG which project to the lower portions of the intestine.

The lack of topographical organgization in the IMG is consistent
with the HRP tracing studies (Dalsgaard & Elfvin, 1982). When HRP was
applied to the hypogastric or colonic nerves of the guinea pig IMG
labeled neuronal cell bodies were found to be randomly distributed

throughout the ganglion, not regionally localized.

2. Stimulus Frequency

The plot of LS-EPSP amplitude vs. presynaptic stimuli revealed a
hyperbolic curve, as described in the Results section. The coefficients
calculated for the equations represent the maximum amplitude and the
stimulus required to reach a half maximal effect in an average cell.
For example, it was calculated from the frequency data that % amplitude
= (123 x Hz) / (11 + Hz); thus, the average maximum LS-EPSP amplitude is
123% of the response obtained at 30 Hz for 3 sec. From Table 5, the
average amplitude at 30 Hz for 3 sec is 4.3 mV, translating to an aver-
age maximum response of 5.3 mV. A half maximal response of 2.6 mV would
be obtained with stimulation at 11 Hz for 3 sec. These data may prove
useful in the comparison of the LS-EPSP in the rabbit IMG with slow

responses observed in other preparations.
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3. Pharmacology of the LS-EPSP

In most cells in the rabbit IMG, responses to the perfused drugs
were absent. The possibility has been raised that penetration of the
compounds when applied by perfusion may present a problem, particularly
with the relatively high molecular weight peptides (SP=1350, VIP=3330).
In order to avoid these problems several steps were taken. First, a
rapid flow rate was used to prevent dilution of the drugs in the bathing
solution. Second, connective tissue, which may serve as a diffusion
barrier, was removed as thoroughly as possible from the ganglion.
Third, an attempt was made to impale cells near the edge of the gan-
glion. Even with these measures the diffusion problem is difficult to
assess. Evidence to suggest that the lack of effects was not due to
perfusion barriers includes the finding that when SP did have an effect
it did so at low concentrations and also the observation that d-TC was

always effective in blocking the F-EPSPs.

a. 5-Hydroxytryptamine

The response of the cells in the rabbit IMG to 5-HT was more simi-
lar to the LS-EPSP than the responses to the other substances tested.
5-HT did induce a depolarization and this depolarization was accompanied
by an increased Rin; however, only 20% of the cells which exhibited a
LS-EPSP also responded to 5-HT application. One would not expect diffu-
sion to be a problem with 5-HT which has a molecular weight of 180. 1In
the guinea pig celiac ganglion 60% of the cells which exhibited a
LS-EPSP were sensitive to 5-HT. With prolonged application of 5-HT to

the celiac ganglion an apparent desensitization was seen. The 5-HT
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depolarization returned to resting level with continued application and
the LS-EPSP disappeared. In the present study, however, those cells
which were depolarized by 5-HT did not return to Er until 5-HT waé
washed out. This may indicate that the 5-HT receptors in the guinea pig
celiac ganglion and in the rabbit IMG are different. Additionally, con-
clusive evidence that the LS-EPSP was desensitized by 5-HT was not

obtained.

b. Luteinizing Hormone Releasing Hormone

In the bullfrog paravertebral ganglia there is considerable evi-
dence that LHRH mediates the LS-EPSP (see Introduction). LHRH had no
effect on the LS-EPSP in the rabbit, nor was the LS-EPSP affected by an
LHRH antagonist. Furthermore, no LHRH-like immunoreactivity was
observed in the rabbit IMG in the immunohistochemical experiments. In
the studies on the LHRH depolarization in bullfrog cells (Jan et al.,
1979, 1980; Jan & Jan, 1982) LHRH or the LHRH antagonist was applied by
pressure ejection from a pipette; therefore, the exact concentration of
LHRH in the bullfrog studies is unknown. The concentration of LHRH or
the LHRH analog in the pipette was 100 uM and the volume ejected < 1 uL;
thus, the concentration at the cell must be considerably less than 100
uM. Katayama & Nishi (1982) used 5 uM in their voltage clamp investiga-
tion of the LS-EPSP in the bullfrog. It would appear then that the con-
centration used in the present experiments was sufficient. Thus, it
must be concluded that LHRH is not involved in the genesis of the

LS-EPSP in the rabbit IMG.
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c. Substance P

Prior to the pharmacological experiments, the most likely candi-
date for the mediation of the LS-EPSP in the rabbit IMG was consi&ered
to be SP. This is because the response observed in the rabbit IMG was
very similar to the response in the guinea pig IMG, SP was found in the
fibers in the rabbit IMG and it seemed likely that the transmitter would
be the same in mammalian species. Three pharmacological manipulations
were performed to investigate the role of SP: application of SP, appli-
cation of SP antagonists and application of capsaicin.

Substance P. When SP was perfused over the rabbit IMG only 1/3 of
the cells were depolarized. In contrast, 90% of the cells were found to
be SP-sensitive in the guinea pig IMG (Dun & Minota, 1981). The concen-
trations used in the present study must be sufficient since Dun & Minota
(1981) obtained responses with 0.5 uM SP. Further, 2 of the cells that
did respond to SP in the present study were sensitive to 1 uM SP.

In the guinea pig IMG continuous SP perfusion resulted in an
apparent desensitization of the LS-EPSP. Desensitization occurred
within 4 min of continuous application of 1 yM SP (Dun & Jiang, 1982).
Additionally, the LS-EPSP remained depressed for several minutes after
SP application (Dun & Jiang, 1982; Tsunoo et al., 1982). In the rabbit
IMG the SP concentrations used were usually higher and the peptide was
applied for times ranging for 5-15 min; however, no desensitizing
effects were observed.

From the SP perfusion experiments, the final line of evidence

against SP involvement in the LS-EPSP comes from the different types of
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Rin changes observed following SP perfusion. The LS-EPSP was never
accompanied by a decrease in Rin' On the other hand, 60% of the cells
depolarized by SP showed a decrease in Rin during the depolarizatibn.
In this respect the effect of SP resembles SP effects on the guinea pig
IMG (Dun & Minota, 1981) and the guinea pig locus coeruleus (Cheeseman,
Pinnock & Henderson, 1983) where variable types of Rin changes have been
observed.

Substance P Antagonists. The SP antagonists used in this thesis

have been shown to antagonize the effects of SP at several sites (Folk-
ers et al., 1981; Rosell et al., 1981; Yanagisawa et al., 1982). At 50
WM, (D-ProZ, D-Phe’, D-Trp’)-SP blocked completely the LS-EPSP in the
guinea pig within 5 min (Jiang et al., 1982). At lower concentrations
the LS-EPSP was partially blocked. This SP analog and another,

(D-Argl,D-Proz,D-Trp7’9

,Leull)-SP, which is supposedly more potent and
specific (Yanigisawa, Otsuka, Konishi, Akagi, Folkers & Rosell, 1982)
did not block the LS-EPSP in the rabbit IMG.

Capsaicin. Capsaicin has been shown to cause the release and sub-
sequent depletion of SP from sensory neurons (Jessell et al., 1978;
Gamse et al., 1981a, 1981b). Likewise, capsaicin (0.9-1.5 uM) caused
release of SP from the guinea pig IMG (Tsunoco et al., 1982). 1In the
guinea pig IMG, capsaicin (0.5-100 uM) perfusion resulted in & depolari-
zation of the postganglionic cells (Dun & Kiraly, 1983). This depolari-
zation appeared within seconds of the capsaicin application. Also, cap-

saicin was effective only on those cells which exhibited a LS-EPSP. 1In

the rabbit IMG capsaicin was tested at concentrations of 5-100 uM and
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was completely ineffective with perfusions for up to 15 min. Also in
the guinea pig IMG, capsaicin perfusion apparently resulted in a deple-
tion of SP since following capsaicin application a LS-EPSP could ﬁot be
elicited. Even with 15 min perfusion of 100 uM capsaicin the LS-EPSP in
the rabbit IMG persisted.

That capsaicin did not result in a depolarization of the rabbit
IMG cells nor in a disappearance of the LS-EPSP was surprising. Capsai-
cin clearly results in a depletion of SP in sympathetic ganglia (Gamse
et al., 1981b) and a release of SP (Tsunoo et al., 1982). If this is
the case in the rabbit IMG, capsaicin's ineffectiveness would indicate
that SP is not involved in the LS-EPSP. 1In primary sensory neurons in
the spinal cord capsaicin was shown not only to result in a decrease in
SP-immunoreactivity, but also in CCK-, SOM- and VIP-immunoreactivity
(Jansco, Hokfelt, Lundberg, Kiraly, Halasz, Nilsson, Terenius, Rehfeld,
Steinbusch, Verhofstad, Elde, Said & Brown, 1981). These findings may
also suggest that CCK, SOM and VIP are not involved in the LS-EPSP.
These authors suggest that capsaicin not only affects SP fibers but is
specific for sensory neurons, since immunoreactivity to 5-HT, ENK and
neurotensin, found in fibers which do not subserve a sensory role, were
not affected. These results and the present findings are not easily
reconciled. If capsaicin affects only sensory fibers then it would be
assumed that the SP fibers seen in the immunohistochemical studies are
not of a sensory nature as they are in the guinea pig IMG. Alterna-
tively, if capsaicin causes the release of transmitter from sensory

fibers then the LS-EPSP in the rabbit IMG is not the result of a trans-
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mitter released from sensory fibers as is the LS-EPSP in the guinea pig
IMG. All of the above studies on the actions of capsaicin have used the
rat or guinea pig. It may be possible that the nervous system of the
rabbit is for some reason unresponsive to capsaicin.

These three pharmacological manipulations provide very good evi-
dence that SP is not involved in the LS-EPSP in the rabbit IMG. The
finding that the LS~-EPSP in the rabbit IMG is not mediated by SP while
the LS-EPSP in the guinea pig is mediated by SP correlates with studies
which have examined the SP content in the gut. The SP fibers in the
guinea pig IMG are thought to be sensory fibers from the colon which
traverse the ganglion. In the transverse colon of the guinea pig the
concentration of SP-immunoreactivity was found to be over 100 pmol/g wet
tissue. In the rabbit transverse colon there was only 1/10 this amount
(Holzer, Bucsics, Saria & Lembeck, 1982). Since there are SP-containing
cell bodies in the guinea pig intestine (Schultzberg et al., 1980),
these differences may reflect differences in the population of these
cells in the guinea pig and rabbit. However, these differences may
partly reflect a large and small number of SP sensory fibers in the
guinea pig and rabbit colon, respectively. This study also serves to

illustrate the differences in neuropeptides among various species.

d. Vasoactive Intestinal Polypeptide
VIP-immunoreactivity was particularly striking in the rabbit IMG.
VIP is released in a Ca++-dependent manner from in vitro brain prepara-
tions indicating it may subserve a transmitter role in the central ner-

vous system (Giachetti, Said, Reynolds and Koniges, 1977; Emson, Fahren-
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krug, Schaffalitzky de Muckadell, Jessell & Iversen, 1978).
Electrophysiologically, VIP has been shown to exert a depolarizing
effect on rat cerebral cortical neurons and toad motoneurons (Phiilis,
Kirkpatrick & Said, 1978), rat dorsal horn neurons (Jeftinija, Murase,
Nedeljkov & Randic, 1982) and rat hippocampal pyramidal neurons (Dodd,
Kelly & Said, 1979). Where resistance changes have been examined, VIP
depolarization is accompanied by an increased membrane conductance.
This is in contrast to the LS-EPSP which involves an increased Rin' VIP
did not depolarize the rabbit IMG neurons. In a few cells, however, a
slight increase in the amplitude of the LS-EPSP was noticed. This sug-
gests that VIP may play a role in the modulation of the LS-EPSP, but

further studies must be done to obtain conclusive evidence.

The results of the pharmacological experiments emphasize the div-
ersity of synaptic transmission in various sympathetic ganglia. 1In the
bullfrog paravertebral ganglia the LS-EPSP is mediated by LHRH, in the
guinea pig IMG by SP and in some cells of the guinea pig celiac ganglia
by 5-HT. The present studies indicate that neither of these substances
is involved in the LS-EPSP in the majority of rabbit IMG neurons. A
possible explanation is that the LS-EPSP is mediated by more than one
substance with some cells responding to one substance and the remainder
responding to a different transmitter. Alternatively, two substances

may be acting simultaneously to produce a LS-EPSP.
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4. Functional Significance of the LS-EPSP

One of the most obvious implications of the LS-EPSP would be to
increase the probability of an action potential being generated follow-
ing impingement of a F-EPSP onto a postganglionic cell. The depolariza-
tion during the LS-EPSP would bring the cell closer to the threshold and
the increased Rin would make the current flow generated during the
F-EPSP result in a greater voltage change. Take as an example a cell
with Er=—50 mV, Rin=40 MQ and threshold=-38 mV. In the absence of a
LS~-EPSP, a F-EPSP of 10 mV in this cell does not result in a spike.
During a LS-EPSP, however, an Rin increase of 20% would allow a F-EPSP
generated by a similar current to depolarize the cell by 12 mV and, with
an accompanying depolarization of only a few mV would allow this F-EPSP
to easily reach threshold and generate an action potential. That such a
phenomenon does occur during slow postsynaptic potentials has been dem-
onstrated. In the bullfrog paravertebral ganglia, injection of current
pulses which did not initiate action potentials in the resting state
frequently produced impulses during the LS-EPSP (Jan et al., 1979).
Further analysis showed that three factors contributed to this increased
excitability--the membrane depolarization and increased Rin as described
above and a third factor, a lowering of the threshold for action poten-
tial initiation by 1-3 mV. An increased excitability also occurs during
the muscarinic S-EPSP in the bullfrog ganglia (Schulman & Weight, 1976).
A slight increase in the excitability of the postganglionic neurons
could be important in the IMG since most of the chelinergic inputs to
this ganglion are subthreshold and a summation of inputs is required to

elicit an action potential.
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Another implication of this increased excitiability would be to
expand the time during which temporal summation would be effective
(Hartzell, 1981). The summation of subthreshold F-EPSPs would héve to
involve a synchronism with a few milliseconds of converging inputs.
During a LS-EPSP the time span of the activity of the synapse would be
increased, thereby maximizing the likelihood of temporal summation of
responses. Additionally, a decrease in membrane conductance would
increase the space constant of the dendrite. In this situation a given
F-EPSP would be conducted along the cell processes with less of a decre-
ment per unit length, consequently increasing the likelihood of spatial

summation of F-EPSPs.

H. Concluding Comments

The present studies have demonstrated both the diversity and the
complexity of synaptic transmission in the abdominal prevertebral sympa-
thetic ganglia. In terms of basic cellular properties these cells are
similar to the sympathetic neurons found in the paravertebral ganglia.
This similarity extends to the mediation of the F- and S-EPSPs by nico-
tinic and muscarinic actions of ACh, respectively. 1In contrast to the
paravertebral ganglia, the prevertebral ganglia receive a large number
of subthreshold cholinergic inputs which converge onto the ganglionic
neurons. These converging fibers enter the ganglion from all direc-
tions--rostral, caudal, medial and lateral--and most likely oringinate
in peripheral sites as well as in the preganglionic nuclei in the spinal

cord.
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The paravertebral ganglia are also distinguished by the occurrence
of noncholinergic slow postsynaptic potentials. These slow postsynaptic
potentials play an important role in the input-output relationships of
these ganglia. A unique property of the slow postsynaptic potentials is
the variability which exists in the pharmacology of the slow responses
in the different ganglia examined. A LS-EPSP has been found to occur in
the bullfrog paravertebral ganglia, in the guinea pig IMG and celiac
ganglion, and in the rabbit IMG. In each of these ganglia the noncho-
linergic response to nerve sitmulation is similar; however; the pharma-
cology of the response is diverse, with the slow response in each gan-
glion exhibiting unique pharmacological properties. This may be
indicative of a specialization of function with regard to noncholinergic
transmission in the different ganglia. This specialization may be
related to species-specific differences in the functional role played by
the slow postsynaptic potentials in the interaction of the prevertebral

ganglia with the effector organs.
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